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Genomic analysis of allergen genes in Aspergillus spp.: the

relevance of genomics to everyday research

PAUL BOWYER & DAVID W. DENNING

Faculty of Medicine and Human Sciences, University of Manchester, Wythenshawe Hospital, Manchester, UK

Full genomic sequencing of Aspergillus fumigatus and other genomes has allowed

correction of Aspergillus allergen gene sequences and requires revision of Genbank

and IUIS sequences of allergens. In addition allergens in other fungal species may

be found in the aspergilli. We compared the published sequences of numerous

allergens with recently available genome sequences. This analysis suggests that Aspf

56KD, Asp f 15 and Asp f 16 should be removed from the approved allergen list

and that Asp f 17 is a larger protein than published. Additionally we propose likely

gene candidates for Asp f GST (Afu6g09690) and Asp o lipase (AO090701000644).

We suggest that the heat shock allergens should be re-classified: Asp f 12 should be

classified as HSP90 (Asp f 12), HSP88 (Mala s 10) and HSP70 (Alt a 3, Cla h 4 and

Pen c 19) according to human gene nomenclature. Comparison of fungal allergen

databases with genome sequences suggests the presence of a core set of allergen �
like proteins in all fungi. We also analysed allergens in the 3 sequenced aspergilli to

look for internal homologies and this suggests that multi gene families may

produce numerous cross-reactive allergens.

Keywords Aspergillus, allergen, genomics

Introduction

Allergy is an increasingly common and debilitating

condition [1,2]. The causative agents of allergy are

commonly eukaryotic proteins apparently mostly re-

stricted to a number of functional classes [3,4].

Identification of the genes encoding allergens is an

essential first step in characterization of the allergen,

its epitopes and for studies involving diagnosis and

cross-reaction where pure protein preparations are

necessary. Much past and current effort has gone into

discovering allergen gene sequences to define the nature

of allergenic proteins [5�8] and allow manipulation of

allergen gene sequences for definition of epitopes [9�
11], production of component resolved diagnostics

[12�15] or to direct design of a variety of immunother-

apeutics [16�24]. Thus it is of critical importance that

the correct allergen sequences are known for existing

allergens to prevent possible errors in epitope mapping

or diagnostic studies. In diagnostic studies it is im-

portant to be confident that an allergen is confined to a

particular species or genus. Similarly it is important to

know whether a particular allergen has multiple

homologues in a given species’ genome in order to be

sure that the allergen being studied is in fact the

particular protein or cDNA that has been isolated

and not merely a cross-reacting member of a large gene

family present in a particular species.

Fungi are an important source of allergen proteins

and have been shown to produce �/90 allergens from a

total of �/750 published in databases (Bowyer, unpub-

lished observations). The estimation of allergen num-

bers arises from uncertainties regarding identification

of some allergens with some being multiply entered in

databases under different names and others being

possibly incorrect. Fungi are estimated to sensitise

�/20% of the atopic population [25,26] although they

may not be always the sole or causative agent. One

important allergenic fungus is Aspergillus fumigatus

with 20 described allergens [27�29]. This fungus is also
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important as a pathogen of immunocompromised

individuals [30] and as a complicating allergenic factor

in asthmatics [31,32]. Although �/20 allergens have

been described in A. fumigatus only four are known in

A. oryzae, 5 in A. niger and a further 2 in A. flavus [24

www.allergome.org]. A possible allergen Asp ni 2

(previously Asp nd1) has also been described in

A. nidulans [33]. Other species of Aspergillus known

to be allergenic such as A. clavatus, A. versicolor,

A. sydowii and A. ochraeus have no allergens described.

The genome of A. fumigatus has recently been

sequenced [34].

Here we use the genome sequence to definitively

catalogue or discard previously published cloned aller-

gen genes, to show the presence of homologues to other

fungal allergens in the genome of A.fumigatus, to assess

the level of allergen homology in the genome in the

form of multi-gene families and determine the gene and

predicted protein sequences of allergens that had

previously been partially characterized at the biochem-

ical level. In order to search the genome sequences we

have used BLAST (Basic Local Alignment Search Tool)

algorithm which compares sequences and produces a

report containing levels of identity and statistical

measures of similarity. The analysis shows that three

of the published Af allergens are duplications

of existing allergen genes and provides gene sequences

for a further three partially described Aspergillus

allergens. Nine of 17 Af allergens belong to multi-

gene families with six of these having one or more

possible cross reacting homologues. Additionally the

analysis suggests that fungi may possess a core set of at

least 40 allergens or proteins that may cross-react.

Materials and methods

Source of sequences for comparison

Allergen gene sequences were compiled from databases

at Allergome.org, allermatch, SDAP, and Swissprot

[35�38]. Duplicated sequences were removed and

peptide sequences checked to ensure that the longest

sequences were represented. The final list contained 86

unique fungal allergen sequences. The database was

compiled as a FASTA file (a type of simple sequence

format). Genome sequences were obtained from The

Institute for Genomic Resources (www.TIGR.org).

Isolates represented are Af293 and CEA10 for Af,

RIB40 for Ao and FGSC A4 for An. Allergens used in

this study together with their organism of origin and

predicted function are shown in Table 1.

Sequence analysis

Databases and individual sequences were used to

search locally stored and formatted genome peptide

database files using NCBI formatdb and NCBI stan-

dalone BLAST2.0 [39]. BLASTP, TBLASTN and

BLASTX [40] were used to search nucleotide and
protein sequence databases. Both unlimited searches

and cut-offs of 1E�10 were used to derive data in

Tables 2 and 3. E scores represent the probability of

chance similarity to the query sequence being present in

the database that is being searched so that lower scores

indicate higher confidence in the result. We have used a

highly conservative BLAST cut off score of 1E�10 to

define a significant match. Although such a figure is
necessarily rather arbitrary this level of homology

corresponds to sequence homology �/25% for proteins

with �/100 amino acids and it was reasoned that

proteins with lower levels of homology are unlikely to

be related to the query sequence. In general the cutoff

score for data presented in Tables 2 and 3 is 1E�10 but

for cases were no match was found the results were

checked using a cutoff of E�/10 to be sure that no
match existed. Identity percentages were then checked

manually to ensure that the whole predicted peptide

sequence was included in the result. Matched regions

were compared to predicted peptides from the auto-

mated gene calling analysis of the genome sequences

and against other fungal homologues. Where the

peptide was thought to be longer or shorter the

surrounding sequence was analysed in all three reading
frames using BLASTX and manually using DNAS-

TAR Mapdraw to check that the peptide sequence had

not been wrongly truncated for example by the

presence of a stop codon containing intron or by

sequencing error. Where partial sequences were used to

find complete A. fumigatus genes the sequences were

formatted as FASTA files then used to search locally

stored databases.

Results

Characterization of partially sequenced or unsequenced
allergens from Aspergillus species

Asp f 1�Asp f 11. These allergens are all present in the

Af genome as described in the literature with no

differences in the coding regions of the genes.

Asp f 12 [41]. This allergen is variously described as

HSP70 or HSP 90 and grouped as a functional
class with other heat shock protein allergens, Alt a 3,

Mala s 10, Cla h 4, and Pen c 19. However when these

genes are compared with A. fumigatus and human

– 2007 ISHAM, Medical Mycology, 45, 17�26

18 Bowyer & Denning



D
ow

nloaded By: [Advanced Institute of Sanita] At: 19:51 4 M
arch 2007 

Table 1 Allergens used in the comparative analysis. Allergens are listed according to their IUIS nomenclature alongside their organism of origin

and predicted function.

Allergen name (IUIS) Protein function Organism name

Alt a 1

Alt a 2

Alt a 3 HSP70

Alt a 4 Disulfide isomerase

Alt a 6 Ribosomal P2

Alt a 7 Alternaria alternate

Alt a 10 Aldehyde dehydrogenase

Alt a 11 Enolase

Alt a 12 Ribosomal P1

Alt a GST Glutathione S transferase

Alt a NTF2 Nuclear transport factor 2

Asp f 1 Mitogillin/ribonoclease toxin

Asp f 2

Asp f 3 Peroxiredoxin

Asp f 4

Asp f 5 Metalloprotease

Asp f 6 Mn SOD

Asp f 7

Asp f 8 Ribosomal P2

Asp f 9 Aspergillus fumigatus

Asp f 10 Aspergillopepsin

Asp f 11 Cyclophilin

Asp f 12 HSP90

Asp f 13 Serine protease

Asp f 17

Asp f 18 Vacuolar serine protease

Asp f 22 Enolase

Asp f 23 Ribosomal L3

Asp fl 1 (Asp fl 13) Serine protease A. flavus

Asp n 14 b-xylosidase
A. nigerAsp n 18 Vacuolar serine protease

Asp n 25 Phytase B

Asp n glucoamylase

Asp o 13 Oryzin A.oryzae
Asp o 21 a-amylase A

Can a 1 (Cand a 1) Alcohol dehydrogenase

Can a peroxiredoxin

(Can a 2) Peroxiredoxin Candida albicans

Cand a Enolase Enolase

Candida 37KD Aldolase

Cla h 3 Aldehyde dehydrogenase

Cla h 5 (Cla h 7a) Ribosomal P2

Cla h 6 Enolase

Cla h 12 Ribosomal P1 Cladosporium herbarum

Cla h CH Hydrophobin

Cla h HSP70 (Cla h 4) HSP70

Cla h NTF2 Nuclear transport factor 2

Cop c 1 Coprinus comatus

Cop c 2 Thioredoxin

Cop c 3

Cop c 5

Cop c 7

Emb nz1 (Alt a 1-like) Alternaria spp.
Emb t 1 (Alt a 1-like)

Fus c 1 Ribosomal P2 Fusarium culmorum

Fus c 2 Thioredoxin

Fus c 3 Helix-loop-helix protein

– 2007 ISHAM, Medical Mycology, 45, 17�26
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it was found that they had homology to 3 distinct
classes of heat shock protein. Asp f 12 should be

classified as HSP90, Mala s10 as HSP88 and Alt a 3,

Cla h 4 and Pen c 19 as HSP70 according to human

gene nomenclature. Genes for HSP 70, 88 and 90 are

present in all Aspergillus genomes.

Asp f 15 [42]. This gene is identical to Asp f 13

(Afu2g12630). No other gene matching this sequence

exists in the genome thus Asp f 13 was taken to be the

original and only allergen of this type.

Asp f 16 [43�47]. The predicted peptide sequences of

the published Asp f 16 peptide and the Asp f 9 sequence
derived from the Af293 genome sequence are aligned in

Fig. 1 showing that regions of the two allergens are

identical with others that do not match. The Asp f 16

protein does not appear to be encoded by the A.

fumigatus Af293 genome. We also compared the

sequence against the recently determined A. fumigatus

CEA10 strain genomic sequence and again find only

the Asp f 9 sequence (shown as 1.m01486 in Fig. 1)

with no gene matching Asp f 16. Comparison of the

Asp f 16 sequence with other Aspergillus genomes

shows matches with only Asp f 9 � like sequences with

no evidence for the existence of an Asp f 16 homologue.

The closest match is to Asp f 9 (Afu1g16190). In fact

the sequence of the Asp f 16 cDNA is almost identical

(99.1%) to the Asp f 9 DNA sequence and it appears

that the published Asp f 16 peptide sequence results

from frameshift or other sequencing errors (shown by

asterisks in Fig. 1) in the original cDNA clone.

Assuming the existence of these sequencing errors the

Asp f 16 cDNA clone will produce a peptide sequence

identical to Asp f 9. One explanation is that the Asp f 9

Table 1 (Continued )

Allergen name (IUIS) Protein function Organism name

Mala f 1

Mala f 2 Peroxiredoxin
Malassezia furfur

Mala f 3 Peroxiredoxin

Mala f 4

Mala s 1

Mala s 5 Peroxiredoxin

Mala s 6 Cyclophilin

Mala s 7

Mala s 8 M. sympodialis

Mala s 9

Mala s 10 HSP88

Mala s 11 MnSOD

Mala s 12

Pen c 1 Alkaline serine protease

Pen c 18 Vacuolar serine protease

Pen c 19 HSP70

Pen c 2 Alkaline serine protease Penicillium citrinum

Pen c 3 Peroxiredoxin

Pen c 22 Enolase

Pen c 24

Pen ch 68 KD

Pen ch13 Alkaline serine protease P. chrysogenum (notatum)
Pen n 13 Subtilisin

Pen n 18 Serine protease

Pen o 18 Vacuolar serine protease P. oxalicum

Psi c 2 Cyclophilin Psilocybe cubensis

Rho m 1 Enolase Rhodotorula mucilaginosa
Rho m 2 Vacuolar serine protease

Sac c Enolase Enolase Saccharomyces cerevisiae
Sac c MnSOD Mn SOD

Tri m 2 Serine protease Trichophyton meningotrichoides
Tri m 4 Dipeptidyl-peptidaseV

Tri r 2 Alkaline protease T. rubrum
Tri r 4 Dipeptidyl-peptidase V

Tri sc 4 Dipeptidyl-peptidaseV T. schoenlienii

Tri t 4 Serine protease T. tonsurans

– 2007 ISHAM, Medical Mycology, 45, 17�26
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sequence is erroneous. Given the 10 fold sequencing of

the genome and lack of any known errors in this

sequence for any of the A. fumigatus allergens together

with the predicted presence of Asp f 9 � like rather than

Asp f 16 � like genes in the other aspergilli we suggest

that the Asp f 9 sequence is correct and that Asp f 16

should henceforth be known as Asp f 9. It is also

possible that the published Asp f 16 protein is an

Table 2 Comparative analysis of fungal allergens. Allergens used as the basis for comparison are shown in bold type in shaded boxes. Proteins

that have been compared to these allergen sequences are shown with % identity to the reference allergen in brackets. Matches to the predicted Af

proteome are shown using CADRE nomenclature.

Aspergillus fumigatus

Gene accession

Type allergens Related fungal allergens

Asp f1 Afu5g02330

Asp f 2 Afu4g09580

Asp f 3 Afu6g02280 Cand b 2 (39); Pen c 3 (82); Can a 2 (40); Mala f 2 (44);

Mala f 3 (46); Mala s 5 (?)(48); Mala s 1 (43)

Asp f 4 Afu2g03830

Asp f 6 Afu1g14550 Mala s 11 (52); Sac c MnSOD (53)

Asp f 5 Afu8g07080

Asp f 7 Afu4g06670

Asp f 8 Afu2g10100 Alt a 6 (82); Cla h 3 (80); Fus c 1 (81);

Asp f 9 Afu1g16190

Asp f 10 Afu5g13300

Asp f 11 Afu2g03720 Mala s 6 (62) (72 to Afu3g07430); Psi c 2 (61)

Asp f 12 Afu5g04170 Mal s 10 (36)

Asp f 13 Afu2g12630 Asp fl 13 (81) Pen c 13 fragment*; Tri t 4 fragment*

Asp f 17 Afu4g03240

Asp f 18 Afu5g09210 Asp n 18 (69); Pen n 18 (68); Pen n 13 (40); Pen o 18 (70);

Pen c18 (72); Pen c2 (82); Pen c 1 (38); Tri r2 (40); Tri m 2 (46);

Rho m 2 (52); Cla h 9

Asp f 22 Afu6g06770 Alt a 11 (prev 5)(87); Cla h 6 (83); Pen c 22 (90); Cand a

enolase (73);

Rho m 1 (75); Sac c Enolase (72)

Asp f 23 Afu2g11850

Afu1g12610 (52) Mala s 10

Afu1g07440 (61) Alt a 3 Cla h 4 (85); Pen c19 (90)

Afu1g06830 (80) Alt a 12 Cla h 12 (71)

Afu4g11800 (44) Asp o 13 Asp fl 1 (78)

Afu2g09030 (59) Tri r 4 Tri sc 4 (57); Tri m 4 (57)

Afu6g11430 (67) Alt a 10 Cla h 3 (71)

Afu5g06240 (59) Can a 1

Afu4g00610 (40) Mala s 12

Afu3g10460 (58) Alt a NTF2 Cla h NTF2 (64)

Afu2g06150 (62) Alt a 4

Afu1g02820 (69) Alt a 7 Cla h 5 (61)

Afu3g11690 (75) Candida 37KDa allergen

Afu1g16920 (63) Asp n 14

Afu2g00690 (63) Asp n glucoamylase

Afu4g10130 (78) Asp o 21

Afu6g11330 (31) Asp n 25

Afu5g09580 (28) Cla h CH

Afu8g05020 (79) Pen ch 20

Afu1g11190 (65) Pen c 24

Afu6g11030 (39) Cop c 3

Afu8g01090 (53 Cop c 2 Fus c 2 (53)

Afu4g09090 (52) Fus c 2 Cop c 2 (53)

Afu1g09670 (42) Fus c 3

Afu7g05740 (65) Mala f 4

Afu6g09690 (94) Alt a GST

Afu5g02040 (42) Asp o lipase

*Peptide sequences B/50AA are not scored.

– 2007 ISHAM, Medical Mycology, 45, 17�26
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isoform of Asp f 9 that occurs in the AF-102 isolate
used in its isolation but not in other Aspergillus isolates

or species. It would be relatively simple to resequence

the gene from AF-102 to resolve this issue. It is

interesting to note that where the Asp f 16 peptide

sequence has been used to define epitope sequences

(shown as shaded boxes in Fig. 1) or reactivity only

those sequences matching Asp f 9 have produced a

reaction suggesting this work has been largely valid
although perhaps somewhat incomplete [44�47].

Asp f 17 [48]. Asp f 17 has previously been lodged in

public data bases as a 191 AA fragment. The complete

gene (Afu4g03240) encodes a protein of 284 amino

acids, with a predicted MW of 27kD.

Asp f 18, Asp f 22, Asp f 23. Asp f 22 and Asp f 23 are

present in the Af genome as described in literature with

no differences in the coding regions of these genes.

Asp f GST. This allergen was predicted to occur

through cross-reaction to Alt a 13 (also referred to as

Alt a GST) an Alternaria glutathione s-transferase

allergen [49]. Estimates of the allergen molecular

weight and enzyme activity confirmed its identity as a

�/26kD glutathione s-transferase. There are 15 pre-

dicted GST genes in the A. fumigatus genome

(Afu1g01370, Afu1g17010, Afu2g00590, Afu2g08370,
Afu2g17300, Afu3g07930, Afu3g10830, Afu4g01440,

Afu4g14100, Afu4g14530, Afu6g00760, Afu6g03390,

Afu6g09690, Afu7g05500, Afu8g02500). Several fit the

predicted size of 26kD for the Asp f GST allergen
however only Afu6g09690 has significant homology

(94.8%) to the cross-reacting Alt a 13 allergen. The

other genes have B/30% identity to Alt a 13. Thus we

predict that Afu6g09690 encodes the Asp f GST

allergen.

Asp f 56 kD [50]. The short peptide sequence reported

for this allergen is not predicited to be encoded in any

of the Aspergillus genomes studied. This may mean

that the protein is not derived from Aspergillus or more
likely that the peptide sequencing did not produce an

accurate enough result for correct identification.

Asp o lipase. This allergen was described as an occupa-

tional lipase allergen in detergent workers [51,52] but

was never characterized beyond determination of a

short peptide sequence (XIPTTQLXXFKFWV-

QYAAA). BLAST alignment of the partial sequence

with the A. oryzae genome shows that the Asp o lipase

allergen is encoded by gene AO090701000644 on
chromosome 5. This gene is predicted to produce a

33.5 kD lipase protein.

Comparative analysis of allergen genes in fungi

In order to discover whether fungal allergens are

unique to their particular species or occur in all fungi

we compiled a database of 86 fungal allergens and used
BLAST to compare the database with the A. fumigatus

genome and against itself. Results of this analysis are

shown in Table 2. We note that a small portion of this

Table 3 Occurrence of allergens and allergen-like proteins in multi gene families in the aspergilli. Numbers of matches to the reference allergen

are shown in bold type. Matches less significant than a BLAST score of 1E�10 were excluded. Percent identity of the matches is shown bracketed

after the number of matches. ‘None’ indicates no significant matchwith a BLAST cutoff of 1E�10 although no matches are found in these cases

with a BLAST cutoff of E �/1.

Descibed Af allergen Af homologues An homologues Ao homologues

Asp f1 1 None None

Asp f2 1 6 (60, 52, 49, 46, 42) 7 (65, 44, 43, 42, 39, 35, 35)

Asp f3 2 (100, 62) 2 (90, 73) 3 (86, 68, 37)

Asp f4 3 (100, 61, 61) 3 (60, 58, 48) 3 (60, 55, 48)

Asp f5 1 None 2 (78, 64)

Asp f6 2 (100, 52) 2 (67, 51) 2 (61, 51)

Asp f7 3 (100, 82, 30) 3 (73, 69, 30) 3 (61, 43, 36)

Asp f8 1 2 (78, 64) 1 (81)

Asp f9 5 (100, 47, 44, 40, 34) 6 (68, 60, 43, 39, 35, 35) 7 (53, 52, 48, 43, 40, 39, 36)

Asp f10 3 (100, 40, 36) 7 (73, 42, 30, 29, 29, 28, 26) 7 (71, 44, 42, 30, 30, 29, 27)

Asp f11 9 (100, 66, 57, 51, 56, 62, 52, 47, 47) 7 (81, 61, 58, 55, 54, 54, 47) 8 (75, 69, 59, 56, 54, 54, 49, 46)

Asp f12 1 1 (95) 1 (95)

Asp f13 1 1 (52) 1 (58)

Asp f17 3 (100, 50, 37) 3 (45, 43, 29) 3 (57, 40, 29)

Asp f18 3 (100, 44, 43) 3 (78, 45, 24) 2 (86, 45)

Asp f22 1 1 (93) 1 (93)

Asp f23 1 1 (95) 1 (95)

– 2007 ISHAM, Medical Mycology, 45, 17�26
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data has been previously published [34] but is presented

here for completeness. A number of Asp f allergens

such as Asp f 18, Asp f 22 and Asp f 3 are clearly

similar in function and protein identity to allergens

from a wide range of fungi. Other major allergens such

as Asp f 1, 7, 9 and 17 Alt a 1 and Alt a 2 as well as Cla

h 1 and Cla h 2 have no recorded homolgues in any

other fungus. Interestingly 19 allergens from other

fungal species have �/50% identity with A. fumigatus

genes, suggesting that the A.fumigatus proteins could

possibly cross react with serum from patients sensitized

to these fungi and that these 19 proteins are possible

cryptic allergens in A. fumigatus. It is possible that the

cross-homologous proteins and allergens shown in

Table 2 represent a core set of allergens present in all

fungi and that such comparative analyses can be used

to predict the likely presence of allergen genes in all

fungi.

Allergen-like proteins occur as families in allergenic and non-

allergenic aspergilli

In order to determine whether allergen genes occur in

genomes as single copies or as part of closely related

multi-gene families sequences were matched against the

Af, Ao and An genome DNA sequences and predicted

peptide sequences. Results are presented in Table 3. As

expected, all recorded Af allergen sequences with the

exceptions noted below, were present in the Af genome

sequence and in the predicted Af proteome. All allergen

database sequences showed 100% identity to the

genome sequence and predicted peptides. Af gene

sequences are shown using CADRE gene nomenclature

compatible with the curated Af genome sequence at

http://www.cadre.man.ac.uk.

Af appears to possess many allergen homologues

with sufficiently high identity to be classified as

potential cross-reactive proteins. Each of the 17 Af

Fig. 1 Comparison of Asp f 9

and Asp f 16 genes. Peptide

sequences of Asp f 9 and Asp f

16 were aligned. The Asp f 9

homologue, 1.m01486, from the

CEA10 genome sequence is also

presented for comparison. Aster-

isks mark the position of pro-

posed errors in the Asp f 16

cDNA sequence.

                                       * *           *
Aspf16 1 MYFKYTAAALAAVLPLCSAQTWSKCNPLAETCPPNKGLAASTCTADFTSASALDQWEVTA 60
           MYFKYTAAALAAVLPLCSAQTWSKCNPL +TCPPNKGLAAST TADFTSASALDQWEVTA
Asp f9 1   MYFKYTAAALAAVLPLCSAQTWSKCNPLEKTCPPNKGLAASTYTADFTSASALDQWEVTA 60
1.m01486   MYFKYTAAALAAVLPLCSAQTWSKCNPLEKTCPPNKGLAASTYTADFTSASALDQWEVTA

Aspf16 61  GKVPVGPQGAEFTVAKQGDAPTIDTDFYFFFGKAEVVMKAAPGTGVVSSIVLESDDLDEV 120
           GKVPVGPQGAEFTVAKQGDAPTIDTDFYFFFGKAEVVMKAAPGTGVVSSIVLESDDLDEV
Asp f9 61  GKVPVGPQGAEFTVAKQGDAPTIDTDFYFFFGKAEVVMKAAPGTGVVSSIVLESDDLDEV 120
1.m01486   GKVPVGPQGAEFTVAKQGDAPTIDTDFYFFFGKAEVVMKAAPGTGVVSSIVLESDDLDEV

            *  *
Aspf16 121 DLVRLGGDTTQVQTNYFGKGDTTTYDRGTYVPVATPQETFHTYTIDWTKDAVTWSIDGAV 180
           D   LGGDTTQVQTNYFGKGDTTTYDRGTYVPVATPQETFHTYTIDWTKDAVTWSIDGAV
Asp f9 121 DWEVLGGDTTQVQTNYFGKGDTTTYDRGTYVPVATPQETFHTYTIDWTKDAVTWSIDGAV 180
1.m01486   DWEVLGGDTTQVQTNYFGKGDTTTYDRGTYVPVATPQETFHTYTIDWTKDAVTWSIDGAV

                                  *
Aspf16 181 VRTLTYNDAKGGTRFPQTPMRLRLAAGPAATPATPGH--HRVGRWLDRLQRGTVHHVRQV 238
           VRTLTYNDAKGGTRFPQTPMRLRL +     P+ P       G   D        +V+ V
Asp f9 181 VRTLTYNDAKGGTRFPQTPMRLRLGSWAGGDPSNPKGTIEWAGGLTDYSAGPYTMYVKSV 240
1.m01486   VRTLTYNDAKGGTRFPQTPMRLRLGSWAGGDPSNPKGTIEWAGGLTDYSAGPYTMYVKSV

                                           *
Aspf16 239 RPYRERQPRRVLHLLGQLWLLAEHQVRRLRRYSSSSSVTSSTTSTASSASSTSSKTPSTS 298
           R      P                +       SSSSSVTSSTTSTASSASSTSSKTPSTS
Asp f9 241 R-IENANPAESYTYSDNSGSWQSIKFDGSVDISSSSSVTSSTTSTASSASSTSSKTPSTS 299
1.m01486   R-IENANPAESYTYSDNSGSWQSIKFDGSVDISSSSSVTSSTTSTASSASSTSSKTPSTS
                                           *      *           *
Aspf16 299 TLATSTKATPTPSGTSSGSNSSSSAEPTTTGGSGSSNTGSWLRLRLWLWLYSSTGSSTSA 358
           TLATSTKATPTPSGTSSGSNSSSSAEPTTTGG+GSSNTGS           SSTGSSTSA
Asp f9 300 TLATSTKATPTPSGTSSGSNSSSSAEPTTTGGTGSSNTGSGSGSGSGSGSSSSTGSSTSA 359
1.m01486   TLATSTKATPTPSGTSSGSNSSSSAEPTTTGGSGSSNTGSGSGSGSGSGSSSSTGSSTSA

                                *
Aspf16 359 GASATPELSQGAAGSIKGSVTPALWCSAPSLPCWHSKQNDDFGLMHDTHHEGDVRTIHFG
           GASATPELSQGAAGSIKGSVT
Asp f9 360 GASATPELSQGAAGSIKGSVTACALVFGAVAAVLAF 395
1.m01486   GASATPELSQGAAGSIKGSVTACALVFGAVAAVLAF 395
Aspf16 419 IGVSPSFGV 428
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allergens tested was present as a single copy gene in Af.

However 12 homologues of �/50% identity and a
further 8 homologues of between 40 and 50% identity

were identified within the Af genome (Table 3). More

significant potentially cross-reactive allergen homolo-

gues were detected in Ao than either An or Af despite

Af to being the allergenic species. Ao has 25 predicted

proteins with �/50% identity to the Af allergens and 14

with between 40 and 50% identity whereas An has 25

predicted proteins with �/50% identity to the Af
allergens and 9 with between 40 and 50% identity. All

primary allergen homologues from Ao and An are

all �/60% identical with f3, f5, f7, f8, f11, f12, f18, f22

and f23 all having �/70% identity. This suggests that

An and Ao should produce many proteins cross-

reactive to those of Af. Given that the homologous

proteins have predicted sizes close (9/5%) to the

characterized allergens and that individuals only be-
come sensitized to a small number of the potential

allergen repertoire it is possible to confuse allergen and

allergen-like family members. Only two Af allergens,

Asp f 1 and Asp f 5 did not have homologues in both

An and Ao. The major allergen Asp f 1 did not have

any homologues in either Ao or An. Asp f5 did not

have any homologue in An although a close homologue

exists in Ao. The significance of this observation awaits
experimental elucidation however a naı̈ve hypothesis

could be that Af is the predominant allergenic organ-

ism due to the presence of Asp f 1. Asp f 1 has no

paralogs in the Aspergillus genomes analysed here

but closely related proteins are known to occur in

A. giganteus and A. clavatus.

Discussion

The results presented above show the usefulness of

genomic sequencing in gene discovery approaches.

Knowledge of the genome sequence has enabled us to

correct a variety of allergen sequences, discover the

complete coding sequence of several partially described

allergens and to make predictions as to the likely

allergen complement of fungi. In respect of allergen
occurrence in the fungi we note that many allergens

such as the enolase class occur as highly homologous

proteins, widely distributed in the fungal kingdom. In

fact Table 2 suggests that a core set of 40 allergens may

occur in many fungi with 79 of 86 allergens tested in

this study being represented in this group. In fact high-

throughput phage display analysis of allergens suggests

the presence of at least 80 allergens in A. fumigatus [53].
Other fungal allergens such as Alt a 1 and Asp f 1 have

no homology with any fungal genome tested and may

be restricted to species or genus. Clearly not all of the

gene homologues implied in Table 2 will encode

allergenic proteins however there is great potential for
cross reactivity in many of the protein classes. Prag-

matic studies of cross reactivity suggest that proteins

with �/50% identity to allergens are likely to cross-

react with them [4]. In Table 2, 23/40 allergen types

display �/50% identity across more than one fungal

species. The highly homologous proteins occur in

yeasts, ascomycetes and basidiomycetes suggesting a

wide distribution throughout the fungal kingdom.
Thus even if many of these groups of allergen � like

proteins do not cross-react there would still be many

proteins capable of cross-reaction in myriad fungal

species. This possibility should be urgently tested as the

presence of such widespread cross-reactivity has im-

portant implications for both classical diagnostic

reactivity testing using crude fungal extracts and

more recent component resolved systems using recom-
binant proteins.

The genomic analysis has also revealed that several

allergen classes exist as multi-gene families in the three

Aspergillus genomes tested here. The levels of homol-

ogy present within these gene families are also sig-

nificant and imply the possibility of cross reactivity

within proteins encoded by the same genome. This is

significant for approaches aimed at cloning allergen
genes by serum reactivity as cross-reactive gene homo-

logues may be inadvertently cloned using these meth-

ods.

The potential cross-reactivity of the homologous

protein classes can be simply tested by cloning and

expressing gene candidates and testing the resulting

protein against sera of known reactivity. The increasing

number of fungal genomes available for analysis will
allow more precise analysis of the presence of allergen

homologues although better predictive methods for

allergenicity are likely to be required before this

information can be fully exploited.
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