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Glutaminyl cyclase (QC) modifies N-terminal glutamine or glutamic acid residues of
target proteins into cyclic pyroglutamic acid (pGlu). Here, we report the biochemical
and functional analysis of Plasmodium QC. We show that sporozoites of QC-null
mutants of rodent and human malaria parasites are recognized by the mosquito
immune system and melanized when they reach the hemocoel. Detailed analyses of
rodent malaria QC-null mutants showed that sporozoite numbers in salivary glands are
reduced in mosquitoes infected with QC-null or QC catalytically dead mutants. This
phenotype can be rescued by genetic complementation or by disrupting mosquito mela-
nization or phagocytosis by hemocytes. Mutation of a single QC-target glutamine of
the major sporozoite surface protein (circumsporozoite protein; CSP) of the rodent par-
asite Plasmodium berghei also results in melanization of sporozoites. These findings
indicate that QC-mediated posttranslational modification of surface proteins underlies
evasion of killing of sporozoites by the mosquito immune system.
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N-terminal modification of glutamine or glutamic acid residues to pyroglutamic acid
(pGlu; 5-oxo-L-proline) is a posttranslational modification of proteins, catalyzed by glu-
taminyl cyclases (QCs) found in eukaryotes and prokaryotes (1, 2). Two evolutionarily
unrelated classes exist, represented by mammalian QC enzymes and QC enzymes pre-
sent in bacteria, plants, and parasites (3). These two classes of QC enzymes share no
sequence homology, supporting a different evolutionary origin. Mammalian cells can
express two forms, the secreted glutaminyl-peptide cyclotransferase (QPCT) or its iso-
enzyme QPCTL, localized in the Golgi complex. pGlu is implicated in maturation and
stabilization of mammalian proteins such as neuropeptides and cytokines (3, 4). QC
activity has been associated in humans with pathological processes such as amyloidotic
diseases (3—6). Recently, it has been shown that QPCTL is critical for pGlu formation
on the N terminus of CD47 which facilitates myeloid immune evasion as it is essential
for binding of myeloid inhibitory immune receptor SIRPa (7, 8). The physiological
function of QCs in plants, bacteria, and parasites remains poorly characterized. Several
pGlu-containing proteins of plants are involved in defense reactions against pathogens
(3). The function of QCs in parasites is unknown.

Here, we report the biochemical and functional analysis of QC of malaria parasites.
Malaria parasites are unicellular apicomplexan parasites with a complex life cycle involv-
ing an Anopheles mosquito and a vertebrate host. We show that QC plays a role in life
cycle stages that are responsible for transmission between vertebrate hosts by the mos-
quito. Transmission occurs when gametocytes, formed in the blood of the vertebrate
host, develop into gametes when taken up by a mosquito and fuse to form zygotes.
Zygotes transform into ookinetes that cross the midgut epithelial cells and develop into
oocysts in the hemocoel (9). Sporozoites, formed inside oocysts, are released into the
hemocoel and invade salivary glands for transmission to a new vertebrate host (10, 11).
Mosquito innate immune responses in the hemocoel can detect and eliminate malaria
parasites through multiple effector mechanisms (12, 13). Immune responses that target
the ookinete stage have been studied in detail and involve activation of nitration
responses by invaded midgut cells (13) and local release of hemocyte-derived microve-
sicles that promote complement activation (14). In addition, thioester-containing protein
1 (TEP1), a key effector of mosquito complement, binds to the ookinete surface, thereby
initiating the formation of a complex that kills the parasite through lysis or melanization
(15). Whereas melanotic encapsulation of ookinetes is an important mosquito anti-
Plasmodium immune effector response (12, 16, 17), extensive melanization of other life cycle
stages in the mosquito, such as oocysts or sporozoites, has not been reported. We show
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Significance

Chemical modification of some
proteins by the enzyme glutaminyl
cyclase (QC) modulates important
processes in humans, including
immune evasion by malignant
cells. We found that a QC enzyme
is also active in malaria parasite
stages developing in the
mosquito. Mutant parasites that
lack QC activity are eliminated by
encapsulation as they transit from
the midgut to the salivary glands.
Disrupting the mosquito
encapsulation response allows
parasites to survive, indicating that
QC-mediated modifications
prevent immune recognition. We
provide direct evidence that a
specific modification of a major
surface protein of the malaria
parasite by QC is important for
survival. Understanding how
malaria parasites evade mosquito
immunity could open the
possibility to designing novel
strategies to disrupt malaria
transmission.
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here that Plasmodium QC plays a role in sporozoite immune
evasion by preventing melanization and provide direct evidence
that QC-mediated posttranslational modification of a sporozo-
ite surface protein is critical to escape immune recognition and
elimination.

Results

Plasmodium QC Shows Sequence Homology to Bacterial and
Plant QCs, Has Cyclase Activity, and Is Expressed in Transmission
Stages. A single gene encoding a QC, named QPCT, has been
identified by electronic annotation in all sequenced Plasmodium
genomes. Plasmodium QCs have a size ranging from 352 to 384
amino acids and share 70 to 76% sequence similarity and 50 to
54% identity (SI Appendix, Fig. S1A). Plasmodium QC has no
protein export domains but contains a transmembrane domain
(N-terminal, 42 to 57 amino acids) (5] Appendix, Fig. S1C). QC
of the human malaria parasite Plasmodium falciparum (PFQC)
shows 21 to 27% identity to QCs of various bacteria and the
plant Carica papaya (CpQC) (1, 18-20) (SI Appendix, Fig. S1B).
All nine amino acids of the catalytic site of bacterial and plant
QCs (1) are conserved in Plasmodium QC, and the secondary
structure of PAQC, threaded against CpQC and bacterial QCs,
reveals 22 conserved B-sheets (87 Appendix, Fig. S10). A PFQC
three-dimensional (3D) homology model, built against GpQC
and bacteria QCs, predicted five conserved blades of antiparallel
B-sheets and a highly similar tertiary structure of PfQC and
pQC (Fig. 1 A and Band SI Appendix, Fig. S1D). Recombinant
wild-type (WT) PAQC has cyclase activity in a two-step enzyme-
activity assay that is not present in a catalytically dead PAQC
(PfQCCD), in which two conserved amino acid residues in the
catalytic site were mutated (Fig. 10).

Published expression data indicate that QC is expressed in
gametocytes, ookinetes, oocysts, and sporozoites, Plasmodium
mosquito stages critical for disease transmission (S Appendix, Fig.
S1 E-G). PAQC is present in proteomes of female gametocytes,
oocysts, and sporozoites, and Plasmodium yoelii QC (PY17X_
1314500) has been detected in oocyst and sporozoite proteomes.
PAQC is also present in proteomes of sporozoite surface proteins
(21). However, the protein has not been detected in asexual
blood-stage proteomes. The presence of PAQC in female gameto-
cytes and sporozoites corresponds to increased transcript levels in
female gametocytes and sporozoites (PlasmoDB v.46, http://
www.plasmodb.org). Increased transcription of Plasmodium ber-
ghei QC (PKQC; PBANKA_1310700) was also observed in
gametocytes, zygotes/ookinetes, and sporozoites. Combined, the
data on QC expression suggest a role of QC in stages responsible
for mosquito transmission. QC expression in transmission stages
was confirmed by analyzing a transgenic rodent malaria parasite
(P. berghes; Pbqc::cmyc), expressing a cmyc-tagged QC (Fig. 1D
and S Appendix, Fig. S2 A-E and Table S1).

Absence of QC Leads to Melanization of Rodent and Human
Malaria Oocysts and Sporozoites. To analyze QC function
in vivo, QC-null mutants of the rodent parasite P. berghei and the
human parasite P. falciparum were generated. QC-null mutants
were created by deleting the gc gene from the parasite genome
using standard methods of genetic modification. Blood stages of
three P. berghei QC-null mutants (Agel; Age2, Age-G) showed
WT asexual growth rate and gametocyte production. In addition,
gametocytes of QC-null mutants produced WT-like numbers of
mature ookinetes in vitro (S/ Appendix, Fig. S2 F-J and Table
S1). All three P. berghei QC-null mutants constitutively express
the reporters mCherry and luciferase. When fed to Anopheles
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Fig. 1. Three-dimensional homology model, cyclase activity, and expres-
sion of P. falciparum QC. (A) Three-dimensional homology model of P. falcip-
arum QC, generated against the resolved QC structures from C. papaya and
Z. mobilis, and the 3D template structure of C. papaya QC. Structures are
visualized using PyMOL. Helices, cyan; sheets, magenta; loops, brown. An
overlay is shown of PfQC (green) and CpQC (red). (B) Visualization of the
CpQC catalytic site (blue), composed of active-site residues F22, Q24, F67,
E69, W83, W110, N155, W169, and K225 and the predicted PfQC (blue) cata-
lytic site, based on the catalytic-site residues conserved with the CpQC cata-
lytic site (F107, Q109, F152, E154, Y174, Y200, N269, F285, and K349;
Sl Appendix, Fig. S1D). (C) Cyclase activity of PfQC (relative fluorescence
units, RFU), in an enzyme activity assay using recombinant wild-type (WT-
PfQC; n = 4) and cyclase-dead PfQC (QCP; n = 4), containing two point
mutations in the active site, F107A and Q109A (***P < 0.0001). (D) QC
expression in gametocytes, ookinetes, and sporozoites, visualized by stain-
ing with anti-cmyc antibodies of fixed Pbgc::cmyc parasites that express
cmyc-tagged QC and mCherry. Nuclei are stained with Hoechst 33342. DIC,
differential interference contrast. (Scale bars, 5 pm.)
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stephensi, QC-null parasites produced similar numbers of oocysts
as WT parasites (Fig. 24 and SI Appendix, Table S1). Closer
examination of maturing oocysts by light microscopy revealed the
presence of aberrant, dark-colored mature oocysts in 55 to 65%
of QC-null-infected mosquitoes (1 to 85 dark-colored oocysts per
mosquito), while such oocysts were absent in WT-infected mos-
quitoes (Fig. 2 A-D). No dark-colored ookinetes/oocysts were
detected before day 10 postinfection (p.i.). However, aberrant,
enlarged, dark-colored sporozoites, either still inside or during
release from oocysts, were observed between day 14 and 21 p.i.
(Fig. 2F and SI Appendix, Fig. S2 K~P). Dark-colored oocysts and
sporozoites indicate the formation of melanin, a dark, insoluble
pigment. Melanotic encapsulation is an important mosquito anti-
Plasmodium immune effector response (16, 17). To our knowl-
edge, melanization of P. berghei sporozoites has not been observed
before and only one report describes the melanization of P. berghei
oocysts, resulting from replacement of the P. berghei gene encod-
ing the circumsporozoite protein (esp) by the esp gene of the avian
malaria parasite Plasmodium gallinaceum (22).

At day 21 p.i., nonmotile, enlarged sporozoites covered by
melanin were found in the hemocoel, often in clusters or

attached to salivary glands (Fig. 2 G-I). We found that the
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Fig. 2. Melanization of oocysts and sporozoites in mosquitoes infected with QC-null mutants and reduced sg-sporozoite numbers. (A) Number of melanized
and nonmelanized oocysts per mosquito (median + 95% Cl; n, number of mosquitoes) infected with QC-null mutants (Agc), QC-null mutants complemented
with P. berghei or P. fa/ciparum QC [Pbqc(c) and Pfgc(c)], or infected with a QC catalytically dead mutant (gc). At least three replicates [except Pbgc(c): one
experiment and qc in duplicate] were pooled for statistical analysis. ns, not significant [Mann-Whitney U test; significance relative to WT; P values: Aqgc1
0.159, Agc2 0.174, AqcG 0.188, Pbgc(c) 0.360, Pfgc(c) 0.079, and qc®® 0.062]. (B) Number of melanized oocysts per mosquito (day 14, 17, and 21) (n = 15 to
20) infected with gc mutants. Number of mosquitoes on day 14, 17, and 21: WT (18, 21, and 18); Agc7 (10, 32, and 5); Agc2 (16, 10, and 12); Aqc-G (14, 18,
and 5); Pbqc(c) (28, 11, and 18); Pfgc(c) (16, 19, and 22); gcP (17, 24, and 15). At least three replicates [except Pbgc(c): one experiment and gc“® in duplicate]
were pooled for statistical analysis and error bars represent the median with 95% CI. (C) Melanized oocyst in mosquito midguts (day 14) infected with
QC-null mutants (Aqc). Bright-field (BF) and fluorescence images of mCherry-expressing oocysts. (Scale bars, 200 pm.) (C, Right) Melanized (red arrowheads)
and nonmelanized (blue arrowheads) oocysts in a AgcT-infected mosquito (day 14). Nonmelanized oocysts are shown in blue circles. (Scale bar, 100 pm.)
(D) Percentage of mosquitoes with melanized oocysts (n, number of experiments; 30 to 40 mosquitoes per experiment; day 14) infected with different gc
mutant parasites (see A for mutant names). At least three replicates [except Pbgc(c): one experiment] were pooled for statistical analysis. Data are repre-
sented as mean + SD. (E) Number of sg-sporozoites per mosquito (n, number of experiments; 60 to 80 mosquitoes per experiment) infected with gc
mutants. Mean and SD [Aqc: three to six experiments; WT: six experiments; Pbgc(c): one experiment; other mutants: two to four experiments]. **P < 0.005,
*P < 0.05; ns, not significant [Mann-Whitney U test; significance relative to WT; P values: Agc7 0.0095, Agc2 0.004, AqcG 0.024, Pfgc(c) 0.262, gc::cmyc 0.191,
and qc? 0.071]. (F) Examples of QC-null oocysts showing melanization of sporozoites inside or in the process of egress (Left and Middle); red arrows: mela-
nized oocysts; blue arrows: WT-like oocysts. (F, Inset) WT oocyst with sporulation (day 14). (Scale bars, 20 pm.) (F, Right) Melanized QC-null hemocoel sporo-
zoites (abdominal region; day 21). (Scale bar, 25 pm.) (G) Cluster of melanized (dark-colored, enlarged) sporozoites in the hemocoel of a QC-null-infected
mosquito (day 21). (Scale bar, 10 um.) (H) Bright-field and fluorescence images of salivary glands (day 21) from mosquitoes infected with WT (Upper) and
QC-null parasites (Lower), expressing mCherry (Right). Melanized, mCherry-negative sporozoites cluster at the periphery of salivary glands. (Scale bars,
50 pm.) (/) Partially crushed salivary gland (day 21) of a QC-null-infected mosquito showing melanized (red arrowheads) and nonmelanized (blue arrow-
heads) sporozoites. (Scale bar, 10 pm.)
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number of QC-null salivary gland sporozoites (sg-sporozoites)
was significantly reduced compared with WT (Mann—Whitney
U test, Agel P = 0.0095, Agce2 P = 0.0043, and Agc-G
P = 0.0238; Fig. 2E). However, most QC-null sporozoites inside
salivary glands had a WT-like morphology, namely long and slen-
der, without signs of melanization (Fig. 27 and S/ Appendix, Fig.
S2 N and O), suggesting that sporozoites escape the mosquito
melanization response once they invade the salivary glands.

The melanization phenotype of P. berghei QC-null oocysts
and sporozoites was analyzed in more detail. Scanning electron
microscopy of QC-null oocysts and sporozoites with energy-
dispersive X-ray (SEM-EDX) analysis revealed the presence of
sulfur in the dark-colored parasites (Fig. 3), indicative of pheo-
melanin (23), a constituent of melanized ookinetes (24). The
dark-colored material, hereinafter referred to as “melanin,” was
mainly located inside ruptured oocysts and on sporozoites. Dis-
tinct melanin deposition on the oocyst capsule was not observed
(ST Appendix, Fig. S2 K~0O). Transmission electron microscopy
confirmed melanin deposition mainly inside oocysts, often sur-
rounding sporozoites (S Appendix, Fig. S3 A and B).

The motility of these QC-null sg-sporozoites and their infec-
tivity of cultured hepatocytes were not significantly different from
WT sg-sporozoites (SI Appendix, Fig. S3 C-G). These

A

[l

observations reveal the viability of QC-null sporozoites that
invade salivary glands and indicate that the reduced sg-sporozoite
numbers result from immune recognition and melanization of
sporozoites while in transit to salivary glands. The melanization
phenotype of QC-null parasites was rescued by genetic complemen-
tation through reintroduction of the P. berghei or the P. falciparum
gc gene into the disrupted gc locus of P. berghei QC-null mutants
(SI Appendix, Fig. S3 H-N). Complemented parasites showed
WT-like oocyst and sporozoite development without signs of mela-
nization, and sg-sporozoite numbers were also restored to WT
numbers (Fig. 2 A, B, D, and E and SI Appendix, Fig. S3 M and N
and Table S1).

The importance of QC activity to prevent melanization was
further analyzed using a P. berghei mutant expressing a cyclase-
dead QC containing two point mutations in the catalytic site (S/
Appendix, Fig. S4 A-D). Similar to QC-null mutants, melaniza-
tion was observed in this mutant with reduced sg-sporozoite
numbers (Fig. 2 A, B, D, and E and S/ Appendix, Fig. S4 E and
Fand Table S1), revealing that cyclase activity is critical to pre-
vent sporozoite melanization.

We next investigated whether absence of QC activity in
P. falciparum results in a melanization phenotype. Two independent
P. falciparum mutants lacking the gc gene (PfAgcl, PfAgc2) were

Sulfur (cps)

Position [pm)]

Sulphur

a2

10pm 10pm

Fig. 3. SEM-EDX analysis of melanized and nonmelanized QC-null oocysts and sporozoites. (A) SEM (Left) and bright-field (Right) identification and selection
of oocysts (5174) and sporozoites (5173) in a midgut of an A. stephensi mosquito infected with PbAqgc1 (day 14). (B) EDX line scan of the elements carbon
(blue) and sulfur (orange) together with SEM images (counts per second, CPS) showing the presence of sulfur in melanized oocysts (Left; dark-colored oocyst
in 5174; A) and in melanized, dark-colored sporozoites (Right; 5173; A). Black lines represent EDX line scan positions. Yellow arrowheads indicate melanized
black oocysts, and white arrowheads indicate nonmelanized oocysts (5174). Cluster of melanized sporozoites (5173). (C) EDX mapping analysis of carbon

and sulfur together with an SEM image of melanized sporozoites (5173; A).
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generated by CRISPR-Cas9 gene editing (S7 Appendix, Fig. S4 G-).
These QC-null mutants showed similar asexual growth rate, gameto-
cyte production (SI Appendix, Fig. S4 J and K), and numbers of
oocysts and sg-sporozoites as W1 parasites (Fig. 4 A and B). Mela-
nization of oocysts and sporozoites also occurred in P. falciparum
QC-null mutants, with melanized oocysts in 25 to 34% of
infected mosquitoes (1 to 20 melanized oocysts per mosquito),
whereas melanized parasites were absent in WT-infected mosqui-
toes (Fig. 4 C-G). Combined, we show that absence of QC
results in melanization of oocysts and sporozoites of rodent and
human malaria parasites.

A N - Non-melanized oocysls B

M - Melanized cocysts
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Fig. 4. Melanization of oocysts and sporozoites of P. falciparum QC-null
mutants. (A) Number of melanized and nonmelanized oocysts per mos-
quito in A. stephensi mosquitoes (n, number of mosquitoes) infected with
QC-null mutants (Agc) or WT parasites. Error bars represent the median +
95% Cl (Agc: two experiments; WT: four experiments). ns, not significant
(Mann-Whitney U test; statistical significance is shown relative to WT; P val-
ues: AqgcT 0.333 and Agc2 0.531). (B) Number of sg-sporozoites per mos-
quito (n, number of experiments; 60 to 80 mosquitoes per experiment),
infected with QC-null mutants (Aqc) or WT parasites. Mean and SD [two
experiments for QC-null mutants (Aqc) and four experiments for WT]. ns,
not significant (Mann-Whitney U test; statistical significance is shown rela-
tive to WT; P values: Agcl1 0.133 and Agc2 0.133). (C) Number of melanized
oocysts per individual mosquito on days 11, 15, and 21 after infection with
QC-null mutants or WT parasites (n, number of mosquitoes). The horizontal
bars indicate medians (two to four experiments). (D) Percentage of mosqui-
toes with melanized oocysts (n, number of experiments; 30 to 40 mosqui-
toes per experiment) at day 21 after infection with QC-null mutants or WT
parasites. Data are represented as mean =+ SD. (£) Melanized (dark-colored)
oocysts in midguts of mosquitoes (day 11) infected with QC-null mutants.
No melanized oocysts were observed in WT parasites. (Scale bars, 200 pm.)
(F) Examples of (partly) melanized QC-null oocysts (M, day 15) showing mel-
anization of sporozoites still inside or in the process of oocyst egress and
an oocyst with typical features of WT sporozoite formation (WT-like). (Scale
bars, 20 pm.) (G) Melanized (red circles) and nonmelanized, WT-like (purple
circles) QC-null sporozoites obtained from a salivary gland (under a cover-
slip) isolated from an infected mosquito (day 21). (Scale bars, 10 pm.)
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Silencing of Mosquito Immune Responses Results in Reduced
Melanization and Increased Sg-Sporozoite Numbers in QC-Null-
Infected Mosquitoes. TEP1 is a key effector of mosquito comple-
ment that targets ookinetes as they emerge from the midgut (15).
A second TEP1-independent late-phase response, mediated by the
STAT pathway (25) and hemocytes (26) targets the oocyst stage,
while hemocyte-mediated phagocytosis of sporozoites has also
been reported (27). Whereas substantial melanization has been
documented in ookinetes (reviewed by ref. 12), extensive oocyst
or sporozoite melanization has not been reported.

The melanizaton of QC-null parasites could result from either
recognition of viable parasites as nonself by the immune system
or as a general mechanism of disposal of aberrant/dead parasites
(28) (reviewed by ref. 29). To examine whether abnormal/dead
QC-expressing parasites would trigger a similar melanization
response as QC-null parasites, we reanalyzed oocysts of four pub-
lished P. berghei mutants that produce WT-like oocyst numbers
but have severe defects in sporozoite formation [CSP- and
ROM3-null mutants (30, 31)], egress from oocysts [CRMP4-
null mutant (32)], or invasion of salivary glands [TRAP-null
mutant (33)]. Despite these defects during sg-sporozoite forma-
tion, no melanization was observed (57 Appendix, Fig. S4 L-R),
indicating that presence of aberrant parasites is not a general trig-
ger for melanization. To further analyze whether the elimination
of QC-null sporozoites involves mosquito hemocytes, we dis-
rupted hemocyte function by systemic injection of polystyrene
beads as described (34). Bead injection had no significant effect
on the number of thorax sporozoites (including sg-sporozoites) in
WT-infected mosquitoes (Fig. 54) but significantly increased
(2.6-fold) the number of QC-null thorax sporozoites, indicating
that lack of QC activity results in active elimination of viable
sporozoites that is mediated by hemocytes (Fig. 5B; Mann—
Whitney U test, P < 0.01). The potential participation of the
complement-like system in immune recognition of QC-null sporo-
zoites was evaluated by silencing LRIM1, a stabilizer of TEP1 (35).
Disrupting the complement system had no significant effect on the
number of QC-null thorax sporozoites (Fig. 5C). In contrast,
silencing the serine protease CLIPAS, a critical activator of mel-
anization (28), reduced the percentage of QC-null-infected
mosquitoes with melanized oocysts from 75 to 5% (Fig. 5D;
x°, P < 0.0001) and significantly increased the number of live
thorax sporozoites (27.4-fold) (Fig. 5E Mann—Whitney U test,
P = 0.0001) and infection prevalence (66 to 90%; ¥, P <
0.01). Taken together, these findings demonstrate that QC-null
sporozoites are detected as nonself and eliminated through
melanization.

QC-Null Oocysts Are Not Melanized When Sporozoite Formation
or Egress Is Prevented. The absence of melanized QC-null
oocysts before day 10 p.i. and the lack of distinct deposition of
melanin on the oocyst capsule may suggest that QC-null sporo-
zoites, either still inside rupturing oocysts or after release into the
hemocoel, are specifically recognized by the immune system. If
this is the case, abolishing sporozoite formation inside QC-null
oocysts or blocking egress of QC-null sporozoites would prevent
oocyst melanization. To test this hypothesis, we deleted genes
encoding proteins involved in sporozoite formation [CSP (30),
ROMS3 (31)] or in sporozoite egress [ECP1 (36), CRMP4 (32)]
in hdhfr:yfeu selectable marker recycled P. berghei QC-null para-
sites [line PbAgcl(-sm)] (SI Appendix, Fig. S5 A-D). These
“double-knockout” QC-null mutants produced WT numbers of
oocysts; however, melanized oocysts were completely absent (Fig.
6 Aand B and SI Appendix, Fig. S5 E-]). In contrast, melanized

oocysts/sporozoites were observed in 79% of mosquitoes infected
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Fig. 5. Silencing of mosquito immune responses results in increased spo-
rozoite numbers in salivary glands of mosquitoes infected with P. berghei
QC-null mutants. (A) Sporozoite density (luciferase activity) in individual
mosquito thoraces at day 23 p.i. after systemic injection of polystyrene
beads into the thorax (day 12 p.i.) of mosquitoes infected with WT para-
sites (n, number of mosquitoes). ns, not significant (Mann-Whitney U test,
P > 0.05). The horizontal bars indicate medians. (B) Sporozoite density
(luciferase activity in individual mosquito thoraces; day 23 p.i.) after sys-
temic injection of polystyrene beads into the thorax (day 12 p.i.) of QC-null
(Agc2)-infected mosquitoes (n, number of mosquitoes). **P < 0.01 (Mann-
Whitney U test). The horizontal bars indicate medians. (C) Sporozoite den-
sity (luciferase activity in individual mosquito thoraces; day 23 p.i.) after
injection of dsRNA for LRIM1 (ASTE000814) (dsLRIM1) or LacZ (dsLacZ; con-
trol) (day 12 p.i.) of QC-null mutant (Agc2)-infected mosquitoes (n, number
of mosquitoes). ns, not significant (Mann-Whitney U test, P > 0.05). The
horizontal bars indicate medians. (D) Representative midguts and percent-
age of mosquitoes with melanized (black) and nonmelanized (red) parasites
(23 d p.i.) after injection of dsRNA for CLIPA8 (ASTE009395) (dsCLIPA8) or
LacZ (dsLacZ; control) (day 12 p.i.) of QC-null mutant (Agc2)-infected mos-
quitoes (n, number of mosquitoes). ****P < 0.0001 (XZ test). (E) Sporozoite
density (luciferase activity in individual mosquito thoraces; day 23 p.i.) after
injection of dsCLIPA8 or dsLacZ (control) (day 12 p.i.) of QC-null mutant
(Agc2)-infected mosquitoes (n, number of mosquitoes). ****P < 0.0001
(Mann-Whitney U test). The horizontal bars indicate medians.

with a double-knockout QC-null mutant lacking the map (33)
gene (SI Appendix, Fig. S5/), in which sporozoites are released
into the hemocoel but cannot invade the salivary glands (1 to 60
melanized oocysts per mosquito) (Fig. 6 A and B and S/
Appendix, Fig. S5)). These observations confirm that melanization
only occurs when QC-null oocysts rupture and sporozoites come
in contact with mosquito hemolymph.

Sporozoites Expressing the Circumsporozoite Surface Protein
with a Mutated QC-Target Glutamine Are Recognized by the
Mosquito Immune System. Circumsporozoite protein (CSP) is
the most abundant protein on the sporozoite surface (10, 11).
We therefore hypothesized that CSP could be a prime target
for immune recognition of QC-null parasites. We analyzed
published proteomes for pGlu modification of CSP and identi-
fied multiple CSP peptides with pGlu at the N terminus. The
majority (>90%) of these have pGlu modification of the

https://doi.org/10.1073/pnas.2209729119

glutamine (Q) located in region 1 (R1) of CSP (SI Appendix,
Fig. S5 Kand ). This short, five—amino acid region (KLKQP)
contains a proteolytic cleavage site (37, 38) and the glutamine
is conserved across different Plasmodium species (Fig. 6C). CSP
cleavage is known to occur at the sporozoite surface (39, 40)
and this processing step is essential for host cell invasion (41).
We hypothesized that the proteolytic cleavage site could be
between the lysine and glutamine residues of R1, resulting in a
glutamine at the new N terminus of processed CSP that can be
modified. To establish whether CSP could be a target for
immune recognition of the QC-null sporozoites, two indepen-
dent P. berghei lines (cspm“tl’z) were generated that express a
mutated CSP with glutamine in R1 replaced with alanine
(Q92A), thereby preventing putative pGlu formation (Fig. 6D
and SI Appendix, Fig. S5 M-0). Both csp™" mutants produced
similar numbers of oocysts as WT parasites (Fig. 6£). We con-
firmed proteolytic cleavage of CSP in both WT and ep™"
sg-sporozoites by Western analysis (Fig. 6F), indicating that the
Q92A replacement did not affect CSP processing. The pheno-
type of csp™" oocysts was similar to that of QC-null parasites, as
no melanization was observed during the first 10 d p.i. whereas,
at day 14 to 16 p.i., melanized oocysts were detected in 26 to
48% of csp™"-infected mosquitoes (1 to 35 melanized oocysts
per mosquito), mainly in ruptured oocysts (Fig. 6 E, G, and H).
Clusters of melanized sporozoites were also found in the hemo-
coel of mosquitoes infected with cp™" and ¢cp™ parasites
(Fig. 6. csp™" sg-sporozoites also showed WT-like infectivity
in cultured hepatocytes (S Appendix, Fig. S5P). These observa-
tions demonstrate that the absence of the single glutamine resi-
due in CSP R1 triggers immune recognition of viable/infective
sporozoites in the mosquito hemocoel, resulting in parasite mela-
nization. Combined, all our observations support the hypothesis
that malaria parasites evade mosquito immune recognition by
QC-mediated posttranslational modification of CSP.

Discussion

Here, we present the functional characterization of a parasite
QC and show that Plasmodium QC plays a role in sporozoite
evasion of mosquito immune recognition. QC activity appears
to be critical for survival of sporozoites emerging from oocysts
or circulating in the hemocoel, but no other defects/phenotypes
were observed in salivary gland sporozoites or in other develop-
mental stages of QC-null parasites. Plasmodium evasion of mos-
quito immunity has been documented in the ookinete stage
(42). Circulating hemocytes release microvesicles that promote
local activation of TEP1 when they encounter the nitrated sur-
face of Anopheles gambiae midgut cells undergoing apoptosis in
response to ookinete invasion (14). The P. falciparum surface
protein Pf47 renders TEP1 activation ineffective by disrupting
epithelial nitration in ookinete-invaded cells (43, 44). However,
parasite factors implicated in immune evasion of sporozoites
had not been reported. While TEP1-mediated lysis is key for
immunity against ookinetes, here we show that the mosquito
complement-like system does not mediate elimination of
QC-null sporozoites, as silencing LRIM1 had no effect on spo-
rozoite survival. We propose a mechanism of immune evasion
(Fig. 7), in which QC modification of target proteins prevents
melanization of sporozoites as they come in contact with mos-
quito hemolymph and increases the probability that they reach
the salivary gland unharmed.

Sporozoite melanization is a major mechanism eliminating
QC-null parasites, because disrupting melanization by silencing
CLIPAS8 greatly increased sporozoite survival. This also indicates
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Fig. 6. Absence of melanization of QC-null oocysts in the absence of sporozoite egress, and melanization of oocysts and sporozoites that express CSP with a mutated
QC-target glutamine. (A) Number of melanized and nonmelanized oocysts per mosquito (median + 95% Cl; n = 40 to 50) infected with a QC-null mutant [Aqc1(-sm)],
WT and QC-null mutants AgcAcsp, AgcArom3 (no sporozoite formation), AgcAecpl, AgcAcrmp4 (no sporozoite egress), and AqgcAtrap (sporozoite egress). n, number
of mosquitoes. y axis (Right): percentage of mosquitoes with melanized oocysts [three experiments for all mutants except for Aqcl(-sm), n = 4]. ns, not significant
[Mann-Whitney U test; significance relative to WT; P values: AgcAcsp 0.003, AgcArom3 0.968, AgcAecp? 0.184, AqcAcrmp4 0.216, AqcAtrap 0.895, and Agc(-sm) 0.075].
(B) Number of sg-sporozoites per mosquito infected with mutants as shown (Left) (n, number of experiments; 60 to 80 mosquitoes per experiment). Data are repre-
sented as mean + SD. ns, not significant [Mann-Whitney U test; significance relative to WT; P value: Agc(-sm) 0.071]. (C) Schematic showing different regions of CSP.
Yellow: region 1 (RI). Dark yellow box: the conserved glutamine in R1 (KLKQP). R1 is highly conserved and contains the cleavage site (41). CTD, C-terminal domain; NTD,
N-terminal domain; SP, signal peptide. (D) Sanger-sequence DNA chromatograms of the PCR fragment of P. berghei CSP RI amplified from WT and csp™" genomic
DNA, confirming the replacement of glutamine with alanine (Q92A; highlighted) in csp™". (E, Left) Number of melanized and nonmelanized oocysts per mosquito in A.
stephensi mosquitoes (n, number of mosquitoes) infected with CSP Q92A mutants (CSP™' and CSP™ ) or WT parasites. Error bars represent the median + 95% Cl
(four to six experiments). ns, not significant (Mann-Whitney U test; statistical significance is shown relative to WT; P values: csp™" 0.439 and csp™ 2 0.264). (E, Middle)
Percentage of mosquitoes with melanized oocysts (n, number of experiments; 30 to 40 mosquitoes per experiment; day 16) infected with csp™". No melanized
oocysts in WT-infected mosquitoes. Data are represented as mean + SD. (£, Right) Number of sg-sporozoites per mosquito (day 21; n, number of experiments;
60 to 80 mosquitoes per experiment) infected with WT, csp™ ", and csp™*. Data are represented as mean + SD (n, number of experiments). ns, not signifi-
cant (Mann-Whitney U test; significance relative to WT; P values: csp™ " 0.073 and csp™ 2 0.073). (F) Western analysis of sporozoite lysates showing CSP expres-
sion/processing in WT and csp™", expressing mutated CSP (Q92A), using antibody 3D 11, recognizing CSP repeats. Processing results in a full-length (55 kDa) and a
processed form (45 kDa) (39, 48). WT and csp™ " sporozoites incubated with or without heparin at 37 °C or room temperature (RT; 10 min) as CSP also undergoes
processing when in contact with heparan sulfate proteoglycans (21). (G) Midguts of mosquitoes with mCherry-expressing csp™ " oocysts, showing melanized (dark-
colored) oocysts. (Scale bars, 200 pm.) (H) Bright-field light-microscope images of csp™ " oocysts (day 21) showing WT-like (WT-00c) and melanized oocysts. (H, Right)
Melanized sporozoites during egress. (Scale bars, 20 pm.) (/) Melanized cspmLIt sporozoites in the hemocoel (abdominal region; day 21). (Scale bar, 10 pm.)
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RR, repeat region; SP, signal peptide (amino acids in R1 are shown as single-letter codes).

that sporozoite melanization is not activated in response to para-
sites that are already dead or irreversibly damaged. Consistent
with our results, previous studies found that, although a majority
of injected WT sporozoites (80 to 90%) are eliminated and lysed
before they invade the salivary glands, only a small proportion of
WT sporozoites are eliminated by phagocytosis or melanization
(27, 45). Plasmodium ookinete melanization has been reported
as a mechanism to dispose of dead or irreversibly damaged ooki-
netes, because disrupting melanization of ookinetes in the refrac-
tory A. gambiae 135 strain does not increase parasite survival
(28). In contrast, our results show that melanization can elimi-
nate viable sporozoites in the absence of QC activity. All our
results indicate that melanization of QC-null parasites occurs
when oocysts rupture and sporozoites come in contact with mos-
quito hemolymph. Indeed, melanization of QC-null mutants is
not observed in early oocyst stages, in mature oocysts before rup-
ture, or in double-knockout QC-null oocysts that never rupture.
The observation that the number of melanized oocysts does not
increase between 14 and 21 d p.i. was unexpected. It may reflect
how quickly oocysts are melanized as they begin to rupture. For
example, one can envision that hemolymph levels of tyrosine, a
substrate essential for melanization, are probably higher 10 to
14 d p.i. and oocysts may be melanized very quickly as soon as
they begin to rupture. Some sporozoites emerging from oocysts
that rupture later may be able to escape into the hemolymph
before they are melanized. Some of these sporozoites are mela-
nized after they emerge, on the surface of the salivary gland

https://doi.org/10.1073/pnas.2209729119

(as in Fig. 2H) or other organs. When oocyst numbers are high,
we observe that many oocysts never rupture, even 21 d p.i., both
in WT and QC-mutant parasites. Those oocysts are not mela-
nized in QC-mutant parasites.

Our observation that bead injection increases parasite survival
shows that hemocytes are involved in the elimination of
QC-null sporozoites. However, one must consider that the num-
ber of circulating sporozoites is significantly lower in QC-null
parasites than in WT, as bundles of melanized sporozoites are
often observed before they emerge from ruptured oocysts or are
attached to the hemocoel surface. It is thus possible that the
higher efficiency of phagocytosis in QC-null sporozoites by
hemocytes could be indirect and due, at least in part, to the
reduced number of parasites circulating in the hemocoel. If this
is the case, one would expect that phagocytosis in QC-null para-
sites would be even more effective in natural infections in which
only a handful of oocysts are present.

We provide direct evidence that QC-mediated modification
of P. berghei CSP plays a role in escaping immune recognition.
This surface protein has multiple essential functions during key
infection processes in both the mosquito and vertebrate host
(10, 11, 46) and is a principal target for various malaria vacci-
nation approaches (10, 11, 47). pGlu formation at the mutated
glutamine requires processing of CSP. CSP cleavage in Rl
occurs at the sporozoite surface (39, 40, 48) and QC has been
identified in sporozoite surface proteomes (21, 49, 50). We
propose a working model (Fig. 7) in which proteolytic cleavage
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in R1 of CSP (KLKlQP) on the surface of sporozoites, between
lysine (K) and glutamine (Q), generates an N-terminal gluta-
mine that is posttranslationally modified to pGlu by Plasmo-
dium QC. There has been controversy as to whether R1 of
CSP is already processed in sg-sporozoites (36, 39, 40, 51) or
whether cleavage takes place later on, when sporozoites come in
contact with the surface of hepatocytes (41). However, because
CSP is constantly shed from the surface of sporozoites (52, 53)
and sporozoites can remain for several days within the mos-
quito salivary gland, one can envision that most CSP molecules
present on the surface of sporozoites emerging from oocysts
may have been replaced with new CSP by the time sporozoites
are injected into the skin of the vertebrate host. Thus, it is pos-
sible that processing of CSP R1 is required at multiple stages,
and there may be differences in CSP processing between sporo-
zoites present in the mosquito and in the vertebrate host. In
two studies in which the complete R1 region of CSP was
removed in P. berghei mutants, cleavage of the N-terminal
region of CSP no longer took place, and the number of para-
sites that reached the salivary gland was reduced (37, 54). How-
ever, no melanization of the mutated oocysts or sporozoites was
reported, suggesting that unprocessed CSP does not activate
melanization, while CSP that has been processed by cleavage in
R1 acquires a conformation that activates melanization in the
mosquito, unless the N-terminal Q that is generated is modi-
fied to pGlu by QC. The increased melanization of csp™"* para-
sites in which a single amino acid (Q in the R1 region) of CSP
was mutated shows that CSP is an important target of QC.
Whether CSP is the only target protein for QC-mediated
modification in sporozoites to evade immune recognition is
unknown. We did not observe any phenotypes in other life
cycle stages of QC-null parasites that were different from WT.
Moreover, sg-sporozoites of the QC-null mutants that escaped
melanization showed a WT-like motility and infectivity to hep-
atocytes, indicating that lack of QC does not affect other sporo-
zoite proteins involved in motility and invasion. However, the
lower percentage of mosquitoes with melanized csp™" oocysts,

oocysts per mosquito compared

and fewer melanized csp™"
with QC-null-infected mosquitoes, suggests that there are
probably other targets of QC besides CSP.

Our studies reveal a mechanism of immune evasion of malaria
parasites in the mosquito, by QC modification of target pro-
teins, including CSP. Human QCs posttranslationally modify
multiple proteins involved in different processes, including
immune evasion by malignant cells (7, 8). In human cells, QC
activity modifies the N-terminal glutamine of CD47 to pGlu
(7). This N-terminal modification is essential for CD47 binding
to SIRPa, an inhibitory receptor primarily expressed in myeloid
cells. Thus, cancer cells evade immunity by overexpressing
CD47, which is modified by QC, and suppresses myeloid cells
by interacting with SIRPa (55). Combined, our findings indi-
cate that QC-mediated posttranslational protein modification is
an ancient immune evasion strategy, shared by evolutionarily
distant eukaryotes. We show that it facilitates malaria transmis-
sion by enhancing sporozoite survival during their transit to the
mosquito salivary gland. Understanding how the malaria parasite
evades mosquito immunity could open the possibility to design-
ing novel strategies to disrupt disease transmission. We provide
direct evidence that type I QC, an enzyme present in bacteria,
plants, and parasites, mediates immune evasion. Interestingly sev-
eral other pathogenic organisms, such as Toxoplasma gondi and
Yersinia pestis, also have type I QC genes (3). Our observations
beg the question of whether these, or other pathogens, use a simi-
lar immune evasion strategy in their insect vectors, or in their
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vertebrate hosts. The importance of QC modifications for infec-
tivity of sporozoites in vertebrates, as they transit through the
skin, the circulatory system, and the liver, also remains to be
determined.

Materials and Methods

Experimental Animals: Leiden University Medical Center. All animal
experiments were granted a license by competent authority after advise on ethical
evaluation by the Animal Experiments Committee Leiden (AVD1160020171625).
All experiments were performed in accordance with the Experiments on Animals
Act (Wod, 2014), the applicable legislation in The Netherlands in accordance with
European guidelines (EU directive no. 2010/63/EU). All experiments were exe-
cuted in a licensed establishment for experimental animals (Leiden University
Medical Center; LUMC). Mice were housed in ventilated cages furnished with
autoclaved aspen woodchips, fun tunnel, wood chew block, and nestlets (at 21 +
2°C; 12+h light-dark cycle; relative humidity of 55 + 10%) and fed commercially
prepared autoclaved dry rodent diet pellets and provided with water, both avail-
able ad libitum. Female OF1 mice (6- to 7-wk-old, Charles River Laboratories)
were used (see SI Appendix for additional information).

Mosquitoes from a colony of A. stephensi (line Nijmegen SDA500) were
used. Larval stages were reared in water trays (at 28 & 1°C; relative humidity
80%). Adult females were transferred to incubators at 28 +0.2 °C (relative
humidity 80%) and fed a 5% filter-sterilized glucose solution. For the transmis-
sion experiments, 3- to 5-d-old mosquitoes were used. Following infection, the
P. berghei- and P. falciparum-infected mosquitoes were maintained at 21 and
28 °C, respectively, at 80% relative humidity.

Experimental Animals: NIH. Female BALB/c mice (6- to 7-wk-old from
Charles River Laboratories) were used following approved NIH animal protocol
LMVR-5. A. stephensi Nijmegen mosquitoes were reared under standard condi-
tions at 27 °C and 80% humidity (12-h light-dark cycle).

Parasites. Parasites of the transgenic reference line 1868¢l1 were used as "WT"
P. berghei (Pb) ANKA parasite. Parasites of this reference ANKA line express
mCherry and luciferase under the constitutive hsp70 and eefla promotors,
respectively (RMgm-1320, http://www.pberghei.eu) (56). The following Pb ANKA
mutant lines were used: Arom3 (430cl1; mutant RMgm-178, http://www.
pberghei.eu) (31), Acrmp4 (376cl1; RMgm-585, http://www.pberghei.eu) (32),
Atrap (2564c3; RMgm-4680, http://www.pberghei.eu) (33), and Acsp
(3065cl1; RMgm-4681, http://www.pberghei.eu) (30). Parasites of Acsp and
Arom3 (csp, PBANKA_0403200; rom3, PBANKA_0702700) lack signs of sporo-
20ite formation/maturation inside oocysts (30, 31). Parasites of Acrmp4 (crmp4,
PBANKA_ 1300800) form sporozoites that are unable to egress from the mature
oocysts (32). Parasites of Atrap (trap, PBANKA_1349800) form sporozoites inside
oocysts that egress from the oocysts but are unable to invade the salivary glands
(33). In addition, mutant line PbAcsp-GIMO parasites (https://www.pberghei.eu/
index.php?rmgm=4681) were used. In the genome of parasites of this line the
csp open reading frame has been replaced by the hdhfr::yfcu selectable marker.
Parasites of this line lack sporozoite formation/maturation inside oocysts. P. falcip-
arum NF54 strain parasites (57) were used as WT P. falciparum parasites (WT Pf)
(see SI Appendix for additional information).

Bioinformatic Analyses. Gene and amino acid sequences of QC (QPCT, puta-
tive) from Plasmodium species were retrieved from PlasmoDB v.46 (http://www.
plasmodb.org). Similarity and identity between QC of Plasmodium species were
calculated using MatGAT (58). The three-dimensional structure of PfQC (PF3D7_
1446900) was generated against the resolved QC structures from C. papaya (Pro-
tein Data Bank [PDB] ID code 2IWA) and Zymomonas mobilis (PDB ID code
3NOL) using the I-TASSER structure prediction tool (59, 60). PyMOL (https:/
pymol.org/2/) was used to visualize 3D protein structure. Secondary structure of
PfQC was aligned with the QCs from C. papaya (PDB ID code 2IWA) (20),
Z. mobilis (PDB ID code 3NOL) (18), Xanthomonas campestris (PDB ID code
3MBR) (19), and Myxococcus xanthus (PDB ID code 3NOK) (18) (see
SI Appendix for additional information).

Enzymatic Characterization of Plasmodium QC. A two-step cyclase activity
assay was performed using recombinant WT PfQC and a cyclase-dead PfQC,
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containing two mutated amino acid residues (F107A and Q109A) in the active
site (PFQC) (see S/ Appendix for additional information).

Generation and Genotyping of Different P. berghei QC-Null Mutants. T0
generate QC-null mutants, the Pbgc gene (PBANKA_1310700) was deleted by
standard methods of transfection (61) using the Notl-linearized gene-deletion
plasmid PbGEM-342996, obtained from PlasmoGEM (https://plasmogem.umu.
selpbgem/) (62, 63). This construct contains the positive-negative hdhfr::yfcu
selectable marker cassette. Transfection of parasites (line 1868cl1) in two inde-
pendent experiments, followed by pyrimethamine selection and subsequent
cloning of the parasites (61), resulted in selection of two gene-deletion mutants,
PbAqcT (line 2930cl1) and PbAqc2 (line 2931cl1). Correct integration of the
constructs and deletion of the gc gene were verified by Southern analyses of
pulsed-field gel (PFG)-separated chromosomes and diagnostic PCR analysis (61).
PFG-separated chromosomes were hybridized with a mixture of two probes: a
probe recognizing the hdhfr gene and a control probe recognizing gene
PBANKA_0508000 on chromosome 5 (64). PCR primers for genotyping are
listed in S/ Appendix, Table S2 (see SI Appendix for additional information).

Generation and Genotyping of P. falciparum QC-Null Mutants. The Pch
(PF3D7_1446900) gene was deleted in WT Pf parasites by standard methods of
CRISPR-Cas9 transfection (65) using two different single-guide RNAs in combina-
tion with donor DNA (see SI Appendiix for additional information).

Phenotype Analysis of P. berghei QC Mutants. The in vivo multiplication
rate of asexual blood stages was determined during the cloning procedure of the
different QC mutants (66). In vitro cultivation of ookinetes, using gametocyte-
enriched infected blood, was performed as described (67). In brief, enriched
gametocytes were collected from phenylhydrazine-treated mice and mixed with
standard ookinete culture medium. The cultures were incubated at 21 to 22 °C
for 18 to 24 h. Ookinete conversion/fertilization rate was calculated by counting
unfertilized female gametes and mature ookinete stages in Giemsa-stained
smears 18 to 24 h after in vitro gametocyte activation (see SI Appendix for addi-
tional information).

Phenotype Analysis of P. falciparum Mutants. The growth rate of asexual
blood stages of P. falciparum parasites was determined in 10-mL cultures main-
tained in the semiautomated culture system as described (68). Gametocyte produc-
tion and exflagellation were quantified in gametocyte cultures as described (65).

For mosquito transmission experiments, female A. stephensi mosquitoes
were fed on gametocyte cultures using the standard membrane feeding assay
(65, 69). Oocyst and sporozoite production were monitored in infected mosqui-
toes as described (65, 70). Oocysts were analyzed on day 11, 15, and 21 p.i.
and the percentage of melanized oocysts was determined by analyzing manually
dissected midguts using a Leica MZ16 FA stereofluorescence microscope. The
midguts were imaged with a Leica MZ camera at 10x magnification using Leica
LAS X software. Individual melanized and WT-like oocysts were observed under a
Leica DM2500 light microscope and documented at 100x using a Leica DC500
digital camera using Leica LAS X software. Sg-sporozoite numbers were analyzed
in infected mosquitoes at day 18 to 21 p.i. For counting sporozoites, salivary
glands from 30 to 60 mosquitoes were dissected and homogenized using a
grinder in 100 pL RPMI-1640 medium (pH 7.2) and sporozoites were analyzed
in a Biirker cell counter using phase-contrast microscopy (65).

Disruption of the Mosquito Immune System. Mosquito hemocyte deple-
tion was carried out as previously described (14). Briefly, A. stephensi mosquitoes
received an injection of 200,000 1-um-diameter polystyrene beads (FluoSpheres,
Life Technologies) in 138 nL water using a Nanoject injector (Drummond
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Scientific). Polystyrene beads were washed extensively with water before injecting
mosquitoes in the side of the thorax at 12 d p.i. Water injection was used as
a control.

The abundance of sporozoites was determined by measuring luciferase activ-
ity in the thorax of mosquitoes infected with P. berghei WT and mutant parasites
that express luciferase constitutively.

Mosquito thoraces were collected at 23 d p.i. in individual tubes, frozen in
dry ice immediately, and stored at —30 °C until processing. The Luciferase Assay
System Kit (Promega) was used to measure the luciferase activity in sporozoite
samples following the manufacturer's instructions (see SI Appendix for additional
information).

Statistical Analysis. Data were analyzed using Prism v.7 or above (GraphPad
Software). Statistical analyses were performed using the nonparametric unpaired
t test following Mann-Whitney U test, t test for QC activity, and sporozoite glid-
ing motility assays, and x test (one-sided) for analyzing CLIP8 double-stranded
RNA (dsRNA)-mediated inhibition experiments.

Data, Materials, and Software Availability. All Study data are included in
the article and/or S/ Appendix.
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