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Abstract

Malaria transmission depends on infective stages in the mosquito salivary glands. Plasmodium sporozoites that mature in
midgut oocysts must traverse the hemocoel and invade the mosquito salivary glands in a process thought to be mediated
by parasite ligands. MAEBL, a homologue of the transmembrane EBP ligands essential in merozoite invasion, is expressed
abundantly in midgut sporozoites. Alternative splicing generates different MAEBL isoforms and so it is unclear what form is
functionally essential. To identify the MAEBL isoform required for P. falciparum (NF54) sporozoite invasion of salivary glands,
we created knockout and allelic replacements each carrying CDS of a single MAEBL isoform. Only the transmembrane form
of MAEBL is essential and is the first P. falciparum ligand validated as essential for invasion of Anopheles salivary glands.
MAEBL is the first P. falciparum ligand experimentally determined to be essential for this important step in the life cycle
where the vector becomes infectious for transmitting sporozoites to people. With an increasing emphasis on advancing
vector-based transgenic methods for suppression of malaria, it is important that this type of study, using modern molecular
genetic tools, is done with the agent of the human disease. Understanding what P. falciparum sporozoite ligands are critical
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for mosquito transmission will help validate targets for vector-based transmission-blocking strategies.
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Introduction

Plasmodium  falciparum is the malaria parasite responsible for
several million deaths each year. Mosquitoes of the genus Anopheles
are the vectors of this parasite and consequently play a crucial role
in the transmission of malaria. Nevertheless, the biology of the
mosquito stages of P. falciparum has been poorly studied and few of
the essential molecular interactions are identified. After a mosquito
takes a blood meal, gametes quickly mature in the mosquito and
fertilize to become a motile zygote, or odkinete, that invades the
midgut of the mosquito, and develops into an oocyst where
sporozoites form for a period of 10 days to 2 weeks [1,2]. The
sporozoites are released in the hemolymph and relatively few
manage to invade the distal and medial lobes of the salivary gland
[3].

Invasion of the salivary glands is a two-stage process that
requires traversal of the basal lamina and then entry into the
salivary gland cell [1]. Similar to merozoite invasion of
erythrocytes, invasion of salivary glands occurs in several steps:
initial attachment, reorientation, junction formation and entry via
a moving junction [l]. Like the merozoite, the sporozoite has
organelles, such as the micronemes and the rhoptries, which have
proteins to mediate invasion of the host cells [4].

Three Plasmodium microneme proteins have been shown to be
important for sporozoite transmission through the mosquito vector
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using rodent malaria models. Circumsporozoite protein (CSP) is a
GPI-anchored protein essential both for oocyst development and
sporozoite invasion of the salivary glands [5,6]. Thrombospondin
anonymous protein (TRAP) is a transmembrane protein required
for gliding motility of sporozoites and invasion of but not initial
attachment to salivary glands [7,8]. Mutant parasites lacking the
cytoplasmic domain of TRAP are not infective to the liver cells
and do not show gliding motility [8]. These functions of TRAP
depend on its cytoplasmic domain, which is homologous to the
cytoplasmic domain of the 7oxoplasma microneme protein-2, and
its interactions with the glideosome. It is well documented that
mnteractions of these cytoplasmic domains with the glideosome
motor complex are mediated via molecular bridging with aldolase
[9,10].

MAEBL, a paralogue of erythrocyte binding proteins (EBP)
[11-13] known to be essential for merozoite invasion of
erythrocytes, is a third transmembrane ligand that has been
shown to be important in the process of salivary gland invasion
[14]. Importantly, the EBP family ligands share structural
homology with MAEBL in the extracellular carboxyl cysteine-
rich domain and in the presence of transmembrane and
cytoplasmic domains, but do not appear to interact with the
glideosome in the same way as TRAP or its homologues. Amino
terminal cysteine-rich domains of MAEBL have similarity to the
Apical membrane antigen-1 (AMAI) ectodomain and exhibit
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cytoadhesive properties in vitro [12,15]. MAEBL is highly
expressed in midgut sporozoites and on the surface of salivary
glands sporozoites [16-18]. In Plasmodium bergher, MAEBL was
found to be essential for attachment and invasion of salivary glands
[14].

Expression of MAEBL is developmentally regulated in the
midgut and salivary gland sporozoite with the production of two
dominant alternatively spliced isoforms [18]. This alternative
splicing of the 3’ exons generates coding sequences (CDS) for a
secreted MAEBL isoform in addition to the transmembrane
MAEBL isoform. The two main isoforms of MAEBL are referred
to as ORF1 (with C-terminal transmembrane domain) and ORF2
(without C-terminal transmembrane domain). The ORF1 product
is structurally homologous to the Duffy binding-like erythrocyte
binding protein (DBL-EBP) ligands. ORF?2 is a putative soluble
isoform that has an alternative carboxyl terminus without a
transmembrane domain and its accompanying cytoplasmic
domain. ORF1 and ORI?2 are differentially expressed in midgut
and salivary gland sporozoites and MAEBL expression was best
correlated with the appearance of the canonical ORF1 trans-
membrane transcript [18].

Because of this complexity in expression it is not clear what
isoform of MAEBL is functionally important in mature sporozoites
for invasion of the salivary glands. Either MAEBL serves simply as
an adhesin to mediate sporozoite attachment to the salivary glands
or the C-terminal portion of MAEBL also has a role to interact
with cytoplasmic elements to mediate its function during invasion.
By studying the role of the different forms of MAEBL it is possible
to understand better the biology of the Plasmodium sporozoite and,

as a result, generate information useful for the development of

tools such as a transmission blocking vaccine to stop the parasite
passage in the vector. Here we show that a transmembrane form
of P. falciparum MAEBL is essential for the invasion of the Anopheles
salivary glands.

Results

MAEBL knockout and allelic replacements

Targeted integrations at the maebl locus were achieved in P.
Jaleyparum NF54 by single homologous recombination events. Two
different allelic replacements of the 3’ end of maebl were created in
NF54 parasites to express either the ORF1 or ORF2 isoform.
Multiple independent clones were obtained as ORF1-only (ORF1)
or ORIF2-only (ORF2) MAEBL expression mutants. Three
independent maebl knockout clones were also created as negative
controls and NF54 parental parasites were used as positive controls
for invasion of the mosquito salivary glands. The expected
integration into the maebl locus was confirmed for each mutant
(Figure 1). There were no differences in blood-stage growth or the
erythrocyte invasion phenotype for any of the genetically mutated
parasites. Growth assays in neuraminidase, trypsin and chemo-
trypsin treated red blood cells using MAEBL mutant parasites did
not show any significant difference with the parental clone NF54
(data not shown). In addition, all the parasites were able to
produce gametocytes that matured and formed male and female
gametes similar to the parental clone NI54 (data not shown).

Mosquito infections: oocyst and midgut sporozoites
Anopheles freeborni and An. stephensi mosquitoes were fed mature P.
Jalciparum NF54 gametocytes (days 15 and 16) using a biological
membrane feeding system. Infections in the midgut, hemolymph
and salivary glands at days 10, 18, and 20 post blood meal feeding,
respectively, were identified by microscopic observation in a
Nomarski bright field microscope and by fluorescence microscopy
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using dihydroethidium as a nuclear stain. In addition, transcript
analysis for csp was used to confirm the presence or absence of
sporozoite infections in each of the mosquito organs. An average
of 70% of the midguts were infected and we obtained an average
of 9 oocyst per mosquito midgut.

The presence of oocysts in the anopheline midguts was
confirmed on day 10 post blood meal feeding. The MAEBL
mutant parasites produced morphologically and developmentally
normal, or wild type (WT), oocysts in the midguts of Anopheles
mosquitoes (Figure 2). The oocysts of the genetically modified
parasites typically required 10-14 days to mature and sporozoites
were observed budding from sporoblasts similar to the parental
clone N¥54 (Figure 2). Quantitative analysis using a Student’s ¢
test indicated there were no significant differences in the number
of infected midguts among the mutant clones relative to WT NF54
parasites (P value NF54 vs MAEBL KO: P (0.2962), NF54 vs
ORF1: P(0.6018), NF54 vs ORF2, P(0.0902) or in the number of
oocysts per midgut (P value NF54 vs MAEBL KO: P (0.1428),
NF54 vs ORF1: P(0.1508), NF54 vs ORF2, P(0.5622) (Table 1).
Microscopic observation of the hemolymph of infected mosquitoes
confirmed the presence of sporozoites for all the mutant parasites,
including the MAEBL knockout lines (MAEBL KO, ORI,
ORF?2). Indeed, sporozoites released into the hemolymph from the
oocysts of mutant parasites appeared similar in abundance and
morphology (Table 1).

Normal expression patterns of MAEBL were confirmed in
mutant parasites by RT-PCR (data not shown) and by IFA
(Figure 2). Immunofluorescence localization patterns in the ORF1
and ORF?2 allele-specific parasites, using antibodies against the
M2 ligand domain of MAEBL, were similar to NF54. For
example, midgut sporozoites in day 13 of NF54, ORF1-specific
mutants and ORF2-specific mutants showed distribution of
MAEBL on the surface of the sporozoite (Figure 2). As expected,
MAEBL KO sporozoites did not express MAEBL whereas CGSP
immunofluorescence patterns were similar in NF54 and all the
mutant parasites, including the MAEBL knockout. These results
suggest that the localization of MAEBL in ORF2, ORF1 and
NF54 parasites is the same in spite of the structural differences in
MAEBL proteins.

Sporozoites in the salivary glands

P. falciparum sporozoites usually begin to infect the salivary
glands of Anopheles mosquitoes beginning day 14 post blood meal.
This was confirmed in NF54 parasites, where hundreds or
thousands of sporozoites were observed inside the salivary glands
(Figure 3). Similar to the wild type NF54, ORF1 mutant parasites
had abundant sporozoites in the salivary glands (Figure 3, Figure
S1, Table 1). In contrast, no sporozoites were observed or detected
in the salivary glands of mosquitoes fed the MAEBL KO parasites
or ORF2 mutant parasites (Figure 3), even though midgut
sporozoites were readily observed beginning day 10 in the
hemolymph of these mosquitoes infected with the MAEBL KO
or ORF2 mutant. The absence of sporozoites in the salivary glands
determined by microscopic analysis was confirmed with RT-PCR
using primers for ¢sp, the most highly expressed gene in sporozoites
(Figure 4).

Discussion

Sporozoite invasion of the anopheline salivary gland is critical
for malaria parasite transmission and yet it is one of the most
poorly studied stages of this deadly pathogen. In this study we
provide the first characterization of a P. falciparum ligand essential
for the invasion of the mosquito salivary glands. The critical ligand
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Figure 1. Allelic replacement of the carboxyl terminal end of maebl. A. Alternative splicing pattern of maebl gene [18]. The two main splicing
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patterns of maebl are shown. ORF1 encodes the canonical, transmembrane form of MAEBL, and consists of 5 exons. ORF2 is produced by a shift in the
ORF that encodes a distinct coding sequence with a hydrophilic C-terminus, changing the canonical type | transmembrane MAEBL product to a
soluble isoform with a stop at the second codon in exon 4 resulting in early termination of the CDS that is 50 nt before the next intron. B. Schematic
representation of the disruption of the 5’ end of P. falciparum maebl using the vector pHD22YAMAEBL that has a human dhfr selectable marker. C.
Schematic representation of the allelic replacement of the 3’ end of P. falciparum maebl using the vector pHH1AMAEBL that has a human dhfr
selectable marker. The 3’ end of maebl with the cDNA sequence corresponding to ORF1 or ORF2 was cloned into the pHH1 vector. The alignment
shows the nucleotide and amino acid sequences of ORF1 and ORF2. ORF2 has 16 extra nucleotides that cause a shift in the ORF switching from
hydrophobic to hydrophilic amino acids and an early stop in exon 4. D. Screening for transformed clones by Southern blot hybridization analyses of
genomic DNA. Transformed drug resistant parasites identified plasmid integration into the maebl locus in drug resistant populations. ORF1 mutant
clones C4, C9 and E9 show the allelic replacement at the 3’ end. ORF2 clones A10, H3, H11 show the allelic replacement at the 3’ end. C. MAEBLKO
mutant clones F7 G3 and G7 show plasmid integration between the M1 and M2 domains.

doi:10.1371/journal.pone.0002287.9001

is MAEBL, which is a paralogue of EBA-175 and other
erythrocyte binding proteins known to mediate an essential step
for merozoite invasion of erythrocytes. Since alternative splicing of
maebl is conserved among all Plasmodium species examined [18], it is
not possible to know from previous studies what MAEBL isoform
1s essential for invasion [14]. We find that only the transmembrane
isoform of MAEBL (ORF1) is essential for the invasion of salivary
glands, indicating an involvement of the cytoplasmic domain of
MAEBL in the invasion process.

No MAEBL knockout and ORF2 mutant sporozoites were
present inside the salivary gland cells and sporozoites were not
arrested in the invasion process on the surface of the glands. This
observation that the MAEBL deficient mutants cannot attach to
salivary glands coincides with previous studies [14] and contrasts
with the data for TRAP in which TRAP deficient sporozoites were
found on the surface of the salivary glands, but not inside the
salivary cells [7]. Importantly, sequence analysis (Figure S2) shows
that the MAEBL cytoplasmic domain lacks the penultimate

Oo Sz MAEBL DAPI merged CsP

KO | | j- ----

Figure 2. ORF1 and ORF2 parasites express MAEBL in midgut sporozoites. ORF1, ORF2, and MAEBL KO in Anopheles midgut oocysts (Oo)
and sporozoites (Spz) are shown in Nomarski bright field having similar phenotypes to the parental clone NF54. Midgut sporozoites from NF54
parasites, MAEBL KO, ORF1, and ORF2 were purified as previously described [7] and incubated with M2sd2 antibody (against the M2 ligand domain of
MAEBL) and DAPI (nuclear stain). ORF1 and ORF2 sporozoites show a similar expression of MAEBL as the parental clone NF54. MAEBL appears to be
distributed throughout the body and on the surface of ORF1 and ORF2 sporozoites. As expected, MAEBL KO sporozoites do not express MAEBL. All
the genetically modified parasites express CSP on the surface of the sporozoite similar to the parental clone NF54.

Table 1. Number of P. falciparum infections in Anopheles freeborni females.

Midgut Midgut Hemolymph Hemolymph Salivary gland  Salivary gland
Parasite (clone) Midgut oocysts oocysts oocysts sporozoites sporozoites sporozoites Sporozoites
n Av (SE) % Av (SE)* %" Av (SE) %"
NF54 289 9 (2.1) 72 20.2 (16.1) 67 701 (129.7) 85
ORF1 (C9, E9) 224 14.5 (3.3) 68 15.2 (11.8) 75 565 (150.8) 89
ORF2 (A10, H11) 144 75 (1.3) 61 20 (17.7) 83 0 0
MAEBL KO (G3,G7) 154 5.5 (2.6) 78 22.6 (24.0) 60 0 0

“Pulled from 8 mosquitoes
+ Percentage of infected mosquitoes
doi:10.1371/journal.pone.0002287.t001
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MAEBL KOu

Figure 3. Sections of salivary glands of Anopheles mosquitoes infected with NF54, ORF1, ORF2 and MAEBL KO on day 19 post
feeding are shown in Nomarski bright field images (top lane) and by nuclear fluorescence using dihydroethidium (bottom lane).
The sporozoites can be seen as small nuclei inside the salivary cells. NF54 and ORF1 sporozoites are visible inside salivary glands cells whereas no
sporozoites of ORF2 or MAEBL KO clones were found in salivary glands. These results were confirmed by RT-PCR using primers for csp.

doi:10.1371/journal.pone.0002287.g003

tryptophan flanked by acidic residues at its C-terminus (Figure S2),
which are known to be essential for TRAP binding to the parasite’s
glideosome complex via aldolase [8,12,19]. Although we found
that there is an acidic motif near the C-terminus of P. falciparum
MAEBL, these terminal residues are not fully conserved among
MAEBL products of other Plasmodium species [12]. The absence of
these critical residues in the MAEBL cytoplasmic domain suggests
that if this ligand interacts with aldolase or other components of
the glideosome then this interaction has a molecular basis different
from the TRAP-aldolase interaction.

Based on its homology to the EBPs, which are critical for
junction formation during merozoite invasion of erythrocytes,
MAEBL may be important in a similar step for sporozoites
invasion into the salivary gland cell. AMA1 has a major role in P.
Jalciparum merozoite attachment and reorientation to erythrocytes
[20] and 1its high level of expression in sporozoites [21] suggests
that it may have a simi zlar role in the sporozoite invasion process.
Similarly, MAEBL ligand domains and AMAI ectodomain
sequence and structure analysis comparison suggests a role in
similar steps in the invasion of host cells [22].

This would place the function of MAEBL before TRAP
involvement during the sporozoite invasion process into salivary
glands. Therefore, we conclude that we do not see sporozoites
attached to the salivary glands for the MAEBL deficient mutants,
because similar to merozoite’s initial attachment the sporozoite

NF54 ORF1 ORF2 KO

An its2

MG SG MG SG MG SG MG SG
Figure 4. RT-PCR analyses determines that ORF1 parasites
invade salivary glands cells. RT-PCR analyses of NF54, ORF1, ORF2,
and MAEBL KO parasites in Anopheles midgut (MG) day 10 and
Anopheles salivary glands (SG) day 20. Primers specific for P. falciparum
csp were used to detect the presence of parasites and Anopheles its2
were used as controls. A band is observed in the midguts and salivary
glands of the NF54 and ORF1 infected Anopheles. While the midguts of
ORF2 or MAEBL KO infected mosquitoes are positive, the salivary glands
were RT-PCR negative for detection of the P. falciparum csp.
doi:10.1371/journal.pone.0002287.9004
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attachment to salivary glands is an unstable and reversible step
when invasion does not proceed to junction formation. These
results are consistent for P. falciparum MAEBL to have a role as an
essential ligand in the early stages of the invasion process.

The fact that a transmembrane form of MAEBL is essential in
the process of invasion of salivary glands validates the importance
of alternative splicing in Plasmodium. As in higher eukaryotes,
alternative splicing may be an under appreciated mechanism for
the expression of different malaria parasite products that could be
generating product diversity [23,24]. At this point we can only
speculate about the function of ORF2, which may be participating
in a different phase of the interactions with the host cell or
alternative splicing may be participating in the regulation of gene
expression through a nonsense mediated decay mechanism
[25,26].

Transmission of malaria is dependent upon successful comple-
tion of parasite development in the mosquito. Here we show that
the P. faleyparum MAEBL transmembrane protein is essential for
the infective stages to enter the salivary glands and this role
appears to be different from the role of TRAP. In addition, our
study demonstrates the feasibility of using genetically modified P.
Jalciparum to study host-parasite interactions in the vector stages of
development. The essential role of MAEBL for the sporozoite
invasion of the mosquito salivary gland is a weakness in the
parasite’s biology that provides a potential opportunity for vector-
based intervention strategies to disrupt malaria transmission.

Materials and Methods

Plasmids Construction

For MAEBL-KO clones, a plasmid construct for single homol-
ogous recombination was created by using the plasmid pHD22Y
[27]. A 750 bp region of maebl was amplified from the P. falciparum
NF54 genomic DNA by using primers JA-1410 (5" AGATCTC-
CAACATGTGTACTGAAAAAGG  3') and  JA-1411(5’
CTCGAGCCTAGAAGATTTTGTACAATAATAGC 3'). The
conditions for PCR were 94°C for 1 min followed by 35 cycles of
15 s at 94°C; 30 s at 49°C; 1 min at 65°C. The PCR product was
cloned into pGEM-T easy vector (Promega) and excised as an FcoR 1
fragment and cloned into the vector pHD22Y. For MAEBLAORF1
and MAEBLAORF? the plasmids constructs for single homologous
recombination were created by using the plasmid pHHI [28]. A
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1100 bp Region of the 3" end of MAEBL was amplified from the P.

Jfalciparum NF54 ¢cDNA using the primers JA-1441 (5" AGATCT-
GAAGATGAAAAAAGAATGGAAGTA 3') and JA-1442 (5’
CTCGAGCAAAAAAAATAAACCCACAAAAAAGTAC 3’).
The conditions for RT-PCR were 45°C for 30 min 94°C for
2 min followed by 35 cycles of 15 s at 94°C; 30 s at 48°Ci; 1 min at
65°C.. The PCR products were cloned into a pGEM-T easy vector
(Promega), sequenced to identify ORF1 and ORF2 DNA and
excised as a Bgl II Xhol fragment. The fragments were cloned into the
vector pHHI to make the pHHI-ORF1 and pHHI-ORF2
plasmids.

Parasites and transformations

P. falciparum parasites were grown in human A+ erythrocytes as
previously described [29]. The plasmids were transfected by
homologous recombination into erythrocytes and then purified
merozoites were used to invade the erythrocytes as previously
described [30]. Positive selection for transfectants was achieved
using 5 nM WR99210, an antifolate that selects for the presence of
the human difi gene [27]. Southern blot hybridizations were
performed using standard protocols to confirm integration in the
maebl locus [11]. Two micrograms of genomic DNA from P.
Jalciparum N¥54 [31] and Amaebl clones was digested with EcoRv or
Nsil. The restricted fragments were separated by 0.8% agarose
gel, transferred to nylon membranes and hybridized with *2P-
labeled probes of ADHFR and maebl M2 domain.

Determination of parasite red blood cells invasion
phenotype

Washed erythrocytes were treated with either 1 mg/ml trypsin
(TPCK treated) (Sigma), 1| mg/ml chymotrypsin type-VII (Sigma),
or 0.5 Unit/ml neuraminidase type II (Sigma) for 1 hr at 37°C with
gentle shaking, followed by treatment with the appropriate protease
inhibitor for 10 min. Erythrocytes were then washed with
RPMI1640 (Gibco). Mature schizonts from P. falciparum NF5>4
wild-type and maebl mutant clones were purified by passage through
a magnetic column (Miltenyi Biotech). The purified schizonts were
allowed to invade normal and enzymatically treated erythrocytes.
The cultures were initiated in a 96-well plate at 1% parasitemia with
1% hematocrit in low hypoxanthine media. After 20 hrs of growth,
0.5 uCi *H was added to the cultures. Cultures were incubated
overnight, and the culture plate was frozen at —80°C for 4hr. The
cells were harvested on filter (filtermat), a nd were counted by a
Microbeta Plate 1450 (Perkin Elmer).

Production of gametocytes and passage through
mosquitoes

Asexual and mature gametocytes NF54 isolate and NF54
transformed parasites were cultivated in vitro as previously
described [32]. Mosquitoes used in these studies were An. freeborni
and An. stephensi originally obtained from MR4, MRA-130 and
MRA-128, respectively. Mosquito stages (oocysts, hemolymph,
and salivary glands) were obtained after membrane feeds of on
blood containing mature gametocytes as described previously

[33].

Mosquito dissections and collection of sporozoites

The Anopheles mosquitoes were dissected on days 10 and 18 post
feed for midguts which were stained with dihydroethidium
(Molecular Probes) to make easier the identification of oocysts
and sporozoites. The hemolymph was collected on day 18 post
feed by spinning down mosquito thoraxes without salivary glands
or by injecting medium 199 (Invitrogen) and collecting the first
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drops from the abdomen, as described in [7]. The collected liquid
was mixed with dihydroethidium in order to identify facilitate
locating the sporozoites. The anopheline salivary glands were
dissected on day 20-22 and stained with dihydroethidium. The
presence or absence of spororozoites was recorded.

Analysis of the expression of MAEBL in mosquito stages

RT-PCR transcript analysis. Infected midguts and salivary glands
were crushed and processed for RNA as previously described [18].
The RNA was converted to cDNA (Invitrogen super script 2) and
then amplified with primers for maebl M2 subdomain 1, JA 1484
(5" AAACCCGCAACAAAAATATATGGAAAGATT 3') and JA
1949 (5" AAGCTTTAAAGGGTATCTAGGTGGACATTT 3')
and the carboxy terminal end of maebl JA 412 (5" GTGATTA-
TATGAAGGATAATATTTCATCAG 3') and JA 471 (5’
CCGAATAACTTAAAGGATTGCTTAC 3'). ¢csp was amplified
using the primers 5'-GCTAATGCCAACAGTGCTGTA-3" and
5'-GGAACAAGAAGGATAATACC-3" and Anopheles rDNA
internal transcribed spacer 2 (its2) was amplified using the primers
5'-TGTGAACTGCAGGACACAT-3" and 5'-TATGCTTAAA
TTCAGGGGGT-3'".

Indirect immunofluorescent assay

P. falciparum midgut sporozoites day 13 post feed were smeared
on glass slides and air-dried. Slides were fixed in 1% formalde-
hyde, pre-incubated with 3% BSA 1% Triton in PBS, and then
reacted with primary antibody (MAB 2C11) [13] and sera M2Sd2,
or CSP sera). Secondary antibody was FI'TC-conjugated goat anti-
mouse (Jackson Immuno Research Laboratories) or FITC-
conjugated goat anti-rat IgG antibody (Jackson Immuno Research
Laboratories). The slides were mounted and viewed by fluorescent
microscopy and brightfield DIC microscopy; images were digitally
recorded (Zeiss AxioCam) and further processed by 2D deconvo-
lution software (Zeiss Axiovision).

Supporting Information

Figure 81 ORF1 mutant parasites invade salivary glands cells.
Sections of salivary glands of Anopheles mosquitoes infected with
ORF1 on day 19 post feeding are shown. SIA. Nomarski bright
field. S1B. Fluorescence image after dihydroethidium stain. The
nuclei of the sporozoites and the nuclei of the salivary gland cells
appear in the same focal plan indicating that the sporozoites are
inside the salivary glands.

Found at: doi:10.1371/journal.pone.0002287.s001 (1.60 MB TTF)

Figure 82 Comparative alignment of the cytoplasmic domains
of invasion ligands: P. berghei AMAI, P. falciparum TRAP, P.
berghei MAEBL, P. falciparum MAEBL and P. falciparum
EBA175. The cytoplasmic domain of TRAP, MAEBL, and
EBA175 are highly acidic (acidic residues shown in red). A TRAP
terminal tryptophan has been shown to be essential form the
invasion of salivary glands, this residue is not conserved in AMAL,
MAEBL, and EBA175. AMAI and MAEBL share a tryptophan
residue 1n the cytoplasmic tail (shown in green boxes) but far from
the penultimate position and are not immediately flanked by acidic
residues. The terminal acidic residues that have been shown to be
essential for the invasion of salivary glands in TRAP [1] are not
conserved in MAEBL, AMA-1 or EBA-175 (boxed in grey).
Tyrosine residues are shown in yellow boxes. 1. Kappe S,
Bruderer T, Gantt S, Fujioka H, Nussenzweig V, et al. (1999)
Conservation of a gliding motility and cell invasion machinery in
Apicomplexan parasites. J Cell Biol 147: 937-944.

Found at: doi:10.1371/journal.pone.0002287.s002 (0.09 MB TTF)

May 2008 | Volume 3 | Issue 5 | e2287



Acknowledgments

We thank Kim Williamson for helpful discussions, Sandra Kennedy and
Andrea Shioleno for assistance on this project.

References

1.

16.

Pimenta PF, Touray M, Miller L (1994) The journey of malaria sporozoites in
the mosquito salivary gland. J Eukaryot Microbiol 41: 608-624.

. Krettli AU, Miller LH (2001) Malaria: a sporozoite runs through it. Curr Biol

11: R409-412.

. Hillyer JF, Barreau C, Vernick KD (2007) Efficiency of salivary gland invasion

by malaria sporozoites is controlled by rapid sporozoite destruction in the
mosquito haemocoel. Int J Parasitol 37: 673-681.

. Kappe SH, Buscaglia CA, Nussenzweig V (2004) Plasmodium sporozoite

molecular cell biology. Annu Rev Cell Dev Biol 20: 29-59.

. Menard R, Sultan AA, Cortes C, Altszuler R, van Dijk MR, et al. (1997)

Circumsporozoite protein is required for development of malaria sporozoites in
mosquitoes. Nature 385: 336-340.

Sidjanski SP, Vanderberg JP, Sinnis P (1997) Anopheles stephensi salivary glands
bear receptors for region I of the circumsporozoite protein of Plasmodium
Jalciparum. Mol Biochem Parasitol 90: 33—41.

Sultan AA, Thathy V, Frevert U, Robson KJ, Crisanti A, et al. (1997) TRAP is
necessary for gliding motility and infectivity of Plasmodium sporozoites. Cell 90:

511-522.

. Kappe S, Bruderer T, Gantt S, Fujioka H, Nussenzweig V, et al. (1999)

Conservation of a gliding motility and cell invasion machinery in Apicomplexan
parasites. J Cell Biol 147: 937-944.

. Jewett TJ, Sibley LD (2003) Aldolase forms a bridge between cell surface

adhesins and the actin cytoskeleton in apicomplexan parasites. Mol Cell 11:
885-894.

. Buscaglia CA, Coppens I, Hol WG, Nussenzweig V (2003) Sites of interaction

between aldolase and thrombospondin-related anonymous protein in Plasmodium.

Mol Biol Cell 14: 4947-4957.

. Blair PL,, Kappe SH, Maciel JE, Balu B, Adams JH (2002) Plasmodium falciparum

MAEBL is a unique member of the ebl family. Mol Biochem Parasitol 122:
35—44.

. Kappe SH, Noe AR, Fraser TS, Blair PL, Adams JH (1998) A family of chimeric

erythrocyte binding proteins of malaria parasites. Proc Natl Acad Sci U S A 95:
1230-1235.

. Fu], Saenz FE, Reed MB, Balu B, Singh N, et al. (2005) Targeted disruption of

maebl in Plasmodium_falciparum. Mol Biochem Parasitol 141: 113-117.

. Kariu T, Yuda M, Yano K, Chinzei Y (2002) MAEBL is essential for malarial

sporozoite infection of the mosquito salivary gland. J Exp Med 195: 1317-1323.

. Ghai M, Dutta S, Hall T, Freilich D, Ockenhouse CF (2002) Identification,

expression, and functional characterization of MAEBL, a sporozoite and asexual
blood stage chimeric erythrocyte-binding protein of Plasmodium falciparum. Mol
Biochem Parasitol 123: 35-45.

Srinivasan P, Abraham EG, Ghosh AK, Valenzuela J, Ribeiro JM, et al. (2004)
Analysis of the Plasmodium and Anopheles transcriptomes during oocyst
differentiation. J Biol Chem 279: 5581-5587.

. Preiser P, Renia L, Singh N, Balu B, Jarra W, et al. (2004) Antibodies against

MAEBL ligand domains M1 and M2 inhibit sporozoite development in vitro.
Infect Immun 72: 3604-3608.

@ PLoS ONE | www.plosone.org

Plasmodium falciparum MAEBL

Author Contributions

Conceived and designed the experiments: JA BB FS. Performed the
experiments: BB FS JS SM. Analyzed the data: JA BB FS. Contributed
reagents/materials/analysis tools: SM. Wrote the paper: JA FS.

18.

19.

20.

23.

24.

27.

28.

29.

31.

32.

33.

Singh N, Preiser P, Renia L, Balu B, Barnwell J, et al. (2004) Conservation and
developmental control of alternative splicing in maebl among malaria parasites.
J Mol Biol 343: 589-599.

Bosch J, Buscaglia CA, Krumm B, Ingason BP, Lucas R, et al. (2007) Aldolase
provides an unusual binding site for thrombospondin-related anonymous protein
in the invasion machinery of the malaria parasite. Proc Natl Acad Sci U S A 104:
7015-7020.

Mitchell GH, Thomas AW, Margos G, Dluzewski AR, Bannister LH (2004)
Apical membrane antigen 1, a major malaria vaccine candidate, mediates the
close attachment of invasive merozoites to host red blood cells. Infect Immun 72:
154-158.

Silvie O, Franetich JF, Charrin S, Mueller MS, Siau A, et al. (2004) A role for
apical membrane antigen 1 during invasion of hepatocytes by Plasmodium
Jalewparum sporozoites. J Biol Chem 279: 9490-9496.

Chesne-Seck ML, Pizarro JC, Vulliez-Le Normand B, Collins CR,
Blackman MJ, et al. (2005) Structural comparison of apical membrane antigen
1 orthologues and paralogues in apicomplexan parasites. Mol Biochem Parasitol
144: 55-67.

Mironov AA, Fickett JW, Gelfand MS (1999) Frequent alternative splicing of
human genes. Genome Res 9: 1288-1293.

Muhia DK, Swales CA, Eckstein-Ludwig U, Saran S, Polley SD, et al. (2003)
Multiple splice variants encode a novel adenylyl cyclase of possible plastid origin
expressed in the sexual stage of the malaria parasite Plasmodium falciparum. J Biol
Chem 278: 22014-22022.

. Lewis BP, Green RE, Brenner SE (2003) Evidence for the widespread coupling

of alternative splicing and nonsense-mediated mRNA decay in humans. Proc
Natl Acad Sci U S A 100: 189-192.

. Wollerton MC, Gooding C, Wagner EJ, Garcia-Blanco MA, Smith CW (2004)

Autoregulation of polypyrimidine tract binding protein by alternative splicing
leading to nonsense-mediated decay. Mol Cell 13: 91-100.

Fidock DA, Wellems TE (1997) Transformation with human dihydrofolate
reductase renders malaria parasites insensitive to WR99210 but does not affect
the intrinsic activity of proguanil. Proc Natl Acad Sci U S A 94: 10931-10936.
Reed MB, Saliba KJ, Caruana SR, Kirk K, Cowman AF (2000) Pgh1 modulates
sensitivity and resistance to multiple antimalarials in Plasmodium falciparum.
Nature 403: 906-909.

Trager W, Jensen JB (1976) Human malaria parasites in continuous culture.
Science 193: 673-675.

. Deitsch K, Driskill C, Wellems T (2001) Transformation of malaria parasites by

the spontancous uptake and expression of DNA from human erythrocytes.
Nucleic Acids Res 29: 850-853.

Walliker D, Quakyi IA, Wellems TE, McCutchan TF, Szarfman A, et al. (1987)
Genetic analysis of the human malaria parasite Plasmodium falciparum. Science
236: 1661-1666.

Ifediba T, Vanderberg JP (1981) Complete in vitro maturation of Plasmodium
Jaleiparum gametocytes. Nature 294: 364-366.

Ponnudurai T, Billingsley PF, Rudin W (1988) Differential infectivity of
Plasmodium for mosquitoes. Parasitol Today 4: 319-321.

May 2008 | Volume 3 | Issue 5 | e2287



