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Abstract: Mycosphaerella fijiensis is a fungal pathogen causing black leaf streak disease in banana plants. In order to de-

velop our understanding of the molecular mechanisms of host infection by M. fijiensis, we initiated a first step towards 

large-scale gene discovery through the generation and analysis of expressed sequence tags (ESTs). Three cDNA libraries 

representing different culture conditions were constructed. A subset of clones was sequenced at the 5’ end and a total of 

3,771 ESTs were generated. These ESTs were clustered into a set of 1,945 unique sequences. BLASTX analysis indicated 

that 410 of the unisequences showed homology to genes with known function, including those related to pathogenicity 

and virulence. Meanwhile, 66% and 89% of the ESTs matched to the predicted transcripts and genome sequences of M. fi-

jiensis, respectively. The diversity of the EST collection developed in this study will facilitate genome annotation as well 

as identification and characterization of genes involved in host infection and fungal development through a comparative 

and functional genomics approach. 

INTRODUCTION 

 Mycosphaerella fijiensis causes black leaf streak, com-
monly known as black Sigatoka and the most destructive 
fungal disease of banana worldwide. It can affect both old 
leaves and metabolically active young leaves, cause yield 
losses up to 50% or more, and incur serious export problem 
due to premature fruit ripening [1, 2]. The disease was first 
reported in the Sigatoka Valley of Fiji in 1963 and subse-
quently detected throughout the Pacific and Southeast Asia. 
It was later identified at Honduras in 1972, Zambia in 1973, 
and throughout Latin American, African, and Australian 
banana growing regions by 2000 [3-5]. 

 Disease management is one of the most expensive costs 
faced by banana growers in the high-rainfall tropics and sub-
tropics, where bananas are of great economic and nutritional 
importance. Fungicides have been extensively utilized in 
commercial plantations to manage black Sigatoka. After 
many years of fungicide-dependent disease control on large-
scale farms, however, M. fijiensis strains tolerant or resistant 
to diverse fungicides have appeared [6-8]. These resistant 
strains have created the need for more frequent fungicide 
applications. In some areas up to 60 spray applications may 
be needed to control the disease during a 9-month growing 
season. The systematic application of fungicides raises con-
cern about their impact on the environment and human 
health [9-12]. Cultural practices, such as the removal of af-
fected leaves, adequate spacing of plants, and efficient  
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drainage within plantations, have played an important role in 
removing or reducing optimum conditions for disease devel-
opment. However, these measures are relatively expensive 
and insufficient to control the disease without fungicides. 

 Commercial banana cultivars, the major hosts of M. fijien-
sis, are hybrids of two wild species, Musa acuminata (A ge-
nome) and M. balbisiana (B genome). These cultivars have 
evolved largely via asexual propagation, resulting in limited 
genetic variation and an increased susceptibility to pests and 
diseases [13]. Development of disease-resistant plants from 
commercial cultivars is difficult through traditional breeding 
methods because they are mostly polyploid hybrids and sterile 
[14, 15]. Nevertheless, great efforts have been made in the 
past decades to develop new banana cultivars resistant to black 
Sigatoka by introducing resistance genes from wild diploid 
bananas [16, 17]. Some of the first high-yielding, disease-
resistant hybrids are available for wide-scale testing and dis-
tribution to farmers [18]. However, due to the genetic variabil-
ity of the pathogen, some resistant banana accessions have 
become susceptible to M. fijiensis isolates in certain regions 
[19]. Although there have been extensive studies on the ge-
netic diversity of M. fijiensis using molecular markers, little is 
known about the molecular mechanism of the host-pathogen 
interaction in this pathosystem. 

 In the past several years, EST analyses have been con-
ducted for many filamentous fungi, including Fusarium 
graminearum [20], Heterobasidion annosum [21], Mag-
naporthe grisea [22], Mycosphaerella graminicola [23], 
Neurospora crassa [24], and Ustilago maydis [25]. In con-
junction with fungal genome databases, specific EST data-
bases have appeared and enabled researchers to comprehen-
sively analyze ESTs in order to identify putative pathogenic-
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ity and virulence genes by comparative genomics approaches 
[20, 23]. However, analysis of large scale ESTs has not been 
reported for M. fijiensis. The objective of this project was to 
discover genes through EST analysis of three cDNA libraries 
from M. fijiensis growing under three different culture condi-
tions in order to accomplish our long-term goal to identify 
and characterize the genes associated with pathogenicity, 
fungicide resistance, and the life cycle of M. fijiensis. In this 
report we present an analysis of the ESTs from three cDNA 
libraries and these ESTs will be useful for the whole genome 
annotation as well as for the understanding of the genetic and 
molecular interactions between M. fijiensis and its banana 
host. 

MATERIAL AND METHODS 

Fungal Isolates and Growth Conditions 

 M. fijiensis isolates were obtained from perithecia using 
the method described by Stover [26]. Briefly, banana leaves 
infected by M. fijiensis were collected in the field and incu-
bated in plastic bags with moist paper towels for 24 hours. 
Infected leaf tissue was cut into 10 cm

2 
pieces and stapled to 

filter papers. The filter papers were wetted, stuck beneath the 
lids of Petri dishes containing 7.5% water agar, and incu-
bated 6-12 h until ascopsores were discharged. Individual 
ascospores were transferred to Potato Dextrose Agar (PDA) 
using a fine scalpel. Typical pink-colored colonies formed 
after incubation for 2-3 weeks at an ambient temperature 
(22-25°C) and continuous, cool-white fluorescent light 
(1200-1250 lux). Identification of the M. fijiensis isolates 
was confirmed by PCR using M. fijiensis-specific primers 
[27]. 

 Two M. fijiensis isolates (MF5-Hilo and MF11-Hilo) 
were used to construct cDNA libraries. Mycelia for construc-
tion of the first cDNA library (PA) were obtained from 
MF11-Hilo grown on PDA for 4 weeks under continuous, 
cool-white, fluorescent light (1200-1250 lux). For construc-
tion of the second cDNA library (FL), a colony of MF5-Hilo 
on PDA was transferred into a sterile mortar containing 5 ml 
of Fries liquid medium [5.0 g ammonium tartrate, 1.0 g am-
monium nitrate, 0.5 g magnesium sulfate, 1.3 g potassium 
phosphate (dibasic), 2.6 g potassium phosphate (monobasic), 
30.0 g sucrose, 1.0 g yeast extract, dissolved in 1000 ml wa-
ter] and ground with a pestle. The ground mycelia were used 
to inoculate 100 ml of Fries liquid medium in a 250 ml flask, 
which was then incubated at 26°C on a shaker at 125 rpm. 
After 4 days, the mycelia were harvested by filteration 
through two-layers of MiraCloth (CalBiochem, La Jolla, 
CA), washed once with distilled water, then snap-frozen in 
liquid nitrogen before storing at –80°C. Mycelia for con-
struction of the third cDNA library (HX) were prepared as 
described for cDNA library FL, but 30 ml of banana leaf 
extract was added to the 4-day-old mycelium, then cultured 
for an additional 24 hours. The banana leaf extract was pre-
pared by homogenizing 30 g of young banana leaves in 50 
ml sterile water, filtering it through four layers of cheese-
cloth, then filter-sterilizing it using a 0.22 m filter. 

RNA Isolation and cDNA Library Construction 

 Total RNA was isolated from fungal mycelia with the 
RNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to 
the manufacturer’s protocol. All three cDNA libraries were 

constructed using the SMART cDNA Library Construction 
Kit (DB-Bioscience-ClonTech, Palo Alto, CA) and the 
Gateway (Invitrogen, Carlsbad, CA) cloning system with 
modifications from manufacturers’ protocols (Fig. 1). For 
first-strand cDNA synthesis, 0.5 to 1.0 g of total RNA was 
mixed with 2 l of each anchored attB2-oligo-dT primer (10 
mM) (GGGGACCACTTTGTACAAGAAAGCTGGGTTTT 
TTTTTTTTTTTTTTTTVN) and attB1-Switch primer (10 
mM) (GGGGACAAGTTTGTACAAAAAAGCAGGCTrGr 
GrG), where rG represents ribonucleotide. The mixture was 
incubated at 68°C for 2 minutes, then cooled on ice for 2 min-
utes before adding 4 l of 5  buffer, 2 l of DTT (100 mM), 
1 l of dNTPs (10 mM), and 1 l of Superscript III reverse 
transcriptase (5 units/ l). Water was added to a final volume 
of 20 l. The reverse transcription reaction was incubated for 
1 hour in a thermocycler at 50°C. Two microliters of the first-
strand cDNA was used as a template in a 100 l PCR reaction 
containing 1x Advantage 2 PCR buffer, 2.0 U of Advantage 2 
Polymerase Mix (Clontech, CA), 0.25 M each of primers 
attB1 (GGGGACAAGTTTGTACAAAAAAGCAGGCT) and 
attB2 (GGGGACCACTTTGTACAAGAAAGCTGGGT), and 
2 l of dNTP (10 mM). PCR was performed at 94°C for 2 
minutes for the initial denaturation, followed by ~18 to 22 
cycles at 94°C for 20 seconds, 61°C for 30 seconds, and 72°C 
for 5 min. PCR products were visualized on 1% agarose gels. 
The amplified cDNA products were processed on a Chroma 
spin column (DB-Bioscience-ClonTech, Palo Alto, CA) to 
remove fragments smaller than 500 base pairs. The purified 
cDNA was then incorporated into the plasmid pDONR221 by 
recombination using BP clonase as described in the manufac-
turer’s protocol (Invitrogen, Carlsbad, CA). The plasmids 
were transformed into DH10B E. coli strain. 

DNA Sequencing and Data Analysis 

 The cDNA libraries were spread on Luria-Bertani (LB) 
agar plates containing 50 g/ml kanamycin. Individual colo-
nies from each of the three libraries were transferred into 96-
well microtiter plates with LB containing kanamycin and 
18% glycerol. The plates from each library were sent to the 
Center for Genomics, Proteomics and Bioinformatics Re-
search Initiative, University of Hawaii at Manoa, for se-
quencing on an ABI Model 377 DNA sequencer. Sequencing 
reactions were performed with standard Big Dye (Applied 
Biosystems, Foster City, CA) protocols and sequences were 
determined only at the 5  end of each clone. 

 Raw sequence chromatogram trace files were processed 
by the program Phred (http://www.phrap.org) using its 
trimming options in order to remove low quality ends [28]. 
All automated sequences were manually examined in order 
to ensure high quality; incorrectly called bases were cor-
rected and unassigned bases were correctly identified. 
Cross_match in the Phred-Phrap was used to automatically 
remove vector sequences with the aid of a custom database 
containing vectors and adapters used for cloning in the li-
braries. The program was also used to assemble the resulting 
EST sequences into overlapping contigs and singlets. Re-
dundancy was calculated with the formula [(total number of 
sequences – total number of unisequences) / (total number of 
sequences)]. All ESTs have been submitted to the NCBI 
GenBank dbEST (accession numbers FB531204-FB535042). 
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 BLAST searches were conducted with stand-alone BLAST 
programs available from ftp://ftp.ncbi.nih.gov/blast/executables/. 
ESTs were searched against the non-redundant NCBI database 
for homologs using the Blastx algorithms [29]. Sequences 
showing significant similarity (E-value < 1e-05) to character-
ized proteins were categorized based on the MIPS scheme 
outlined in the MIPS database [30]. Comments from the 
header section of the NR records were the primary sources of 
information used to assign putative functions to the M. fijiensis 
unisequences. The unisequences were also queried against the 
predicted protein sequences of 18 sequenced fungal genomes 
using BLASTX. The predicted transcript sequences were 
downloaded on June 1, 2008 from two websites: the Fungal 
Genome Initiative at the Broad Institute (http://www.broad. 
mit.edu/annotation/fungi/fgi/) and Eukaryotic Genomics at the 
DOE Joint Genome Institute (JGI) (http://genome.jgi-psf.org/ 
euk_cur1.html). For each genome analyzed, we calculated the 
number and percentage of M. fijiensis unisequences that had a 
homolog with E-values of <1e-05, <1e-40, and <1e-100. 
Further more, we compared the ESTs to the draft assembly of 
whole genome sequence reads of M. fijiensis,  which included  
382 scaffolds and 10,313 predicted transcripts. First, the 3,771 
ESTs were queried against the database of the predicted tran-
scripts using BLASTN. Queried sequences that had a mini-

mum 90% identity over at least 50 base pairs of alignment to a 
predicted transcript sequence were considered significant (E-
value < 1e-5) and exported to an Excel database for further 
analysis. Sequences that did not have hits were used with the 
BLASTN algorithm to query the database of 382 scaffolds 
representing the draft sequence of the whole genome. The 
results of these BLAST searches were used to classify the 
origin of each EST and evaluate its usefulness for gene predic-
tion. All scripts used for the above analyses were kindly pro-
vided by Dr. Zheng Jin Tu and run in the Unix system of the 
Supercomputer Institute of the University of Minnesota, St. 
Paul, MN. 

RESULTS 

Construction and Characteristics of cDNA Libraries 

 We constructed separate cDNA libraries using the total 
RNA isolated from fungal tissues grown under three culture 
conditions, i.e., on the PDA media (PA library), Fries liquid 
media (FL library), and Fries liquid media supplemented by 
host plant extract (HX library). Our primary goal was to un-
derstand the similarities and differences in gene expression 
patterns under these three different growth conditions. The 
secondary goal was to identify the infection related genes 

 

Fig. (1). Schematic diagram depicting how cDNA libraries were constructed, starting from mRNA in the total RNA in order to enrich full-

length cDNA clones. 
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among abundantly expressed ones by comparing EST collec-
tions to public databases. 

 Whole fungal tissues grown on PDA were used as RNA 
sources in order to identify genes expressed during growth 
on a hard agar surface. Meanwhile, mycelia grown in the 
Fries medium as well as in media supplemented by host 
plant extract were used as RNA sources in order to discover 
genes expressed under similar environmental conditions dur-
ing host plant infection. Titers of 8.6  10

6
, 5.2  10

6
, and 

3.5  10
6
 colonies/ml were obtained from libraries PA, FL, 

and HX, respectively. The average titer for the three libraries 
was 5.8  10

6
 colonies/ml. Examination of sixty randomly 

picked clones from each library by PCR with the primers 
attB1 and attB2 showed that over 98% of the clones had in-
serts ranging in size from 0.3kb to 3.5 kb. Average insert 
size was 1.2kb for PA, 1.3kb for FL and 1.1kb for HX. 

Distribution of ESTs to Clusters, Contigs, and Singletons 

 A subset (1,344, 1,344, and 1,152) of cDNA clones from 
the three independent cDNA libraries (PA, FL, and HX) 
were sequenced at the 5’ ends and 1,310, 1,322, and 1,139 
individual ESTs were generated, respectively. The length of 
the EST sequences ranged from 214 to 998 bp with an aver-
age of 748 bp. The resulting 3,771 ESTs were assembled 
into 562 contigs and 1,383 singletons generating a total of 
1,945 unique sequences. The rate of redundancy for all three 
cDNA libraries combined was 45%, while the redundancy 
for each library ranged from 31 to 44% (Table 1). More than 
one contig may correspond to the same transcript, and some 
degree of redundancy may not be detected. Because all three 
libraries were constructed directionally and the sequences 
were determined only in one direction, from the 5’ side, the 
undetected redundancy theoretically originated from the in-
complete synthesis of the first strand. The relatively high 
redundancy rate in all three libraries suggests that EST se-
quencing efforts passed the cost efficient stage with these 
libraries to find novel sequences although further sequencing 
of the library would yield more of them. 

Table 1. Summary of EST Collections from Mycosphaerella 

fijiensis Grown Under Three Different Culture Con-

ditions 

 

Library Total Sequences Unisequences Redundancy 

PA 1310 901 31% 

FL 1322 797 40% 

HX 1139 643 44% 

Combined 3771 1945 45% 

 

 Nonetheless, about 95% (1841/1945) of the total unise-
quences were either singletons or contigs formed by less 
than five overlapping ESTs. Only 5% (104/1945) of unise-
quences were contigs generated by 5 or more overlapping 
ESTs, suggesting that the redundancy was mainly caused by 
a few highly expressed genes. As we determine the nucleo-
tide sequences of additional cDNA clones, we will find more 
ESTs belong to the already identified sequences, especially 
these highly expressed genes. Subtraction by those small 
numbers of highly expressed genes would be helpful to in-

crease the gene discovery rate [21, 31]. Alternatively, the 
suppression subtractive hybridization (SSH) method could 
be utilized to create the infection-specific library containing 
a mixture of both plant and fungal genes that are responsible 
for host and microbe interaction with an unbiased and equal 
representation [32]. 

 Comparisons of the unisequences between and among the 
three libraries discovered only 99 contigs consisting of ESTs 
derived from all three libraries. There were 105 contigs over-
lapping between libraries PA and FL; 92 between libraries FL 
and HX and 81 between libraries PA and HX. A large number 
of unisequences was specific to each library, accounting for 
68, 63 and 58% of the total unisequences generated from li-
braries PA, FL and HX, respectively (Fig. 2). Although EST 
sequencing from each library was only a little over 1000, they 
were likely to represent expression profiles because all librar-
ies were constructed without subtraction or normalization pro-
cedures. The high numbers of library-specific ESTs suggest 
different fungal reactions to the three different environmental 
conditions. However, the differences among the three libraries 
may have been partially due to other factors, such as the dif-
ference between the two isolates (MF-11 and MF-5), the use 
of 4-week-old mycelia for the PA library and 4- to 5-day-old 
mycelia for the FL and HX libraries, and two different culture 
media. Alternatively, the EST collection was not deep enough 
from each library to detect transcripts that are expressed at a 
low level. Consistent to this hypothesis, numbers of genes in 
each MIP category is similar with limited overlaps among 
three libraries (See below). 

 

Fig. (2). Distribution of unisequences among three libraries. The 

numbers in the overlapping segments indicate the number of unise-

quences composed of ESTs derived from the designated libraries. 

Highly Expressed Sequences 

 To examine the highly expressed sequences, we analyzed 
45 contigs consisting of 10 or more ESTs (Table 2). 
BLASTX analysis showed that fourteen contigs had no 
matching sequences in the NCBI database when a significant 
threshold of E-value <1e-05 was used as a cutoff. Among the 
31 contigs with homologs, 10 were in the unknown func-
tional category and seven were ribosomal proteins. The other 
14 contigs showed similarities to genes with known func-
tions. These known products include: glucose repressible 
gene protein, intracellular protease/amidase, opsin or opsin-
like protein, superoxide dismutase, cation-transport related  
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Table 2. Top 40 Abundantly Expressed Genes Measured by EST Redundancy 
 

MF_Contig T PA FL HX Gene_Description Organism Accession_No E-Value 

MF_contig518 10 1 3 6 ribosomal protein  Gibberella zeae  XP_381414 1.20E-34 

MF_contig519 10 2 3 5 glucose repressible gene protein Magnaporthe grisea mg[0624] 3.58E-22 

MF_contig520 10 4 2 4 - - - - 

MF_contig521 10 4 4 2 ribosomal protein  Aspergillus fumigatus  XP_755254 6.16E-43 

MF_contig522 10 9 1 0 hypothetical protein  Aspergillus fumigatus  XP_746739 1.88E-56 

MF_contig523 10 1 4 5 ribosomal protein Chaetomium globosum  EAQ85719 3.03E-112 

MF_contig524 10 9 1 0 - - - - 

MF_contig525 11 6 2 3 cation transport-related protein Cryptococcus neoformans AAW42114 1.66E-21 

MF_contig526 11 1 2 8 myo-inositol-phosphate synthase Aspergillus fumigatus XP_749237 6.45E-118 

MF_contig527 11 6 4 1 - - - - 

MF_contig528 11 2 4 5 ribosomal protein  Aspergillus fumigatus XP_755074 1.63E-61 

MF_contig529 12 1 6 5 ribosomal protein  Magnaporthe grisea AAW69354 2.61E-76 

MF_contig530 12 9 1 2 opsin  Leptosphaeria maculans AAG01180 1.44E-82 

MF_contig531 12 2 7 3 unnamed protein product  Aspergillus oryzae BAE59062 3.11E-47 

MF_contig532 12 6 2 4 histone H4  Aspergillus nidulans XP_658338 1.37E-34 

MF_contig533 12 4 6 2 translation elongation factor  Candida albicans XP_711870 0 

MF_contig534 13 8 4 1 - - - - 

MF_contig535 13 0 9 4 unknown Magnaporthe grisea mg[0708] 4.98E-28 

MF_contig536 13 2 6 5 ribosomal subunit  Aspergillus fumigatus XP_754922 2.13E-131 

MF_contig537 14 7 2 5 ribosomal protein Aspergillus fumigatus XP_751010 4.07E-51 

MF_contig538 14 1 9 4 zinc metalloproteinase  Aspergillus fumigatus XP_752634 1.38E-44 

MF_contig539 15 12 0 3 hypothetical protein  Aspergillus nidulans XP_660742 5.60E-32 

MF_contig540 16 0 4 12 cation transport-related protein Cryptococcus neoformans AAW42114 1.52E-21 

MF_contig541 16 0 7 9 - - - - 

MF_contig542 16 6 4 6 Superoxide dismutase Yersinia enterocolitica CAA65596 7.64E-70 

MF_contig543 16 3 9 4 hypothetical protein  Gibberella zeae XP_390148 1.42E-15 

MF_contig544 18 4 8 6 hypothetical protein  Gibberella zeae XP_388414 7.69E-28 

MF_contig545 19 4 8 7 hypothetical protein  Aspergillus nidulans XP_661903 4.50E-58 

MF_contig546 20 3 10 7 glucose repressible gene protein Magnaporthe grisea mg[0624] 1.51E-23 

MF_contig547 21 0 12 9 - - - - 

MF_contig548 21 13 5 3 - - - - 

MF_contig549 22 6 7 9 - - - - 

MF_contig550 23 13 8 2 - - - - 

MF_contig551 27 22 4 1 - - - - 

MF_contig552 28 1 15 12 intracellular protease/amidase Gibberella zeae XP_389155 4.31E-61 

MF_contig553 28 1 9 18 unknown Cladosporium fulvum Cf8667490 3.98E-10 

MF_contig554 31 26 2 3 hypothetical protein  Neurospora crassa T49762 3.85E-24 

MF_contig555 33 30 3 0 opsin-like protein Gibberella fujikuroi CAD97459 1.72E-83 

MF_contig556 36 24 2 10 - - - - 

MF_contig557 36 8 12 16 - - - - 

MF_contig558 38 14 7 17 histone H3 Chaetomium globosum AAT74576 2.71E-68 

MF_contig559 59 3 34 22 - - - - 

MF_contig560 64 0 36 28 glucose repressible gene protein Magnaporthe grisea mg[0624] 1.23E-24 

MF_contig561 74 10 20 44 - - - - 

MF_contig562 170 33 84 53 unnamed protein product  Aspergillus oryzae BAE59652 6.47E-27 
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protein, zinc metalloproteinase, translation-elongation factor, 
myo-inositol-phosphate synthase, and histone H4 protein. 
Comparison of the three libraries indicates that the gene ex-
pression is more similar between FL and HX than between 
the other two pairs. For example, library PA has more ex-
pression of opsin or opsin-like proteins than FL and HX, but 
glucose repressible gene is highly expressed in FL and HX. 
This is likely due to the similar growth conditions in liquid 
media for FL and HX tissues. However, we do not exclude 
another possibility that the discrepancies reflect the differ-
ences between the two strains, Hilo-11 and Hilo-5. 

Functional Annotation of ESTs 

 In order to determine the putative function of each EST in 
all three libraries, multi-dimensional sequence analysis was 
performed based on a series of BLAST searches [29]. 
BLASTX comparisons to the Genbank NR database enabled us 
to classify 2,259 ESTs (~60%) based on sequence similarities 
to genes with known and unknown functions in the databases. 
The remaining non-hit ESTs were further analyzed with 
TBLASTX against over 50,000 ESTs originated from fifteen 
pathogenic fungi and oomycete species, and three non-
pathogenic fungi present in the COGEME phytopathogen EST 
database (http://cogeme.ex.ac.uk/) [33]. This approach led us to 
identify 445 more ESTs with similarities to functionally un-
classified genes. Combining BLASTX and TBLASTX analy-
ses indicated that approximately 72% of the ESTs from the 
three libraries had similar sequences in the public databases. 

 Based upon the MIPS classification system (http://mips. 
gsf.de/), we annotated each EST exhibiting the most signifi-
cant BLASTX hit according to a functional category. The 
proportions of functional categories expressed as a percent-
age of the total collection for each of the three individual 
EST libraries are displayed in Table 3. We were especially 
interested in the ESTs derived from the FL library as many 
fungal pathogenesis genes have previously been suggested to 
be expressed under nitrogen-limiting, or starvation condi-
tions [34]. None of the specific functional categories, except 
slightly higher numbers of genes with unknown functions, 
showed noticeable differences in the FL library compared to 
the others. On the other hand, ESTs derived from HX library 
showed slightly higher numbers of genes expressed in three 
categories; energy, cellular transport, and biogenesis of cel-
lular components. These are thought to be important compo-
nents for nutrient uptake and nutrient metabolism, but not for 
infection-related functions (see next section). In general, the 
percentage of expressed genes in each library was similar, 
except for the category of response to the cellular environ-
ment. The PA library had a higher percentage of genes re-
sponding to the cellular environment. 

ESTs Predicted to be Involved in Pathogenicity 

 Using similarity as an indicator of functions, we identi-
fied 50 genes putatively involved in pathogenicity (Table 4). 
These genes encode proteins for infection structures, toxin 
synthesis and efflux, detoxification, nutrient and metabolite  
 

Table 3. Functional Classification of ESTs for Each Library and the Total Collection Based on The Munich Information Center 

for Protein Sequences (MIPS) Scheme 

 

Code Function PA FL HX Total 

01 Metabolism 59 (7.3%) 78 (9.6%) 56 (8.0%) 193 (8.3%) 

02 Energy 16 (2.0%) 21 (2.6%) 32 (4.6%) 69 (3.0%) 

10 Cell Cycle and DNA Processing 2 (0.2%) 3 (0.4%) 1 (0.1%) 6 (0.3%) 

11 Transcription 12 (1.5%) 1 (0.1%) 8 (1.1%) 21 (0.9%) 

12 Protein Synthesis 43 (5.3%) 68 (8.3%) 54 (7.7%) 165 (7.1%) 

14 Protein Fate (folding, modification, destination) 11 (1.4%) 5 (0.6%) 12 (1.7%) 29 (1.2%) 

16 Protein with Binding Function 13 (1.6%) 12 (1.5%) 4 (0.6%) 29 (1.2%) 

18 Protein Activity Regulation 3 (0.4%) 7 (0.9%) 9 (1.3%) 19 (0.8%) 

20 Cellular Transport, Transport Facilitation and Transport Routes 25 (3.1%) 17 (2.1%) 28 (4.0%) 70 (3.0%) 

30 Cellular Communication/Signal Transduction Mechanism 15 (1.9%) 8 (1.0%) 10 (1.4%) 74 (3.2%) 

32 Cell Rescue, Defense and Virulence 25 (3.1%) 26 (3.2%) 19 (2.7%) 70 (3.0%) 

34 Interaction with the Cellular Environment 38 (4.7%) 5 (0.6%) 7 (1.0%) 8 (0.3%) 

36 Interaction with the Environment (Systemic) 0 (0.0%) 0 (0.0%) 1 (0.1%) 1 (0.0%) 

40 Cell Fate 0 (0.0%) 0 (0.0%) 3 (0.4%) 3 (0.1%) 

41 Development (Systemic) 1 (0.1%) 1 (0.1%) 0 (0.0%) 2 (0.1%) 

42 Biogenesis of Cellular Components 31 (3.8%) 20 (2.5%) 46 (6.5%) 97 (4.2%) 

98 Classification Not Yet Clear-cut 7 (0.9%) 10 (1.2%) 2 (0.3%) 19 (0.8%) 

99 Unknown protein 507 (62.7%) 534 (65.4%) 410 (58.3%) 1451 (62.4%) 

 Total 809 (100%) 816 (100%) 703 (100%) 2327 (100%) 
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Table 4. M. fijiensis Genes that Share Significant Sequence Similarities to Verified Pathogenicity Genes in Other Fungi 
 

EST Library Gene_Description Accession_No Evalue 

Infection structure 

MF11-04_M13F-B03 PA(1)a conidiophore development protein HymA [Aspergillus nidulans] XP_660699 5.75E-23 

MF56-01_M13F-F02 HX(1) related to hard surface induced protein 3 [Neurospora crassa] CAE85497 4.85E-23 

MF11-14_M13F-A11 PA(1) hydrophobic surface binding protein B [Aspergillus oryzae] BAE53530 1.24E-09 

MF11-03_M13F-B09 PA(1) hydrophobin [Cladosporium fulvum] CAA67187 4.22E-08 

Fungal toxin synthesis and efflux 

MF05-14_M13F-B01 FL(1) branched-chain amino acid aminotransferase [Aspergillus fumigatus] XP_752208 1.08E-81 

MF11-12_M13F-G01 PA(1) trichothecene efflux pump [Gibberella zeae] AAM49050 1.24E-08 

MF56-07_M13F-F10 HX(1) fatty acid elongase (FEN1) [Neurospora crassa] CAD70918 4.17E-69 

Detoxification, drug resistance and metabolite transport 

MF05-03_M13F-D04 FL(1) avenacinase [Gaeumannomyces graminis] AAN39015 5.06E-82 

MF05-01_M13F-H11 FL(2) MSF multidrug transporter [Aspergillus fumigatus] XP_747772 9.94E-42 

MF05-04_M13F-F10 FL(1) major facilitator superfamily [Leptosphaeria maculans] AAO49453 2.48E-105 

MF05-03_M13F-A04 FL(1) neutral amino acid permease [Aspergillus fumigatus] XP_747312 2.45E-36 

MF56-08_M13F-A03 HX(1) putative MFS transporter [Gibberella moniliformis] CAI60779 2.19E-126 

MF05-10_M13F-C10 PA(1), FL(1) related to brefeldin A resistance protein [Neurospora crassa] CAF06031 1.44E-75 

MF05-09_M13F-A01 FL(1) related to neomycin resistance protein NEO1 [Neurospora crassa] CAC18258 1.94E-62 

MF56-01_M13F-A01 HX(1) sucrose transporter, putative [Aspergillus fumigatus] EAL91974 1.06E-54 

MF11-07_M13F-C07 PA(1) transmembrane transporter [Aspergillus fumigatus] XP_748898 2.55E-56 

MF05-01_M13F-C05 FL(1) mitochondrial carrier protein [Aspergillus fumigatus] XP_751597 7.65E-38 

Signal cascade components 

MF11-14_M13F-F04 PA(1) cAMP-dependent protein kinase regulatory subunit [Magnaporthe grisea] O14448 1.42E-77 

MF05-06_M13F-H05 FL(FL), PA(1) calmodulin [Magnaporthe grisea] AAC96324 2.48E-78 

MF05-10_M13F-A06 FL(1) pathogenicity MAP kinase 1 [Gibberella zeae] AAL73403 1.49E-62 

MF11-02_M13F-E09 PA(3) GTP-binding protein Drab11 [Neurospora crassa] CAD21237 1.05E-87 

MF56-04_M13F-C04 FL(1), HX(1) serine/threonine protein kinase [Thermomyces lanuginosus] AAT84066 2.52E-102 

MF05-02_M13F-C12 PA(1), FL(1) signal recognition particle protein [Aspergillus fumigatus] XP_751808 1.38E-56 

MF11-10_M13F-B09 PA(1) related to serine/threonine-protein kinase [Neurospora crassa] CAD79666 7.35E-56 

MF11-10_M13F-E10 PA(3) protein serine/threonine kinase Ran1 [Aspergillus fumigatus] XP_754566 8.99E-56 

Protection agaist oxidative stress 

MF11-13_M13F-G12 PA(1) catalase [Gibberella zeae] AAO34682 1.40E-20 

MF11-13_M13F-H11 PA(1), FL(1) Superoxide dismutase [Haemophilus somnus] ZP_00132526 8.44E-26 

MF11-08_M13F-D04 PA(1) Cu,Zn superoxide dismutase SOD1 [Aspergillus fumigatus] XP_753715 7.09E-68 

MF56-11_M13F-D12 HX(1) cytochrome c oxidase polypeptide V [Aspergillus nidulans] XP_659920 2.38E-48 

MF05-02_M13F-D09 FL(4) cytochrome c1 precursor [Neurospora crassa] CAA28860 2.05E-93 

MF05-03_M13F-G10 FL(1) cytochrome P450 monooxygenase [Aspergillus fumigatus] XP_746946 9.88E-35 

MF11-12_M13F-C12 PA(2) monooxigenase [Aspergillus fumigatus] XP_751255 3.18E-80 

MF56-12_M13F-E06 HX(2) cytochrome-c oxidase chain VI precursor [Neurospora crassa] CAD70919 2.75E-42 

MF05-08_M13F-H09 PA(3), FL(3), HX(6) sodA [Yersinia enterocolitica] CAA65596 2.30E-70 

MF11-05_M13F-A03 PA(1) Superoxide dismutase (Mn) [Escherichia coli] AAN83287 1.64E-61 

MF56-09_M13F-E03 HX(2) Tyrosinase [Monophenol monooxygenase] Q92396 3.12E-22 

MF05-07_M13F-F07 FL(1) tyrosinase precursor [Neurospora crassa] CAE81941 2.26E-24 

MF05-08_M13F-A02 FL(3) epoxidase subunit A [Penicillium decumbens] BAA75924 1.23E-71 
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transport, response to oxidative stress, hydrolytic enzymes, 
and signal cascade components. Three of four genes related 
to infection structures were identified from the PA library, 
while a putative homolog of hard surface induced protein 
was identified from the HX library. Genes involved in de-
toxification were discovered mainly from the FL library. 
Genes involved in oxidative stress responses were similarly 
expressed under all three conditions. Several ESTs showed 
sequence similarities to the genes for avirulence effectors, 
such as the Avr4, ecp2 and pSI-7 proteins of Cladosporium 
fulvum and the Protein SnodProt1 precursor of Phaeosphae-
ria nodorum. 

Comparison of the EST Set to Sequenced Genomes of 18 
Fungi 

 We downloaded the assembled sequences and the pre-
dicted transcripts (or proteins) of 18 fungal genomes that 
have been sequenced through the Fungal Genome Initiative 
at the Broad Institute and Eukaryotic Genomics at the DOE 
Joint Genome Institute (JGI). The 1945 M. fijiensis unise-
quences were qerried against these genome sequence data-
bases using the BLASTX program. The results are summa-
rized in Table 5. In general, the relative overall level of ho-
mology between the unisequence set and a genome reflected 
the phylogenic relationship of M. fijiensis to the species ana-
lyzed. The highest numbers of unisequences matched to the 
transcripts derived from M. fijiensis, followed by a close 
relative species M. graminicola and other ascomycetous 
fungi (Table 5). They include both plant-pathogenic fungi 
(F. graminearum, M. grisea, M. fijiensis, M. graminicola, 
Nectria haematococca, and Stagonospora nodorum) and 
saphrophytic fungi (Aspergillus nidulans and N. crassa). 
Less unisequences matched to the predicted transcripts de-
rived from the fungal species belonging to the phyla 
Basidiomycota and Zygomycota. The M. fijiensis unise-
quence set had the least homology to the genome of Batra-

chochytrium dendrobatidis, a chytridiomycete fungus. In this 
case only 36% of the unisequences had a homolog with an 
E-value <1e-05. 

 To further evaluate the usefulness of the ESTs for anno-
tation of the M. fijiensis genome, we performed a global 
BLAST analysis using the 3,771 ESTs against the assembled 
genome sequence (version 1.0) released on August 20, 2007. 
The draft includes a total of 10,327 gene models predicted 
and functionally annotated with the JGI annotation pipeline. 
Of the 3,771 ESTs from the three M. fijiensis cDNA librar-
ies, 2,110 (55.6%) had an almost 100% sequence identity 
(perfect E-value (0)) to the predicted transcripts, suggesting 
an accurate prediction of genes as well as gene structure. 
Further, 395 ESTs (10.5%) exhibited significant (0 < E-value 
1e < 05) similarity to the predicted transcripts, suggesting an 
accurate gene prediction, but an inaccurate prediction of 
gene structure. However, some of the EST sequences might 
have intrinsic problems, such as unclean sequences, chimeric 
sequences, or unknown origins. It is noteworthy that 1,327 
ESTs (34%) had no similarity (no hits) to the predicted tran-
scripts. 

 These 1,327 ESTs were further compared with the 382 
scaffolds representing the draft whole genome sequence of 
M. fijiensis in order to identity their origin. BLASTN analy-
sis identified an additional 337 (9%) of 1,327 ESTs that 
showed ~100% sequence identify to the genomic sequences 
in the 382 scaffolds. Another 519 (13%) ESTs had a signifi-
cant (0 < E-value < 1e-5) similarity to the genome sequence, 
inferring the presence of an intron, or introns, within the 
genes or DNA polymorphism between the different isolates 
used. In conclusion, the additional 856 (22%) ESTs showed 
a sequence identity to the genomic sequences, but not to the 
predicted transcript sequences. This suggests that the gene 
prediction algorithms used for the M. fijiensis draft version 
did not recognize these regions as genes. Finally, 473 (12%) 
of the ESTs did not show significant similarity to any ge-

(Table 4) contd….. 

EST Library Gene_Description Accession_No Evalue 

hydrolytic enzyme 

MF11-06_M13F-D03 PA(1) 1,3-beta glucanase [Blumeria graminis] AAL26905 5.66E-65 

MF11-07_M13F-D08 PA(1), HX(1) aspartic proteinase precursor [Botryotinia fuckeliana] AAR13364 5.24E-105 

MF56-04_M13F-C06 HX(3) zinc metalloproteinase, putative [Aspergillus fumigatus] EAL90596 5.65E-43 

Avirulence/virulence factors 

MF05-14_M13F-B11 PA(2), FL(1), HX(2) Avr4 [Cladosporium fulvum] CAA55403 1.80E-17 

MF05-07_M13F-C09 FL(2), PA(2) ecp2 [Cladosporium fulvum] CAA78401 7.22E-49 

MF05-11_M13F-B02 PA(2), FL(2), HX(2) Protein SnodProt1 precursor [Phaeosphaeria nodorum] O74238 2.81E-37 

MF56-05_M13F-G11 PA(1), HX(2) pSI-7 protein [Cladosporium fulvum] CAA74888 1.06E-92 

MF56-11_M13F-D06 PA(4), FL(2), HX(1) virulence related protein Cap20 [Aspergillus fumigatus] EAL88346 2.74E-29 

Miscellaneous 

MF05-04_M13F-G02 FL(1) isocitrate lyase [Leptosphaeria maculans] AAM89498 3.25E-70 

MF05-07_M13F-B12 PA(2), FL(1), HX(2) cytosolic cyclophilin 1 [Botryotinia fuckeliana] AAQ16573 1.37E-60 

MF11-11_M13F-G08 PA(1), FL(1) septin [Aspergillus fumigatus] XP_748972 1.95E-113 

MF05-01_M13F-F08 FL(2) histidine kinase [Cochliobolus heterostrophus] BAD07400 3.89E-31 
aThe number in the parenthesis indicates the count of ESTs with the homolog identified in the library. 
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nome sequences. These EST sequences were clean, with an 
average length of 852 bp, and thus possibly derived from 
regions of the genome yet to be sequenced. These EST se-
quences could add value to the gene discovery process, com-
plementing the whole genome sequencing effort. 

DISCUSSION 

 The purpose of this study was to discover the genes ex-
pressed by M. fijiensis under three different environmental 
conditions, with special interest in candidate genes involved in 
pathogenicity. We chose to use pure fungal cultures in order to 
increase fungal gene discovery rates without complication 
from host ESTs [34, 35]. We determined 3,771 EST se-
quences from three cDNA libraries and assembled them into 
1,945 putative genes. The estimated genome size of M. fijien-
sis is about 35 Mb with a chromosome number of 17 or 18 
(Andy James, personal communication). This genome size is 
within the range of other ascomycete fungi. It would be ex-
pected to contain around 8,000–9,000 genes [36], close to the 
10,327 genes by ab intio gene prediction of the initial genome 
assembly (http://genome.jgi-psf.org/Mycfi1/Mycfi1.home.html). 
Based on this estimation, the 1,945 unigenes identified repre-
sent ca. 20% of the genome in M. fijiensis. Overall, the se-
quences identified in this study present the first large-scale 
EST analysis of this fungus. This work provides an awareness 
of the biological processes that occur during growth on a solid 
medium, in Fries liquid medium, and in the presence of ba-
nana plant extracts and these processes may be related to the 
interaction between M. fijiensis and its banana host. 

 BLASTN comparisons of the 3,771 ESTs against the 
predicted transcripts identified 2,110 (55%) with perfect, 395 
(10%) with partial, and 1,327 (35%) with no matching part-
ners. Among the 1,327 no-matching ESTs, 856 (22%) had a 
significant sequence identity to the genomic sequences. Of 
these, 337 (9%) had an almost 100% identical match to the 
genomic sequence. This result suggests that the gene predic-
tion was fairly accurate, though it missed about 20% of the 
ESTs, and that the prediction of gene structure was even less 
accurate than the prediction of genes. When a large number 
of gene sequences are not available, ab initio gene prediction 
using diverse programs are employed to predict splicing 
probabilities of donor and acceptor sites, the coding prob-
ability of each single exon, and the probabilities of various 
gene models. The prediction of gene and gene structure can 
be significantly improved by adding more gene sequences, 
including ESTs, into the program training set (reviewed in 
[37]). The 3,771 ESTs reported in this study will be useful 
for improved prediction of gene structure as well as discov-
ery of new genes in the draft genome. 

 Among the 45 contigs formed by more than 10 ESTs, 14 
have unknown functions, indicating that these genes may be  
unique to M. fijiensis. Seven of the 45 contigs are ribosomal 
synthesis genes. High-level expression of ribosomal genes 
has been reported in several other phytopathogenic fungi, 
including Heterobasidion annosum [21], Ustilago maydis 
[25], and Gibberella zeae [20]. This may reflect the active 
growth of the fungus under the investigated conditions. In 

Table 5. Comparison of M. fijiensis Unisequeces to the Fully Sequenced Genomes of Fungi 

 

No. of Unisequences with Hits
a
 % of Unisequences 

Phylum  Fungal Species  

<1e-5 <1e-40 <1e-100 <1e-5 <1e-40 <1e-100 

Ascomycota Aspergillus nidulans 1187 614 75 61.0 31.6 3.9 

 Aspergillus niger 851 337 17 43.8 17.3 0.9 

 Chaetomium globosum 1130 519 64 58.1 26.7 3.3 

 Fusarium graminearum 1207 588 78 62.1 30.2 4.0 

 Magnaporthe grisea 1184 566 72 60.9 29.1 3.7 

 Mycosphaerella fijiensis 1417 1180 569 72.9 60.7 29.3 

 Mycosphaerella graminicola 1358 903 213 69.8 46.4 11.0 

 Neurospora crassa 1170 559 79 60.2 28.7 4.1 

 Nectria haematococca 1204 620 91 61.9 31.9 4.7 

 Stagonospora nodorum 1275 674 88 65.6 34.7 4.5 

Basidiomycota Coprinus cinereus 858 301 20 44.1 15.5 1.0 

 Cryptococcus neoformans 842 300 24 43.3 15.4 1.2 

 Laccaria bicolor 872 308 20 44.8 15.8 1.0 

 Puccinia graminis f. sp. tritici 752 251 16 38.7 12.9 0.8 

 Ustilago maydis 836 297 24 43.0 15.3 1.2 

Zygomycota Phycomyces blakesleeanus 853 295 22 43.9 15.2 1.1 

 Rhizopus oryzae 812 283 23 41.7 14.6 1.2 

Chytridiomycota Batrachochytrium dendrobatidis 690 244 19 35.5 12.5 1.0 

aIndicates the counts of unisequences with homology to the predicted protein sequences based on a top BLASTX hit at an E-value < 1e-5, 1e-40, or 1e-100, respectively. 



70    The Open Mycology Journal, 2008, Volume 2 Cho et al. 

contrast, ribosomal proteins were expressed at a low levels in 
a closely related species, M. graminicola [23]. These contra-
dictory results might have occurred because of different cul-
ture conditions for fungal tissues that have been used as li-
brary sources. Among the highly expressed genes, glucose 
repressible genes (contig 519, 546, and 560) were highly 
expressed in the HX library, while Opsin and opsin-like pro-
tein were highly expressed in the PA library. This is proba-
bly due to the continuous lighting conditions used during 
incubation as opposed to the dark mycelial growth condi-
tions used for the other two libraries. Opsin is a light respon-
sive protein and its expression can be induced by light [38]. 
Cation transport-related protein was also abundant in both 
the FL and HX libraries derived from liquid cultures. This 
may reflect that the uptake of cations from Fries medium is 
active in fungal mycelia. 

 Our interpretation of ESTs is based on the sequence simi-
larity to other genes with known functions listed in public 
databases. Most putative pathogenicity genes occurred in the 
FL library compared to the other libraries in this study. Not 
surprisingly, several hydrolytic enzyme genes were identi-
fied in the FL library. There is substantial evidence support-
ing the importance of enzymatic digestion in host cuticle 
penetration and subsequent colonization. Several cell wall 
degrading enzyme (CWDE) coding genes and their control 
element genes have been identified as virulence factors and 
their null mutation has significantly reduced the infectivity 
of several diverse phytopathogens [39-43]. 

 Typically, both the pathogenic fungus and its compatible 
host plant secrete large numbers of hydrolytic enzymes dur-
ing fungus-host plant interactions. However, it is difficult to 
establish the role of individual hydrolytic enzymes in patho-
genesis due to functional redundancy among numerous en-
zymes and multiple isozymes [42, 44, 45]. This enzymatic 
warfare between the plant and fungus is likely to produce 
signaling molecules, such as oligosaccharides, from the cell 
walls of the plant. Further, the fungus may activate addi-
tional defense and pathogenesis responses from the host. 
One of the responses to the enzyme warfare is an oxidative 
burst. Several genes that respond to or create oxidative stress 
were identified in this study. These genes include catalases, 
peroxidases, superoxide dismutases, monooxygenase, and 
cytochrome elements (Table 4). There is no supporting evi-
dence yet, however, that any of these genes are directly asso-
ciated with pathogenicity. In addition, only three hydrolytic 
enzymes were identified in this study, in contrast to general 
expectation, especially from the HX library that was pre-
pared with mycelia grown in the presence of host extracts. 
The extracts might be insufficient elicitors compared to host 
cell wall components, which may be required for the full 
induction of putative CWDE gene expression demonstrated 
in other pathogenic fungi [46-48]. In general, it may be de-
sirable to sequence further ESTs from libraries representing 
compatible host plant infection stages in order to better un-
derstand pathogen-host interactions. 

 We identified three genes for fungal toxin synthesis and 
ten genes for detoxification, drug resistance and transport 
protein (Table 4). Phytopathogenic fungi have to cope with 
many natural toxic compounds such as those produced by 
host plants during pathogenesis. Membrane proteins are 
known to provide protection against a wide range of natural 

toxic compounds by pumping them out of the cell [49, 50]. 
An example of a transmembrane protein is MSF transporter 
whose activity is driven by the proton-motive force through 
membranes [51]. They are involved in protection against 
exogenous toxic compounds in case of Candida albicans 
[52] and S. cerevisiae [53]. One potential mechanism of in-
fection is killing host cells with fungal phytotoxic secondary 
metabolites and toxic proteins. Transporters are known to 
mediate the secretion of endogenously produced toxins, such 
as aflatoxin, cercosporin, HC-toxin [54, 55]. For example, 
ToxA encodes an HC-toxin efflux pump which contributes to 
self-protection against HC-toxin in Cochliobolus carbonum. 
Like HTS1 encoding the central enzyme in HC-toxin biosyn-
thesis, ToxA occurs only in isolates of the fungus that make 
HC-toxin. It is logical to consider that fungal transporters are 
important virulence factors, in parallel with secondary me-
tabolites. Regardless, the function of transporters is to pump 
out the secondary metabolites originating from the pathogen 
itself or from the host plant. The necrotrophic fungus, Alter-
naria alternata, is known for its production of species-
specific toxins encoded by nonribosomal polypeptide syn-
thetases (NRPS) and polyketide synthases (PKS) [56]. Nei-
ther NRPS nor PKS have been identified in this study, in 
contrast to several transporters. This is probably due to their 
low level of expression under our trial conditions and the 
small numbers of EST collections from each library. 

 One clone in the FL library showed similarity to a signal 
transduction gene encoding a ‘PMK1 homolog’ from many 
pathogenic fungi. This MAP kinase and its homologs are 
essential for pathogenicity in many plant-pathogenic fungi 
[57, 58]. MAP kinase is required for appressorium formation 
in fungal pathogens, such as Colletotrichum lagenarium, M. 
grisea, Cochliobolus heterostrophus, and Pyrenophora teres 
[59-62]. M. grisea and C. lagenarium produce especially 
large and heavily melanized appressoria that generate strong 
turgor pressure [63]. In both fungi, MAP kinase (Fus3/Kss1 
homolog) mutants are defective in appressorium formation 
and are nonpathogenic as a result of their inability to pene-
trate the plant epidermis and colonize host plant tissues [61, 
62]. MAP kinase was also found to be required for full 
pathogenicity in the necrotrophic parasite Botrytis cinerea 
and in closely related Dothideomycete fungi, including 
Stagonospora nodorum, P. teres, C. heterostrophus, and 
Alternaria brassicicola [60-62, 64-67]. It is likely that the 
PMK1 homolog in M. fijiensis identified in this study also 
mediates plant infection either in the penetration and/or 
colonization stages. There are three additional kinases and 
one kinase regulatory subunit which may also be pathogenic-
ity factors. These signal transduction pathways may be asso-
ciated with the induction of downstream hydrolytic enzyme 
genes during pathogenicity as suggested previously [64]. 

 Finally, we have identified ESTs encoding for proteins 
similar to several Avr factors, including AVR4 and ECP2 
from Cladosporium fulvum. Both proteins are highly induced 
during host infection and were isolated from apoplastic 
washing fluids of tomato [68, 69]. However, our EST analy-
sis indicated that the AVR4 homolog was found in all three 
libraries (PA, FL, and HX) and the ECP 2 homolog existed 
in two of the libraries (FL and HX). It seems that these ho-
mologs are expressed in vitro although it is not known if 
their expression level is higher in vivo. It remains to be in-
vestigated whether these genes in M. fijiensis have similar 
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functions to the Avr genes in C. fulvum. Targeted gene 
knockout study is the most straight-forward method to test 
the functions of these genes. Currently, targeted gene knock-
out methods for either targeted gene disruption or targeted 
gene deletion are unavailable for M. fijiensis. Successful 
transformation of exogenous DNA fragments, especially 
GFP expression vectors, has been reported [70]. Further op-
timization of the transformation method will lead to success-
ful targeted gene knockout methods. Similarly, pathogenicity 
test methods [71] may be further optimized and established 
for M. fijiensis in order to discover pathogenicity genes and 
advance our understanding of their modes of action. 

CONCLUSION 

 The putative identity of the mRNA transcripts discovered 
in three EST libraries led to several candidate genes poten-
tially important in determining the outcome of a compatible 
fungal-plant interaction. Further functional analysis of the 
genes identified in this study by targeted gene replacement 
or disruption studies, as well as gene expression profiling 
experiments, will provide more information on the interac-
tion between M. fijiensis and its economically important 
host, banana. Fungal ESTs identified in this study will also 
facilitate the annotation of the M. fijiensis genome sequence. 
A genome sequencing project was funded by the Department 
of Energy (DOE) in 2005. It was initiated at the DOE-Joint 
Genome Institute to generate a draft whole genome se-
quence. The ESTs identified in this study would aid annota-
tion, and most specifically the prediction, of genes in the 
Mycosphaerella genome. Comparative analysis of ESTs with 
the closely related fungus M. graminicola and other distantly 
related fungi, may facilitate the identification of candidate 
pathogenicity genes and improve our understanding of the 
evolution of fungal plant pathogens. This could lead to de-
velopment of more effective systems for banana disease con-
trol. 
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ABBREVIATIONS 

EST = Expressed Sequence Tags 

PA = cDNA library representing MF11-Hilo grown on  
   PDA for 4 weeks 

FL = cDNA library representing MF5-Hilo grown in  
   Fries liquid medium for 4 days 

HX = cDNA library representing MF5-Hilo grown in  
   Fries liquid medium plus banana leaf extract 
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