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Abstract

Global profiling transcriptomes of parasitic helminths offers the potential to simultaneously identify co-ordinately expressed genes, novel
genetic programs and uniquely utilized metabolic pathways, which together provide an extensive and new resource for vaccine and drug
discovery. We have exploited this post-genomic approach to fabricate the first oligonucleotide DNA microarray for gene expression analysis

of the parasitic trematodgchistosoma mansor total of 17,329S. mansonDNA sequences were used to design a microarray consisting

of 7335 parasite elements or approximately 50% of this parasite’s transcriptome. Here, we describe the design of this new microarray
resource and its evaluation by extending studies into gender-associated gene expression in adult schistosomes. We demonstrate a high degre
of reproducibility in detecting transcriptional differences among biologically replicated experiments and the ability of the microarray to
distinguish between the expression of closely related gene family members. Importantly, for issues related to sexual dimorphism, labour
division, gamete production and drug target discovery, 197 transcripts demonstrated a gender-biased pattern of gene expression in the adul
schistosome, greatly extending the number of sex-associated genes. These data demonstrate the power of this new resource to facilitate
greater understanding into the biological complexities of schistosome development and maturation useful for identifying novel intervention

strategies.
© 2005 Published by Elsevier B.V.

Keywords: Schistosomaélelminth; DNA microarray; Gene expression

1. Introduction tion of numerous putative gene produfts-3]. Despite the s
large availability of DNA sequence information, true poten-¢

Parasite expressed sequence tag (EST) and genomic sdial of this resource will only be realized upon the assign-
quencing projects have proven to be an invaluable resourcement of gene function within an actual biological and cel-s
for parasite gene discovery and have led to the identifica- lular context, thus leading to the possible functional annos
tation of many important parasitic genomes. Towards this

- goal, several investigators have developed DNA microarrays
* Microarray data reported in this paper is available in the ArrayExpress to probe and begin to elucidate the role of specific gene prog-
database at EBI under the reference numbers A-MEXP-134 (description of \;cts in the lifestyle, pathogenicity and fundamental biologys

gétrg)ansonohgonucleotlde microarray) and E-MEXP-223 (all microarray of multiple parasite§4—6]. This approach, in combination

* Corresponding author. Tel.; +44 1223 333 338; fax: +44 1223 333 741, With continued wide ranging genomic and EST sequencing
E-mail addresskfh24@cam.ac.uk (K.F. Hoffmann). has brought together genomic and functional-genomic data

0166-6851/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.molbiopara.2005.01.007
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to reveal new insights into the complex pathogenic parasitic and sex-separated. Miracidia used to infectjlabratawere &
lifestyle. hatched from eggs collected from mouse livers 7 weeks after
Gene discovery and functional analysis of schistosomesinfection[12]. 7
has also benefited from such an approfgHh]. These stud-
ies have revealed cDNA microarrays to be particularly useful 2.2. Design of S. mansoni DNA oligonucleotide probes 7
and reliable in identifying gender-associated transcripts in
both Schistosoma mansofs] andS. japonicuni7]. How- S. mansonDNA elements chosen for oligonucleotide de-»
ever, while sampling small gene subsets proved fruitful for the sign were selected from EST sequences available from pub-
initiation of these investigations, utilizing a high-throughput lic databases as of June 28, 2002, full-length mRNA and
approach on a whole genome scale will dramatically in- genomic DNA (gDNA) sequences (using NCBI Entrez lim-z
crease the transcriptional understanding of parasite sexualts excluding ESTs, STSs, GSSs, TPAs, patents and workirg
biology where current thinking proposes that males and fe- drafts) available from public databases as of April 2003 and
males evolved to maximize independent functional roles im- from one full-length mRNA sequence identified in our labo+s
portant to the survival of the parasite. Presently,Shenan- ratory (AY267032—S. mansonarginase). The 16,815 EST s
sonigenome contains approximately 14,000 predicted genes,sequences were clustered using the CAP3 DNA sequence as-
and like many other parasites, most of these genes displaysembly progranfl13] into 2076 contigs (representing mores.
no database homology and therefore, have no functional an-than one EST sequence) and 5049 singletons (representing
notation [8—10]. Assigning some putative function or as- only one EST sequence) for a total of 7125 unique DNA.
sociation, based on expression profiling by DNA microar- sequence clusters. In addition to these 7125 non-redundant
ray analysis, may provide some of the most promising re- EST clusters, 513 full-length mRNA (some redundancy witla
search areas for elucidating the molecular basis of parasiterespect to EST clusters) and gDNA sequences were included
biology. to bring the total number of DNA sequences used as ters-
Here we describe the design, fabrication and validation plates for oligonucleotide design to 7638. CAP3 has pres
of a new DNA microarray for schistosome transcriptome viously been shown to be tolerant of sequencing errors re-
analysis based on the use of long oligonucleotide probes.sulting from single pass sequencing and is effective at dif:
Long oligonucleotide DNA microarrays were constructed as ferentiating between closely related gene family membess
highly sensitive alternatives to cDNA microarrays due to in- [14]. 9
herent advantages throughout production and experimental Putative sequence homology of each schistosome DNA el-
use[11]. The DNA microarray contains 7335. mansoni ement was assigned using the web-based Basic Local Aliga-
probes covering approximately 50% of the total estimated ment Search Tool (BLASTXL5] searching againstthe NCBI
gene complement and was used here to expand upon ouprotein non-redundant (nr) database. BLASTx hits with as
previous studies of schistosome conjugal biology. The ex- Expect-value E-value) of <10-% were considered signifi- e
periments described provide a dual function: (1) to specif- cant and the corresponding NCBI protein nr designation was
ically characterize the fabricated oligonucleotide DNA mi- used to annotate the EST contigs and singletons. BLASTx
croarray allowing sensitive, reproducible gene expression hits with anE-value of >10-9% were not considered sig- i
results to be generated by multiple users and laboratories;nificant and therefore the corresponding schistosome DNA
and (2) to further elucidate the expression profiles of male elements obtaining these scores were annotated as ‘UN-
and female adult parasites with the goal of expanding our KNOWN'. In a further attempt to annotate these unknowsns
knowledge relating to sexual maturation, sexual dimorphism, schistosome DNA sequences, they were compared agairst
labour division and gamete production. Ultimately, inves- theS. mansoriEST database compiled by Verjovski-Almeidaos
tigations intoS. mansontranscriptional mechanisms will et al. [9] using BLASTn, where DNA elements generatzor
likely generate new insights into the development and main- ing BLASTn bit score values 0£200 were considered aios
tenance of this helminth’s dioescious lifestyle, leading to match. Subsequent annotation was provided then by the E&T
the identification of novel drug targets or vaccine candi- database assigned through additional BLASTx searchesuof
dates. NCBI (using their applied criteri9]). Sequence similar- 111
ity assignment was performed for two reasons: (1) to an-
notate the DNA sequence representations deposited on each

2. Materials and methods DNA microarray; and (2) to identify which DNA strand to se1u.
lect for oligonucleotide design. For BLASTx searches withs
2.1. Parasites no significant similarity, the sense strand was selected far

oligonucleotide design, unless there was a poly-T tract incar-
Adult male and femal&. manson{NMRI Puerto Rican porated at one end of the parent DNA sequence (anti-sense
strain) were perfused from percutaneously infected mice at 7 strand was used in this case). Therefore, a small percent-
weeks after challenge with independent batches of 250 cer-age of oligonucleotides deposited on this DNA microarray
cariae each shed from albifglomphalaria glabrata After may have represented the non-coding DNA strand. The la-
perfusion, both immature and mature worms were counted belling procedure used in this stufli6] (Klenow incorpo- 12
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ration of Cy-dCTP molecules into double stranded cDNA) Table 1
fluorescently labels both strands of cDNA, which effec- S. mansonoligonucleotide microarray sequence information

tively compensates for this small percentage of oligonu- Total number of clustere8. mansonEST sequences 16,815
cleotides. Number of contigs 2076
All oligo_nucleotide§ were 50 bgses in length, n_10dified mﬂmgz: EISS."E;tggrsxgenes (or full-length mRNAS) 524112
by a 6-C linked 5amino modification and synthesized at  nymber of S. mansonsequences used for oligonu- 7638
200 nmol scale (lllumina, SD, CA). Multiple hierarchical cleotide design
tests were performed on each of the 7638 DNA sequencesTotal number of microarray elements 8160
to select the optimum 50-mer oligonucleotide representative N“Srzbs;zfcgig"”“demides designed fr@nmansoni 7335
forea(_:h conhg/smgleton/mRNA/gene. The European Molec- Numger ofA. thalinacontrol sequences 120
ular Biology Open Software Suite (EMBO$7]) hosted at Number ofB. subtilluscontrol sequences 84
SourceForgehttp://emboss.sourceforge.rjewas used for Number of buffer/negative control elements 621
most of the analyses. Initially, each sequence was required Number of sequences displayed in ambiguous direc- 1140

to be a minimum of 50 bases in length. Those sequences_fion

passing this first test were then subjected to a series of se-" OtalBEirg.?iraﬂ;S&sgansonsequences submitted for 7335
Iectlor_1 C”t_e{"a- Using the E_MBOSS program ‘dan’, regions  sequences displaying no significant similarity 4621
were identified that were within the required GC content of  sequences displaying significant similarity 2714
30-50%. The program ‘palindrome’ was used to identify re-  Sequences displaying significant similarity to hypo- 3601

gions with no gross secondary structure (defined as having_ thetical proteins

seven or more bases capable of forming a perfect hairpinTOta'BEi'g.?iraﬂgglsgansonseq”ences submitted for 4621
structure). The program ‘freak’ was used to identify regions  sequences displaying no significant similarity 2591
that had no ambiguous nucleotide codes. Additionally, using  sequences displaying significant similarity 2030
the program ‘RepeatMasketiitp://www.repeatmasker.org Sequences displaying significant similarity to hypo- 1156
regions were identified that contained no low complexity Totalt*:]itrir‘:s('ef:;teie”;e ontology (GO} ferms assigned 2605
sections, simple repeats or sequences matching tiean- ey asgsigned o %i’ o G0 termsg Loir
soni SR2 retrotransposon sequer{d8]. Using BLASTN, Number of unique GO terms 476
each potential oligonucleotide source region was then com-  Molecular function 249
pared against all 7638. mansonsequences and areas with Biological process 161
no matches of 12 or more bases were identified. If this ___Cell component 66

BLAST criterion proved too restrictive to allow regions in Summary of elements deposited on microarray reveal the diversity of this
a sequence to be used as oligonucleotides then it was pro_new post-genomic resource for investigations into schistosome biology.

. ! . Complete details relating to derived numbers can be found in SeZtion
gressively relaxed te-20 and thern>40 bases, respectively.

Starting from the 3end of each sequence, a maximum of A ham Biosci UK) at the Rosalind Franklin C
four non-overlapping regions of sequence with a length of( mersham Biosciences, UK) at the Rosalind Franklin Ce

50 bases or more that passed the selections criteria werd'® for Genomics Research (Hinxton, UK) ata concentratia

identified. TheT, of these possible oligonucleotides was de- of 250 ngul . e
termined using the EMBOSS program ‘dan’, and the one

from each sequence withTa, closest to 72C was selected ~ 2.3. Amplified labelled cDNA target synthesis 182
for oligonucleotide design. Originating from the initial 7638

DNA sequences, 7214 passed all of these tests and were Cy3/Cy5-dCTP (Amersham Biosciences, UK) labelleds
used to design 50-mer oligonucleotides. The remaining 424 CDNA targets were generated through a procedure described
DNA sequences that failed were again subjected to the samd?y Petalidis et al[16]. One microgram ofS. mansonto- s
tests, but with the % GC content relaxed to 25-50%. Out t&l RNA was used in a modified mRNA amplification ress
of these 424 DNA sequences, 121 could generate a 50-mef@ction using template-switching PCR (ts-PCR). Optimak
oligonucleotide. The remaining 303 sequences failed thesePCR cycle number was established empirically by evalus
tests due to length (<50 bases), high ambiguity or a GC con-2ating yield of PCR product with increasing cycle numbere
tent outside of the required ranges. All sequences were an-Adult female cDNA was labelled with Cy3-dCTP and aduli
a|yzed using the InterProScan packégg] and Gene On- male cDNA labelled with Cy5'dCTP in initial eXperimenthl
tology (GO)[20] terms were extracted from the output of whereas fluorescent labels were reversed for dye-swap ex-

this analysis using a perl script. A total of 7335 50-mer Periments. 193
S. mansonoligonucleotides were designed and, along with
control oligonucleotidesRacillus subtilusspecific andAra- 2.4. Microarray hybridization 104

bidopsis thalianaspecific DNA elements), represented the

oligonucleotide DNA microarray probes used in this study Labelled cDNA was re-suspended in hybridization sass
(Table 1. Oligonucleotide DNA microarrays were printed lution (5x SSC, 5< Denhardt’s solution, 1mM sodium i
on CodeLinkM Activated Slides (Amine-Binding Slides) pyrophosphate, 50mM Tris (pH 7.4) and 0.1% SDS) ang
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denatured at 95C for 5min then at 50C for a further 3. Results 249
5 min. Microarray hybridization was performed in a humid-
ified chamber at 45C for 16—-18 h. Three successive, post- 3.1. S. mansoni sequence analysis and fabrication of a 2

hybridization stringency washes were performeg @SC, novel oligonucleotide microarray to profile schistosome 2
0.1x SSC/0.1% SDS and 0x1SSC) for 3-min/wash solu-  gene expression 252
tion at room temperature with agitation. Image acquisition

(16-bit tiff) for the DNA microarray was performed using Clustering of the parasite EST sequences contained:dn

a GenePi® 4100A (Axon Instruments Inc.) dual channel NCBI protein nr databases as of June 2002 (using the CAR3
laser scanner at 30m resolution, 100% laser power and program) and inclusion of full-length genes as of Apribss
PMT levels ranging from 580 to 730. Image analysis used 2003, led to a collection of 7638 sequences available fa¢
the Microarray Suite extension of IP Lab for Macintosh (Sc- oligonucleotide design. Selective criteria for design of ops
analytics) software. timal oligonucleotides enabled 733 mansoniligonu- s
clotides (duplicated on microarray to 14,670) to be syms
thesized and arrayedigble ). BLASTx manual annota- 2o
tion of each contig/EST revealed 4621 sequences displaying
no significant similarity using BLAST)p-value E) crite- 22
ria of <1079, representing~63% of the totalS. mansoni 2
sequences. Therefore, from the initial BLASTx annotatiog,
2714 sequences displayed significant similarity to knows
genes in NCBI £37% of totalS. mansonsequences). The s
4621 sequences without similarity were then submitted io
BLASTnN analysis at the University of Sao Paulo/ONGA s
mansonEST databag@®,24]and hits with a bit score value of 2
>200 were merged with the sequences to create longer con-
ing B. subtillus A. thalianaand buffer spots). The mean sig- tigs, Thgse new contigfs were then re-submitted to the NCE
nr protein database using BLASTx in an attempt to annotate

nal intensity for each hybridize®. mansonkelement was h This left 2591 il with anificant si
required to be greater than one standard deviation above i i sequences St with no significant Simrs

the mean of negative controls in at least one channel (Cy5"a_rity_ to entrie_s deposited_ in NCBI (using same BLASTx
or Cy3). All data below this value were removed from fur- criteria as previously Qescrlbed). Inlcontrast, 2030 sequenees
ther analysis. Oligonucleotides passing these filtering crite- gained some annot_at|on_thr.c?ugh th_|s gec.ond database _search,
ria had to display Lognormalized expression ratios outside 1156.0f which having S|gn|f|c'ar_1t similarity to hypothetlcabn
of the 90% confidence interval in at least three out of five protems (874 of these containing some func_'uonal annota-
replicate DNA microarray hybridizations to be included in tion). Ther_efore, the Fotal nu_mber_ & MansoNsequUENces zr
the final set of differentially expressed, sex-associated tran-.used for qhgonucle%tlde df sign displaying some annotat@m
scripts. Correlation coefficient&R) for biological replicate IS aPPrOX'mate'y 65% (49% without hypothetlcal protelns)fal
hybridizations were derived from a goodness of fit mea- Additionally, 11.40 sequences were pgtentlally presentedzm'
sure of a linear model where values approaching one indi_the databases in the anti-sense direction and therefore the:fi-

cate a high level of agreement. Hierarchical cluster anal- nal oligonucleotide was designed from the sense strand (age
ysis was applied using single linkage and Euclidian dis- TabAlﬁ ). furth vzed f ative 1 2
tance correlation matrices. Care was taken to ensure all in- sequences were lurther analyzed for putative Tune
formation is MIAME [21] compliant and all data was sub- 10" USing the InterProScan packd6] and GO terms were z
mitted to MIAMExpress at European Bioinformatics In- assigned to those sequences with recognized potential fusac-

; ; . ; : tional domains. Briefly, 3605 GO terms were assigned to 1242
stitute, Hinxton, UK http://www.ebi.ac.uk/miamexpregs/ . >
[22] ottp pres S. mansorsequencesiable 1. The GO terms assigned (4760

unique) included 249 molecular function, 161 biological pras:
cess and 66 cell component terms. This reveals the extensive

2.5. DNA microarray data filtering

Data analysis was performed as previously describgd
Briefly, all data was intensity-dependent normalized using
the program Vector Xpression 3.1 (Invitrodehife Tech-
nologies). Expression ratio (Ex. ratio) was thus defined as
the normalized-Log(Cy5/Cy3) ratio. Poor quality spots and
low intensity data were filtered and removed by a succession
of applied statistical criteria. Initially, the arithmetic mean
was calculated for all no&. mansonispots contained on
the microarray (1650 duplicated negative controls, includ-

2.6. RT-PCR analysis range of potential biological activities and processes repte-

sented by thé&. mansonsequences deposited on this DNAss

Reverse tranSCfiptiOﬂ PCR was carried out USiI]l@ bf microarray (Seeupp|ementary informati()n 205
parasite total RNA as describg2i3]. All RNA was treated

with DNase | (Ambion Inc.) prior to reverse transcription 3.2, Adult gender-associated transcripts are 206

to remove any potential genomic DNA contamination. The reproducibly detected by fabricated S. mansoni 207

oligonucleotide primers for PCR are shown in Table 2 (see oligonucleotide microarrays 208

supplementary informatignAll amplicons were separated

on a 2% agarose gel, detected using eithidium bromide and  As multi-gene families are represented throughoutShe zss
images captured using digital photography. mansonigenome (cathepsins, superoxide dismutase, dynein
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light chains etc.) it was important to ensure that the 50-mer ria (expression values above background levels in the exper-
representation of each DNA element was capable of dis-iments compared, as calculated from negative controls, see
tinguishing among individual members. Results presented Section2). 359
here suggest that multipe. mansonoligonucleotides rep- The number of genes detected as expressed in the aelult
resenting various members of closely related gene fami- ranged from 4678 to 5169 (mean 4973). This figure equates
lies are able to distinguish among gene family members to around 65% of the oligonucleotides deposited on the mi:
(Fig. 1). Expression values show that the oligonucleotides croarray. Taking into account some redundancy within the
were designed with optimal physical properties to allow sen- arrayed DNA elements, this percentage is comparable with
sitive and reproducible hybridization, e.g., consistént that predicted by Verjovski-Almeida et §0] where itwas es- s
minimal secondary structure, minimal sequence similarity timated by two independent methods, thd&i0% of the gene s
to other oligonucleotides within the array (not represent- complement {14,000 genes) db. mansonwas expressed s
ing the same gene), not designed over repeat regions orin the adult stage. 368
other regions of low complexity. Utilizing two previously re-
ported and well-characterized superoxide dismutase (SOD)3.3. Expression profiling of sexually mature adult-stage s
genes as a modg®5,26], expression values were reported S. mansoni using the oligonucleotide DNA microarray s
for multiple oligonucleotides representing these genes. Eachreveals novel gender-associated transcripts an
independent oligonucleotide representing different regions
of the same gene, gave comparable expression values as As quality control experiments illustrated the reproducible.
illustrated inFig. 1A and B. Five oligonucleotides repre- nature of thisS. mansonDNA oligonucleotide microarray, s
senting exon regions of extracellular superoxide dismutaseanalyzing the differences in gene expression between adult
(M27529) all demonstrated female-associated gene expresfemale and adult male parasites initially validated this res
sion values (in agreement with results obtained by Fitzpatrick source. Here, all transcripts identified as differentially exrs
et al.[7] using aS. japonicuntDNA microarray). Normal- pressed displayed Legnormalized gene expression ratios:
ized Log expression values ranged fron8.4 to —6.1 as outside of the 90% confidence interval in three out of five inrs
means of five separate experiments. This finding was inde-dependent, biologically replicated experiments. A hierarchis
pendently confirmed by gene-specific RT-PCR in comparison cal clustergram (single linkage analysis/Euclidian distaneg
to the constitutively expressed (in adult parasj2s]) «- correlation) shown irFig. 2 displays all transcripts identi- s
tubulin gene. In contrast, four oligonucleotides representing fied as being highly differentially expressed in either male:
cytosolic superoxide dismutase (M9729B)qd. 1B) showed (red: positive ratio) or female (green: negative ratio) paras
equal expression between the two sexes (again in agreemergites. These male/female bimodal comparisons revealed 141
with Fitzpatrick et al[7]). Furthermore, oligonucleotide (a) unique genes highly expressed in the female when com-
(Fig. 1B) displays zero expression values (no signal in ei- pared to the male, and 86 genes highly expressed in the
ther channel above background—NS), being representativemale when compared to the female. This considerably ifar
of an intron region of the cytosolic SOD gene. Additional creases the number of known sex-associated transcriptsedn
confirmation by RT-PCR demonstrated the equivalent expres-S. mansoniadult parasites. Importantly, dye-swap experiss
sion of cytosolic SOD between male and fem@lanansoni  ments showed a high correlation with data passing these
parasites. strict filtering criteria and therefore suggest minimal dye:
S. mansonbligonucleotide microarrays performed with effect on the prediction of differentially expressed trares:
a high degree of precision and were reproducible in gen- scripts. Twenty-four oligonucleotides (16 classified as haws
erating similar expression results from five independent ing no significantly sequence similarity) highly expressed b
biologically replicated experiments. Each individual mi- adult females did not reproduce as differentially expressesd
croarray experiment represented a biological replication of when compared to adult male in multiple pooled RNA dyess
an adult male and adult female comparison (i.e. different swap experiments. Moreover, only six oligonucleotides de-
batches of worms removed from mice infected with dif- scribed as male associated did not repeat using the dye-
ferent independent batches of cercariae). Analyzing the re-swap experiments. Therefore, after considering the minis
producibility between these individual and discrete experi- mal dye effect observed in our experiments, 117 unique
ments suggest that the microarrays are capable of generatgenes were highly expressed in the adult female and 80
ing information which is directly comparable between mul- unique genes were highly expressed in the adult male (see
tiple and distinct biological batches of parasites. Scatter- supplementary informatiofor full list of oligonucleotides s
plots comparing the expression values from one biologi- identified as differently expressed between the adult ges-
cal experiment to a different biological experiment demon- ders). 405
strated a high correlation coefficient between experiments Gene expression results for all differentially expressed
(Fig. 1C), these representations displayiRg 0.848 (exper- transcripts relate to the vast majority of previously apprex
iments 3 and 5n=4524) andR=0.816 (experiments 2 and ciated gender-associated genes. Microarray expression val-
5,n=4645), respectively. The comparisons were performed ues reveal these putative positive controls to be differentiakty
using all oligonucleotides that passed the initial filtering crite- expressed in the previously documented gender-associated
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L
Ex-SOD (female) [ W]

Extracellular Superoxide Dismutase (female enriched)

[ 5.1 kb |
[ |
~2.0kb ~2.5kb
Ta b SEY
Oligonucleotide Ex. Ratio Gene ID
a. -3.4+0.25 SCMSODI
b. 6.1+1.50  SCMSOD2
cl. -5.0+0.64 SEG_SCMOD
2. -4.9 +0.68 SCMSODM Overlapping oligonucleotides
3. -4.6 +0.60 SCMSOD3
A
Cyt-SOD (equal) E
A) ortub ]
Cytosolic Superoxide Dismutase (equal expression)
[ 8.5kb |
[ |
~4.9 Kb ~2.7Kb
S'—| exon 1 - 150 bpll ~ f |l exon 2 - 285 bp I—/ 3
Ta b o2 T d
Oligonucleotide Ex. Ratio Gene ID
a. NS SCMDISMUO!
b. 0.3+0.12 SCMDISMU02
cl. 0.1+0.13 SCMSODCUZN| Overlapping oliconucleotides
2 0.2+0.11 SCMSODCT VELARPINE GEORACICOLK
(B) d. -0.8 +0.20 SCMDISMU03

Log, average calibrated ratio exp 3
[=)

Log, average calibrated ratio exp 1

U - l 0 1
15 n=4524 i n=4645
-15 -10 -5 0 3 10 15 -15 -10 -5 0 5 10 15
) Log, average calibrated ratio exp 5 Log, average calibrated ratio exp 5

Fig. 1. S. mansonoligonucleotide DNA microarrays are capable of generating reproducible expression results and can distinguish transcriptional differences
among gene family members. (A) Hybridization performance of multiple oligonucleotides spanning different intragenic regions of two superaxiaisedi
homologues. Five oligonucleotides spanning the three extracellular superoxide dismutase exons (EA2B&2), reveal similar gene expression profiles

(for all five biological replicates averaged) and strongly support the female-enriched expression of this SOD homolog (verified by gene-speRifi¢BRT-P
Cytosolic SOD (Cyt-SODIVM97298 did not display a statistically significant gender association as determined from hybridization information originating from
four oligonucleotides spanning two exons and th&/BR. No signal intensity (NS) was observed for a Cyt-SOD specific oligonucleotide designed over an
intron. Boxes represent exons, solid lines represent non-coding DNA elements and dashed lines represent positions of designed oligomibkeétitikb fo
Ex-SOD and the 8.5 kb Cyt-SOD genes. RT-PCR conditions and derivation of expression ratio (Ex. ratio) are described i 8&c8eatistical analysis of
biologically reproduced DNA microarray hybridization experiments. Scatterplots compare thealidgrated ratio generated for each oligonucleotide probe
(mean of two replicate spots) from one biological batch of adult worm material to thedaliprated ratio generated for the same oligonucleotide probe (mean

of two replicate spots) from a different biological batch. The correlation coefficient values from two representative compiSd8#8 and 0.816 indicate

a high degree of agreement between biologically replicated experiments. Scatterplots display oligonucleotide probes that passed thenmitigieilse

(signal intensity greater than 1 S.D. above the mean of negative control elements) for quality data in each biological batch/hybridizaticoncamdpadiside

4524 for experiments 3 and 5, and 4645 elements for experiments 1 and 5. Lines represent the line of regression (centre line) and the predictehm®8% confid
intervals of the plotted data.
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Experiment
1 2 3 4 5

Representative transcripts enriched in adult males (total 80)

Extracellular superoxide dismutase precursor (Contig1384)
Desmoyokin (Contig1777)

LIM-domain protein LMP-1 (Contig4341)

Extensin class I (Contig4386)

Major tegumental antigen Sm15 (Contig5545)

Fibrillar collagen chain FApI alpha (Contig5526)

Collagen alpha | (XI) chain (Contig6802)

Calpain (SCMCALPAIN, Contig1504, 2528, CANP)
Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 precursor (lysyl hydroxylase 1) (Contig5696)
Echinonectin (Contigd516)

Low density lipoprotein-receptor related protein (Contig5158)
Sm8 tegumental antigen (Contig4775, AF313910)

Actin 2 (Contig123, SMU19945)

Glucose transporter protein (SCMGTP1A)

Male

Representative transcripts enriched in adult females (total 117)

Polo-like Kinase Homolog (Contig 1085)

Diacylglycerol Acetyltransferase 2-like Protein (DGAT2-like 1) (Contig1301)

CD36 Antigen, LAMP-3 (Contig1536)

Aspartate Aminotransferase, Cytoplasmic (Contigl 636, 1850)

Large Neutral Amino Acid Transporter small subunit 2 (Contig5379)

Limulus Factor D (Contig844)

Extracellular Superoxide Dismutase (SCMSOD1, SCMSOD?2, SCMSOD3, SCMSODM, SEG_SCMSO0OD)
Strathmin-like Protein (AF091509)

Anti-inflammatory Protein Sm16 (AF269252) or Stage Specific Protein SPO-1 (AF109180)
Glutathione Peroxidase (Contig1387, SCMGLUPER)

Vesicular Integral-membrane Protein Vip36 Precursor (Contig4115)

Sterol O - Acetyltransferase 1 (ACAT) (Contigl1015)

LIMP II (Contig2828)

UDP-GLCNAC:Alpha-6-D-mannoside beta-1, 2-N-Acetylglucosaminyltransferase II (Contig 1475)
Tyrosinase 1 and 2 (Contig948, 1617, 4000)

Female

15.0

0 Fold relative expression

-15.0

Fig. 2. S. mansonbligonucleotide microarrays can reproducibly detect gender-enriched gene expression profiles in sexuall$.nma&ungonimale and

female adult parasites. Single-linkage hierarchical clustering (using Euclidean distance correlation matrices) of all gender-enridpesigesnssy filtering

criteria from five independent experimental replicates and dye-swap experiments. Representative gender-enriched transcripts verified BigRI&®ER (
listed next to the clustergram along with their unique identifier (contig ID, accession number or name). All other gender-enriched transifigtsridbist

study can be found in accompanyisgpplementary informatiorincreasing shades of red depict greater expression in adult male parasites, increasing shades
of green represent greater expression in adult female parasites and grey represents gene expression data absent for that particular irapiitate exper

manner. These transcripts include those previously identifiedferase (ACAT), UDP-GIcNac:Alpha-B-Mannoside Beta- s
in our laboratory[5,7] as well as female eggshell proteins 1, 2N-Acetylglucosaminyltransferase I, multiple histidine=ze
(p48/chorion/34 kDa]28-33] female-specific 800 protein  rich proteins, serine—threonine proteins, a large amino acid
[34], ferritin-1 [35], ORF-RF2[36], glutathione peroxidase transporter (also previously observedSnjaponicuni7]),
[37] and adenylosuccinate lyag28] amongst others. These anti-inflammatory protein-16, stathmin-like protein (SPL):
positive controls, confirming predicted patterns of gene ex- and purine-nucleoside phosphorylase. Furthermore, a sig-
pression, again reinforced the usefulness of this oligonu- nificant proportion of all oligonucleotides identified as difxss
cleotide microarray to reveal new and interesting gender- ferentially expressed in the female showed no significaunt
associations. A large number of novel associations wereidentity with sequences contained in the NCBI proteins
also observed, revealing both adult female and adult malenr databases. Analysis revealed that this list of female-
expression biases. These associations included the femaleassociated transcripts contained 39 such sequences andsan
enriched expression of an extracellular superoxide dismu-additional 25 sequences annotated as putative hypothetieal
tase and tyrosinase 1 and 2, although all of these have preproteins. 440
viously been reported as female-associatefl.ifaponicum An extensive list of male-associated transcripts was algo
[7] (andS. mansorfior tyrosinase)5]. Further novel female-  established; some confirm previous experimdbtZ] but .
associated transcripts included an acyl-CoA diacylglycerol most report novel correlations. Since the number of known
acyltransferase (DGAT), acyl-CoA cholesterol acyltrans- male-associated genes has been limited, these data have
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brought a variety of new information available in this area 4. Discussion 499
of schistosome biology. Muscle, components of the tegu-

ment and cytoskeletal elements dominate this set of male- DNA microarray analysis is now a well-established funceo
associated transcripts, and include myosin (multiple oligonu- tional genomics tool for the global analysis of gene expres:
cleotides representing multiple subunit chains), paramyosin, sion[41,42] The oligonucleotide microarray fabricated here-
tropomyosin, alpha-actinin, annexin, fimbrin, microtubule- represents-50% of the estimate8. mansongene comple- s
associated protein 1B, echinonectin, Sm8, troponin T, tro- ment[9]. The sequences utilized for oligonucleotide desigs
ponin | and Sm20. Other interesting male-associated tran-are proportionally representative of the entBe mansoni s
scripts include those inferred to be a ryanodine receptor, genome, since the relative percentages of sequences dispiay-
procollagen-lysine 2-oxoglutarate 5-dioxygenase 1 precur-ing significant similarity to known genes in the databases
sor (lysyl hydroxylase 1), two collagens, an extracellular is similar to that estimated by large-scale EST sequencifg
superoxide dismutase (contig1384; a different isoform to efforts [9]. Furthermore, the distribution of sequences bew
that detected as female-expressed) and the high voltageiween distinct biological functions and processes reflects the
activated calcium channel beta subunit ghyvbelieved to transcriptome of this parasite as a whole and suggests -

be partially responsible for praziquantel sensitiig,40] verse roles in numerous biological functions for independent
(although this transcript did not repeat in the dye-swap sequences. Since the sequences examined here represent a
experiment, subsequent RT-PCR analystg.( 3B) sug- range of important processes and originate from diverse dg-

gests a definite male bias for its expression). Addition- velopmental stages, this established DNA microarray has naa-
ally, 16 sequences with no significant similarity to genes jor implications for probing different biological questions. s

in NCBI and 24 hypothetical proteins were also identi- Although DNA microarray technology is relatively widelys:
fied. used, this is the first time long DNA oligonucleotides haves
Seesupplementary informatiofor full list of differen- been employed for large-scale profiling of gene expressian
tially expressed transcripts for both female and male adult in S. mansoniConsequently, in order to characterize, optkzo
parasites. mize and assess this post-genomics tool, a set of experiments

profiling the transcriptome of mature adult schistosomes was
3.4. Verification of gender-biased transcripts by RT-PCR  performed, similar to previous studigs7]. While sexually s
mature, adult male and female parasites transcribe the major-
Confirmation of microarray expression data by an inde- ity of genes to a similar degree, itis anticipated that numerous
pendent method of analysis demonstrated the precision ofgenes will be differentially expressed, as the sexes are ma¢-
the transcriptional-profiling facilitated by this new oligonu- phologically, functionally and chromosomally distinct. Havs:
cleotide DNA microarray resource. Gene-specific primers ing evolved from hermaphroditic ancestors, it is likely thats
were used in an RT-PCR reaction to confirm the expres- differential gene expression has driven sexual dimorphissa
sion profiles detected by microarray analysis. RT-PCR re- and labour division within the genus and ultimately led teo.
sults showed the exact same pattern of predicted gene ex€ooperative conjugal biology as a highly successful measns
pression revealed by microarray hybridization. Sixteen ran- of maximizing parasite transmission. Although highly effecs.
domly selected female-associated (by DNA microarray anal- tive for continuing the lifecycle, intravascular conjugal biss:
ysis) transcripts were tested and shown to be strongly femaleology resulting in egg production by adult female parasites
expressed by RT-PCR in comparison to the male (using thealso contributes to host-mediated, inflammatory, circumova
a-tubulin gene as an internal standard and sample controlimmune responses. If uncontrolled, these immune responses
[27] Fig. 3A). In addition, the 16 male transcripts chosen for can precipitate a series of pathological complications resu-
confirmation were also identified as more heavily expresseding in severe morbidity and mortality in infected individualsss
in the male when compared to the adult female by RT-PCR [43]. Since the transcriptional basis of adult sexual matss
analysis Fig. 3B). One microarray oligonucleotide repre- ration and egg-production remains relatively unknown, ary
senting glutathione peroxidase (SCMGPX1A, L37762) was information gained will be crucial to the elucidation of the..
designed over an intronic region of the gene (and therefore specific processes involved. To be classified here as diffes-
displayed no expression values). As predicted by previousentially expressed between the sexes, genes had to pass:n-
studieq37] and shown here by RT-PCR, this transcript was dependent statistical criteria: (1) expression values had toshe
female-associated. All transcripts chosen (randomly) for RT- significantly above background levels in order to remain i
PCR verification showed the same pattern of expression as inthe dataset (as calculated from negative control elements);
the DNA microarray analysis, thus demonstrating the useful- and (2) genes had to be outside of the 90% confidence inter-
ness of both the microarray resource and the filtering criteria val of the entire range of expressed data in three of five igs
applied. Transcripts denoted withdid not reproduce male-  dependent biologically replicated hybridizations and passed
associated expression in dye-swap experiments (did not passhe identical criteria in multiple dye-swap experiments using
strict filtering criteria), however, were revealed as highly ex- pooled RNA samples from independent batches. These eti-
pressed in the male when the original dye combination was teria enabled a total of 117 female and 80 male genes toshe
used. reproducibly and confidently identified as differentially exsss
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Unique ID M F NCBI Similarity (BLASTx) PCR cycle #
Contig1301 [FS8]  Diacylglycerol Acyltransferase 2-like (3E5) 40
Contig1536 [ ®8] D36 Antigen (LAMP-3) (SE™9) 29

SCMGPXIA (*) [F-88]  Glutathione peroxidase (0.0) 29
Contig2828 [ ®8]  CD36 Antigen-like 2 (LIMP-II) (3E)) 29

AF269252 E Anti-inflammatory protein Sm16 40
Contig1085 Polo-like kinase homolog (SE7°) 40

AF091509 [ 85]  swathmin-like protein (0.0) 40
Contigl636 Cytoplasmic aspartate aminotransferase (2E-%%) 40

SCMSODM [ W8]  Exiracellular superoxide dismutase (0.0) 40

Contig4115 E Vesicular integral membrane protein Vip36 (7E %7) 40
Contig1015 Sterol O - acetyltransferase 1 (ACAT) (5E-27) 40
Contig5379 rjl Large neutral amino acid transporter small subunit 2 (4E-27) 40

Contig844 [T Limulus factor D (4E10) 40

SCMGLUPER [ %]  Glutathione peroxidase (0.0) 35

Contig948 [ ™| SmTYRI (tyrosinase 1) (0.0) 26
Contig1617 SmTYR2 (tyrosinase 2) (0.0) 35
Contig1475 [[&8]  UDP-GLCNAC:Alpha-6-D-mannoside 32

(A) beta-1, 2-N-acetylglucosaminyltransferase I (1E-%)

Contigd516 Echinonectin (SE-23) 35
Contig4386 ~ [WR|  Extensin class I (3E) 35
Contig5545 IE' Major tegumental antigen Sm15 (1E-) 28
Contigl384 EI Extracellular superoxide dismutase precursor (1E2%) 40

SCMCALPAIN Calpain (0.0) 29
AY033598.1 % High voltage-activated calcium channel beta subunit CavB1 29

Contig4341 LIM-domain protein LMP-1 (4E5) 29
SMUI9945  [Weews|  Actin 2 (0.0) 2
Contigl777 IEI Desmoyokin (1E5%) 28
Contig5696 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 (5E2%) 40
Contig6802 ~ [Wea==|  Collagen alpha I (XI) chain (3E1%) 35
Contig5158 E Low density lipoprotein-receptor related protein (2E-1%) 35

SCMGTPAL Glucose transporter protein-1 (0.0) 35

Contig2712 % Nidogen 1 (7E%) 29
Contig5526 [Mman]  Fibrillar collagen chain FAp] alpha (1.1E-73) 40

AF313910 E' Tegumental antigen (Sm8) mRNA, partial cds (0.0) 33

(B) Mg0214 o-tubulin (0.0) 26

Fig. 3. RT-PCR analysis confirmed gender-enriched DNA microarray data for all transcripts tested, illustrating a high correlation betwearegapatgsion

profiling and individual gene transcript abundance. One microgram of pooled (five experimental repBcatessoniotal RNA (DNase | treated (Ambion

Inc.)) was used in a RT reaction to prime cDNA synthesis as described in S&ctitmque identifier (Unique ID) and BLASTx NCBI nr protein database
annotation of amplified transcript, sequence of each PCR primer pair, cycle number, expected product size and annealing temperatures fat e@blAverifie

are listed in Table 2supplementary informatiorfA) RT-PCR confirmation of randomly selected female-enriched transcripts identified by DNA microarray
analysis. (B) RT-PCR confirmation of randomly selected male-enriched transcripts identified by DNA microarray analysis. Amplification ofveoastitut
tubulin served as an internal control for all PCR reactions. (*) indicates female-enriched expression of a glutathione peroxidase ortholog detdymined sole
by RT-PCR as oligonucleotides for SCMGPX1 deposited on DNA microarray were designed over intronic regidesofes two transcripts that did not

pass filtering criteria for differential expression in the dye-swap experiments. BLAS&tues for amplified gene products are given to indicate sequence
similarity.
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pressed, revealing a massive amount of new molecular dataman heart muscle, mediating directly Caignal transduc- e
Many positive controls confirmed the validity of these re- tion[56]. Itis possible then that high levels of SmGsiVand 11
sults, including the female-associated eggshell proteins, asAHNAK in the male may be instrumental in their increased:
previously demonstrated B. mansoni5] andS. japonicum sensitivity to PZQ observed when compared to females. N
cDNA [7] microarray experiments. merous other important Eabinding proteins (CaBP) were e
Investigating the putative function of many of these additionally identified as being male-associated, including
gender-associated transcripts has revealed a number of inealpain (calcium-activated neutral protease (CANB)Y)], e
teresting and previously unexplored patterns of expression.calmodulin[58], Sm20[59] and a ryanodine receptf80]. &~
Itis now clear that the vast majority of male-associated tran-  From the list of differentially expressed transcripts, fess
scripts are intimately involved in the structural organization males express a higher proportion of enzymes than do males.
of the parasitequpplementary informatigrwhich contrasts Included here as specifically female-associated is the ex-
directly with those transcripts highly expressed in the adult pression of two endoplasmic reticulum neutral lipid synthex
female, some having a presumed role in reproductive andsis enzymes acyl-CoA:diacylglycerol acyltransferadék@- e
egg-laying mechanisms. Structural elements expressed dif(DGAT2-ike) and acyl-CoA:cholesterol-acyltransferase-s
ferentially by the male include components of the muscular (ACAT1). ACAT covalently joins cholesterol and fatty acyl-ez«
system, tegumental proteins and the underlying cytoskele-CoA molecules to form cholesterol estfgé—63]and DGAT &2
ton. This apparent ‘division of labour’ between the genders catalyzes a similar reaction to generate triglycerides, using di-
[44,45]now has an extensive transcriptional basis. The male acylglycerol as the acyl group accepf64,65] Subsequent e
ensures the survival of the egg-laying female by providing sequence analysis and database queries identified a further
physical support and musculature to aid feedi®j, phys- two potential DGAT1 and DGAT2ike molecules irS. man- e
ical transportation within the vasculatuer] and potential soni RT-PCR analysis (in comparisondetubulin) revealed e
extracellular maturation factoj48,49] Thefemaleisthusal- a female-associated expression bias for each of these faur
lowed to concentrate energy expenditure on egg-production,genes (data not showr§. mansonis known to be unable to e
as reflected by the large number of transcripts involved in synthesize fatty acids and sterols de nf&@]. The specific e
reproduction and development. role of these enzymes in the female at this time is still us=
Differentially expressed transcripts of special interest clear, although the generation of triglyceride stores within the
were revealed in both genders (a number of which were sub-parasite is likely to represent a major function. Since schistes
sequently confirmed by RT-PCR analystsy. 3). Evidence somes do not generate energy/ATP throughpfexidation  esr
exists to the importance of regulated intracellular calcium of fatty acids[67] (despite much of the enzymatic capacityss
levels to parasitism bys. mansoniCa* signalling is ab- for this being encoded within the genome, data not showss,
solutely required for muscular contraction (important more the parasites may use neutral lipids as stores to guard agadast
so in the male given their extensive muscular scaffold and high intracellular (toxic) levels of free fatty acids and choles=
infrastructure). Multiple voltage-gated €achannels have  terol. In addition, the adult female may utilize neutral lipids:

been identified within schistosomes, including bathand during egg production. 643
B-subunits ofS. manson{andsS. japonicu[50,51] Here, Concomitant with the egg-laying process, the female coa-
microarray analysis showed the expression of Smglaid sumes a large excess of red blood cells in comparisonsto

be significantly greater in the male than the female (in di- the malg68]. The female therefore requires the by-products
rect contrast to SmCa2, which appears to be similarly of haemoglobin digestion to be metabolized, eliminated a4
expressed between the two genders). Although in one dyestored to reduce direct toxicity and lipid peroxidation. Thes
combination, SmCap¥1 did not demonstrate a significantly high expression of the enzymes superoxide dismutase andas-
strong male association, RT-PCR analysis of this transcript partate aminotransferase, together with the previously known
(Fig. 3 confirmed the original microarray results and sug- female-associated cathepsins and aspartic protfg@end e
gested that dye-swap experiments can be influenced at multiferritin-1 (stores F&" in non-toxic form)[35] in the female, s
ple levels and should be interpreted with caution. Praziquan-as shown by both DNA microarray analysis and RT-PCR;
tel (PZQ), the current drug of choice for the treatment of suggests these enzymes may share a functional role in this
schistosomiasis, is believed to instigate disruption of'Ca  process. 655
homeostasis within the parasite, although the exact mecha- The DNA microarray analysis described in this study ang
nism is unknowrj52,53] It has become clear in recent years combined with previous studids,7] revealed a far greater es-
that female parasites are much less sensitive to the action ohumber of transcripts displaying female-associated expres-
PZQ than malefb4], the SmCa¥¢ 1 subunit being intimately  sion than male. This may be directly indicative of the enss
involved inthe conference of sensitivi89]. Moreover, these  hanced metabolic requirements of extensive egg-producties,
DNA microarray results also revealed a male-associated ex-but in addition, may also reflect the presence of actual egg
pression of desmoyokin (AHNAK proteifb5]). Although transcripts within the female sample pool. Current investis
AHNAK may possess multiple functions within a cell, it has gations utilizing this oligonucleotide microarray to longitusss
been shown to interact specifically with tBesubunits (1, 2 dinally analyze the development of the parasite within the
and 2a) of the L-type G4 channel and witlF-actin of hu- host will identify such transcripts and enable a more detailed
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analysis of the transition between female and egg as well as  ing the expressed sequence tag approach. Mol Biochem Parasitol
subsequent maturation throughout the lifecycle. It is impor- 1999;103(1):79-97. _ 715
tant and timely to note here that numerous transcripts were [ Bahl A, Brunk B, Crabtree J, et al. PlasmoDB: tRtasmodium 71
additionally analvzed at the protein/enzvme activity level genome resource. A database integrating experimental and compu-
y . y ,p . y . Yy ' tational data. Nucleic Acids Res 2003;31(1):212-5. 718

All enzyme activities tested, 'nC|Ud”f‘9 tyrosmase and aspar- [3] Merrick JM, Osman A, Tsai J, et al. Ttechistosoma mansogene 710
tate aminotransferase correlated directly with the predicted index: gene discovery and biology by reconstruction and analysis @b
pattern of mRNA transcript expression (data not shown). expressed gene sequences. J Parasitol 2003;89(2):261-9. 721
This study suggests that the design and use of an oligonu- [4] Hayward RE, Derisi JL, Alfadhli S, et al. Shotgun DNA microarraysz2
cleotide microarray to profile tHe. mansortranscriptome. is and stage-specific gene expressiorSrhistosoma mansomalaria. 723
: ytoprofie tre. P 1S Mol Microbiol 2000:35(1):6-14. 72

t?Oth af_ea5|b|e and an efficient strgteg_y to €xamine transprlp- [5] Hoffmann KF, Johnston DA, Dunne DW. Identification 8thisto- 725
tional differences between parasite life-stages, time-points, soma mansonjender-associated gene transcripts by cDNA microarss
drug challenges and physiological conditions, for example. ray profiling. Genome Biol 2002;3(8):RESEARCH0041. 721
This oligonucleotide DNA microarray is presently being em- [6] Singh U, Brewer JL, Boothroyd JC. Genetic analysis of tachyzoites
| d by other laboratori int ted in diff t t to bradyzoite differentiation mutants Bchistosoma mansoreveals 729
ploye ) y other a oratories Ir_1 ereg ,e m_ .I erent aspects a hierarchy of gene induction. Mol Microbiol 2002;44(3):721-33. 730
of 5?h|5t050me biology and will facilitate j(_)lnt and_CQ”ab' [7] Fitzpatrick JM, Johansen MV, Johnston DA, Dunne DW, Hoffmanns:
orative efforts towards a better understanding of this impor- KF. Gender-associated gene expression in two related strains ref
tant pathogen. Future investigations into individual functions, Schistosoma mansori¥ol Biochem Parasitol 2004;136(2):191-209.733
specifics and potential interactions of these newly-defined [8] Gardner MJ, Hall N, Fung E, et al. Genome sequence of the hu

. . . man malaria parasit8chistosoma mansorilature 2002;419(6906):
and potential fundamentally-important genes will further de- o' 017 " (6906) i

fine their differential role(s) in the conjugal biology of schis- (9] verjovski-Almeida S, DeMarco R, Martins EA, et al. Transcriptomess
tosomes (several of these functional studies are currently on-  analysis of the acoelomate human paraSithistosoma mansoriat 738

going). Highlighting the potential functional properties of Genet 2003;35(2):148-57. _ _ o
unknown genes, by virtue of their expression profiles, has [10] Hu W, Yan Q, Shen DK, et al. Evolutionary and biomedical im=40

. S plications of aSchistosoma mansonomplementary DNA resource. 741
provided priorities and avenues for further research. Whole Nat Genet 2003:35(2):139-47. o

genome sequence annotation, in conjunction with further [11] Hughes TR, Mao M, Jones AR, et al. Expression profiling usings
DNA microarray analyses, along with other techniques, such microarrays fabricated by an ink-jet oligonucleotide synthesizer. Nat
as signal-sequence trff], RNAI [71,72] proteomicg73] Biotechnol 2001;19(4):342—7. 745
and investigations of large-scale protein—protein interactions[lz] Smithers SR, Terry RJ. The infection of laboratory hosts with cerss

74 id ts to d ticallv i th t cariae ofSchistosoma mansoand the recovery of the adult worms. 747
[74] provides prospects to dramatically improve the curren Parasitology 1965;55(4):695-700. a8

understanding of the molecular basis of pathogenicity and [13] Huang X, Madan A. CAP3: a DNA sequence assembly programs
pathology by this complex and important major parasite of Genome Res 1999;9(9):868-77. 750
humans. [14] Liang F, Holt I, Pertea G, et al. An optimized protocol for analysiss:
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