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The malaria parasite sporozoite transmission stage develops and differentiates within parasite oocysts on
the Anopheles mosquito midgut. Successful inoculation of the parasite into a mammalian host is critically
dependent on the sporozoite’s ability to first infect the mosquito salivary glands. Remarkable changes in tissue
infection competence are observed as the sporozoites transit from the midgut oocysts to the salivary glands.
Our microarray analysis shows that compared to oocyst sporozoites, salivary gland sporozoites upregulate
expression of at least 124 unique genes. Conversely, oocyst sporozoites show upregulation of at least 47 genes
(upregulated in oocyst sporozoites [UOS genes]) before they infect the salivary glands. Targeted gene deletion
of UOS3, encoding a putative transmembrane protein with a thrombospondin repeat that localizes to the
sporozoite secretory organelles, rendered oocyst sporozoites unable to infect the mosquito salivary glands but
maintained the parasites’ liver infection competence. This phenotype demonstrates the significance of differ-
ential UOS expression. Thus, the UIS-UOS gene classification provides a framework to elucidate the infectivity
and transmission success of Plasmodium sporozoites on a whole-genome scale. Genes identified herein might
represent targets for vector-based transmission blocking strategies (UOS genes), as well as strategies that

prevent mammalian host infection (ULS genes).

As a vector-borne pathogen, the dispersal success of the
malaria parasite Plasmodium relies on its transmission by
anopheline mosquitoes. Plasmodium species have effectively
exploited the female mosquitoes’ need to feed on blood. In-
gestion of the parasite-infected blood is followed by fusion
between male and female gametes to produce a zygote, which
matures into an ookinete. The mobile ookinete penetrates the
mosquito midgut and then continues parasite development as
an oocyst. Oocysts are lodged between the mosquito midgut
epithelium and the basal lamina, which is exposed to the he-
molymph-filled mosquito body cavity (reviewed in reference
40). The mature oocyst produces thousands of oocyst sporo-
zoites. Oocyst sporozoites are released into the hemolymph, a
process that depends on at least one parasite protease (1) and
processing of the circumsporozoite (CS) protein (41). Sporo-
zoites become highly infectious and transmittable to the mam-
malian host only after they enter the mosquito’s salivary glands
(reviewed in reference 18). To achieve salivary gland infection,
sporozoites must first recognize and attach to the salivary
glands. Subsequently, they invade the salivary glands, traverse
the gland cells, and finally exit into the secretory cavity (28).
During their migration in the mosquito, sporozoites undergo
no apparent change in overall morphology. However, the
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sporozoites released from the oocyst exhibit specific infectivity
for the salivary glands but are virtually noninfectious for the
mammalian host at this point of development (37). Salivary
gland sporozoites gain significant infection capacity for the
mammalian liver, but in contrast, they loose infectivity for the
salivary glands (36, 37). During the bites of infected mosqui-
toes, only a few dozen to a few hundred sporozoites are inoc-
ulated into a new mammalian host (10, 14). This is sufficient to
ensure infection, because each of the highly infective salivary
gland-derived sporozoites can initiate development of an in-
trahepatic liver stage, which can produce more than 10,000 red
blood cell-infectious merozoite stages (4, 39). Over the last few
years, a better understanding of the sporozoites’ complex bi-
ology has been achieved and numerous studies have identified
proteins involved in various steps required for host infection
(reviewed in references 21 and 24).

Using the rodent malaria model parasite Plasmodium
berghei, we have previously employed suppression subtractive
hybridization (SSH) to identify transcripts that are upregulated
in salivary gland sporozoites but are not expressed in oocyst
sporozoites (22). This screen identified a set of 30 genes, called
UIS (upregulated in infectious sporozoites), that are induced
in sporozoites after their transition from the midgut oocysts to
the salivary glands. Subsequently, we demonstrated using gene
knockouts that two of these genes, UIS3 and UIS4, are indeed
not needed for sporozoite salivary gland infection but are crit-
ical for the parasites’ ability to successfully develop as liver
stages (26, 27, 33). Here, using a genome-wide expression
screen with the rodent malaria model Plasmodium yoelii, we
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show that sporozoites exhibit differential expression of a sig-
nificant part of their transcriptome. Intriguingly, in addition to
at least 124 genes that are upregulated in the salivary gland
sporozoites, we also found at least 47 genes that are specifically
upregulated before salivary gland infection (UOS genes: up-
regulated in oocyst sporozoites) but downregulated after sali-
vary gland infection. Deletion of one identified UOS gene,
UOS3, created mutant parasites that cannot infect the salivary
glands but retain liver infection capacity, thus demonstrating
the functional significance of UOS gene expression. The iden-
tification of comprehensive UIS and UOS gene sets provides a
basis to understand the complex processes of differential in-
fectivity control in sporozoites underlying mosquito salivary
gland infection and mammalian liver infection.

MATERIALS AND METHODS

Sporozoite preparation. P. yoelii (17XNL)-infected Anopheles stephensi mos-
quitoes were used to isolate sporozoites from midguts at day 10 (ooSpzs) and
from salivary glands (sgSpzs) at day 15 after an infectious blood meal. Only
mosquito cages having at least 70% of mosquitoes infected were kept for further
analysis. For microarray experiments, the average number of sporozoites in
midguts was 83,011 sporozoites/mosquito and that in salivary glands was 22,635
sporozoites/mosquito. The sporozoites were purified to remove contaminating
mosquito tissue over a DEAE cellulose column, resulting in two independent
biological replicates of 8 X 10° highly purified sporozoites for each population.
The isolation of hemolymph sporozoites was performed as described previously
(38).

RNA extraction and T7 RNA amplification. Total RNA of 0oSpzs and sgSpzs
was extracted using Trizol reagent (Invitrogen). All samples were digested with
DNase I (Invitrogen). The RNA was then subjected to two rounds of linear
amplification using the T7-based in vitro transcription system according to the
manufacturer’s protocol (Amino Allyl MessageAmp IT amplified RNA (aRNA)
amplification kit; Ambion). Quality and quantity of aRNA were examined with
a high-resolution electrophoresis system, the Agilent 2100 bioanalyzer (Agilent
Technologies, Palo Alto, CA).

Microarray construction. P. yoelii spotted microarrays were produced in the
Molecular Genomics Core Facility, Drexel University College of Medicine. Ar-
rays contained 65-mer oligonucleotides representing 6,700 open reading frames
predicted in the genome of P. yoelii (6).

Preparation of labeled aRNA and microarray hybridization. For microarray
hybridizations, 10 pg of aRNA was coupled with Cy3 or Cy5 (Amersham). The
procedure of dye coupling reaction and dye-labeled aRNA purification was
followed according to the manufacturer’s protocol (Amino Allyl MessageAmp IT
aRNA amplification kit). The labeled aRNA was fragmented with Ambion’s
RNA fragmentation reagents for this procedure. The amount of aRNA used for
hybridization was 5 pg per microarray. The differentially labeled RNA samples
were mixed with 1.6 pl of 5-pug/pl yeast tRNA, 16 pl of 10-ug/pl poly(A) RNA,
9 ul SSC (20X) (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.6 pl
sodium dodecyl phosphate (20%), and 1.2 wl HEPES (1 M). The hybridization
mix was kept at 95°C for 2 min, 42°C for 20 min, and 25°C for 5 min before being
added to the microarray. Samples were applied beneath coverslips onto microar-
ray slides. Dual hybridizations in duplicate with both orientations of dye incor-
poration (dye swaps) were performed in a 60°C water bath for 16 h under a lifter
coverslip (Fisher) in hybridization chambers (Corning). The end wells were filled
with 20 wl 3X SSC. Microarrays were removed from the hybridization chambers
and washed in 1X SSC plus 0. 1% sodium dodecyl phosphate for 2 min at room
temperature, 0.2X SSC for 2 min, 0.05X SSC twice for 1 min, and 0.01X SSC for
30 s. Slides were dried by centrifugation for 5 min at 60 X g.

Microarray data analysis. Following hybridization and washing, the slides
were scanned using a GenePix 4000A laser scanner and the array features (spots)
were quantified using the GenePix Pro software program (Axon Instruments
Inc.). Array data were analyzed using the R statistical language and environment
(http://www.r-project.org), specifically with the software packages from the Bio-
conductior Project (http://www.bioconductor.org/). To survey the total number
of genes detected in sporozoite populations, the feature intensities were first
locally background corrected and then divided by the median intensity of nega-
tive control spots of the same channels on the same array. The negative controls
were spotted with a single oligonucleotide of random sequence. The geometric
mean of ratios was calculated for each oligonucleotide signal in each sample
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across all replicates. To detect differentially expressed genes, data were back-
ground corrected and then normalized using the vsn software package, which
applies variance-stabilizing transformation (13). Differentially expressed genes
were then detected using the RankProd software package (12) at a false-discov-
ery rate of <5%.

Annotations. Protein domain annotations were done locally using Pfam (re-
lease 20) (3) using pfam_scan.pl (http://www.sanger.ac.uk/Users/sgj/code/pfam
/scripts/search/pfam_scan.pl). Signal peptides were predicted using the SignalP
3.0 server (5). Only open reading frames with a start codon were considered.
Transmembrane domains were predicted using the TMHMM server, v. 2.0 (20).
A gene was considered “hypothetical” if the keyword “hypothetical” appeared in
its description line. The Plasmodium falciparum orthologs were identified as
reciprocal BLAST best hits as described in detail by Tarun et al. (34). We
annotated P. yoelii genes using the gene ontology annotations on their P. falcip-
arum orthologs. P. falciparum gene ontology annotation was downloaded from
the Gene Ontology Consortium website (http://www.geneontology.org/).

qPCR. Amplified RNA from purified sgSpzs and ooSpzs (500 ng each) was
reversed transcribed with SuperScript II reverse transcriptase according to the
manufacturer’s protocol (Invitrogen). The resulting cDNA was diluted 1:5 with
nuclease-free water. PCR oligonucleotide primers were designed for six UIS
genes and for five UOS genes, using the Primer Express software program.
Quantitative real-time PCR (qPCR) amplification was done in an AB1 PRISM
7300 real-time PCR cycler (Applied Biosystems, Foster City, CA) using the
double-stranded DNA binding probe Sybr green I (Applied Biosystems). Reac-
tions were subjected to one cycle of 10 min at 95°C and 40 cycles of 15 s at 95°C,
1 min at 60°C. qPCR experiments were done in triplicate. The amplicon size for
all oligonucleotide primer pairs was kept at ~90 to 120 bp. PCR fragments were
cloned into plasmid pCR2.1 (Invitrogen). Each plasmid construct was used in a
10-fold dilution series (10 copies to 10° copies, each in triplicate) to determine a
standard curve. The standard curve plots the threshold value, defined as the cycle
number at which the reporter dye fluorescent intensity increases over the back-
ground level, over the plasmid copy number. The absolute transcript copy num-
ber for each gene is calculated based on the external standard curve. Transcript
levels were normalized to a selected gene (PY01511) that showed constitutive
expression in the two populations of sporozoites by microarray analysis. Se-
quences of the oligonucleotide primers used for qPCR experiments are shown in
Table 1.

Generation of transgenic parasites. The targeted deletion of UOS3 by gene
replacement was done as described in detail by Mikolajczak et al. (23). The
sequences of all test primers can be found in Table 1. For the generation of
UOS3 tagged with the Myc epitope (UOS3myc), we have introduced a quadruple
(4X) Myc tag sequence into the b3D.DTOH.OD vector (catalog no. MRA-80 in
the MR4-Malaria Research and Reference Reagent Resource Center; http:
/www.malaria.mr4.org) followed by the 3’ untranslated region of the Plasmo-
dium berghei dihydrofolate reductase gene. The C-terminal fragment of uos3 was
cloned into the plasmid in frame and adjacent to the Myc tag. The plasmid was
linearized with the BsaBI restriction enzyme, and the selection of transgenic
parasites was done as previously described (23). Primer sequences can be found
in Table 1.

Microscopy and indirect immunofluorescence assays. For visualization of
whole mosquitoes infected with the red fluorescent protein (RFP)-fluorescent
knockout parasites, as well as isolated midguts and salivary glands, a Nikon
Eclipse E600 microscope was used and images were processed with the Meta-
morph software program.

For the indirect immunofluorescence assays, midguts or hemolymph sporozo-
ites were fixed with 2% paraformaldehyde (Sigma), permeabilized with Triton
X-100 (0.1%), and incubated with specific antibodies for CS protein (9D3),
TRAP, or c-Myc (A-14; Santa Cruz Biotechnology). For fluorescent detection,
the secondary antibodies Alexa Fluor 488 and Alexa Fluor 594 (Invitrogen) were
used. The images were acquired using the Applied Precision DeltaVision RT
microscopy system and its deconvolution software.

RT-PCR analysis of P. falciparum. OoSpzs and sgSpzs were isolated from P.
falciparum-infected A. stephensi mosquitoes at days 10 and 15 postinfection,
respectively. Total RNA was extracted using Trizol reagent (Invitrogen). RNA
was treated with DNase I (Invitrogen). Oligonucleotide primer sequences used
in P. falciparum reverse transcriptase PCR (RT-PCR) are provided in Table 1.
PCR conditions used are as follows: 94°C for 5 min; 94°C for 30 s and 55°C for
30 s; 60°C for 30 s (30 cycles); and 60°C for 10 min.

Microarray data accession numbers. The microarray data reported in this
paper have been deposited in the Gene Expression Omnibus database (www
.ncbi.nlm.nih.gov/geo) under the following identifiers: GSM200758, GSM200759,
GSM200764, and GSM200765.
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TABLE 1. PCR oligonucleotide primer sequences

Function and primer

Sequence

Validation of P. yoelii UIS and UOS gene expression”
PY03047F

AACCACAGATGTAGACCAACCTGAT

PY03047R

PYO07608F

PYO07608R

PY03831F

PY03831R

PY02400F

PY02400R

PY00204F

PY00204R

PY03011F

GGGTTTGTAGCATTTGCTTCATT
TCCGAGGCCAATAAGTTATCAAA
GGATCTGCAAGGTTGTTATTAATGTAAT
GAAATAAGAACAGCAATGGAAAAGC
CGTCCTCATCAGTTCTTAGCATATG
CAAATGCATTAGATGAAGCTTGCT
TTGAGTTTCGACATCTTCAGTTTCTT
CTTGCTTGTATGCACCCTGAAG
GGTATGGATTTTCGACTGGGC
AACCTTTATTCCAATCATGTCTTCCT

PY03011R

PY02296F

TGCCTCAATTTTTCACATGCATAAT
ACGAAAACAATATAGAGAAACCCAAAC

PY02296R

ATTGCTATTTACCGAACTCTCTTTCTTT

PY04547F

ATGGAATGGTCCACAAGGTGTT

PY04547R

PY04986F

PY04986R

PYO07598F

PY07598R

PY03955F

PY03955R

PYO01511F

PYO01511R

Construction of uos3 knockout plasmid®
Pr.1

Pr.2

Pr.3
Pr.4

TGTAATAGCTCCATTTTGTGTTGCT
GGGTACATGTGATGCTGGCTATAA
CCGTGCAAGGTGGCAAA
CTAATCCACAAAATCCCAACCAA
TCGTTTGTTTCTTGAGTTTTGTCTTC
TTCTATTAACCAAGCAGAATGTGATCA
GACCAGTCACGAACAAATTGTCTT
TGCTTATTCATCATATCCTCATTCG
GTCTCGAGGGAAAAGAGAAGTTTTT

GGGATATCGCAATGTTAAACAAGCAATATGCTC
TTGCCCTCCTGCAGGTTCGTGGTCTACACTTGTAT
GTGGTTTACCTGCAGGAGGGCAATTTGTATCATATGACC
ATGCGGCCGCGCTGTATAGTTTTTTGAAAGTGGAG

UOSS3 test For

UOS3 test Rev

Test 1 For

Test 1 Rev

Test 2 For

Test 2 Rev

Vector test For

GGCAATGTTATTTCAGTTTC
TTGCAAAGTGATCCATGTGT
TTGTTACCCTTGTTCTATAATCCAC
GCAAGGCGATTAAGTTGGGT
GGCTACGTCCCGCACGGACGAATCCAGATGG
TGTACAGGTATACCTTCTTCTACTGTTTITAG
AGGGCAATTTGTATCATATGACC

Vector test Rev

CS For

GCAAGGCGATTAAGTTGGGT
AAGAAGTGTACCATTTTAGTTGTAGCGTCAC

CS Rev

Myc tagging of UOS3 C terminus?
UOS3 For

UOS3 Rev

UOS3 Test For

UOS3 Test Rev

Test 1 For

CACTACTGGTTGATTCAATTTATTTTGAGCCTC

GCCCGCGGTACACATGCAAAATAAAGCGGATA
GGACTAGTTGACCAATCATCATTAACGTAACT
GGCAATGTTATTTCAGTTTC
TTGCAAAGTGATCCATGTGT
ATTAAAGTGGAAAGAGATGC

Test 1 Rev

Test 2 For

Test 2 Rev

Evaluation of P. falciparum UIS and UOS gene expression®

falc_CSF
falc_CSR

GCAAGGCGATTAAGTTGGGT
GGCTACGTCCCGCACGGACGAATCCAGATGG
TGGGTTCGTTACATATTATT

CAGTGCTATGGAAGTTCGTCAAA
ATACCAATTTTCCTGTTTCCCATAAT

falc. TRAPF

falc_TRAPR

TTGTATGCTGATTCTGCATGGG
ACATGGAGACCATTCGTCCC

falc_UIS3F

AGAAGAACACAACAAAAGGAAGAAACTA

falc_UIS3R

falc_UIS4F
falc_UIS4R

falc_UIS28F

TCTTCTCGCGATTTTTTATATCCA
TATCTACTGCTGCTGTTGCTTTGG
CAGAGTCGGATCCATCATTCAC
ACCTACCGAACGTCGACGAA

falc_UIS28R

AAATCAGCTGCTTCCCAATTT

falc_UIS2F

falc_UIS2R

falc_PF14_0467F

falc_PF14_0467R
falc UOS3F

falc UOS3R

falc_PF14_0471F

falc_PF14_0471R

TGAAGTGTTCGTATCTCCTAATTGT
TGTCCGATATCTCCTAACATCATAAT
GCTTAGTCATTCCAATAGCTGTTCA
TAATTGGTTGTGCTATATTCTTTGATTGT
GATCGTGATGATCGTGCACTT
TGTTCGATGAGTTTATGTTGTTTATCT
TGATATGTACGAATCAAATGAGGATAGT
AACAGAAAATACGCGAAGATGTCT

falc_PFI1105wF
falc_PFI1105wR

falc_PFE0175cF

falc_PFE0175cR

GCAAAAGGTAGTATCGAATGTCTCA
TTCGTTTTTCTTATTTTGTTGTTCAAC
CAGGAAAAACAGAAGCATCCAA
CATTACCAAACGCCTCCAAT

““F” or “For” in designation indicates forward primer; “R” or “Rev” indicates reverse.

® Primers used to validate the expression patterns of selected P. yoelii ULS and UOS genes by quantitative real-time RT-PCR as shown in Fig. 2A.
¢ Primers used to produce the uos3 knockout plasmid in the b3D.DTOH.OD vector as shown in Fig. 3.

@ Primers used to insert coding for the UOS3 C terminus into the b3D.DTOH.CID (quadruple Myc) plasmid as shown in Fig. 7.

¢ Primers used to evaluate the expression patterns of selected P. falciparum UIS genes and UOS genes by RT-PCR as shown in Fig. 2A.
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RESULTS

Widespread differential gene expression in sporozoites. We
used an oligonucleotide microarray that was designed based on
the annotated open reading frames of P. yoelii to analyze gene
expression in two distinct sporozoite populations. The first
population (00Spzs) was isolated from the mosquito midgut
oocysts and represented fully mature sporozoites at day 10
after mosquito infection. The second sporozoite population
(sgSpzs) was isolated from the mosquito salivary glands at day
15 after infection. RNA was isolated from each purified sporo-
zoite population, amplified/labeled, and hybridized to the ar-
ray. To identify genes which are differentially expressed be-
tween ooSpzs and sgSpzs, we used a nonparametric method
based on the analysis of rank product (12). This procedure
performs well when only a small number of biological repli-
cates are available. The most strongly upregulated genes have
a rank of 1. For each gene, a rank product is calculated as the
product of the ranks of the gene in all replicates. Genes with
the smallest rank product values are considered the most sig-
nificant candidates for upregulated genes. A permutation-
based estimation procedure can be used to determine the sig-
nificance level of those rank products, that is, how likely it is to
observe a given rank product value or better in a random
experiment. Genes which were identified as differentially ex-
pressed between ooSpzs and sgSpzs at a false discovery rate of
<5% are shown in Fig. 1. One hundred twenty-four genes
showed significant upregulation in sgSpzs compared to expres-
sion in ooSpzs (Fig. 1A). We compared the set of 124 sgSpz
upregulated genes to a set of 30 P. berghei genes, which were
previously identified by subtractive cDNA hybridization (UIS
genes) (22). Strikingly, only 7 of the 124 genes classified as
upregulated by microarray analysis had been identified by the
subtractive hybridization screen (UISI, UIS2, UIS3, UIS4,
UIS7, UIS16, and UIS28). UIS3 and UIS4, which are among the
most highly ranked differentially expressed genes (Fig. 1A),
were indeed shown to have essential functions only in mam-
malian liver infection (26, 27). Therefore, we identified 117
novel candidate genes which may have roles in mammalian
host infection. Thirty-one of the UIS genes encode proteins
with putative signal peptides and/or transmembrane domains,
indicating that they might enter the sgSpz secretory pathway
and therefore might function in sporozoite-mammalian host
cell interactions. We also identified 47 genes, which exhibited
upregulation in ooSpzs (UOS) (Fig. 1B). Expression of UOS
genes is downregulated in sgSpzs. Fifteen UOS genes encode
proteins with putative signal peptides and/or transmembrane
domains. This indicates that the UOS proteins may enter the
0oSpz secretory pathway and that they might have a role in
sporozoite salivary gland infection but not in mammalian host
infection. In addition, a comparative analysis of our data and
recently published P. yoelii sporozoite microarray data from a
report on malaria parasite gene expression profiling by Zhou et
al. (42) indicated extensive concordance of differential sporo-
zoite gene expression. Out of 47 UOS genes identified by our
analysis, 44 genes had expression data in the data set of Zhou
et al. and 77% (34/44) of those UOS genes were upregulated in
the data set of Zhou et al.. Out of the 124 UIS genes identified
by our analysis, 82 genes had expression data according to
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Zhou et al. and 87% (71/82) of those genes were upregulated
in the data set of Zhou et al..

To further assess the validity of differential gene expression
data obtained for ooSpzs and sgSpzs, six UIS genes and five
UOS genes were selected and their differential transcript abun-
dance was assessed by qPCR (Fig. 2A). Expression levels were
normalized against a gene (PY01511) that showed constitutive
expression in 0oSpzs and sgSpzs in the microarray analysis
(data not shown). Normalized and absolute qPCR expression
data did not show significant deviations, indicating that the
00Spz RNA and sgSpz RNA template quantities were approx-
imately equivalent (data not shown). The qPCR results ob-
tained for the six UIS genes showed high transcript abundance
in sgSpzs, but transcripts were virtually undetectable in 0oSpzs
(Fig. 2A). The qPCR analysis of UOS genes revealed variable
degrees of transcript abundance among the genes (Fig. 2A).
The genes PY03955 and PY04986 exhibited an extreme down-
regulation of transcript abundance in sgSpzs. However, tran-
scripts for the genes PY07598, PY02296, and PY04547 were
still detected in sgSpzs, albeit at much lower level than that in
ooSpzs. Together, the qPCR data obtained for 11 differentially
expressed genes are in agreement with data obtained by mi-
croarray hybridizations.

Differential sporozoite gene expression in P. falciparum. We
next investigated if differential sporozoite gene expression also
occurs in the human malaria parasite P. falciparum. Eleven
gene orthologs, PfCS, PfTRAP, PfUIS3, PfUIS4, PfUIS2S,
PfUIS2, PF14_0467 (PY05966 ortholog), PfUOS3, PF14_0471
(PY007598 ortholog), PFI1105w (PY04547 ortholog), and
PFEO0175¢ (PY00345 ortholog), were selected for RT-PCR
analysis of ooSpz and sgSpz RNA (Fig. 2B). Constitutively
expressed CS and TRAP were tested as a control and indeed
showed similar expression in ooSpzs and sgSpzs. PfUIS3,
PfUIS4, PfUIS28, PfUIS2, and PF14_0467 showed preferential
expression in sgSpzs, and PfUOS3, PF14_0471, PF11105w, and
PFEO0175¢ showed significant downregulation in sgSpzs. Thus,
the observed sporozoite transcript abundance patterns of the
tested P. falciparum genes are similar to those observed for the
respective P. yoelii orthologs, establishing that differential gene
expression also occurs in P. falciparum sporozoites.

UOS3 is essential for salivary gland invasion. One UOS
gene, UOS3 (PY04986), exhibited significant differential ex-
pression in sporozoites. UOS3 expression is high in ooSpzs
(Fig. 2A) but low in sgSpzs, which suggests a role of this gene
in salivary gland infection. The gene was previously identified
as a pre-erythrocytic stage-specific gene in an SSH screen of P.
yoelii sgSpzs versus blood-stage merozoites (designated S6
[sporozoite-specific gene 6]) (15). UOS3 encoded a 2,690-amino-
acid protein with a 47-amino-acid TRAP-type cytoplasmic
domain (15, 16). Interestingly, a close evaluation of the N-
terminal domain of UOS3 also revealed a partially conserved
thrombospondin repeat (TSR) domain containing an N-termi-
nal '"7WSXW!' tetrapeptide and a C-terminal cluster of pos-
itively charged residues ("’ RQRRK'*"). The key residues are
well conserved between P. yoelli UOS3 and its P. falciparum
ortholog (data not shown). Based on its predicted structure
and the observed expression profile, we postulated that UOS3
is involved in salivary gland infection. To test this, we deleted
the gene by double-crossover homologous recombination (Fig.
3). Two clonal lines of knockout parasites were isolated from
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UIS genes

R1 RI’R2 R2’ M PyID gene Pfon SP | ™™ PlasmoDB description
PY00204* uis4 PF10_0164 yes yes hypothetical protein
PY03831* yes no h¥pothet|cal protein
PY07137 uis28 PF14_0250 no no Streptococcus pyogenes AMV156, i
PY03011* uIS3 PF13-0012 yes yes early transcribed membrane protein family
PY03829 no no ypothetical protein
PY02405 uIs7 yes yes ypothetical protein
PY03047* S12 yes no ypothetical protein
PY02432 no no ypothetical protein. .
PY02400* PFA0520¢c no no d-40 repeat protein msi1
PY07608* yes no hypothetical protein
PY05966 PF14_0467 yes no hypothetical protein
PY06500 no no ypothetical protein
PY06828 no no hypothetical protein
PY02078 PF10_0290 no no hypothetical protein
PY06764 S11 PF14_0044 yes no ypothetical protein .
PY03694 PFF0745¢ no yes 'ﬁ\lE—lgke protein, putative" X .
PY01499 PFF0800w yes yes "von Willebrand factor type A domain, putative"
PY06158 PF08_0054 no no heat shock protein 70
PY00986 PFL2750c no no hypothetical protein
PY01504 no no hsﬁothetlcal protein "
PY02017 PFL0665¢ no no "DNA-directed RNA polymerases i, ii, and iii
PY05176 PF11_0401 no no erythrocyte membrane protein pfemp3
PY05518 PF14-0571 yes no hypothetical protein )
PY01636 PFE0810 no no "ribosomal protein S11, putative”
PY03107 PF13_0053 no no acuolar membrane protein pep3
PY02890 MALT3P1.248 no yes ypothetical protein
PY03183 PFE0615w no no ypothetical protein
PY01234 PF13_0235 no yes ypothetical protein
PY04534 no no ypothetical protein
PY07201 no no ypothetical protein
05081 no no ypothetical protein
PY05526 PFF0205w no no ypothetical protein
PY00453 yes no ypothetical Eroteln .
PY05083 PF14_0707 no no 'znc fln?er 2H2 type, putative"
PY00509 PFL1695¢ no no hypothetical protein
PY06048 uist no no prothetlcal protein
PY04369 PFD0825¢ no no NA binding protein PufA
PY04142 PF14_0585 no no Ribosomal protein S28e
PY05077 PFF0840w no no hypothetical protein
PY06766 PF10_0112 yes no hypothetical protein
PY06904 PFBOT161c no no hypothetical protein
PY04507 PFECO0535w no no ribosomal protein L24
PY01275 PFL2090c no yes nuclear protein snf7
PY06876 PF08 0101 no no %pothe ical protein
PY01341 PFDO0210c yes no 536 .
PY05500 PF11_0435 no yes erythrocyte membrane protein pfemp3
PY00477 PF13-0081 no no ypothefical protein
PY05265 no no ypothetical protein
PY03270 no yes ypothetical protein
026 no no ypothetical protein
PY07307 MAL13P1.212 no no ypothetical protein
PY01635 no no 40s ribosomal protein s14 (fragment).
PY05213 no no ypothetical protein
PY04676 PF11_0199 no no ypothetical protein
PYQ7472 no no ypothetical protein
PY05047 no no ypothetical protein
PY04691 PF07_0042 no no RO7-2 protein .
PY04404 uis2 PF14-0614 yes no "Ser/Thr protein phosphatase, putative"
PY05142 PF14 0240 no no "Ribosomal protein L21e, putative”
PY07464 PFD0930w yes no hypothetical protein
900.m00052 PFC0205¢ no no predicted protein .
PY0604 PFL0O290w no no erythrocyte membrane protein pfemp3
PY07203 PF11_0399 no no y othefical protein
PY01152 PFI0T90w no no ibosomal protein L32
PY03971 PFLO585w no yes Unknown protein
PY05036 no no hypothetical protein
PY01503 MAL13P1.182 no yes hypothetical protein
PY02741 PF11_0291 no no hypothetical protein .
058 no no mature parasite—infected erythrocyte surface antigen
PY02786 PFE1465w no no hypothetical protein
PY05715 PF14_0201 no no "PRY protein, putative"
PY01125 PFB0255w no no hypothetical protein
PY03878 PFI1255w no no hypothetical protein
PY05564 PF11_0139 no no protein tyrosine phosphatase .
PY04485 PF14-0610 no no 'Zinc finger C-x8-C-x5-C-x3-H type, putative”
PY05205 no no hypothetical protein
PY06099 PF11660w no no hypothetical protein
PY07440 PF10_0148 no no hypothetical protein .
PY02872 PF11-0421 no no erythrocyte membrane protein pfemp3
PY05970 PFB0800C no no hgpmhe cal protein .
PY02016 PFLO660W no no "dynein light chain 1, cytoplasmic"
PY02963 no no ypothetical protein
PY03210 no no hypothetical protein
PY01988 PF14_0481 no no hypothetical protein
PY05512 PF10_0280 no no hypothetical protein
PY05339 PFI10935w no no ypothetical protein
PY01210 no no hypothetical protein
PY00360 PFC1060c no no SART-1 family
PY03996 no no hypothetical protein
PY02275 PFLO750w no no hypothetical protein )
003 PFE0185¢ no no "Ribosomal protein L31e, putative”
PY03834 uisie PF10_0268 no no "AhpC/TSA tamily, putative”
PY01033 no no hypothetical protéin
PY05332 PF10955w yes no Bypothet cal protein
PY06009 PFL2125¢ no no Jrosophila melanogaster LD30622p-related
PY04641 PFF1325¢ no yes similar to CG8974 gene product-related
PY01819 no no ypothetical protein
PY00182 no no ypothetical protein
PY00510 no yes ypothetical protein
PY04834 PFAQ180w yes no ypothetical protein
PY06380 PFC0886w no no ypothetical protein
PY03175 PFI11490c no no ypothetical protein
PY02822 no no ypothetical protein
PY05979 PF10_0310 no no ypothetical protein
PY03337 no no ubiquitin
PY07468 PFL0705¢ no no Adrenodoxin precursor
PY05430 PF14_0038 no no cytochromec
PY07743 no no hypothetical protein
PY02477 PF14_0360 no no unknown protein
PY06882 PF14 0377 no no hypothetical grotein
PY04051 PFE0925¢ no no ] snRNP 100 kD protein
Y068 PFE1230c no yes ypothetical protein
PY01413 yes no ypothetical protein
PY06553 MAL13P1.84 no no ypothetical protein
PY01462 PFF1050w no no 'égdzp, putative”
PY00752 no no ypothetical protein
PY04278 yes no ypothetical protein
bYoseze prraosss | 15 | i | ieoinete: __ Tamm——
PY01270 PF14-0279 no yes hypothetical protein .
PY02029 PFE0330w no no ypothetical protein = -2 o 2
039! no no ypothetical protein Value
PY04036 PFE0495w no no ypothetical protein
PY02616 PFO7_0054 no no histone H2B variant 1
PY04392 PFF0500c no no Arabidopsis thaliana F1E22.4-related
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B UOS genes
R1 RI’R2 R2’ M PylD | gene Pf, SP | ™™ PlasmoDB description
PY01 277 PFL2080c no no hypothetical protein
PY02296 PF10_0231 no no hgpoﬁetlcal protein
PY04986* uoSs3 PF1470404 no yes 250-270 copies of a 13 AA repeat, NSSTPITSSSIL
PY03084 PF10 0146 no no hypothetical protein
PY06527 PFB0815w no no calcium-dept. protein kinase
PY07297 no no Cytochrome ¢ oxidase subunit |1l
PY07598* PF14_047 no no homeobox—containing protein )
PY02340 MALT3P1.278 no no chloroquine resistance marker protein
PY05783 PF10_025 yes no hypothetical protein
PY00345 PFEOT75¢ no no unconventional myosin PfM-B-related
PY00689 PF14_0271 no no AAT-box DNA binding protein subunit B
PY04547* PFI1105w no no ?hosphoglycerate kinase
PY01708 PFC0515¢ no no PR Domain, putative
PY07154 PF10_0154 no no ribonucleotide reductase, putative
PY06948 PFE1745w no no erythrocyte membrane protein pfemp3
PY03074 MAL8P1.62 no no hypothefical protein
PY03955* PFC0390w no no hypothetical protein
PY00409 PFL2225w no no myosin A tail domain interacting protein MTIP
PY00136 MAL7P1.25 no no ypothetical protein
PY00324 no no ypothetical protein
PY02641 no no ypothetical protein
PY00447 no no répeat organellar protein-related
PY07447 no no erythrocyte membrane protein pfemp3
PY01721 PFF0275¢ no no ypothefical protein
PY04263 no no ypothetical protein
PY00719 no no ypothetical protein
PY01746 PF11_0112 no no vacuolar protein sorting 35-related
PY00627 PFF0280w no no hypothetical protein
PY01942 PF13_0114 no no hypothetical protein
PY05024 PF14-0405 no no hypothetical protein
PY02671 no yes putative yir3 protein
064 no no hypothetical protein
PY06816 PFD0900wW no no hypothetical protein
PY00018 PF14_0222 no no ankyrin L
PY06395 no yes CCAAT-box DNA binding protein subunit B
PY06759 no yes hypothetical protein
PY02246 yes no hypothetical protein
PY05000 PF10880c yes no hypothetical ?roteln
PY03253 PFE0475w no no asparaginyl-tRNA synthetase
PY02371 yes no hypothetical protein
PY00328 no yes putative gqr1 protein
PY03385 no yes putative bir1 protein _
PY03196 no yes putative bir1 protein
PY07632 no yes putative yir3 protein - —z o z a
PY00177 no yes putative yir4 protein Value
PY07028 no yes putative yir3 protein
PY06999 no yes putative yir3 protein

FIG. 1. Heat map of genes differentially expressed between sgSpzs and ooSpzs. A set of 124 upregulated genes (A) was identified when RNA
isolated from sgSpzs was compared to that from 0oSpzs (UIS genes). Forty-seven downregulated genes (B) were also identified in sgSpzs compared
with 0oSpzs (UOS genes). In each row, repeated measurements of the log, ratios of gene expression levels in sgSpzs to those in 0oSpzs
(sgSpz/ooSpz) for the same gene are shown. In each heat map, the replicated hybridizations are shown in the first four columns: two biological
replicates (R1 and R2) and dye swaps of each biological replicate (R1’ and R2"). The fifth column is the mean for four replicates. Differentially
expressed genes were selected using a rank-based algorithm with a false-discovery rate of <5%. The genes verified by qPCR are labeled with an
asterisk. Previously identified UIS and S genes are indicated; PyID, P. yoelii gene identifier; gene, common name; Pf, ., P. falciparum ortholog;

SP, signal peptide; TM, transmembrane domain.

the transfected and drug-selected parental population and
used in the subsequent experiments (Fig. 3). The gene deletion
strategy also introduced an RFP cassette into the knockout
parasite to create a uos3~ rfp line. This allowed for direct
visualization of the uos3™ parasites. uos3™ rfp parasites did not
exhibit any apparent defects in asexual blood-stage replication
(data not shown). In addition, the morphology of male and
female gametocytes in thin infected-blood smears and male
gamete exflagellation in wet mounts of infected blood were
indistinguishable from those of P. yoelii wild-type (WT) para-
sites (data not shown). Anopheles stephensi mosquitoes were
infected with of uos3™ rfp parasites by blood feeding on in-
fected mice. uos3~ rfp mosquito infections exhibited normal
oocyst development (Fig. 4A and B). Strikingly, however, at
day 12 postinfection, fluorescence microscopy observation de-
tected few sporozoites associated with the salivary glands of
uos3™ rfp parasite-infected mosquitoes (Fig. 4A and 5F to H).
In contrast, salivary glands were heavily infected with uis4~ rfp
sporozoites (Fig. 4B and 5C to E), as expected from previous
work that showed no defect in the salivary gland infection for
this knockout (23, 26, 33). Direct quantification of ooSpzs and
sgSpzs confirmed these observations (Fig. 6). Sporozoite num-
bers derived from the infected midguts at day 10 after the
infected-blood meal were similar between uos3 ™ rfp and uis4~
rfp parasites (Fig. 6). In contrast, salivary gland sporozoite

numbers for uos3™ rfp at day 14 after the infected meal were
dramatically reduced (~90% reduction) compared to uis4~ rfp
sporozoite numbers (Fig. 6). Fluorescence microscopy obser-
vation of uos3™ rfp parasite-infected salivary glands (Fig. 5F
to J) suggested that the sporozoites were mainly attached to
the glands but did not localize to the interior of the gland.
To test the hypothesis that uos3~ rfp sporozoites cannot
infect the glands and as a consequence cannot reach the
salivary gland ducts, we performed natural bite experiments
where uos3~ rfp parasite-infected mosquitoes (day 14
postinfection) were allowed to feed on naive BALB/c mice.
The exposed mice did not develop blood-stage parasitemia
(monitored until day 10 postinfection) (Table 2). Control
experimental mice exposed to WT-infected mosquitoes de-
veloped blood-stage parasitemia at day 3. To test whether
this lack of infection was caused by a defect in liver infec-
tion, we injected 10° oocyst-derived or 2 X 10* hemolymph-
derived uos3™ rfp sporozoites intravenously into mice. All
mice developed blood-stage parasitemia on the same day
(day 4) as the WT-sporozoite control-injected mice (Table
2). Together the data show that UOS3 is critical for sporo-
zoite salivary gland infection but is not important for infec-
tion of the mammalian host.

Localization of UOS3 in oocyst and hemolymph sporozoites.
To further characterize UOS3, we investigated its localization
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FIG. 2. Differential expression profile of UIS genes and UOS genes
in Plasmodium yoelii and Plasmodium falciparum. (A) Quantitative
real-time RT-PCR with RNA from P. yoelii sporozoites from either the
salivary gland or the midgut as templates using gene-specific oligonu-
cleotide primer pairs for each UIS gene or UOS gene. The transcript
quantity is presented as the number of copies (= standard deviation)
in comparison with an external standard curve generated with gene-
specific plasmids. Each experiment was done in triplicate. (B) Differ-
ential gene expression in P. falciparum sporozoites. RT-PCR analysis
was used to verify that differential gene expression between sgSpzs
and ooSpzs also occurs in P. falciparum. PCR products of the
expected amplicon sizes were amplified for all tested genes. P.
falciparum genomic DNA (gDNA) was used as a PCR control. As
an expression control, CS and TRAP gene expression is detected in
0oSpzs and sgSpzs. The P. yoelii orthologs are shown in parentheses
when only a PF gene identification number but no common name is
available.

in oocyst and hemolymph sporozoites. A quadruple c-Myc tag
was fused to the C terminus of UOS3 using a genetic insertion
strategy (Fig. 7). The insertion resulted in expression of a
UOS3myc chimeric protein under the control of the endoge-
nous UOS3 5’ upstream DNA region. Anti-Myc antibody stain-
ing of UOS3myc oocysts at day 10 postinfection revealed that
UGOS3 localized to the apical end of oocyst sporozoites that
bud from the oocysts (Fig. 8A to D). A similar localization of
UOS3 was observed in UOS3myc hemolymph sporozoites
(Fig. 8E to L). Interestingly, simultaneous staining of
UOS3myc and TRAP, a known micronemal protein, showed
only a partial overlap in localization (Fig. 8F). The localization
and the punctuate appearance of UOS3myc distribution sug-
gested that the protein is a part of the apical invasive or-
ganelles and are compatible with its role in the process of
salivary gland infection.
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FIG. 3. Targeted gene disruption strategy for UOS3. The gene was
disrupted by deleting the N terminus of UOS3 with a plasmid carrying
the Toxoplasma gondii dihydrofolate reductase (TgDHFR) and an
RFP cassette by homologous recombination. (A) A graphical repre-
sentation of the homologous replacement is shown. (B) Gene replace-
ment analysis was preformed on genomic DNA of two uos3™ rfp clones
(repl and rep2), the wild type (wt), and a uis4~ clone with primers as
shown in panel A. “Test 17 and “Test 2” genomic PCR confirmed uos
gene-specific replacement by double homologous recombination. uos3
gene disruption was confirmed by “UOS3 test” genomic PCR, which
showed no amplification with repl and rep2. Bp, base pairs; rep, uos3
replacement parasites; plas, plasmid; L, DNA ladder. (C) Total RNA
was isolated from uos3™ rfp (repl and rep2), wild-type (wt), and uis4~
rfp oocyst sporozoites, and cDNA was generated and amplified for 35
cycles for detection of UOS3 and CS expression (primers used are
listed in Table 1). No transcript for UOS3 is detected for the repl and
rep2 knockout sporozoites.

DISCUSSION

Malaria parasite sporozoites provide a unique system to
study the gene expression programs that regulate parasite-
stage-specific interactions with mosquito and mammalian host
tissues (17). To this end, we performed transcriptional profil-
ing of 0oSpzs and sgSpzs of the rodent malaria parasite P. yoelii
using oligonucleotide microarrays that cover all annotated P.
yoelii open reading frames (6). Comparing the expression pro-
files of 00Spzs and sgSpzs on a genome-wide scale, we found
that ~10% of the genes exhibit differential expression in
sporozoites. At a <5% false discovery rate, sgSpzs upregulate
expression of 124 UIS genes. Our previous work with P. berghei
using SSH provided the first evidence for differential gene
expression in sgSpzs (22). Surprisingly, the set of 30 UILS genes
identified by SSH and the 124 UIS genes identified herein
overlap only for 7 genes. This finding may be explained by the
fact that the SSH expression screen (8) was done with normal-
ized cDNA populations of 0ooSpzs and sgSpzs (22). Thus, the
screen probably detected small quantitative differences in low-
abundance transcripts, which are not considered significant
using the microarray analysis with the described cutoff criteria.
Conversely, genes that show substantial differential regulation
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uos3(-)rfp uis4(:)rfp

FIG. 4. Whole-body imaging of uos3™ rfp sporozoites shows a de-
fect in salivary gland infection. Mosquitoes infected with uos3™ rfp
parasites (A) or uis4~ rfp parasites (B) were visualized at day 12
postinfection by fluorescence microscopy (magnification, X40) in
whole mosquitoes. The upper panels show localization to the salivary
glands of intact mosquitoes, and the lower panels show localization to
the midguts of intact mosquitoes. Mosquito midgut infections appear
similar, but uos3~ rfp infections are not detected in salivary glands,
whereas uis4™ rfp infections can be easily observed.

in the microarray analysis may have remained undetected by
SSH because this technique is not quantitative and exhaustive
and relied on sequencing of a limited number of cDNAs (22).

Of the 124 UIS genes identified by our analysis, 31 encode
putative secreted and/or membrane-anchored proteins.
Thus, these proteins are likely to be involved in parasite-
host tissue interactions during mammalian host infection.
UIS3 (PY03011) and UIS4 (PY00204) localize to the secre-
tory organelles of sgSpzs (15). These proteins are also
present in the liver-stage parasitophorous vacuole and are
essential for early liver-stage development only (23, 26,
217, 33).

A new candidate sgSpz invasion-related protein is the gene
product of PY01499. This putative protein exhibits a domain
architecture that is similar to the structure of TRAP (throm-
bospondin-related anonymous protein) (30), including a
thrombospondin repeat, a von Willebrand factor-like A-do-
main, and a TRAP-type conserved cytoplasmic domain. In-
deed, a recent study showed that genetic deletion of the P.
berghei ortholog of PY01499, named TLP, results in a de-
creased capacity for cell traversal by sgSpzs and reduced in-
fectivity of sgSpzs in vivo (25). Some of the predicted secreted
UIS proteins bear putative enzymatic domains, which may
imply a role in manipulation of the mammalian host environ-
ment by the parasite. For example, PY07137 encodes a puta-
tive secreted lipase domain that is similar to the class 3 lipases,
which are not related to any of the known lipase families of
eukaryotic lipases (11).

Conversely, we found that 47 UOS genes show significant
upregulation in 0oSpzs compared to results for sgSpzs. A num-
ber of these genes exhibit extreme differential expression, and
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uis4(-)rfp

uos3(-)rfp

uis4(-)rfp

uos3(-)rfp

uos3(-)rfp

FIG. 5. uos3™ rfp sporozoites do not infect salivary glands effi-
ciently. Fluorescence microscopy analysis of isolated infected mosquito
organs is shown. uis4~ rfp parasites (A) and wuos3™ rfp parasites
(B) show comparable numbers of oocysts at day 10 after the blood
meal. Scale bar, 250 wm. (C to E) A salivary gland lobe heavily infected
(day 14) with uis4~ rfp sporozoites is shown. (F to H) Salivary glands
of uos3™ rfp parasite-infected mosquitoes show only a small number of
sporozoites associated with the gland. Scale bar, 75 pm. (I and J)
Higher-magnification image of a uos3™ rfp parasite-infected salivary
gland lobe. Overlay of differential interference contrast and the red
fluorescent image is shown in panel I and the red fluorescent image in
panel J. Few uos3™ rfp sporozoites are observed associated with the
salivary glands. Scale bar, 30 pm.

qPCR measurements presented herein confirmed the results
obtained by microarray. The identification of UOS genes will
provide important information to further a detailed under-
standing of the molecular events prior to or involved in salivary
gland infection. In support of the importance of differential
UOS expression, we analyzed UOS3/S6. The presence of a
thrombospondin repeat-like domain and a TRAP-type cyto-
plasmic domain in UOS3 suggested that the protein might
have invasive properties during mosquito salivary gland infec-
tion. Indeed, targeted deletion of UOS3 resulted in a dramatic
reduction of sgSpz loads. The sporozoite defect likely resides
in either salivary gland attachment or salivary gland cell tra-
versal to reach the salivary ducts, for the reason that a natural
bite experiment with uos3™ parasite-infected mosquitoes did
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FIG. 6. Quantification of sporozoite infection. (A) A similar number (~30) of mosquito midguts infected with uos3™ rfp clone 1, uos3™ rfp clone
2, wild-type (WT), or uis4~ rfp parasites were dissected, and the numbers of 0oSpzs were compared between groups. (B) Salivary glands (~30)
were dissected from mosquitoes infected with the same parasites as in panel A. Numbers of sgSpzs show an approximate 90% reduction in uos3~
rfp parasite-infected mosquitoes compared to those in wild-type- or uis4~ rfp sporozoite-infected mosquitoes. The numbers were collected from

three independent mosquito infections.

not result in blood-stage parasitemia. However, UOS3 has no
apparent function in mammalian liver infection, because intra-
venous injection of uos3 ™ rfp hemolymph sporozoites as well as
ooSpzs resulted in blood-stage infection in mice. Thus, the
function of UOS3 is specific for salivary gland invasion and is
not as broad as has been seen, for example, for TRAP. TRAP
deletion affects gliding motility, salivary gland invasion, and
liver infectivity (32). In addition to TRAP, four additional
proteins are currently implicated in salivary gland infection:
CSP (31), MAEBL (19), and PCRM1 and PCRM2 (35). Nev-
ertheless, based on our analysis, these genes are not UOS
genes and indeed only PCRM2 function appeared restricted to
salivary gland infection (29, 35). It will be of importance to
understand whether the above-mentioned proteins act inde-
pendently or together in complexes with UOS3 in salivary
gland infection.

Interestingly, we detected that members of the yir multigene
family are upregulated in the ooSpzs (Fig. 1B). This seems
surprising since yir genes have been shown to be expressed on
the surfaces of infected red blood cells and are thought to play
a role in antigenic variation (7). However, a recent report on
transcriptional regulation of the yir multigene family revealed
that there are distinct groups of yir genes showing limited

TABLE 2. Infectivity of uos3~ sporozoites via intravenous injection
or natural bite

No. of mice used/no. of
parasitemic mice
(prepatency) for indicated

Expt (no. of sporozoites used)” type of sporozoite

uos3~ WT
00Spz injection (1 X 10°) 4/4 (4) 4/4 (4)
heSpz injection (2 X 10%) 4/4 (4) 4/4 (4)
Mosquito bite (10 mos./mouse®) 4/0° 4/4 (3)

“ 00Spz, oocyst sporozoites; heSpz, hemolymph sporozoites; mos., mosquitoes.

b Experiment performed twice (average oocyst sporozoite loads in the mos-
quitoes used: 76,000 and 178,000, respectively).

¢ Mosquitoes infected with uos3~ or WT sporozoites were allowed to feed on
mice for 8 min.

expression during the asexual blood stage of P. yoelii (9). yir

genes expressed in mosquito stages of the parasite might have

a role in escaping the mosquitoes’ innate immune response.
The identification of comprehensive UIS and UOS gene sets
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FIG. 7. Myc epitope-tagging strategy for UOS3. (A) Graphical rep-
resentation of the tagging strategy. To epitope tag UOS3, a quadruple
Myc tag sequence (4Xmyc) was introduced into the b3D.DTOH.[ID
vector. 4Xmyc is followed by the 3" untranslated region (3'UTR) of
the Plasmodium berghei DHFR gene (~1,000 bp). The region of UOS3
(~1,400 bp) corresponding to the C terminus was cloned in frame
(without the stop codon) with the 4Xmyc tag. The plasmid was linear-
ized for parasite transfection at the BsaBI restriction site. (B) 4Xmyc
tag integration analysis was performed on genomic DNA from the
parental population of parasites transfected with the 4Xmyc plasmid
(integration) and wild-type (wt) parasites (negative control) using
primers as indicated in panel A.
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FIG. 8. Localization of UOS3 in oocyst and hemolymph sporozoites. UOS3 was tagged with the quadruple Myc epitope (UOS3myc) and used
in immunofluorescence localization studies. (A to D) At day 10 postinfection, a midgut oocyst with developing sporozoites (A, overlay) was stained
for CS protein (B, red), Myc (C, green), and 4',6'-diamidino-2-phenylindole (DAPI)-DNA content (D, blue). Scale bar, 10 pm. UOS3 localizes
to the apical ends of the emerging sporozoites. (E) A UOS3myc hemolymph sporozoite stained for Myc (green), CS protein (red), and DAPI-DNA
content (blue). (F) A UOS3myc hemolymph sporozoite stained for Myc (green), TRAP (red), and DAPI-DNA (blue). UOS3 shows internal
granular staining that does not colocalize with CS but shows partial overlap with TRAP localization. (G) As a control, wild-type sporozoites were
stained with the Myc antibody (green), CS antibody (red), and DAPI-DNA (blue) to show specificity of the Myc antibody. No Myc staining was
observed. H to L) UOS3myc hemolymph sporozoites (H, overlay; I, differential interference contrast image) stained with CS antibody (J, red), Myc
antibody (K, green), and DAPI (L, blue) show that UOS3myc preferentially localizes to one end of the sporozoites. Scale bar, 5 pm.

described herein will now allow the functional mapping of each
gene to the distinct steps in the journey of sporozoites from
oocysts to the mammalian liver. The factors responsible for
differential gene expression in sporozoites, however, remain
unknown and require future investigation. Recently sporozoite
SAP1 (asparagine-rich protein 1) has been described to func-
tion as a selective factor controlling the expression of infectiv-

ity-associated parasite genes in salivary gland sporozoites, such
as UIS3 and UIS4 (2). Further studies of SAP1 functional
properties should provide an insight into how regulation of
gene expression in sporozoites is achieved.

Additionally, in this report we provide unprecedented evi-
dence that differential sporozoite gene expression also occurs
in the most deadly human malaria parasite, P. falciparum.
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Thus, the study of differential gene expression of important
sporozoite virulence factors in rodent malaria models will give
critical information about human malaria infection. This may
allow the exploitation of UOS proteins as targets for vector-
based transmission-blocking strategies. Conversely, UIS pro-
teins are targets for strategies that interfere with initial steps of
transmission and mammalian liver infection.
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