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Abstract

Background: Aminoadipate reductase (Lys2) is a fungal-specific protein. This enzyme contains an
adenylating domain. A similar primary structure can be found in some bacterial antibiotic/peptide
synthetases. In this study, we aimed to determine which bacterial adenylating domain is most
closely related to Lys2. In addition, we analyzed the substitution rate of the adenylating domain-
encoding region.

Results: Some bacterial proteins contain more than two similar sequences to that of the
adenylating domain of Lys2. We compared 67 amino acid sequences from 37 bacterial and 10 fungal
proteins. Phylogenetic trees revealed that the lys2 genes are monophyletic; on the other hand,
bacterial antibiotic/peptide synthase genes were not found to be monophyletic. Comparative
phylogenetic studies among closely related fungal lys2 genes showed that the rate of insertion/
deletion in these genes was lower and the nucleotide substitution rate was higher than that in the
internal transcribed spacer (ITS) regions.

Conclusions: The lys2 gene is one of the most useful tools for revealing the phylogenetic
relationships among fungi, due to its low insertion/deletion rate and its high substitution rate. Lys2
is most closely related to certain bacterial antibiotic/peptide synthetases, but a common ancestor
of Lys2 and these synthetases evolutionarily branched off in the distant past.

Background

Not only fungi, but also certain prokaryotes synthesize
lysine through the 2-aminoadipate pathway [1-3]. How-
ever, the prokaryotic pathway is not identical to that of
fungi. The fungal process required to synthesize lysine
from 2-aminoadipate differs from that of prokaryotes [4].
The first step of this fungal-specific pathway is the reduc-
tion of 2-aminoadipate.

Aminoadipate reductase converts 2-aminoadipate to 2-
aminoadipate 6-semialdehyde via an adenosylated deriv-
ative. In Saccharomyces cerevisiae, this reaction requires

Mg2+ and the participation of the products of two genes,
lys2 and lys5 [5]. Recently, it has been shown that ami-
noadipate reductase is encoded by only lys2, and that the
Lys5 protein appears to be a specific phosphopantetheinyl
transferase for Lys2, converting the inactive apo-Lys2 to
the active holo-Lys2 [6,7].

The lys2 gene is a fungal-specific gene and generally ap-
pears to be present in a single copy in the genome. The
Lys2 protein has no extensive homologous protein in eu-
karyotes, with the exception of fungi, but it does possess
similarity to some bacterial antibiotic/peptide synthetases
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[4,8-10]. Recently, Drosophila and mouse were found to
have the analogue of Lys2, which function under degrada-
tion of lysine [11]. However, Lys2 is more similar bacterial
antibiotic/peptide synthetases than the animal proteins.
Lys2 has an adenylating, a peptidyl carrier, and a reductive
domain. This protein has twelve conserved motifs. The
adenylating domain contains nine conserved motifs [12].
In this study, we aimed to reveal which bacterial adenylat-
ing domain is the most closely related to Lys2.

In addition, in order to determine the substitution rate of
lys2, we compared the lys2 sequences from closely related
fungi. In this study, we sequenced lys2 fragments [13] and
compared them among black-koji molds of the Aspergillus
niger group.

Results and Discussion

The deduced amino acid sequences (each 343 amino-ac-
ids long) from Aspergillus awamori IAM 2112, A. awamori
IAM 2299, A. awamori 1AM 2300, A. saitoi IAM 2210, A.
saitoi IAM 2215, A. saitoi IAM 14608, A. saitoi var. kagoshi-
maensis IAM 2190, and A. saitoi var. kagoshimaensis 1AM
2191 were identical. Those from A. usamii IAM 2185 and
IAM 2186 differed from the other black-koji molds by one
amino acid. The nucleotide sequences from A. awamori
IAM 2112, 1AM 2299, and IAM 2300 were identical. Those
from A. saitoi IAM 2210 and IAM 2215 were identical.
Those from A. saitoi var. kagoshimaensis IAM 2190 and
IAM 2191 were identical. Those from A. usamii IAM 2185
and IAM 2186 were identical. Aspergillus awamori's se-
quence was 10 nucleotides different from that of A. saitoi
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IAM 2210 and IAM 2215, and 40 nucleotides different
from that of A. usamii.

We deposited the sequences in the DNA Data Bank of Ja-
pan under accession numbers AB079758, AB085587,
AB079759, AB085588, AB085589, AB079760,
AB085590, AB079761, and AB085591 for A. awamori IAM
2299, A. awamori IAM 2300, A. saitoi IAM 2210, A. saitoi
IAM 2215, A. saitoi IAM 14608, A. saitoi var. kagoshimaensis
IAM 2190, A. saitoi var. kagoshimaensis 1AM 2191, A. us-
amii IAM 2185, and A. usamii IAM 2186, respectively.

Comparisons between A. awamori and Penicillium chrys-
ogenum (Table 1) and between A. awamori and A. fumiga-
tus (Table 2) showed that the rate of insertion/deletion in
lys2 was lower and the nucleotide substitution rate was
higher than that in ITS regions. We therefore believe that
lys2 is a more powerful tool to reveal phylogenetic rela-
tionships among fungi than are the ITS regions.

The result of the homology search using BLAST showed
that Lys2 had a more similar sequence to that of certain
bacterial antibiotic/peptide synthetases than did any oth-
er existing proteins. In addition, some bacterial antibiotic/
peptide synthetases were shown to contain more than two
homologous regions. For example, RS05859 in Ralstonia
solanacearum GMI1000 has five homologous regions.
Therefore, we obtained 57 amino acid sequences, with a
value of E < 10-25, from 39 proteins (see Materials and
Methods).

Table |I: Comparison between Aspergillus awamori and Penicillium chrysogenum

Region Alignment length (A)  Insertions/Deletions Substitutions (C) B/A C/(A-B)
(B)

18S rDNA 1734 3 25 1.7 x 10-3 1.4 x 102

ITSI 185 10 34 5.4 x 102 1.9 x 10°!

ITS2 169 5 22 3.0 x 102 1.3 x 10!

lys2 1032 9 242 87 x 103 24 x 10!

Table 2: Comparison between Aspergillus awamori and A. fumigatus

Region Alignment length (A)  Insertions/Deletions Substitutions (C) B/A C/(A-B)
(B)

18S 1733 0 I 0 63 x 103

rDNA

ITSI 188 6 23 32 % 102 1.3 x 10!

ITS2 170 4 22 24 x 102 1.3 x 10!

lys2 1032 0 202 0 2.0 x 107!
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The phylogenetic tree (Fig. 1ab) shows that the adenylat-
ing domains from some bacterial antibiotic/peptide syn-
thetases are distributed quite widely, and that
duplications and/or horizontal transfers occurred many
times. For example, Anabaena sp. PCC 7120 has 12 similar
sequences within itself. In this tree, these 12 sequences
were distributed among at least 6 groups. The present
findings indicate that duplication and/or horizontal
transfer occurred in the genome of Anabaena sp. PCC
7120. On the other hand, the adenylating domains from
Lys2 formed a monophyletic cluster. However, the neigh-
bor-joining tree presented here did not clarify which bac-
terial domain was most closely related to that of Lys2.

In order to determine which bacterial domain was most
closely related to that of Lys2, a maximum likelihood
analysis using PHYLIP version 3.6 [14] was carried out.
We selected 27 amino acid sequences from the 67 se-
quences used in the neighbor-joining analysis. The align-
ment used in maximum likelihood analysis is shown in
Fig. 2. The phylogenetic tree (Fig. 3) indicates that a pro-
tein (AGR L 2311) from Agrobacterium tumefaciens is most
closely related to a common ancestor of Lys2, but this re-
sult had only weak bootstrap support (17%). In the boot-
strap consensus tree (Fig. 3), the branch points at the early
stage of evolution are very weak support. Animals and
plants have no Lys2. If the common ancestor of eukaryo-
tes had a similar protein, the other eukaryotes except for
fungi had lost it.

Conclusions

This study indicated that Lys2 is more closely related to
certain bacterial antibiotic/peptide synthetases than it is
to any other known proteins. However, in the distant past,
a common ancestor of Lys2 branched off from the bacte-
rial antibiotic/peptide synthetase. This study did not find
evidence for a direct horizontal transfer (i.e., at least not a
recent horizontal transfer) between bacteria and a com-
mon ancestor of fungi. The lys2 gene has been inherited
during fungal evolution. On the other hand, in the course
of bacterial evolution, the duplication and/or horizontal
transfer have occurred.

Materials and Methods

In this study, we used Aspergillus awamori 1AM 2299, A.
awamori IAM 2300, A. saitoi IAM 2210, A. saitoi IAM 2215,
A. saitoi TAM 14608, A. saitoi var. kagoshimaensis IAM
2190, A. saitoi var. kagoshimaensis IAM 2191, A. usamii
IAM 2185, and A. usamii IAM 2186. Potato dextrose agar
was used for the cultivation. Genomic DNA isolation,
DNA amplification, and the sequencing of lys2 fragments
were performed according to the method of An et al. [13].

We compared the nuclear small subunit rRNA genes (18S
rDNAs), ITS1 regions, ITS2 regions, and lys2 genes be-
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tween A. awamori and Penicillium chrysogenum and be-
tween A. awamori and A. fumigatus. The following
nucleotide-sequence accession numbers were used:
D63695, A. awamori 18S rDNA [15]; U03518, A. awamori
ITS1 [16]; U03519, A. awamori ITS2 [16]; AB076077, A.
awamori lys2 [13]; M55628, P. chrysogenum 18S 1DNA;
AJ270768, P. chrysogenum ITS1 and ITS2 [17]; Y13967, P.
chrysogenum lys2 [18]; AB008401, A. fumigatus 18S rDNA
[19]; AF455542, A. fumigatus ITS1 and ITS2. The prelimi-
nary sequence of lys2 was obtained from The Institute for
Genomic Research website at http://www.tigr.org.

We performed a homology search using BLAST [20] with
the parameter values given in the Kyoto Encyclopedia of
Genes and Genomes [21]. The query amino acid sequence
was a fragment of Saitoella complicata Lys2 [13]. In this
study, we phylogenetically analyzed 57 amino acid se-
quences (all sequences had a value of E < 10-25, according
to the BLAST search results) separately from those of fun-
gi. Multiple alignment was created using CLUSTAL W [22]
among the 57 high-scoring sequences and those of 10
fungal Lys2 proteins. A neighbor-joining phylogenetic
tree was constructed using MEGA version 2.1 [23] with
1,000 bootstrap replicates. Based on this tree, we selected
27 amino acid sequences for a maximum likelihood anal-
ysis, which was performed using PHYLIP version 3.6 [14].
We used three programs (consense, proml, and segboot)
for constructing phylogenetic tree with 100 bootstrap
replicates.

The protein names used in this study are AGR_L_2311,
Agrobacterium tumefaciens C58 (Cereon) AGR_L_2311;
all1647, Anabaena sp. PCC 7120 peptide synthetase;
all2642, Anabaena sp. PCC 7120 multifunctional peptide
synthetase; all2643, Anabaena sp. PCC 7120 microcystin
synthetase B; all2644, Anabaena sp. PCC 7120 peptide
synthetase; all2645, Anabaena sp. PCC 7120 peptide syn-
thetase; all2647, Anabaena sp. PCC 7120 microcystin syn-
thetase B; all2648, Anabaena sp. PCC 7120 peptide
synthetase; all2649, Anabaena sp. PCC 7120 probable
non-ribosomal peptide synthetase; all1695, Anabaena sp.
PCC 7120 probable peptide synthetase; Atu3682, Agrobac-
terium tumefaciens C58 (U.Washington/Dupont) non-ri-
bosomal peptide synthetase; b0586, Escherichia coli K-12
MG1655 enterobactin  synthetase component F;
BG10168, Bacillus subtilis 168 surfactin synthetase subunit
1; BG10169, Bacillus subtilis 168 surfactin synthetase sub-
unit 2; BG10170, Bacillus subtilis 168 surfactin synthetase
subunit 3; BG10970, Bacillus subtilis 168 peptide syn-
thetase; BG10971, Bacillus subtilis 168 peptide synthetase;
BG10972, Bacillus subtilis 168 peptide synthetase;
BG11243, Bacillus subtilis 168 probable non-ribosomal
peptide synthetase; BG11961, Bacillus subtilis 168 peptide
synthetase; ECs0625, Escherichia coli O157:H7 Sakai en-
terobactin synthetase component EntF; JWO0578, Es-
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LGREDFQVKV NGFRIELGEI
TGRIDSQVKI RGFRIELGEI

TVLNQTPTAF YGLMLEDQNH
SHMIIVPSLY RVLLEVMTAD
NVMHFVPSLF GEFISALENE
TTTHFVPSML AAFVASLTPQ
TVMESTPALI IPVMEYVYRN
SKLHFVPSML NVFLEFCERE
TVWNSVPALA QLLLAELPAL
TVTHLTPAMG QILVGGAIAQ

KPVHHVRLYL
RPKINTTMHL
RANPNTRLYV
RPITNTQIYL
RPIANTQIYV
RPIANTQIYV
GPIGNVRVYV
RSVRNVRLYV
SVVGARVAYI
RPIDNMRVYL
KPIWNTQVYV
RATGNTRAYV
HPIANTQFYV
QPIANTQVYI
RPIANTRLYI
RPSANKQLYI
RPIANTQVYI
KALGNNRLYI
KPIGNSTAYI
RPLSTLQAHV
HPIRNTKVFV
KAIDNVYVKV
YPVWNTGLRI
SPLPNVHMYV

LNQGNQ- -RML
LDDSL - -QPV
LDDEL - -RPV
LNDYL - -QPV
LDAYR--QPV
LDAYQ--QPV
LDAYL - -QPV
LDAHR- -QPV
LDADL - -ALV
LDANR--QTV
LDNGL - -QPV
LDRYL--QPV
LDEHL - -QPV
LDQNL - -QPV
LDRYL - -QPV
LDNYL - -QPV
LDDVL--QLV
LDQKG--RLQ
MDEQQ--CLQ
MDAHM- -NLQ
LHGN- - -QMQ
LDGGM- -QPV
LDAMM- -HPV
LSQTD--QIQ
EPLDNVEAYV' LNDKK- -QKC
QPLANQRWYV LDDQG- -RPC
QGMQNVQLLV VDPNDKMRLC

EAALRSIEGV REAAVTVRTD
AAATAVDPTV GQAVVVVSDL
EVGLAEHPRV RHTCVVARKN
EAVINQHPDV QQAVVILDSK
EARLSQCAGV SEAVVAMRED
EASLSQCAGV SEAVVIVRED
EARLSQCAGV SEAVVTVRED
GASLARCDGV REAAVLARED
EARLLEHPQV REALVLALDS
SSRILDNPLV ADAAVVIHTA
DAVLANHPHI EQAAVVVRED
EAVLATRPEL AQAAVVVRED
EAVLAQHPQI SQAVVSVQED
EALLHQHPEL TQAVAIVRND
EAILKAHPSV QEAVVILQKV
ETLLCQHPGV RAGVVIVRED
EAILAQHPSV RSAVVLAQEY
EAVIQQAPDV AKAVVLARPD
ETKLNMAEHV TEAAVIIRKN
QAALLQYPMI KEAAVITRAD
ETVLRQAPGV KEAAVLARDV
ESVLTTHPDV REAAALAVDY
DRVMQALPDV EQAVTHACVI
ESVLLQTGLV REAAVAVQHD
EKYLKKVSQK NCLVSLQNKL
ETALLGNENV AEAVVTTMGQ
DSHLSQHPYV RENITLVRRD

TDH- - -LNIR
----DAKSLR
TWS--FPQLR
TARQSCATLK
- -QFKLPDLD
N-KDSLKSLS
R---EKPPLR

PVGCIGELYI
PTGVIGEIYI
PVGVGGELYA
PLGIPGEIYI
PLGVTGEIYIL
PLGVTGEIYV
PVGVTGELYI

YVIFGG-
IVTFAG-
WLMFSG-
QVFCSG-
ILILGS-
IVFSSG-
MIMMSG-
NAFFVG-

EALQPGLLQS
EAVTPDLLEL
EALPMSFIQGR
EALPADLCRE
DMVKAQDFKT
EALTKEQVIK
DWIPVSLPPA
DLLSKKDTTR

AGAGVARGYL
GGTHVAYGYH RRAG----LT
GGLLLGRGYV NAPG----LT
GGVGVARGYW KRPD----LT
GGAGVARGYL NRPE----LT
GGAGVGLGYL NRPE----LT
AGSGLARGYW QRAG----LT

NRPA- - --LT

PTGVAGEIYV GGAGVGRGYR
PQGATGELYV GGAGLARGYH
PAGVAGELCI AGSQVTRGYL
PPGVVGELYI AGTGLARGYF
PAGVPGELFI SGSGLARGYL
PIGVPGELYI GGAGVAKGYW
PVGIPGEIYL SGAGLARGYW
PIGVPGELYI GGAGVARGYL
PIGVIGELYI GGIGLARGYL
PIGIAGELYI GGDGLARGYL
PEGVAGELYI AGDGVGRGYL
PIGAPGELCV GGIGVARGYV
PTGVPGELYI GGEGVARGYL
PIGAAGELCI SGAGLARGYY
QPGNMGELWL GGVQLALGYL
PPGVAGDLYL TGIQLAQGYL
PIGVAGELCI GGAGVAKGYH
PIGVVGELYI GGIQVAQGYI
PPWVTGRLFI GGIGVARGYW
DLGEQGELYV RAAGLAEGYL

--EVRAQLER LLPGYMVPAY
--RIRARVAA ALPEYMLPAA
- -EVKAWAGE HMVEYMVPTH
--ELEKLLAS QLPEYMLPSV
--TLREQLQA SLPEYMVPAA
--ALREQLQA SLPEYMVPAA
--TLREQLQS RLPEYMVPAA
--ALRRHMQA QLPEHMVPAA
--ALKTHLKQ QLPDYMVPAH
--RLREQLQQ RLPDYMVPAV
--ELRRYMGA SLPDYMVPSA
--ALRAFSRQ ALPDYMVPSA
--DLQQFLAN KLPKYMIPGV
--ELRQFLAA KLPAYMLPTA
--DFRQYLAT KLPAYMLPSA
--SLRAFMRE KLPEYLVPSA
--ELRHFLQQ KLPNYMIPSA
--GLREHAAR QLPDYMVPAY
--ELRKTLSQ SLPDYMVPAH
--DIRTYLKN ALPDFMLPAR
--DLYQHLAG TLPSYMIPAS
--FLKEYLEQ KLPHYMIPQR
--ALQAQLRE TLPPHMVPVV
--ALRAALTK ELPAYMIPAY
--KIKEELKT LLPQYMVPSH
-------- PP ALIAYIVPDT
SEDCKKFLSA KVPKYAVPSL

NLPE----LT
ERPA----LS
NRPE- - --LT
HRPD- - - -LT
DRPD----LT
QRPD----LT
KRPK- - --LT
NRPE- - --LT
NRPD- - - -LT
NKPD- - - -LT
HLPE----LT
NLPE----LT
NRDE- - - -LT
KQQE- - --LT
KDPE- - - -KT
GRPD----LT
HKPD- - - -LT
NKED- - - -AT
GRPQ----LT
GDDEKTAELN

MIEMEQWPV
YVVLDEIPI
VVVMTEFPL
FVMLSELPL
YVRLEHLPL
YVKLERLPL
YVRLEHLPL
YVRLEHLPL
LLLLASLPL
YIRMDLLPM
FVEMDELPL
FVVLGTLPL
FVTLTALPL
FVILETLPL
FVWLEQLPL
FVLLTDLPL
FISLEKLPL
FTEVTEIPL
LIQMDSLPL
MIQIDSIPV
TINISQMPL
FLWLDSLP-
LLQLPQLPL
LIPLVNMPL
IYIVPEFPI
KGSLIG- - -
LIPLARMPL

Alignment of the selected 27 amino acid sequences. This alignment was used in the maximum likelihood analysis. Protein names
were shown in Materials and Methods.
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Figure 3

The bootstrap consensus tree among the selected 27 amino
acid sequences based on the maximum likelihood analysis.
The JTT model was used as the model of amino acid substitu-
tion. Number of times of bootstrap replicates was 100.
Number of times to jumble in the proml| program was 5. Pro-
tein names were shown in Materials and Methods.

cherichia coli K-12 W3110 Enterochelin synthetase
component F, MT2448, Mycobacterium  tuberculosis
CDC1551 peptide synthetase; OB0958, Oceanobacillus
iheyensis HTE831 monomodular nonribosomal peptide
synthetase; PA2399, Pseudomonas aeruginosa PA01 pyover-
dine synthetase D; PA2402, Pseudomonas aeruginosa PAO1
probable non-ribosomal peptide synthetase; PA2424,
Pseudomonas aeruginosa PAO1 probable non-ribosomal
peptide synthetase; RS05859, Ralstonia solanacearum
GMI1000 probable peptide synthetase protein; RS05860,
Ralstonia solanacearum GMI1000 probable peptide syn-
thetase protein; Rv2380c, Mycobacterium tuberculosis
H37Rv mbtE; SCO0492, Streptomyces coelicolor A3(2) pu-
tative peptide synthetase; SCO3230, Streptomyces coelicolor
A3(2) CDA peptide synthetase I; SCO3231, Streptomyces
coelicolor A3(2) CDA peptide synthetase II; SF0498, Shigel-
la flexneri 301 (serotype 2a) ATP-dependent serine activat-
ing enzyme; SMU.1342, Streptococcus mutans UA159

http://www.biomedcentral.com/1471-2148/3/9

(serotype C) putative bacitracin synthetase 1; STM0588,
Salmonella typhimurium LT2 enterobactin synthetase, com-
ponent F (nonribosomal peptide synthetase); STY0631,
Salmonella typhi enterobactin synthetase component F;
XAC2097, Xanthomonas axonopodis pv. citri 306 ATP-de-
pendent serine activating enzyme; Z0727, Escherichia coli
0157:H7 EDL933 enterobactin synthetase component F.

References

. Brinkman AB, Bell SD, Lebbink R}, de Vos WM and van der Oost |
The Sulfolobus solfataricus Lrp-like protein LysM regulates
lysine biosynthesis in response to lysine availability | Biol Chem
2002, 277:29537-29549

2. Nishida H, Nishiyama M, Kobashi N, Kosuge T, Hoshino T and Ya-
mane H A prokaryotic gene cluster involved in synthesis of
lysine through the amino adipate pathway: a key to the evo-
lution of amino acid biosynthesis Genome Res 1999, 9:1175-1183

3. Velasco AM, Leguina JI and Lazcano A Molecular evolution of the
lysine biosynthetic pathways | Mol Evol 2002, 55:445-459

4. Nishida H and Nishiyama M What is characteristic of fungal
lysine synthesis through the a-aminoadipate pathway? | Mol
Evol 2000, 51:299-302

5. Sinha AK and Bhattacharjee JK Lysine biosynthesis in Saccharo-
myces cerevisiae : conversion of a-aminoadipate into a-ami-
noadipate d-semialdehyde Biochem | 1971, 125:743-749

6. Ehmann DE, Gehring AM and Walsh CT Lysine biosynthesis in
Saccharomyces cerevisiae : mechanism of a-aminoadipate re-
ductase (Lys2) involves post-translational phosphopanteth-
einylation by Lys5 Biochemistry 1999, 38:6171-6177

7.  Guo S, Evans SA, Wilkes MB and Bhattacharjee JK Novel posttrans-
lational activation of the LYS2-encoded o-aminoadipate re-
ductase for biosynthesis of lysine and site-directed
mutational analysis of conserved amino acid residues in the
activation domain of Candida albicans | Bacteriol 2001, 183:7120-
7125
Kleinkauf H and Von Dohren H A nonribosomal system of pep-
tide biosynthesis Eur | Biochem 1996, 236:335-351

9.  Morris ME and Jinks-Robertson S Nucleotide sequence of the
LYS2 gene of Saccharomyces cerevisiae : homology to Bacillus
brevis tyrocidine synthetase | Gene 1991, 98:141-145

10.  Turgay K, Krause M and Marahiel MA Four homologous domains
in the primary structure of GrsB are related to domains in a
superfamily of adenylate-forming enzymes Mol Microbiol 1992,
6:529-546

Il. Kasahara T and Kato T A new redox-cofactor vitamin for
mammals Nature 2003, 422:832

12.  Hijarrubia M}, Aparico JF, Casqueiro JF and Martin JF Characteriza-
tion of the lys2 gene of Acremonium chrysogenum encoding a
functional a-aminoadipate activating and reducing enzyme
Mol Gen Genet 2001, 264:755-762

13.  An KD, Nishida H, Miura Y and Yokota A Aminoadipate reduct-
ase gene: a new fungal-specific gene for comparative evolu-
tionary analyses BMC Evol Biol 2002, 2:6

14.  Felsenstein ]| PHYLIP (Phylogeny Inference Package) version
3.6 Department of Genetics, University of Washington, Seattle 2002,

15. Nikkuni S, Kosaka N, Suzuki C and Mori K Comparative sequence
analysis on the 18S rRNA gene of Aspergillus oryzae, A. sojae,
A. flavus, A. parasticus, A.awamori and A. tamari | Gen Appl
Microbiol 1996, 42:181-187

16. Borsuk P, Gniadkowski M, Kucharski R, Bisko M, Kanabus M, Stepien
PP and Bartnik E Evolutionary conservation of the transcribed
spacer sequences of the rDNA repeat unit in three species of
the genus Aspergillus Acta Biochim Pol 1994, 41:73-77

17. Williams RH, Ward E and McCartney HA Methods for intergrated
air sampling and DNA analysis for detection of airborne fun-
gal spores Appl Environ Microbiol 2001, 67:2453-2459

18. Casqueiro J, Gutierrez S, Banuelos O, Fierro F, Velasco | and Martin
JF Characterization of the lys2 gene of Penicillium chrysoge-
num encoding o-aminoadipic acid reductase Mol Gen Genet
1998, 259:549-556

19.  Nikkuni S, Nakajima H, Hoshina S, Ohno M, Suzuki C, Kashiwagi Y
and Mori K Evolutionary relationships among Aspergillus
oryzae and related species based on the sequences of 18S

Page 6 of 7

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12042311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12042311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10613839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10613839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10613839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12355264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12355264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11029074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4401608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10320345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10320345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10320345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11717270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8612601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8612601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2013406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1560782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1560782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1560782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12712191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12712191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11254122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8030378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11375150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11375150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11375150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9790587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12501432

BMC Evolutionary Biology 2003, 3 http://www.biomedcentral.com/1471-2148/3/9

rRNA genes and internal transcribed spacers | Gen Appl
Microbiol 1998, 44:225-230

20. Altschul SF, Gish W, Miller W, Myers EW and Lipman DJ Basic local
alignment search tool | Mol Biol 1990, 215:403-410

21. Kanehisa M, Goto S, Kawashima S and Nakaya A The KEGG data-
bases at GenomeNet Nucleic Acids Res 2002, 30:42-46

22. Thompson D, Higgins DG and Gibson T| CLUSTAL W: improv-
ing the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap
penalties and weight matrix choice Nucleic Acids Res 1994,
22:4673-4680

23. Kumar S, Tamura K, Jakobsen IB and Nei M MEGA 2: Molecular
Evolutionary Genetics Analysis software Arizona State University,
Tempe, Arizona 2001,

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 7 of 7

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12501432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11752249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11752249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and Discussion
	Table 1
	Table 2

	Conclusions
	Materials and Methods
	References

