
Molecular & Biochemical Parasitology 142 (2005) 184–192

Insights into theP. y. yoelii hepatic stage transcriptome reveal
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Abstract

During their complex life cycle, malaria parasites adopt morphologically, biochemically and immunologically distinct forms. Th
hepatic form is the least known, yet of established value in the induction of sterile immunity and as a target for chemoprophylax
Plasmodium yoeliias a model we present here a novel approach to the elucidation of the transcriptome of this poorly studied stage.
fromPlasmodiumwere obtained in 388 of the 3533 inserts (11%) isolated from liver stages cDNA obtained from optimized cultures w
yields. These corresponded to a total of 88 putativeP. yoeliigenes. The majority of the transcribed genes identified, code for predicted pr
of as yet unknown function. The RT-PCR analysis carried out for 29 of these genes, confirmed expression at the hepatic stage a
evidence for complex patterns of genes transcription in the distinct stages found in the mosquito and vertebrate host. The results d
the efficacy of the approach that can now be applied to further detailed analysis of the hepatic stage transcriptome ofPlasmodium.
© 2005 Published by Elsevier B.V.
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1. Introduction

The unicellular malaria parasites shuttle between
mosquito and the vertebrate hosts, adopting morphologi
and biochemically distinct forms, implying complex regu
tion of the predicted 6000 genes to adapt to very distinct e
ronments. Indeed, from a morphological and biological p
of view, there are major differences between the gamete
1 Anne Charlotte Gr̈uner and St́ephanie Hez-Deroubaix are equal first
authors.
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oocysts and sporozoites of the sexual cycle in the mosquito,
or between these stages and the two distinct asexual rapidly
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dividing forms occurring first in the hepatocyte and the
after in the red blood cell of the vertebrate. There are w
differences in parasite numbers depending on the stage
least numerous being the hepatic forms, which might exp
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A.C. Grüner et al. / Molecular & Biochemical Parasitology 142 (2005) 184–192 185

why they remained little studied for so long. Despite their
scarcity, the characteristics of the intra-hepatic transcription
are of considerable value from (a) a fundamental biological
point of view, for e.g., the intriguing chronobiology of the
dormant forms, (b) a malaria control point of view since it is
the only stage against which sterile immunity can be induced
in humans[1–4], and (c) a therapeutic point of view, as it is
biochemically distinct from other stages rich in unique path-
ways that constitute ideal prophylactic targets as it precedes
the pathogenic phase. Therefore, the elucidation of the pat-
tern of gene expression during these hepatic stages is of con-
siderable fundamental and practical value. Molecular studies
of liver stages, however, have been difficult to undertake as
severe technical and methodological limitations restricted ac-
cess to the material[3].

In the present work we elaborated a strategy for the analy-
sis of the hepatic stage transcriptome by capitalizing on four
recent breakthroughs: the availability of the genome sequence
of severalPlasmodiumspecies, that of the mouse genome,
progress in high throughput sequencing, and the develop-
ment of improved culture conditions of liver stages that lead
to markedly higher rates of infection of hepatocytes. We se-
lectedP. yoelii as a model to examine the feasibility and
the output of this approach, because this species is the most
widely employed for vaccine and drug development in pre-
clinical models and the life cycle can be easily handled in the
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medium (Gibco, Life Technologies, France) supplemented
with dexamethasone (10−7 M) were added per well 24 h af-
ter cell plating. Infected hepatocyte cultures were centrifuged
as described previously[7] and incubated at 37◦C in 5%
CO2 atmosphere for 3 h. The medium was carefully removed
and 300�l of supplemented William’s with 3.5 g/l glucose
was added to each well. Cultures were incubated at 37◦C
in 5% CO2 atmosphere and the medium changed daily. The
growth of liver stages was monitored under a phase-contrast
inverted microscope. Cells were harvested 48 h after infection
only from a selected culture where the prevalence of high-
infected hepatocytes was high (≥3%) and the parasitized cells
were homogeneously 40–50�m in size, and kept at−80◦C
in RNA Later Buffer (Qiagen, Germany). Two control wells
per slide were used to enumerate liver stage parasites us-
ing FITC-labelled anti-HSP70 antibody[8], and the residual
sporozoites using FITC-labelled anti CS mAb NYS1. All
experiments and procedures performed using animals con-
formed to the French Ministry of Agriculture Regulations
for Animal Experimentation (1987).

2.2. RNA purification

Messenger RNA was purified fromP. yoelii yoeliiclone
1.1-infected primary mouse (C57Bl/6) hepatocyte cultures
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v
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aboratory. The first results presented here, demonstra
alidity of the approach.

. Materials and methods

.1. P. y. yoelii hepatic stage culture

Inbred 6–8 weeks female C57BL/6 (H-2b) mice (Charle
iver, France) were housed and used with approval from
asteur Animal Welfare Committee. Hepatocytes were
ared by perfusion of mice liver following a two-step en
atic protocol[5], with carefully pre-selected Collagena
batches in a CaCl2 buffer and purified on a 60% Perc

radient at 2000 rpm for 2 min. Preparations with viability
ermined by blue trypan exclusion >90%, were suspend

illiams medium E (Gibco, Life Technologies, France) s
lemented with 0.2% BSA (Sigma–Aldrich, France), 1

oetal calf serum, 1% penicillin–streptomycin (Gibco, L
echnologies, France), 1% spite (Sigma–Aldrich, Fran
nd 1% l-glutamine. Cells were then seeded at a d
ity of 7× 104 per well, in 8-chamber LabTEK perman
lides (Nalge Nunc International, Naperville, Ill.). Spo
oites were obtained by dissection following Ozaki Met
6] from P. y. yoeliiclone 1.1-infectedAnopheles stephen
14 days post-gametocyte infection), and kept in Willia
edium supplemented with 10% foetal calf serum and
enicillin–streptomycin, at 4◦C until use. Only batches wi
15,000/20,000 sporozoites per mosquito were emplo
ifty thousand sporozoites in a volume of 200�l William’s
eeded in seven 8-well LabTEK culture plates. The cult
ere harvested at 48 h post-sporozoites addition, whe
arasites were at sub-mature schizont stage (Fig. 1). In the
reparation selected, each well contained 70,000 hepato

ig. 1. Plasmodium yoeliiliver stages employed in this study. IFAT of liv
tages in primary hepatocytes culture, performed with antibodies dir
gainstPlasmodiumHSP70-2, showing the high proportion of parasites
ere highly homogeneous in size and close to full maturation though st
eloping. Panel A: magnification 40×. Panel B: magnification 100×. Scale
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of which ca. 2500 were infected, i.e. the proportion of in-
fected hepatocytes was 3.1%, and the rate of transformation
of sporozoite into LS was ca. 5%. Thus the mRNA was puri-
fied from a total of 3.2 million hepatocytes of which 115,000
harbouredP. y. yoeliiinfected hepatocytes.

Purification of the PolyA+ RNA was carried out using the
Micro Fast Track 2.0 Kit (Invitrogen, The Netherlands). The
purified RNA was treated with RNase-free DNase I (Amer-
sham, United Kingdom) in the presence of Rnasin (Promega,
USA), before recovery by acid phenol extraction, and pre-
cipitation in isopropanol. The pellet obtained was washed in
70% Ethanol, dried and resuspended in 3�l of H2O. cDNA
synthesis was performed using the SMART cDNA Synthesis
kit (Clonetech, USA), following the manufacturer’s instruc-
tions. Second strand synthesis was performed using 1/10 of
the first strand cDNA, in a total volume of 100�l, with ei-
ther 24 or 27 cycles of amplification performed. The resulting
PCR products were purified by the Qiagen PCR purification
kit (Qiagen, Germany), and eluted in a total of 30�l. Of this
eluate, 4�l were used for cloning in the TOPO pCR®4 vector
(Invitrogen, The Netherlands), following the manufacturer’s
instructions. Top10 cells were transformed with 2�l of the
ligation mixture, and 20�l were plated on LB agar plates
supplemented with 100�g/ml of Ampicillin. The resulting
bacterial colonies were picked for plasmid purification and
sequencing, and stored at−80◦C in the presence of 15%
g
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ously the sense of transcription, especially when only a trun-
cated sequence at the end of the contig was available. We
have therefore arbitrarily assigned a “sense” (“s”) and “anti-
sense” (“as”) direction of transcription. The sequences for
the oligonucleotides used are provided inSupporting Infor-
mation, Table 2, where it is indicated which primers were
used for the “s” or “as” RT reaction, and which pairs were
used for the primary (1) or secondary (2) PCR reactions.

The reverse transcription step was performed in a total vol-
ume of 20�l with 1 �l of the purified total RNA, using the
Superscript II RTase enzyme (Invitrogen, The Netherlands),
according to the manufacturer’s instructions. In order to op-
timize the use of the material, 8–10 different oligonucleotide
primers were included in each reaction. Preliminary exper-
iments conducted using the blood stage parasite total RNA,
demonstrated that inclusion of multiple primers did not alter
the sensitivity of the detection (data not shown). The oligonu-
cleotides corresponding to the arbitrary “s” transcripts for
each gene were included in one RT reaction, whereas those
corresponding to the “a” transcripts were included in another
separate RT reaction.

The primary and secondary PCR amplifications were car-
ried out in a total volume of 20 and 30�l, respectively. For the
primary reaction 1�l of reverse transcribed total RNA was
used as template, and 1�l of the product of this reaction was
used as template for the secondary amplification reaction.
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Total RNA was extracted fromP. y. yoeliiclone 1.1 in

ected C57/Bl6 mouse liver 44 h following intra-venous
ection of 500,000 sporozoites, using RNeasy Mini Kit (
gen S.A., France) according to the manufacturer’s ins

ions. The proportion of infected hepatocytes was ca. 0.
nd liver schizonts were mature.

Total sporozoite RNA for use in the RT-PCR analy
as purified by the RNeasy Kit (Qiagen, Germany) fr
a. 200,000 midgut sporozoites, or 540,000 salivary g
porozoites dissected out ofP. y. yoeliiclone 1.1-infectedA.
tephensimosquitoes 7 and 14 days post-feeding on infe
ice, respectively. Total RNA from blood stageP. y. yoelii

lone 1.1 parasites (150�l of blood with 10% parasitaemi
as obtained in the same manner. All the purified RNA s
les were exhaustively treated with RNase-free DNase

ore phenol extraction and isopropanol precipitation be
esuspension in 20�l or 50�l of RNase-free water for spor
oites and blood stage parasites preparations, respecti

.3. RT-PCR assays

Three oligonucleotide primers were designed for eac
he 29 putative genes analyzed by RT-PCR, using th
uence obtained from theP. y. yoeliidatabase[9]. The two
uter primers were used separately for the RT step, an
air for the primary PCR amplification. The third inner prim
as used in combination with one of the two outer prim

or the semi-nested secondary amplification. For man
he putative genes it was not possible to deduce unam
ligonucleotide primers were each used at a final con
ration of 250 nM. The reaction mixture contained 10 m
ris–HCl, pH 8.3, 50 mM KCl, 125�M of each of the fou
NTPs, and 0.4 units of AmpliTaq polymerase (Perkin El
etus, USA). Diverse Mg2+ concentrations were used for t
arious reactions as indicated(Supporting Information, Tab
). The amplification reactions were carried out in a PTC-
hermocycler (M & J Research, USA) as follows: an ini
enaturation step at 95◦C for 5 min was followed by 25 (pr
ary reaction) or 30 cycles (secondary reaction) of anne
t 60◦C for 1 min, extension at 72◦C for 1 min, and denatur

ion at 94◦C for 30 s. After a final annealing step followed
min of extension, the reaction was stopped. The pres
f specific PCR products was established by electropho
n 3.0% MetaPhor agarose gels.

.4. Sequencing and bioinformatics

Plasmid DNA purification were performed with Monta
lasmid Miniprep96 Kit (Millipore, France) for one set o
lones, the sequencing reactions were performed, from 5′ end
f DNA plasmid, using ABI PRISM BigDye Terminator c
le sequencing ready reactions kit and run on a 3700 Ge
nalyzer (Applied Biosystems). The trace files were ba
alled using Phred[10]. Sequences not meeting product
uality criteria (at least 100 bases called with a quality
0) were discarded. A second set of clones was sequ
sing a T3 or T7 primer using ABI BigDye terminator k
nd run on ABI3730 DNA sequencing machines. The
uence was clipped for quality using Phred and vecto
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ing Cross Match (Phil Green, unpublished) and Svecclip
(Richard Mott, unpublished).

The sequences were searched against the mouse genome
using BLASTN. Sequences with >90% identity over >80%
of their length were considered to be of mouse origin. The
remaining sequences were searched against the genome se-
quences and predicted genes from all sequences fromPlas-
modiumspecies, includingP. berghei, P. chabaudi(Hall et
al. unpublished),P. falciparum[11] andP. y. yoelii[9], using
BLASTN and BLASTX (cutoff E values of 10−10 and 10−5,
respectively). Alignments to genomic sequence were manu-
ally inspected with respect to the overlaid annotation using
the Artemis genome browser[12].

3. Results

We opted to focus this first analysis on sub-mature divid-
ing schizonts.P. yoelii liver schizont maturation was contin-
uously monitored microscopically. Success of cultivation de-
pends on a number of difficult to standardise factors, amongst
which the quality of the hepatocytes preparation, the quality
of the mosquito colony and the infectivity of the sporozoites
are the most critical factors. Thus, from a series of cultures
performed on a weekly basis, we selected one batch where the
following criteria were met: high invasion rate, homogeneity
o ze of
i

g
1 total
n ytic
c st-
i of
t table
a af-
t The
c A
t er of
a of
1 onies
( as
t

59%
o 171
c etons
B s
r 89%)
w , 388
( l
g leton
t dun-
d ences
w that
w four
o , 449
a or the

54P. y. yoeliiclusters was also low (geometric mean of 3.2),
and these included only two that were assembled from more
than 10 sequences (22 and 155, respectively). These obser-
vations indicated that preferential amplification of a subset
of transcripts did not occur as a result of the amplification
step included for the construction of the cDNA library we
generated.

Of the 100 sequences (388 reads), 96 (384 reads) were
assigned through BLASTN analysis to a total of 88 different
contigs of theP. y. yoelii5X coverage database(Supporting
Information, Table 3). In five cases two distinct contigs
were found linked with a cDNA sequence overlapping their
ends. Alignment placed the cDNAs within or close to anno-
tated ORFs of >50 aa in 87 of the 96 distinct sequences,
identifying a total of 79 predicted genes. No ORFs were
predicted for the remaining nine, but the cDNA insert lay
close to the contig end in six of these, and the present
P. y. yoelii genome is known to be incompletely covered
[9]. All 100 sequences identified were also sought in the
P. y. yoelii EST database derived from sporozoites[14]
and that from blood stage parasites (both available through
http://www.tigr.org/tdb/tgi/pygi/). A total of 47 hits were ob-
tained, and these 13 were to sporozoite ESTs uniquely, 31
were to blood stage parasite ESTs uniquely, and three were
to both sets. The remaining 53 cDNA inserts were nega-
tive in these BLASTN analyses. Homologues of theP. y.
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ndividual schizonts (40–50�m) (Fig. 1).

PolyA+ RNA was purified from a culture containin
15,000 infected hepatocytes, representing 3% of the
umber of hepatocytes, which is high by pre-erythroc
ulture standards[13]. Harvesting was performed 48 h po

nfection with sporozoites. For this culture, hardly any
he 50,000 sporozoites added to each well were detec
t this time, as determined by microscopic observation

er staining with anti-CS antibodies (data not shown).
DNA library was derived from the whole batch of RN
hrough a PCR-based protocol. Using a moderate numb
mplification cycles to minimize bias, a potential library
,800,000 colonies could be generated, and 5952 col
62× 96-well plates) were picked for further analysis so
o assess the validity of the approach.

A total of 3533 meaningful sequences were obtained (
f the total), and these were then assembled to yield
lusters (representing 3363 sequences) and 169 singl
LASTN analysis against mouse andPlasmodiumgenome

evealed that although 3144 of the 3533 sequences (
ere of mouse origin (117 clusters and 122 singletons)

11%) were ascribed to theP. y. yoeliior other plasmodia
enomes (54 clusters and 46 singletons), with one sing

hat could not be ascribed to either organisms. The re
ancy for the 117 clusters corresponding to mouse sequ
as low (geometric mean of 5.8) and included 27 clusters
ere assembled from more than 10 sequences with only
f these comprising more than 100 members (112, 301
nd 1090 sequences, respectively). The redundancy f
.

oelii cDNA sequences were also sought in the genom
. bergheiand that ofP. falciparum. Hits againstP. berghe
NA or blood stage EST sequences were obtained fo
f the 100 sequences, while BLASTX hits against annot
. falciparumproteins were obtained for 44 of the 100
uences (Supporting InformationSupplementary data, Tab
3). These analyses confirmed that all 100 sequences
erived from aPlasmodiumgenome.

In order to confirm that the sequences identified wer
eed transcribed by the parasite, we selected 29 of the pu
enes for RT-PCR analysis, three of which had no assoc
redicted ORF. Eleven of these putative genes were id
ed with a singleton cDNA sequence, while the remain
ere represented by clusters with varying redundancies

urther wished to determine or confirm transcription of th
enes throughout the parasite life cycle. Thus, RT-PCR
sis was performed on total RNA purified from two ins
tages, midgut sporozoites (MgS) and salivary gland sp
oites (SgS); and from two mammalian stages, liver s
arasites both from cultures (LSc) and from an in vivo

ection (LSv), and blood stage parasites (BSt). Moreo
or each of the 29 identified sequences and for each
f RNA, the RT step was performed independently with
sense” (“s”) and the “anti-sense” (“a”) primers. Finally,
dopted a semi-nested PCR strategy where the sensitiv
etection was of the order of 100 target copies. The

ive quantity of the different RNA aliquots used in the ass
as ascertained by real-time quantitative PCR based o

ibosomal RNA genes[15]. Since we wished to determi
hether the putative genes were specifically transcribe

http://www.tigr.org/tdb/tgi/pygi/
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the pre-erythrocytic stages, the quantity of RNA included in
the RT reactions for the BSt was a 1000-fold larger than that
added for the other stages.

Evidence for transcription was obtained from RT-PCR
analysis for all the 29 putative genes tested, and transcrip-
tion patterns at the different stages were found to be com-
plex (Table 1). All 29 putative genes were found to be tran-
scribed in blood stage parasites, but only one of these (Table 1,
primers A16) was not found transcribed in one or more of the
other stages. Evidence of transcription at the hepatic stage
was obtained for 26 of the putative genes, of which seven
were not transcribed in the insect stages. Evidence for hep-
atocytes stage transcription was obtained for 25 of the pu-
tative genes using RNA purified from LSc, but only for 9
of these genes when the RNA used was purified from LSv.
For gene A03 (Table 1) evidence for hepatic stage transcrip-
tion was only obtained with the LSv RNA. Transcription in
sporozoites was detected for 21 of the putative genes that in-

cluded two for which no RT-PCR signal was obtained from
liver stage parasites. Transcripts from three of the 29 puta-
tive genes (Table 1, primers A12, A16 and A33) were not
detected in LS, either because these genes were transcribed
during a very narrow time frame (different batches were used
for the cDNA construction and RNA purification for RT-PCR
assays), or because the corresponding RNA was particularly
labile. These transcripts might also correspond to genes ex-
pressed by residual sporozoites at the time of harvesting,
though this is unlikely as very few such sporozoites were
present, furthermore no transcript was found in sporozoite
RNA for one of these three putative genes.

The 29 putative genes included five with hits to sporozoite
ESTs and 11 to blood stage ESTs, one to both and 12 to
neither. This was indeed confirmed for all except one of the
sporozoite-expressed genes. However, the RT-PCR analysis
revealed that nine of the 11 putative genes found in the blood
stage ESTs only, were also found transcribed in sporozoites,

Table 1
RT-PCR derived transcription patterns during the life cycle

O
i
o
c
s
fi
e
w

ligonucleotide primers (A numbers) were designed for each of 29 putative
n the library (Red.), and gene number in theP. y. yoelii1.1 data base are indicat
r anti-sense “a” (stippled cells) primers, prior to PCR amplification to detect
ycle: MgS, midgut sporozoites (light blue), SgS, salivary gland sporozoites
porozoite-infected mouse livers, LSv (pink for both types), and finally BST
lled cell (color-coded as above), and the letter within the cells denotes whet
vidence of splicing), for some both were observed (gs). For primers A23, s
ere shown to be derived fromAnopheles(grey cells).
genes for which the corresponding contig or singleton number, EST redundancy
ed. Independent RT reactions were performed using the sense “s” (filled cells)
the presence of transcripts in total RNA purified from different stages of the life
(dark blue), hepatic stages parasites obtained from in vitro cultures, LSc, or from
, blood stage parasites (red). Detection of an RT-PCR product is indicated by a
her the size of the product was as expected (g, genomic) smaller than expected (s,
equencing of the RT-PCR products amplified from the sporozoite RNA samples
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and four of the five solely found in the sporozoite ESTs were
also found transcribed in the hepatic and blood stages (Fig. 2).

Splicing was predicted to occur for 11 of the 79 predicted
genes identified by the cDNA inserts sequenced. Evidence
for splicing was obtained for four of these putative genes that
were included among those selected for RT-PCR analysis. Ev-
idence for splicing was obtained for further five genes from
the selection. Sequencing of the amplified products was car-
ried out for seven of these nine putative genes and confirmed
that the fragments did represent a spliced version of their re-
spective genomic DNA sequences. Evidence of splicing was
also obtained by RT-PCR for three genes where splicing was
not predicted. Finally, two of the three sequences for which
no ORF had been assigned were also found to be spliced,
highlighting that gene finder predictions are only indicative.

Two noteworthy features of the transcripts of the putative
genes were revealed by RT-PCR, where the RT step was un-
dertaken independently with “sense” and anti-sense” primers.
First, transcripts in both senses were observed for all 29 pu-
tative genes in the blood stage parasites, and for 14 of these
genes in the other parasite stages, namely sporozoite and hep-
atic parasites (Fig. 2). The fact that the quantity of RNA, as

ascertained by real-time quantitative PCR using the small
subunit RNA genes, used in each assay was 1000-fold higher
for the blood stages as compared to the other stages might
account for this observation. However, equivalent quantities
of RNA were used for the sporozoite and hepatic stage RT
reactions, thus the results for these assays were comparable.
When the data from the blood stages were excluded, it was
interesting to note that “s” and “a” transcripts were more of-
ten observed for MgS (9/13) than for SgS (3/13), and they
were detected for all the 13 putative genes using RNA from
LSc but for none from LSv (Fig. 2).

The number of annotated genes identified (79) through
this preliminary analysis of theP. y. yoeliihepatic stage tran-
scriptome, is too limited to allow meaningful comparison
with transcripts found in the more accessible parasite stages.
Nonetheless, when the possible function of these genes is
considered, half (39/79) represented hypothetical proteins,
and the remainder were either broadly involved in metabolism
(22/79) or in nucleic acid interactions (18/79). It is interest-
ing to note that the putative gene with the highest redun-
dancy in the cDNA sequences (155, accounting for 40% of
all the reads ofPlasmodiumorigin) was predicted to code

F
p
c
c
t
s
t
p

ig. 2. RT-PCR amplification performed on total RNA purified from different
rimer numbers are derived fromTable 1, and are indicated below each panel)
ycle, abbreviated as follows above the top panels: MgS, midgut sporozoite
ultures, LSc, or from sporozoite-infected mouse livers, LSv, and finally BST
he sense “s” or the “anti-sense” primer, or in the absence of the reverse tran
eparated by electrophoresis on 3% MetaPhor agarose gels, and visualized
he “no template” control for the PCR, lane “G” represents amplification from
urifiesAnopheles stephensigenomic DNA. Molecular weight markers “M”, con
parasite forms. RT-PCR results for 10 selected putative genes (corresponding
, obtained using total RNA purified from different stages of the parasite’s life
s, SgS, salivary gland sporozoites, hepatic stages parasites obtained from in vitro
, blood stage parasites. The initial RT reaction was performed in the presence of
scriptase “–”, as indicated above the corresponding lanes. Amplified products were
by UV-transillumination following ethidium bromide staining. Lane “N” represents
purifiedP. y. yoelii1.1 genomic DNA, and lane “A” represents amplification from
sisted of a 100 bp ladder, with the lowest band visible being 100 bp in size.
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for a translation-elongation factor (Supporting Information
Supplementary data, Table S3).

4. Discussion

In this work we demonstrate that the transcriptome of the
hepatic stages is accessible to classical genomic analysis de-
spite the difficulty to access large numbers of infected cells,
provided a large number of sequences are screened. We chose
P. y. yoelii, a rodent malaria parasite, as a model because it
is extensively used for fundamental and applied research,
because its genome is sufficiently characterized[9], and be-
cause a similar approach can be applied toP. falciparum. We
opted for in vitro cultured material, because it reduces the
number of contaminating host cells, large numbers of sporo-
zoites are brought into contact with a relatively small number
of hepatocytes, because hepatocytes do not replicate in vitro
whereas the parasites do so actively and finally because the
degree of parasite maturation can be continuously monitored
microscopically.

The efficiency of the approach was remarkably high in
that although ca. 3% of the hepatocytes were infected, 11%
of the cDNA clones corresponded toP. y. yoeliisequences.
There are three possible non-exclusive explanations under-
lying this observation. First selection of PolyA+ RNA might
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Analysis of the 388 reads unambiguously assigne
lasmodium, uncovered 88 putative genes in the transc

ome ofP. y. yoelii liver stage parasites. This number co
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ore accessible parasite stage, the sporozoite. Using a s

DNA library construction method from a starting materia
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. yoelii blood stage parasites, since these libraries did
omprise the amplification step included for the construc
f sporozoite and liver stage cDNA libraries.

The bioinformatics analyses, and the associated de
T-PCR assays conducted for 29 of the 88 putative g
ncovered a number of novel and unexpected features o
cription inPlasmodium. First, none were found to be tra
cribed solely in hepatic stage parasites, and transcrip
1 genes were detected in both insect and mammalian s
ully mature liver schizonts in vivo. We are currently und
aking more detailed analyses to confirm and better d
hese patterns of transcription. A functional significanc
nti-sense transcripts inPlasmodium, is still a matter for spec
lation, although recent studies showing RNA polyme

I is specifically associated with this transcription, and
he relative levers of these transcripts vary with diffe
enes[19] suggests that anti-sense transcripts might p
ole in the life cycle of the parasite. Further investigati
f transcriptional patterns in malaria parasites are cle
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Attempts to access the transcriptome of hepatic s
lasmodiumparasites have been recently initiated. A dif
ntial display approach was attempted forP. yoelii-infected
epatocytes[20], but the results obtained were disappoin

n that the five sequences identified were negative ag
lasmodiumgenomes by BLAST analyses, and one actu
orresponded to a mouse sequence. The potential of a s
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sufficient material, i.e. that had most likely neared their
full development. This clearly demonstrates that the two
approaches are complementary, and further indicates that
major switches in transcriptional patterns occur within
relatively short periods during hepatic stage development,
in a manner similar to that observed in blood stage parasites
[23]. Finally, in a very recently published study, transcripts
were obtained from sporozoites that have rounded-up in
axenic cultures[24]. Though cultured outside hepatocytes,
the forms obtained are reminiscent of early liver stage
trophozoites. This EST dataset, derived from the opposite
spectrum of hepatic stage development, was also compared
to our dataset. Only 15 of the 652 unique transcripts
identified in the axenic cultures were observed in our dataset.

The approach we have validated by the present work offers
advantages, over alternative strategies, that are of importance
for future investigations ofP. falciparumand further analysis
of P. yoelii. First, our strategy would allow access to all de-
velopmental stages of the complex liver schizogony, whereas
micro-dissection is mostly restricted to mature forms. Liver
forms at various steps of maturation are of fundamental
interest. They are of practical interest because they are both at
the origin of protective immunity[13,25]and the main target
of immune effectors[13]. Monitoring of the synchronous
cultures can lead to isolating parasites with a precise degree
of maturation. Second, parasite numbers accessible through
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, atdoi:10.1016/j.molbiopara.
2005.03.019.
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