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strain typing, polymorphic microsatellite markers, and Afut1
methodologies used singly were found to be reproducible with
a high discriminatory power (30) and appear to be more useful
than other strain typing methods. However, these methods
possess certain key shortcomings that restrict their utility in a
clinical setting; most notably, they are not easily amenable to
standardization across laboratories, and data collection requires specialized equipment and expertise to interpret sometimes difficult data sets. For these reasons, the former technologies remain largely inaccessible to many clinical microbiology
laboratories. In contrast, DNA sequence-based typing methods
are not plagued by these problems and, therefore, are being
increasingly employed for routine identification of medically
important fungi in clinical microbiology laboratories (18, 44).
Comparative DNA sequencing methods such as those that
determine sequence variation from several housekeeping
genes (multilocus sequence typing [MLST]) have been elucidated for the routine typing of many different microbial species
(13, 14, 33, 39). The MLST method has been particularly
useful for strain discrimination in Candida spp. (9, 23, 52–54).
and has been a powerful approach for A. fumigatus species
identification (3–5, 20). However, the MLST method has not
been suitable for A. fumigatus strain discrimination because of
low levels of genetic diversity generated by the conserved protein-coding regions which results in an inability to differentiate
strains (2, 47).
Recently, comparative genomic hybridization studies of A. fumigatus strains Af293, Af294, and Af71 have revealed that a
number of genes, including those that encode enzymes and drug
resistance transporters, were either absent or divergent in these A.
fumigatus strains (37). Another study analyzing the entire A. fumigatus genome for open reading frames with coding tandem

Conidia of Aspergillus fumigatus become airborne easily, and
subsequent inhalation of these infectious particles is believed
to be the route of transmission for invasive aspergillosis. Accordingly, several nosocomial outbreaks of invasive aspergillosis have been reported with strong evidence suggesting that
such infections are acquired from the environment of the hospital (10, 31, 35, 43). The Centers for Disease Control and
Prevention (CDC) recommends that in the setting of a nosocomial aspergillosis outbreak and in the presence of continuing
evidence of Aspergillus infection in the hospital population, an
environmental assessment should be undertaken to determine
and eliminate the source of infection (51). In such nosocomial
outbreak investigations, Aspergillus strain typing methods can
indicate the source and/or route of infection by determining
whether epidemiologically related isolates are also genetically
related. Once the source is identified, corrective measures can
then be undertaken to eliminate the implicated source to contain the infection.
Several molecular methods have been evaluated for A. fumigatus strain typing, and these methods include randomly
amplified polymorphic DNA typing (1), sequence-specific
DNA primer analysis (32), polymorphic microsatellite markers
(6, 7, 12), and analysis of hybridization profiles with a dispersed, repetitive DNA probe Afut1 (Afut1 restriction fragment length polymorphism [Afut1 RFLP]) (11, 36). Although a
combination of typing methods appears to have more utility in
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Fifty-five epidemiologically linked Aspergillus fumigatus isolates obtained from six nosocomial outbreaks of
invasive aspergillosis were subtyped by sequencing the polymorphic region of the gene encoding a putative cell
surface protein, Afu3g08990 (denoted as CSP). Comparative sequence analysis showed that genetic diversity
was generated in the coding region of this gene by both tandem repeats and point mutations. Each unique
sequence in an outbreak cluster was assigned an arbitrary number or CSP sequence type. The CSP typing
method was able to identify “clonal” and genotypically distinct A. fumigatus isolates, and the results of this
method were concordant with those of another discriminatory genotyping technique, the Afut1 restriction
fragment length polymorphism typing method. The novel single-locus sequence typing (CSP typing) strategy
appears to be a simple, rapid, discriminatory tool that can be readily shared across laboratories. In addition,
we found that A. fumigatus isolates substructured into multiple clades; interestingly, one clade consisted of
isolates predominantly representing invasive clinical isolates recovered from cardiac transplant patients from
two different outbreak situations. We also found that the A. fumigatus isolate Af293, whose genome has been
sequenced, possesses a CSP gene structure that is substantially different from those of the other A. fumigatus
strains studied here, highlighting the need for further taxonomic study.
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repeats found that several such genes were moderately to highly
polymorphic in a test panel of A. fumigatus isolates (companion
paper [31a]). The purpose of this study was to characterize the
levels of polymorphism of one of these genes, the putative cell
surface protein gene Afu3g08990 (hereby designated CSP) and to
evaluate its discriminatory power on a panel of 55 epidemiologically linked A. fumigatus isolates from six different outbreak investigations. The results of our study show that CSP is a highly
polymorphic marker that possesses sufficiently high levels of variability so as to successfully differentiate A. fumigatus strains.
MATERIALS AND METHODS

a repeat assay, was assessed by sequence analysis of independent DNA preparations from randomly selected isolates. Twelve isolates—B6079, B6081, B6084,
B6075, B6083, B6072, 127, B5358, B5866, B5856, 3960, and 4340—were tested
twice for reproducibility.
(ii) In vitro stability. In vitro stability of the hypervariable CSP locus was
tested with the ATCC 16903 strain. Briefly, the isolate was subcultured on
Sabouraud’s dextrose agar plates for 20 passages; DNA was extracted from all 20
subcultures, and the CSP locus was sequenced.
(iii) Concordance. Concordance between the CSP and Afut1 typing methods
was calculated as described previously (46). Briefly, each isolate per outbreak was
examined, and each isolate pair was classified as identical or different by the two
genotyping methods. A two-by-two table was constructed for the two technique
comparison and percent cell concordance was calculated. Percent concordance
corresponds to the proportion of pairs for which the two methods are in agreement.
Phylogenetic analysis. A phylogenetic analysis of all the CSP gene sequences
was performed using the maximum-parsimony method. Statistical reliability of
internal nodes was assessed using 1,000 bootstrap pseudoreplicates. The Neosartorya fischeri NRRL 181 CSP gene sequence (GenBank accession number
XM_001263541) was included as the outgroup taxon in order to root the resultant trees. All phylogenetic analyses were conducted using the PHYLIP version
3.6 software package (16). Within this package, the program DNAPARS was
used to conduct a heuristic search with 100 random sequence additions for the
entire CSP gene fragment. The program DNAPENNY was used to conduct a
branch-and-bound search reconsidering the input order of species for the analysis of the CSP repeat region (discussed below). For both heuristic and branchand-bound searches, gaps were treated as a fifth character state.
Nucleotide distances were calculated using the computer program MEGA 3.1
(29). Estimates of the numbers of synonymous substitutions per synonymous site
(dS) and nonsynonymous substitutions per nonsynonymous site (dN) were calculated using the modified Nei-Gojobori method (56) with Jukes and Cantor (25)
distances and the observed transition/transversion ratio. To test for the potential
action of positive Darwinian selection across the entire CSP sequence and subregions within that sequence, we used Fisher’s exact test to evaluate the difference in magnitude between the observed and potential numbers of synonymous
and nonsynonymous substitutions (55). In order to evaluate the evidence for
positive Darwinian selection acting on individual codons, the single-likelihood
ancestral counting method (SLAC) (28) was used.

RESULTS
CSP locus as a polymorphic marker. PCR product size differences were evident when the amplified products were visualized by agarose gel electrophoresis after ethidium bromide
staining; the PCR amplicon size ranged from 550 bp to 700 bp
in length. Sequence analysis of the PCR products showed that
the CSP STs differed by numerous insertions (Fig. 1). In addition, all STs possessed a highly variable region consisting of
18-nucleotide tandem repeats. The number of repeats differed
in strains, ranging from 7 to 13. When CSP STs were compared
to the Afut1 genotypes (Table 1), we found that the two methods were comparable, with 100% concordance in groups OB2
to OB5. However, concordance values of only 62.5% and 91%
were obtained when the two typing methods were used to
compare groups OB1 and OB6. Specifically, Afut1 hybridization profiles revealed that isolates 606, 607, and 633 were
closely related but distinct isolates, while the CSP typing
method grouped all three isolates in a clonal cluster. Again,
isolate 610 (group OB1) was closely related to isolates 648 and
650 by Afut1 analysis, but these isolates were indistinguishable
by CSP typing. Similarly, in group OB6, 2 of 23 isolates (isolates 101 and 131) had distinct genotypes by the Afut1 method
but identical sequences by the CSP typing method.
Typeability, in vitro stability, and reproducibility of the CSP
typing strategy. The results of the CSP and Afut1 typing methods are presented in Table 1. All of the A. fumigatus isolates
were amenable to both PCR amplification and sequencing of
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Aspergillus fumigatus strains. Fifty-five isolates of epidemiologically linked A.
fumigatus isolates were obtained from six CDC outbreak investigations and
designated OB1 to OB6 (see Table 1). All of the isolates had available genotype
data derived from Afut1 RFLP typing. Two of the six investigated outbreaks,
OB2 and OB6, included isolates that were indistinguishable by Afut1 hybridization profile. Group OB2 included isolates that were previously recovered from
the first reported case of person-to-person transmission of A. fumigatus; here the
source of the outbreak was identified as the debridement and dressing of A.
fumigatus-infected wounds from a patient in the same intensive care unit (43).
Group OB6 included isolates recovered from a heart transplant unit in a Canadian hospital where the air vent duct was identified as the most likely source of
the outbreak (unpublished data). Groups OB1, OB3, OB4, and OB5 did not
yield a clear set of relationships based on Afut1 typing. Group OB1 isolates were
obtained from a renal transplant unit in California (42), and group OB3 isolates
were obtained from a cardiac transplant unit in New York. Isolates belonging to
group OB4 were obtained from a surgical unit in a hospital in Colorado where
the patients had undergone prosthetic heart valve replacement surgery (unpublished data). Cluster OB5 was comprised of isolates acquired from a poultry farm
outbreak investigation in which A. fumigatus was recovered from the lungs of
chickens and from chicken litter (unpublished data). The A. fumigatus isolates,
ATCC 16903 and ATTC 42202 were also included in the analysis. Species
identification of all 55 A. fumigatus isolates was confirmed by both morphological
and molecular methods using sequence comparison of the ␤-tubulin region (5).
PCR amplification and sequencing of polymorphic loci. Fungal DNA was
extracted and purified from these isolates as described previously (30). PCR
primers for the CSP region were designed using the program GeneFisher (R.
Giegerich, F. Meyer, and C. Schleiermacher, presented at the Proceedings of the
Fourth International Conference on Intelligent Systems for Molecular Biology)
and were as follows: 5⬘-TTGGGTGGCATTGTGCCAA (forward) and 5⬘-GAG
CATGACAACCCAGATACCA (reverse). PCR amplification was performed
with 1 l of DNA as the template in a total reaction mixture volume of 25 l
consisting of PCR buffer (20 mM Tris-HCl [pH 8.4], 50 mM KCl); 0.2 mM each
dATP, dGTP, dCTP, and dTTP; 1.2 to 1.6 mM MgSO4; 0.2 pmol of each primer;
1 U of Pfx polymerase (Invitrogen-BRL, Life Technologies, Carlsbad, CA); and
1⫻ Pfx enhancer (Invitrogen). A total of 35 cycles of amplification were performed in a GeneAmp PCR system 9700 thermal cycler (PE-Applied Biosystems) after initial denaturation of DNA at 94°C for 5 min. Each cycle consisted
of a denaturation step of 94°C for 15 s, an annealing step of 55°C for 30 s, and
an extension step of 68°C for 30 s, and the last cycle was followed by a final
extension at 68°C for 2 min. Products were visualized on a 1.2% agarose gel.
The resultant amplicons were purified using the reagents and protocols supplied by the manufacturer with the ExoSAP-IT PCR purification kit (USB
Corporation, Cleveland, OH). The purified fragments were mixed with 4 l of
Big Dye (PE-Applied Biosystems) and 10 pmol of primer (same as the respective
PCR primers), and a 10-l reaction mixture was run on a thermal cycler at 96°C
for 5 min, followed by 30 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min.
Products were directly sequenced on an Applied Biosystems 3730 DNA analyzer
in accordance with the protocols supplied by the manufacturer. Both strands
were aligned, and the sequences were edited with the Sequencher version 4.7
software (Genecodes Inc., Ann Harbor, MI).
Identification and classification of CSP STs. Sequences generated from the
CSP locus were imported into the Bio-Edit sequence alignment program and
manually inspected, and each unique CSP sequence (herein referred to as sequence type [ST]) was assigned a random numerical code for identification. ST
assignment was done per outbreak to facilitate comparison with the archived
Afut1 genotype data.
Evaluation of the CSP sequence typing scheme. (i) Reproducibility. Reproducibility, defined as the ability to assign an identical type to the same isolate by
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the CSP locus, rendering the CSP typing scheme 100% typeable. The typing technique was highly reproducible as shown
by identical sequences generated after repeated DNA extraction and PCR amplification and sequencing of 12 randomly
selected isolates (repeated at least two times). In vitro stability
of the genomic region in which CSP resides was confirmed by
examining the effects of multiple passages (20 generations) of
strain ATCC 16903 on Sabouraud’s dextrose agar plates. Results showed that there were no variations in the CSP STs
analyzed from these passages.
Phylogenetic analysis. A phylogenetic analysis of the entire
558-bp CSP gene plus an additional 6 bp immediately upstream from the start codon resulted in 66,825 most parsimonious trees obtained using a heuristic search involving 100
random sequence additions. A strict consensus of these trees is
presented in Fig. 2. Several clusters were characterized by
moderate to high bootstrap values. All of the groups consisted
of isolates originating from multiple outbreaks, suggesting that
outbreak strains are widely distributed across North America.
Isolate Af293, whose genome has been completely sequenced,
clustered outside the outbreak strains and was found to be
closer to N. fischeri (uncorrected percent divergence [p] of
0.106) than it was to the outbreak strains of A. fumigatus (range
of p, 0.483 to 0.624) at the first 64 codon positions (192 bp) of

the CSP gene alignment. However, among the remaining nucleotides (199 to 564), Af293 was nearly identical to the outbreak strains (p ⫽ 0 to 0.004). In contrast, N. fischeri was
substantially different from Af293 and the other A. fumigatus
strains (p ⫽ 0.066 to 0.071). It should also be pointed out that
codon 28 is a stop codon among all outbreak strains and is
followed by a putative alternative start codon at position 56. In
addition, Af293 and N. fischeri lack codon 44 (each possesses a
3-bp deletion). As N. fischeri is the outgroup taxon for this
analysis, it can be inferred that the presence of codon 44
among the outbreak strains represents an insertion at this site.
Collectively, the above data indicate that Af293 may be from a
lineage distinct from that of the outbreak strains studied here.
The level of nucleotide divergence observed across the entire CSP alignment (average p ⫽ 0.001; range ⫽ 0 to 0.005) was
not substantially higher than what was observed for the repeat
region alone (average p ⫽ 0.007; range ⫽ 0 to 0.042), although
the range was greater. However, the repeat region is unusual in
comparison to the flanking segments of the CSP gene due to
numerous insertions and deletions in the former. Interestingly,
these insertions and deletions appear to be highly phylogenetically informative. To verify this, we conducted a phylogenetic
analysis of the tandem repeat region alone. A total of 15 most
parsimonious trees were found using a branch-and-bound
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FIG. 1. Alignment of the CSP repeat region. Representative CSP STs are shown as well as the N. fischeri ST. A dash indicates an insertion/
deletion, and a dot indicates a nucleotide that is identical to the nucleotide in the top sequence.
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TABLE 1. Sources, origins, and genotypes of A. fumigatus isolates obtained by Afut1 and CSP sequence analysis
Outbreak

Origin

Source

648
610
650
606
607
633
683
686
B5850
B5854c
B5855
B5852c
B5856c
B5868
38
B5863
B5861
B5859
B5866
B5355
B5360
B5357
B5361
B5358
B5450
4339
4340
3960c
3957c
33d
35d
34d
B6069
B6070
B6071
B6072
B6073
B6075c
B6077
B6079
B6074
B6076
B6078
B6081
97
99c
101
103c
105
B6083
B6084
B6082
127
129
131
ATCC 16903
ATCC 42202

OB1
OB1
OB1
OB1
OB1
OB1
OB1
OB1
OB2
OB2
OB2
OB2
OB2
OB2
OB2
OB2
OB2
OB2
OB2
OB3
OB3
OB3
OB3
OB3
OB3
OB4
OB4
OB4
OB4
OB5
OB5
OB5
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6
OB6

California
California
California
California
California
California
California
California
California
California
California
California
California
California
California
California
California
California
California
New York
New York
New York
New York
New York
New York
Colorado
Colorado
Colorado
Colorado
Georgia
Georgia
Georgia
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada

Clinical
Environment
Environment
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Environment
Clinical
Environment
Environment
Clinical
Environment
Clinical
Environment
Environment
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Environment
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Environment
Environment
Environment
Clinical
Environment
Environment
Environment
Clinical
Clinical
Clinical
Clinical
Clinical
Environment
Environment
Environment
Environment
Environment
Environment
ATCC
ATCC

Yr of
outbreak

Afut1
typea

2001
2001
2001
2001
2001
2001
2001
2001
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1992
1992
1992
1992
1992
1992
2005
2005
2005
2005
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002

3
4
3
7
8
9
9
9
37
37
37
37
37
37
NDe
37
ND
38
37
22
33
24
32
ND
ND
73
74
75
76
91
92
93
41
41
41
41
41
41
41
41
41
41
41
41
42
42
43
44
45
46
46
46
46
47
48
57
58

CSP
type(s)a,b

11
11
11
12
12
12
12
12
23
23
23
23
23,
23
23
23
21
24
33,
32
33
34
31
31,
31
41
44,
43,
42
51
52
53
61
61
61
61,
61
61,
61
61,
61
61
61
61,
64
64
64
65
66
62,
62,
62
62,
63
62
1
2

23

33

31
44
43

61
61
61

61

62
62
62

a

Afut1 and CSP type discrepancies are shown in bold type.
Some isolates were subjected to CSP typing twice. The second CSP type is the CSP type obtained after repeat DNA extraction and sequence analysis.
Isolates tested for reproducibility of the assay.
d
Isolates from an outbreak in a chicken house.
e
ND, not done.
b
c

search. A strict consensus of these trees is shown in Fig. 3. The
bootstrap support values for the clusters identified in this analysis were high. As in the case of the previous analysis, several
multioutbreak clusters were found, although two outbreak-

specific clusters (clusters 1 and 3) were identified. As in the
case of the previous analysis, the clustering pattern suggests
that outbreak strains are widely dispersed across North America. Also, strain Af293 did not cluster apart from the outbreak
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repeats (11) and compared them to each other, we found that
dS was 0.311 and dN was 0.742, thus giving dN/dS of 2.4. However, the small number of observed changes between repeats
(one synonymous change; eight nonsynonymous changes) and
the small number of sites (four potentially synonymous sites;
eight potentially nonsynonymous sites) requires the use of
small sample test (Fisher’s exact test), and as a result, the
difference is not statistically significant (P ⫽ 0.59).

DISCUSSION

strains, as predicted based on the divergence values reported
for the first 198 bp versus the remaining 366 bp, among which
the tandem repeat region is found. Instead, Af293 was found to
possess an identical CSP ST with cluster 4 strains, which include B5856OB2, B5859OB2, and 3957OB4 (Fig. 3). Finally, it
should be pointed out that the bootstrap values associated with
internal branches in Fig. 3 are much higher than what was
observed in Fig. 2. This observation is consistent with our
previous statement that insertions and deletions in the repeat
region possess substantial phylogenetic signal.
Molecular evolutionary analysis of the repeat region. Due to
the unusually high number of insertion and deletions, we conducted analyses of positive Darwinian selection on the repeat
region. Both methods (Fisher’s exact test and the SLAC
method) did not provide evidence of positive Darwinian selection. Interestingly, when we analyzed the number of distinct

Downloaded from http://ec.asm.org/ on September 21, 2019 by guest

FIG. 2. Phylogeny of unique A. fumigatus STs based on the 564-bp
CSP gene fragment. N. fischeri is the outgroup taxon used to root the
tree. The tree is a strict consensus of 66,825 most parsimonious trees
that were 386 steps in length generated using a heuristic search. Numbers along branches represent bootstrap values. Only unique STs were
used to construct the tree. Strains listed below the tree are grouped
with other strains that possess identical CSP STs; the numbers above
each grouping correspond to the numerical superscripts for each representative ST included in the phylogeny. Isolates showed within the
brace were recovered exclusively from clinical samples.

Over the last decade, sequence analysis of a single, highly
variable gene has been successfully applied to strain differentiation among microorganisms that possess low levels of genetic variability and/or lack discernible population genetic
structure. Notable cases include protein A (spa) and clumping
factor (cflB) gene typing for Staphylococcus aureus (26, 27, 48)
and flagellin A (flaA) gene typing for Campylobacter jejuni
(34). The S. aureus spa typing method has been evaluated in
numerous epidemiological studies and has been shown to be a
valuable genotyping tool using well-validated strain panels
(49). Similarly, we have demonstrated that the repeat region
within the Afu3g08990 locus (CSP) is highly informative for
subtyping, as shown through the presence of multiple, very well
supported clusters inferred from our phylogenetic analysis
(Fig. 3), and we recommend its use for A. fumigatus outbreak
source tracking. In fact, results of the study demonstrate that
the single-locus sequence typing strategy fulfills the basic tenets of an appropriate typing scheme (50), since it (i) assigned
isolates to distinct subtypes; (ii) differentiated one subtype
from another, at the same time not being so discriminatory as
to assign a unique subtype to every isolate; and (iii) identified
clusters of closely related isolates (“clonal complexes”).
The observation that CSP typing can group isolates in congruence with another well-established method, the Afut1
method, further validates the use of the CSP typing method as
an alternate scheme for A. fumigatus strain typing. Although
there was overall agreement between the two genotyping
methods, there was discordance in two clusters, OB1 and OB6.
In both of these outbreak clusters, isolates that were grouped
as “clonal” by the CSP typing method were revealed as closely
related isolates by Afut1 hybridization profiles. This could be a
reflection of our conservative criterion for Afut1 genotyping
whereby two isolates were considered different when the hybridization patterns differed by at least two bands. Nevertheless, this loss of resolution could be a drawback of any strategy
that uses a single-locus scheme versus the Afut1 method, which
reveals the genomic diversity of the organism. Thus, the CSP
typing method alone may not have the resolving power of the
highly discriminatory Afut1 method, but it has been demonstrated that a combination of genotyping methods yields better
understanding of genetic relatedness than any one method
used singly (30). Similarly, another single-locus sequence
scheme (spa typing) was not able to resolve clonal groups of S.
aureus isolates (27). In spite of this limitation, our study demonstrates for the first time the utility of a novel single-locus
sequence typing scheme that can be used as a first-line strategy
for rapid, easy to use and interpret method for A. fumigatus
strain discrimination. Results of our study also demonstrated

VOL. 6, 2007

SINGLE LOCUS SEQUENCE TYPING STRATEGY FOR A. FUMIGATUS

1397

that the CSP gene is a stable and reproducible marker, making
it an attractive genotyping tool.
Numerous studies have shown that the Afut1 RFLP and
microsatellite-based methods are highly discriminatory techniques for A. fumigatus strain typing (8, 12, 30); however, both
these methods have several disadvantages that include the
need for specialized equipment and dedicated software, difficulty in data interpretation, and inability to share data between
laboratories. In contrast, the only requirements of the proposed CSP-based typing scheme is the ability to perform PCR
and have access to an automated sequencer; both this technology and expertise are now becoming available to many clinical

microbiology laboratories. In addition, interpretation of the
sequence information from a CSP typing scheme does not
require sophisticated algorithms or dedicated software and
thus can be seamlessly integrated into any laboratory. Since
adequate typing information is obtained exclusively from a
single locus, this typing method combines many of the advantages of a sequence-based system, such as MLST, while at the
same time offering a more rapid and convenient system for
outbreak investigations.
There are two findings from our study that carry important
epidemiological implications for A. fumigatus. First, we found
that CSP phylogenetic clusters consist of strains that have
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FIG. 3. Phylogeny of A. fumigatus strains based on the 159-bp 12-mer repeat region. N. fischeri is the outgroup taxon used to root the tree. The
tree is a strict consensus of 15 most parsimonious trees that were 172 steps in length generated using a branch-and-bound search. Numbers along
branches represent bootstrap values. Only unique STs were used to construct the tree; strains having identical CSP STs are listed below the tree
as groups. The numbers above each grouping correspond to the numerical superscripts for each representative ST included in the phylogeny.
Isolates recovered from clinical samples are shown within the brace.
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In conclusion, the present study demonstrates that the CSP
region has a high degree of polymorphism, generating strain
diversity patterns that distinguished epidemiologically linked
strains and could therefore be a practical yet meaningful way to
conduct epidemiological studies. Further, CSP typing appears
to have significant advantages over many existing techniques in
terms of cost, speed, ease of use and interpretation, and standardization, and it allows the creation of unambiguous data
sets that can be readily exchanged between labs and be organized into global databases. Interestingly, this study also found
evidence indicating that A. fumigatus is differentiated into distinct CSP phylogenetic lineages. While these may not represent distinct taxonomic lineages, our results suggest that strain
Af293 may indeed be so. Because this strain’s genome has been
sequenced and is considered representative of A. fumigatus,
the potential for taxonomic distinction between Af293 and the
nosocomial strains studied here should be investigated further.
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appeared in more than one outbreak (Fig. 3), indicating that
CSP phylogenetic clusters are widely dispersed across North
America. Second, we found that A. fumigatus outbreaks consist
of strains from more than one phylogenetic cluster (Fig. 3),
which is also consistent with a widespread geographic dispersal
of clusters. Although these findings are not novel, our observation agrees with previous studies (45, 47) indicating that A.
fumigatus strains are widespread across North America. However, our results differ from these other studies, as we detected
substructuring (i.e., the presence of multiple, well-supported
phylogenetic clusters) in spite of widespread geographic dispersal across North America.
What could explain this pattern of phylogenetic substructuring in the face of widespread dispersal? It could be that A.
fumigatus is composed of cryptic lineages that are not detected
with the more conserved genes typically characterized in
MLST or other phylogenetic studies. However, the phylogenetic information in the CSP gene comes from the rapid polymorphism generated through insertions and deletions (and to
a lesser extent, point mutations) found within the CSP repeat
region. This pattern is reminiscent of what is seen in the case
of merozoite surface repeat proteins of Plasmodium species
(15, 17, 19), where the repeat regions have been shown to be
immunogenic (40, 41), the ALS3 gene in the yeast Candida
albicans (38), and the spherule outer wall glycoprotein
(SOWgp) gene of Coccidioides, wherein the repeated elements
appear to contribute to the virulence of this species both by
functioning as an adhesin and by modulating the host immune
response (21, 22). In a recent population-based study of the
repetitive domain in the SOWgp gene using phylogenetic and
genetic distance methods, it was shown that this gene evolves
in Coccidioides by concerted evolution (24).
While the biological function of the Afu3g08990 gene (designated CSP in this study) is not known, data from Levdansky
and colleagues (companion paper [31a]) show that the protein
is expressed in the cell walls of both conidia and hyphae of A.
fumigatus. Deletion of this gene in A. fumigatus resulted in
phenotypic changes that included reduced adherence and premature fast germination (31a). In the present study, the phylogenetic tree constructed with the entire portion of the CSP
locus revealed three distinct clades (Fig. 2). Notably, all isolates in one clade (shown within the brace in Fig. 2) were
recovered from clinical samples and more than half these isolates (5/8 isolates) were invasive isolates causing infection in
cardiac transplant patients. These isolates also grouped together in a clade (shown within the brace in Fig. 3) distinct
from other clades in the phylogenetic tree constructed based
on the 159-bp repeat region of the locus. It is tempting to
speculate with this limited data that the phylogenetic lineages
detected may correspond to antigenic lineages and not taxonomic lineages. However, this needs to be further explored
with a more robust and larger set of isolates collected from
both environmental and clinical origins. Nevertheless, we did
find evidence to suggest that strain Af293 may represent a
distinct lineage based on the phylogeny presented in Fig. 2 as
well as the distinct structure of its CSP gene in comparison to
that of other A. fumigatus strains (see Results). Interestingly,
the sequence of the CSP gene from another strain of A. fumigatus, CEA10, that has been recently sequenced was found
to be 100% similar to Af293 at the nucleotide level.
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