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Abstract

CCCH zinc finger proteins (ZFPs) function mainly as RNA-binding proteins (RBPs) where they
play a central role in the mRNA metabolism. Over 27 CCCH-ZFPs are encoded in the genome
of the human malaria parasite Plasmodium falciparum, the causative agent of malaria tropica.
However, little is known about their functions. In this study, we characterize one member of
the PfCCCH-ZFP named ZNF4. We show that ZNF4 is highly expressed in mature gametocytes
where it predominantly localizes to the cytoplasm. Targeted gene disruption of ZNF4 showed
no significant effect in asexual blood stage replication and gametocyte development while
male gametocyte exflagellation was significantly impaired leading to reduced malaria
transmission in the mosquito. Comparative transcriptomics between wildtype (WT) and the
ZNF4-deficient line (ZNF4-KO) demonstrated the de-regulation of about 473 genes (274-
upregulated and 199 down-regulated) in mature gametocytes. Most of the down-regulated
genes show peak expression in mature gametocyte with male enriched genes associated to
the axonemal dynein complex formation and cell projection organization highly affected,
pointing to the phenotype in male gametocyte exflagellation. Up-regulated genes are
associated to ATP synthesis. Our combine data therefore indicate that ZNF4 is a CCCH zinc
finger protein which plays an important role in male gametocyte exflagellation through the

regulation of male gametocyte enriched genes.

Author Summary

CCCH ZFPs have gained significant interest due to their ability to interact with RNA and control
different RNA metabolic processes. The role of CCCH ZFPs in the malaria parasite Plasmodium
falciparum has not been well studied. In this study we report the functional characterization

of a PFCCCH-ZFP named ZNF4. Using mouse anti-ZNF4 antisera and a ZNF4-HA tag parasite line
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we show that the protein is mainly expressed in the cytosol of mature gametocytes. To
determine the function of ZNF4, we generated a ZNF4 knockout parasite line and we found
that the asexual blood stages and gametocytes developed normally while the ability of the
male gametocytes to exflagellate as well as the further development of the parasite in the
mosquito was significantly impaired. Interestingly, when the transcriptome of mature
gametocytes of the ZNF4-KO was compared to the WT, down-regulated genes were mainly
male gametocyte enriched genes associated to processes involved in gametocyte
exflagellation such axonemal dynein complex formation and cell projection organization
indicating that ZNF4 plays an important role in male gametocyte exflagellation through the

regulation of male gametocyte enriched transcripts.

Introduction

Malaria is one of the deadliest parasitic diseases which resulted in over 241 million infections
and 627 000 deaths in 2020 [1]. The disease is caused by apicomplexan parasites of the genus
Plasmodium with P. falciparum as the caustic agent of malaria tropica causing the most severe
form. Malaria is transmitted from the human to the anopheline mosquito by a subset of
specialized cells, the gametocytes which leave the asexual replication cycle and differentiate
into male and female forms. Once mature, the gametocytes are picked up by a blood feeding
mosquito. In the midgut of the mosquito, they become activated by external stimuli then the
male gametocytes undergo exflagellation, a process that includes three rounds of DNA
replication followed by the release of 8 motile microgametes, while the females develop into
macrogametes. Following fusion of a microgamete and a macrogamete, a zygote forms during

the first hour post-activation, which transforms into an infective ookinete within the following
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83 24 h. The motile ookinete traverses the midgut epithelium before settling down and forming
84  an oocyst between epithelium and basal lamina [2,3].
85  Gametocyte development as well activation in the mosquito midgut is supported by a well-
86 coordinated sequences of gene activation and silencing events, which are essential to prepare
87  the parasite for transmission from the human to the insect host. Research over the past
88 decade has demonstrated a pivotal role of transcriptional and translational regulation in this
89  process. Gametocyte commitment, the process by which asexual blood stage parasites enter
90 the sexual pathway to form gametocytes, has been shown to be regulated by the transcription
91 factor AP2-G. The expression of AP2-G promotes the transcription of early gametocyte genes,
92  which leads to gametocyte commitment and formation [4-6]. In a recent study, it was shown
93  that another transcription factor AP2-G5 is essential for gametocyte maturation through the
94  down-regulation of AP2-G and a set of genes activated by AP2-G prior to gametocyte
95 development [7]. Other transcription factors such as AP2-FG and AP2-03 have been shown to
96 regulate gene expression in female gametocytes [8,9] and ookinete development by AP2-O
97  family [10,11].
98 An important mechanism of transcript regulation is translational repression which has been
99 shown to play an important role in the regulation of female gametocyte transcripts of the
100 malaria parasite. Transcripts of parasite required for mosquito midgut stage formation is
101  synthesized and stored in granules in female gametocytes, where they are translationally
102  repressed by binding to regulatory ribonucleoprotein complexes and the repression is only
103 released after gametocyte activation to promote zygote to ookinete formation [12,13]. In P.
104  berghei, the RNA helicase DOZI (development of zygote inhibited) and the Sm-like factor CITH
105 (homolog of worm CAR-I and fly Trailer Hitch) play central roles in the formation of the

106 ribonucleoprotein complex which stores several transcripts including P25 and P28 which are
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107 later released after gametocyte activation for zygote to ookinete development [14,15]. In P.
108  falciparum on the other hand, the Pumilio/Fem-3 binding factor (Puf) family Puf2 which is an
109 RBP together with its interaction partner 7-helix-1 have been shown to be involved in
110 translational repression of a number of gametocyte transcripts including Pfs25 and Pfs28
111  [13,16]. Also, the RBP Pufl has be shown to play an important role in the differentiation and
112  maintenance of mainly female gametocytes [17].

113  To date, little is known how the transcripts are regulated in male gametocytes. In previous
114  studies, we carried out chemical loss of function studies using inhibitors targeting histone
115 modification enzymes and we showed significant de-regulation of genes expression in
116  immature, mature and activated gametocytes following treatment with the inhibitors [18,19].
117 These studies indicated epigenetic gene regulation mechanisms during gametocyte
118 development and potentially in male and female gametocytes. In one of the study, we
119 identified a CCCH-ZFP which we named ZNF4 (PF3D7_1134600) that was highly de-regulated
120 following the treatment of the immature gametocytes with the histone deacetylase inhibitor
121  Trichostatin A [18]. CCCH-type zinc finger proteins mainly act as RBP with important roles in
122  the RNA metabolism including RNA stability and transcriptional repression [20,21]. In some
123 cases, CCCH-ZFPs may traffic between the nucleus and the cytoplasm [22] and bind both DNA
124  and RNA [23], thereby functioning in both DNA and RNA regulation [24]. We now show that
125  ZNF4 is a potential nucleic acid-binding protein which plays an important role in microgamete
126  exflagellation through the regulation of male-specific genes during gametocyte development.
127

128

129
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130 Results
131
132 ZNF4 is a CCCH-ZFP expressed mainly in gametocytes of P. falciparum

133

134  Analysis of the ZNF4 protein features using UniProt shows a 204 kDa protein with three CCCH
135  zinc finger domains between amino acid 513 to 540, 548 to 574 and 582 to 610 (Fig 1A). In
136  addition, the 3D-structure of the protein as predicted using AlphaFold [25,26] shows the
137  arrangement of alpha helices and the beta strands in the CCCH domains to coordinate the zinc
138  binding (Fig 1B). To determine the transcript expression of ZNF4, a semi quantitative RT-PCR
139  was performed using asexual blood stages (rings, trophozoites and schizonts) as well as
140 gametocyte stages (immature, mature and 30 min post-activated gametocytes). The
141  transcript levels of Pfamal (apical membrane antigen 1) and Pfccp2 (LCCL domain-containing
142  protein) were determined to control for purity in asexual blood stage and gametocyte samples
143  respectively. Samples without reverse transcriptase (-RT) were used as controls to verify the
144  absence of genomic DNA. Pffbpa (fructose-bisphosphate aldolase) was used as housekeeping
145  loading control. High transcript expression of ZNF4 was observed in the gametocyte stages as
146  compared to the asexual blood stages (Fig 1C). To determine the ZNF4 protein expression, a
147  recombinant peptide (RP) corresponding to a portion of ZNF4 (Fig 1A) was expressed in E. coli
148 and used to generate mouse polyclonal antisera against ZNF4. Immunofluorescence assays
149  (IFAs) show mainly a cytoplasmic expression of ZNF4 in both asexual blood stages and
150 gametocytes with the highest expression in mature gametocytes (Fig 1D). Differences in sex
151  specific expression between male and female gametocytes were not observed. To confirm
152  ZNF4 expression, we used a pSLI-ZNF4-HA-glmS parasite line in which the 3’end of the

153  endogenous gene was fused with the sequence of a 3x HA-tag and a glmS ribozyme (Fig S1A).

154  Successful integration in the parasite line was obtained (Fig S1B) and we were able to detect
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155 the HA-tagged ZNF4 in mature gametocyte lysates at a molecular weight of roughly 250 kDa
156  (Fig S1C). IFAs using anti-HA confirmed expression of the protein in the asexual blood stages

157  and gametocytes with the highest expression in mature gametocytes (Fig S1D).

158  Targeted gene disruption of ZNF4 does not impact asexual blood stage
159  replication and gametocyte development

160

161 To determine the function of ZNF4, we utilized the selected linked integration-mediated
162  targeted gene disruption method [27] to generate a disrupted ZNF4 parasite line, named
163  ZNF4-KO (Fig 2A). These parasites express only a truncated N-terminal GFP tagged fragment
164  which lacks the three CCCH zinc finger domains. Successful disruption was confirmed by
165  diagnostic PCR, which indicated 5’and 3’ integration and lack of wildtype in the ZNF4-KO
166  parasite line (Fig 2B). To further confirm the gene disruption, the remaining part of the ZNF4-
167 KO truncated protein which is fused to GFP was detected by Western Blotting using different
168  parasite stages (rings, trophozoites, schizonts, immature and mature gametocytes) as well as
169 by live imaging (Fig 2C, D). The western blotting with the ZNF4-KO parasite line further
170  confirmed the expression of the truncated protein at the expected molecular weight of 53 kDa
171  in different P. falciparum stages (Fig 2C).

172  After successful gene disruption, we first examined the asexual blood stage replication in the
173  ZNF4-KO line. To this end, the development of highly synchronized ring stages of the ZNF4-KO
174  and WT parasite lines was monitored over a period of 96 h by Giemsa stained blood smears,
175  which were taken every 12 h. The results show no significant difference in intraerythrocytic
176  replication between the ZNF4-KO and the WT (Fig 2E). Then rings stage parasites after the
177  second replication cycle were induced for gametocytogenesis and asexual blood stages were

178 eliminated. Gametocyte development and gametocytaemia were followed from day 5 post-

179  activation till day 10. No significant effect in gametocytaemia and gametocyte development
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180 was observed (Fig 2F, G). In addition, the morphology of ZNF4-KO gametocytes was not

181  affected (Fig 2H).

182 Disruption of ZNF4 impacts microgamete exflagellation and reduces
183 transmission in the mosquito

184

185 To determine if male gametocytes of the ZNF4-KO parasite line are able to produce motile
186  microgametes, an in vitro exflagellation assay was performed. To this end, mature
187  gametocytes of the ZNF4-KO and WT were activated with xanthurenic acid (XA) for 15 min at
188  RT. After activation, the numbers of exflagellation centres were counted microscopically. The
189  results show that the ZNF4-KO produced significantly lower numbers of exflagellation centres
190 as compared to WT (Fig 3A) indicating an impairment in male gametocyte exflagellation. To
191 see if this impairment can affect malaria transmission in the mosquitoes, the matured
192  gametocytes were fed to Anopheles stephensi mosquito in membrane feeding assays and the

193  number of oocysts were counted. Although the ZNF4-KO line still produced oocysts, their

194  numbers were relatively very low as compared to the WT (Fig 3B).

195  ZNF4 disruption results in down-regulation of male gametocyte
196 enriched transcripts.

197

198 To compare the transcriptome of the ZNF4-KO and the WT, we carried out a comparative RNA-
199  Seq using ring stage parasites and mature gametocytes of the ZNF4-KO and the WT. We used
200 acut off of greater than 2-fold change in expression. The results show that 66 genes were de-
201  regulatedinthe ring stage following ZNF4 disruption (55 down-regulated and 11 up-regulated)
202  as opposed to mature gametocytes to which a total of 473 genes (274 up-regulated and 199
203 down-regulated) were detected (Fig 4A, Table S1). For further analysis, we then focused on

204  the de-regulated genes in mature gametocytes, since the knockout phenotype suggests that

205 male gametocyte exflagellation was affected. To validate the RNA-Seq data, we carried out a
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206  quantitative real-time experiment (qRT) to compare the transcript expression of 8 genes (5
207  up-regulated and 3 down-regulated) using RNA from mature gametocytes of the ZNF4-KO and
208 the WT. The results confirmed the RNA-Seq data as four of the five up-regulated genes in the
209 RNA-Seq data were up-regulated and all down-regulated genes were down-regulated in the
210 qRT (Fig 4B).

211  We next performed a gene ontology (GO) enrichment analysis (Table S1). Down-regulated
212  genes could mainly be assigned to biological processes such as regulation of microtubule-
213  based processes, cell projection organization and cilium organization (Fig 4C). Regarding
214  cellular components, axonemal dynein complex assembly was highly represented and for
215 molecular function, dynein light chain binding and microtubule binding was also highly
216  represented (Fig 4C). Up-regulated genes were mainly assigned to nucleoside containing small
217 molecule metabolic processes and the respiratory electron transfer chain as biological
218  processes. In addition, the respiratory chain complex, the mitochondrial respiratory chain
219  complex (cellular component) as well as electron transfer activity and oxidoreductase activity
220 (molecular function) were the mostly represented (Fig 4D).

221  We also determined at which stage of the parasite life cycle does the de-regulated genes show
222  peak expression according to the seven stage RNA-Seq data [28]. We observed that most of
223  the down-regulated genes show peak expression in stage V gametocytes followed by the
224  ookinete stage (Fig 4E). On the other hand, the up-regulated genes showed peak expression
225 in stage Il and stage V gametocytes (Fig 4E).

226  Since the disruption of ZNF4 mainly affected male gametocyte exflagellation, we analyzed if
227  the effect was due to the down-regulation of transcripts enriched in male gametocytes. For
228  this reason, we compared the sex specific transcript expression of the top 30 down-regulated

229  genes using the sex specificity data from Lasonder and colleagues [29]. The heat map shows
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230 thatindeed most of the down-regulated genes have high transcript levels in male gametocytes
231  with genes like PF3D7_1469900 (male gametocytes enriched transcribe, MGET) and

232 PF3D7_1311100 (meiosis-specific nuclear structural protein 1, putative) present (Fig 4F).

233
234 ZNF4-KO up-regulated and down-regulated genes show different
235 predicted enriched RNA binding motifs.

2

223 To determine the predicted RNA-binding motif in the de-regulated mature gametocyte genes,
238  the comprehensive motif analysis tool XSTREME (Meme-suite.org; [31]) was used to check
239  which motifs were enriched in the up-regulated and down-regulated genes as compared to
240  the control transcripts which were not affected. We used downloaded transcript sequences
241  from the PlasmoDB website (plasmodb.org/plasmo/app) containing the 5’and 3°UTR and
242  search for motif of 7 to 15 nucleotides. In the up-regulated genes motifs identified were U-
243  rich with the top two hits being “UUUUUUUUUUUUAU” with this signature found in 199 of
244  the 274 up-regulated transcripts (e -value: 1.8e-015; Table 1) and “AUUUUUAUUUU” with this
245  signature found in 207 of the 274 genes (e-value: 1.5e-010; Table 1). On the other hand, motifs
246  of the down-regulated genes were mainly A-rich with top hits being “AAAAUAUAAAAAAA”
247  with this signature in 138 of the 199 down-regulated genes (e-value: 3.3e-012; Table 1) and
248  “AAAAAAAAGAAAA” with signature in 165 out of the 199 down-regulated genes and (e-value:
249  5.8e-011; Table 1). Interestingly, these motifs were highly similar to known RBP motifs (Table
250 1). This indicates that ZNF4 is probably binding to different motifs in the up-regulated and
251  down-regulated genes.

252
253
254
255
256
10
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Table 1: Predicted binding motif for ZNF4-KO in the up-regulated and down-regulated genes.

ZNF4-KO

Predicted motif

No of
positive
genes (%)

E-value

Similar known motif
(32]

Up-regulated
genes

>
2 «
<
7
| cm—

w ©

199 (72.6%)

1.8e-015

SXL (RNCMPT00119)
Pp_0228
(RNCMPT00228)
Tv_0236 (RNCMPT00236)

207
(75.5 %)

1.5e-010

HuR (RNCMPT00032)
HNRNPC
(RNCMPT00025)
HNRNPCL1
(RNCMPT00167)

Down-
regulated
genes

- e =

. =

138 (69.3%)

3.2%9e-012

KHDRBS1
(RNCMPT00169)
Lm_0255
(RNCMPT00255)

PABPC4 (RNCMPT00043)

165 (82.9%)

5.82e-011

Nab2p (RNCMPT00042)
Hnrnpr (RNCMPT00289)
PABPC4 (RNCMPT00043)

Discussion

The highly complex life cycle of the human malaria parasite P. falciparum requires a well-

coordinated gene regulation to allow for gametocyte commitment, development and human

to mosquito transmission of the parasite. Translational repression in particular has been

shown to be the main player in preparing female gametocytes for parasite transmission with

RNA-binding translational repressors like DOZI, CITH or Puf2 playing crucial roles. While the

mechanism by which female gametocytes genes are regulated has been studied in detail, the

mechanism of regulation of male-specific genes remains largely unknown. In the present study,

we show that the PfCCCH ZFP named ZNF4 is a potential RBP important for male

gametogenesis and hence malaria transmission through the regulation of male-enriched

gametocyte genes. Noteworthy, ZNF4 is expressed mainly in the cytoplasm of both male and

11
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271 female gametocytes in accord with previous sex- specificity data [29], indicating that ZNF4
272  expression is not dependent of the gametocyte sex of the parasite.

273  Targeted gene disruption of ZNF4 showed normal progression through the intraerythrocytic
274  replication cycle indicating that the gene is dispensable for asexual blood stage replication.
275  Thisis not surprising as a recent genome-wide transposon mutagenesis screen in P. falciparum
276  also indicates that the gene is not essential for parasite viability [33]. Also, the ZNF4-KO
277  parasite line did not show any significant effect in gametocyte formation and development
278  with the gametocytes showing normal morphology. However, although gametocyte
279 development was not affected, ZNF4 disruption greatly impaired malaria transmission in the
280 mosquito through the inhibition of exflagellation and in consequence oocyst formation. A
281 recent study also linked the involvement a P. berghei RNA binding protein UIS12 to
282  gametocyte exflagellation and malaria transmission [34].

283  To determine the possible cause on exflagellation inhibition in the ZNF4-KO, we carried out
284  comparative transcriptomic analysis in mature gametocytes as well as ring stages. Only a few
285 genes (64) were > 2-fold de-regulated in the ring stage following ZNF4 disruption which is in
286  accord with the lack of any phenotype during asexual blood stage replication indicating that
287  ZNF4 has no special role in ring stage parasites. 427 genes were de-regulated in ZNF4-KO
288  mature gametocytes (274 genes up-regulated and 199 down-regulated), pointing to the effect
289  in male gametocyte exflagellation.

290  Further analysis demonstrated that the majority of the down-regulated genes exhibit peak
291  expression in mature gametocytes where they are implicated in essential cellular and
292  biological processes linked to male gametogenesis such as cell projection assembly, cilium
293 assembly and the axonemal dynein complex. The up-regulated genes mainly exhibit peak

294  expression in stage Il gametocytes with represented cellular and biological processes

12
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295  associated to the respiratory electron chain and mitochondrial ATP synthesis. Interestingly, a
296  previous study which integrated transcriptomics and proteomic, associated male gametocytes
297 tobeenrichedin proteins associated to formation of flagellated gametes, axoneme formation,
298 DNA replication and chromatin organization while female gametocytes were enriched with
299  proteins associated to protein, lipid and energy metabolism [29]. The down-regulation of
300 genes mainly associated to cell projection assembly, cilium assembly and axonemal dynein
301 complex formation therefore justifies the defect in male gametocyte exflagellation and
302 studies in other organisms have associated the processes to proper flagella formation,
303 movement and fertility [35,36]. Regarding the up-regulated genes following ZNF4-KO, it is
304 likely that since energy metabolism is not very necessary for male gametocytes, these genes
305 are being repressed in male gametocytes by ZNF4 and they become up-regulated following
306  ZNF4 disruption. In accord with our findings, the top 30 down-regulated genes showed high
307 expression in male gametocytes. Although the function of most of the male highly expressed
308 genes are unknown, some prominent genes encode for PF3D7_1469900 (PfMGET), an
309 abundant protein transcribed specifically in male gametocytes which has been used for male
310 gametocyte quantification [37,38] and for PF3D7_1311100 (meiosis-specific nuclear
311  structural protein 1, putative) with human homolog MSN1 which has been linked to male
312 fertility [39,40].

313  An interesting finding in this study is the fact that up-regulated genes and down-regulated
314  genes possess different binding motifs suggesting that they may be regulated differently. The
315  motifs for the up-regulated genes have been reported to bind RBPs such as SXL and HuR. SXL
316 also known as sex lethal is a master regulator of sex determinant in Drosophilia melanogaster
317 by regulating the choice between male and female development pathways [41,42]. For the

318 down-regulated gene motifs, they have been reported as targets for RBPs like Nab2p and
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319 PABC4. Nabp2 in Saccharomyces cerevisiae is a nuclear protein required to protect early
320 mRNA and has also been reported to be involved in RNA export from the nucleus to the
321  cytoplasm [43,44]. PABC4 (cytoplasmic poly(A) binding protein C4) exhibit a critical role in
322  erythroid differentiation through mRNA regulation [45].

323  The exact mechanism by which ZNF4 regulates gene expression warrants further investigation.
324  One potential mechanism could be by translational repression as has been shown for female
325 gametocytes where mRNA transcripts important for zygote/ookinete development such as
326 P25 and P28 are stored in a messenger ribonucleoprotein complex composed of RNA binding
327  protein like DOZI and CITH in P. berghei [14,15] or Puf2 and 7-Helix-1 in P. falciparum [13,46].
328 Noteworthy, a recent study in P. berghei has identified a CCCH domain containing ZFP, Pb103
329 to be associated to zygote/ookinete development probably by translational repression [47]. It
330 s likely that there exists a translational repression mechanism regulating male gametocyte
331 genes in which ZNF4 is part of the complex.

332  Another probable mechanism by which ZNF4 controls transcripts is by the regulation of mRNA
333  stability as has been reported for many CCCH-ZFPs such as the tristretraprolins (TTPs) which
334  are the most studied CCCH-ZFPs. TTPs have been shown to bind AU-rich elements in mRNAs,
335 resulting in the removal of the poly-A tail from the mRNA, thereby marking them for decay
336  [48]. Itis possible that the deficiency of ZNF4 leads to the accumulation of transcripts due to
337 the absence of mMRNA stabilization as observed with the up-regulated genes.

338 In conclusion, we have identified a novel ZFP, ZNF4 and demonstrated that ZNF4 plays an
339 essential role in the regulation of male gametocyte genes which are important of
340 microgamete exflagellation, fertilization and parasite transmission in the mosquito. However,
341  further studies will be required to address the mechanism by which ZNF4 regulates the gene

342  expression and if more critical regulatory proteins are involved.
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343 Materials and Methods
344

345 Antibodies

346

347  Antibodies used in this study included: rabbit anti-HA (Sigma Aldrich, Taufkirchen, Germany),
348 rat anti-HA (Roche, Basel, Switzerland), mouse anti-GFP (Roche, Basel, Switzerland),
349  mouse/rabbit anti-Pfs230 [49], rabbit/mouse anti-Pf39. Mouse anti-ZNF4 was generated for
350 this study (see below). For indirect immunofluorescence assays (IFAs), the following dilutions
351 of the antibodies were used: mouse/rabbit anti-Pfs230 (1:200), mouse anti-ZNF4 (1:20),

352  mouse anti GFP (1:200), rabbit anti HA (1:50). For Western blot analysis the following dilutions

353  were used: rat/rabbit anti-HA (1:500), rabbit anti-Pf39 (1:10000), anti-GFP (1:1000).

354 Parasite culture

355

356 The P. falciparum gametocyte-producing strain NF54 was used as background strain in this
357  study. The parasites were cultivated in vitro in RPMI 1640/HEPES medium (Gibco, Thermo
358  Scientific Waltham, USA) supplemented with 10% heat-inactivated human serum and A*
359  erythrocytes at 5% hematocrit as described [50]. As supplement, 50 pg/ml hypoxanthine
360 (Sigma Aldrich, Taufkirchen, Germany) and 10 pg/ml gentamicin (Gibco, Thermo Scientific
361 Waltham, USA) were added to the cell culture medium and the cultures were grown in an
362 atmosphere of of 5% 03 5% CO2,90% N2 at a constant temperature of 37°C. Cultures were
363 synchronized by repeated sorbitol treatment as described [51].

364 Human erythrocyte concentrate and serum were purchased from the Department of
365 Transfusion Medicine (University Hospital Aachen, Germany). The University Hospital Aachen
366  Ethics commission approved all work with human blood, the donors remained anonymous

367 and serum samples were pooled.

368
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369 Generation of mouse antisera

370

371 Arecombinant protein, corresponding to a portion of ZNF4 (Fig 1A), was expressed as maltose-
372  binding protein-tagged fusion protein using the pMAL™c5X-vector (New England Biolabs,
373  Ipswich, USA). The coding DNA sequence was amplified by PCR using gene-specific primers
374  (for primer sequences, see Table S2). Recombinant protein was expressed in E. coli BL21 (DE3)
375 RIL cells according to the manufacturer’s protocol (Invitrogen, Karlsruhe, Germany) and
376 isolated and affinity-purified using amylose resin according to the manufacturer’s protocol
377 (New England Biolabs, Ipswich, USA). Polyclonal antisera were generated by immunization of
378 6-weeks old female NMRI mice (Charles River Laboratories, Wilmington, USA) subcutaneously
379  with 100 pg recombinant protein emulsified in Freund’s incomplete adjuvant (Sigma Aldrich,
380 Taufkirchen, Germany) followed by a boost after 4 weeks. At day 10 after the boost, mice
381 were anesthetized by intraperitoneal injection of a mixture of ketamine and xylazine
382  according to the manufacturer’s protocol (Sigma Aldrich, Taufkirchen, Germany), and immune
383 sera were collected via heart puncture. The immune sera of three mice immunized were
384  pooled; sera of three non-immunized mice (NMS) were used as negative control. Experiments

385 in mice were approved by the animal welfare committee of the District Council of Cologne,

386 Germany (ref. no. 84-02.05.30.12.097 TVA).

387 Generation of ZNF4-KO parasite line

388

389  Disruption of ZNF4 (PF3D7_1134600) was achieved by selection-linked integration as
390 described [27]. Briefly, the plasmid pSLI-TGD-GFP was modified to contain a 601 bp homology
391  block from the 5’ end of the ZNF4 coding region (for primer sequence see Table S2). Parasites
392  were transfected as described [18] and WR99210 (Jacobus Pharmaceuticals, New Jersey, USA)

393 was added to a final concentration of 4 nM, starting at 6 h after transfection to select

394  integrated parasites. WR99210-resistant parasites appeared after 21 days and they were
16
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395 treated with medium containing 400 pg/ml G418 (Sigma Aldrich, Taufkirchen, Germany) and
396 correct integration confirmed by diagnostic PCR (for primer sequences, see Table S2). After
397  successful integration was obtained, the lines were maintained through selection with 4 nM

398 WR99210.

399  Generation of ZNF4-HA-gImS parasite lines

400

401 To generate a ZNF4-HA-gIlmS parasite line, we used selected linked integration insertion using
402  a pSLI-HA-gImS vector (kindly provided by Dr. Ron Dzokowski, the Hebrew University of
403  Jerusalem) in which the plasmid was modified to contain a homology block from the 3’ end of
404  the ZNF4 gene excluding the stop codon (for primer sequence see Table S2). Parasites were
405 transfected and WR99210 was added to a final concentration of 4 nM, starting at 6 h after
406 transfection to select integrated parasites. WR99210-resistant parasites appeared after 21

407  days and they were treated with medium containing 400 pg/ml G418 and correct integration

408 confirmed by diagnostic PCR (for primer sequences, see Table S2).

409  RNA isolation and RNA sequencing

410

411  Total RNA was isolated from ring stage and Percoll- enriched mature (stage V) gametocytes
412  from the ZNF4-KO and NF54 WT using the Trizol reagent (Invitrogen, Karlsruhe, Germany)
413  according to the manufacturer’s protocol. Quality of RNA samples were assessed using a ND-
414 1000 (NanoDrop Technologies, Thermo Scientific Waltham, USA) and by agarose gel

415  electrophoresis.

416  RNA sequencing was performed at the Genomic Facility of the University Clinic at the RWTH
417  University Aachen, Germany. Briefly, the quality of the isolated total RNA samples from ring
418  stage and mature gametocytes of the ZNF4-KO and the WT were evaluated by Tapestation

419 4200 (Agilent Technologies, Santa Clara, USA). The quantities were measured by Quantus

420  Fluorometer (Promega, Manheim, Germany). Libraries were generated with TruSeq Stranded
17
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421  mRNA Library Preparation kit (Illumina) from high quality total RNA samples according to the
422  manufacturer’s protocol. The generated libraries, which pass the QC check on Tapestation
423 4200 (Agilent Technologies, Santa Clara, USA) were sequenced on a NextSeq 500 (lllumina)
424  with High output Kit v2.5 (150 cycles) for paired-end sequencing according to standard
425  procedure provided by lllumina.

426  Data were analyzed with the NextGen pipeline, an in house-adapted pipeline embedded in
427  the workflow management system of the QuickNGS-Environment [52]. In detail, the data
428  were first demultiplexed according to corresponding indices. After quality assessment of the
429 resulted fastq files with FastQC (v0.11.5), STAR v2.5.2b [53] was applied to align the reads to
430 the P. falciparum 3D7 EPrl (version 43) with default parameters. Aligned reads were
431  quantified with Stringtie v1.3.6 as described [54]. Counts for transcripts were counted with
432  featureCounts subread v 1.5.1 [55] and differential expression analysis were finally conducted
433 by comparing the transcript levels in the RNA samples of the ZNF4-KO and wildtype parasites
434  for each stage using DESeq2 -R version 3.5.1 [55]. Raw data have been submitted to the NCBI
435  Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession number

436  GSE196298.

437  Semi- quantitative RT-PCR

438

439 To determine the transcript expression of ZNF4, total RNA was isolated from rings,
440 trophozoites, schizonts, immature, mature and 30 min post-activated gametocytes as
441  described above. One pg of each RNA sample was used for cDNA synthesis using the
442  SuperScript IV First-Strand Synthesis System (Invitrogen, Karlsruhe, Germany), following the
443  manufacturer's instructions. The synthesized cDNA was first tested by diagnostic PCR for

444  asexual blood stage contamination using specific primers and controls without reverse

445  transcriptase were also used to investigate potential gDNA contamination [19]. Transcript for
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446  ZNF4 (250 bp) was amplified using ZNF4 RT primers (for primer sequences, see Table S1). The
447  following condition was used, Initial denaturation at 94°C for 2 min, followed by 25 cycles of
448  denaturation at 94°C for 30 s, of annealing at 45°C for 30 s, and of elongation at 72°C for 30's,

449 and a final extension at 72°C for 2 min.

450 Real-time RT-PCR
451
452  To validate the RNA -Seq data, 1 ug of total RNA from mature gametocytes from the ZNF4-KO

453  and WT parasite line was used for cDNA synthesis using the SuperScript IV First-Strand
454  Synthesis System following the manufacturer's instructions (Invitrogen, Karlsruhe, Germany).
455  The synthesized cDNA was first verified by diagnostic PCR for asexual blood stage and DNA
456  contamination using specific primers as described [18,19]. Primers for qRT-PCR corresponding
457  to eight up-regulated and three down-regulated genes in the ZNF4-KO were designed using
458  the Primer 3 software (http://frodo.wi.mit.edu/primer3/) and tested in conventional PCR
459  using DNA or cDNA to confirm primer specificity (for primer sequences, see Table S2). Real-
460 time RT-PCR measurements were performed using the Step One Plus Real-Time Detection
461  System (Thermo Scientific, Waltham, USA). Reactions were performed in triplicate in a total
462  volume of 20 ul using the maxima SyBR green qPCR master mix according to manufacturer’s
463 instructions (Thermo Scientific, Waltham, USA). Controls without template and without
464  reverse transcriptase were included in all qRT-PCR experiments. The levels of transcript
465  expression were calculated by the 22t method [56] using the endogenous control gene

466  encoding the P. falciparum seryl tRNA-ligase (PF3D7_0717700) as reference [57,58].

467 Western blotting
468
469  Asexual blood stage parasites of the WT or mutant parasite lines were obtained following

470  tightly synchronization of cultures with 5% sorbitol [51], while gametocytes were enriched by

471  Percoll gradient purification [59]. Parasites were released from iRBCs with 0.05% w/v
19
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472  saponin/PBS for 10 min at 4°C, washed with PBS and resuspended in lysis buffer (0.5% Triton
473  X-100, 4% w/v SDS, 0.5xPBS) supplemented with protease inhibitor cocktail (Roche, Basel,
474  Switzerland). The lysates were then resuspended in 5 x SDS-PAGE loading buffer containing
475  25mM DTT, heat-denatured for 10 min at 95°C, and then separated via SDS-PAGE. After the
476  protein have been separated, they were then transferred to Hybond ECL nitrocellulose
477 membrane (Amersham Biosciences) according to the manufacturer’s protocol. Membranes
478  were blocked for non-specific binding by incubation in Tris-buffered saline containing 5%
479  skimmed milk and 1% BSA, followed by incubation with the respective primary antibody at
480  4°C overnight. After washing, the membranes were incubated with an alkaline phosphatase-
481  conjugated secondary antibody directed against the first antibody (Sigma Aldrich, Taufkirchen,
482  Germany) for 1 h at RT and developed in a solution of nitroblue tetrazolium chloride (NBT)
483  and 5-bromo-4-chloro-3-indoxyl phosphate (BCIP; Sigma Aldrich, Taufkirchen, Germany) for

484  5-30 min.

485 Indirect immunofluorescence assay

486

487  Mixed cultures of the WT or mutant parasite lines were air-dried on glass slides and fixed for
488 10 min in a methanol bath at -80°C. The RBCs were membrane permeabilized to allow access
489  to the parasites and non-specific binding sites were blocked by incubating the fixed cells in
490 0.01% saponin/0.5% BSA/PBS and 1% neutral serum each for 30 min at RT. Afterwards, the
491  preparation was then incubated with the primary antibody diluted in 0.01% saponin/0.5%
492  BSA/PBS for 2 h each at 37°C. Binding of primary antibody was visualized by incubating the
493  preparations with Alexa Fluor 488-conjugated secondary antibody directed against the
494  primary antibody (Thermo Fisher Scientific, Waltham, USA) diluted in 0.01% saponin/0.5%

495  BSA/PBS for 1 h at 37°C. The different parasite stages were detected through double-labelling

496  with stage-specific marker primary antibodies or 0.001% w/v Evans blue (Sigma Aldrich,
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497  Taufkirchen, Germany) followed by incubation with Alexa Fluor 594-conjugated secondary
498 antibodies (Thermo Fisher Scientific (Waltham, USA) diluted in 0.01% saponin/0.5% BSA/PBS
499  for 1 hat 37°C. Nuclei were highlighted by treatment with Hoechst nuclear stain 33342 for 10
500 min at RT and cells were mounted with anti-fading solution AF2 (Citifluor Ltd) and sealed with
501 nail polish. Digital images were taken using a Leica AF 6000 microscope and processed using

502 Adobe Photoshop CS software.

503  Asexual blood stage replication assay

504

505 To compare the asexual blood stage replication between the parental WT and the ZNF4-KO
506 line, tightly synchronized ring stage cultures were set at an initial parasitemia of 0.25% and
507 the development of the parasite was followed by Giemsa-stained thin blood smears prepared
508 every 12 h over a time-period of 96 h at nine different time points (0, 12, 24, 36, 48, 60, 72,

509 84, 96 post-seeding). The parasitaemia of each time point was determined microscopically at

510 1,000-fold magnification by counting the percentage of parasites in 1,000 RBCs.

511  Gametocyte development assay

512

513 To determine the effect of ZNF4-KO on gametocyte development, WT and ZNF4-KO parasite
514 lines were tightly synchronized twice in two replication cycles and set to a parasitaemia of 5%
515 ring stage parasites. Gametocytogenesis was then induced by the addition of lysed RBCs
516  (0.5ml of 50 % haematocrit lysed RBC in 15ml of culture medium) followed by washing of the
517  cell the next day. The cultures were then maintained in cell culture medium supplemented
518  with 50 mM GIcNAc (N-acetyl glucosamine) to kill the asexual blood stages for 5 days [60] and
519 then maintained with normal cell culture medium till day 10 post induction. Samples were

520 takeniin triplicate every 24 h starting from day 5 post induction for Giemsa smear preparation.

521 Gametocytaemia was determined per 1,000 RBCs and the gametocyte stages II-V at the
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522  different time points from 50 gametocytes were counted in triplicate. For each assay, two

523  experiments were performed, each in triplicate.

524  Exflagellation assay

525

526  To determine the effect of ZNF4 disruption on the ability of male gametocytes to exflagellate,
527 gametocytaemia of matured gametocytes of the WT and the ZNF4-KO parasite lines were
528 determined. 100 ul of each gametocyte culture was activated in vitro with 100 uM XA for 15
529 min at RT. After activation, the numbers of exflagellation centres were counted at 400-fold
530 magnification in 30 optical fields using a Leica DMLS microscope and the number of
531 exflagellation centres were adjusted with the gametocytaemia. Exflagellation was calculated

532  as a percentage of the number of exflagellation centres in the ZNF4-KO in relation to the

533  number of exflagellation centres in the WT control (WT set to 100%).

534 Membrane feeding assay

535

536 The effect of ZNF4 depletion on malaria transmission was done by membrane feeding assays
537 performed at the TroplQ Health Science, Nijmegen Netherlands through the support of the
538 Infrastructure for the control of vector borne diseases (infravec2). Briefly, gametocyte
539  cultures of the WT and the ZNF4-KO lines were set up and on day 16, when the gametocytes
540  were fully matured, they were fed to female Anopheles stephensi mosquitoes using standard

541 membrane feeding assays. After 7 days the midguts were dissected and the oocysts were

542  counted following staining with mercurochrome.

543  Statistical and online Analysis
544
545  Statistical analysis of significant differences in exflagellation between WT and ZNF4-KO was

546  done using t-test with the help of the Graph Pad Prism software. ZNF4 domain structure and

547 3D structure was predicted using UniProt (https://www.uniprot.org/uniprot/Q8I118) and
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548  AlphaFold [25,26] respectively. Gene ontology (GO) enrichment analyses were determined
549  using PlasmoDB (plasmodb.org/plasmo/app). For GO analysis, the default settings were used
550 with p <0.05. To compare transcript expression of top 30 down-regulated genes, a heat map
551  was constructed using TB tools [30].

552  Todetermine the enriched motifs in the de-regulated genes, the comprehensive motif analysis
553  tool XSTREME was used (meme-suite.org,[31]). Top 2 enriched motifs between 7 to 15
554  nucleotides in the de-regulated genes as compared to controls (48 genes with fold change
555  1.00) were considered. Transcripts of de-regulated genes as well as control were downloaded

556  from the PlasmoDB (plasmodb.org/plasmo/app).
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s65  Figure Legends

566

567  Fig 1: Domain architecture and protein expression of ZNF4.

568 (A) Schematic of the ZNF4 domain structure. The 204 kDa protein contains three CCCH zinc
569 finger domains indicated in red. The black line indicates the region used for the generation of
570 the recombinant peptide. (B) Predicted 3D structure of ZNF4. The 3D structure of the protein
571  was predicted using AlphaFold [25,26]. Colours indicate the confidence level of prediction
572  which ranged from blue (very high confidence) to orange (very low confidence). (C) Transcript
573  expression of ZNF4 in the blood stages of P. falciparum. Complementary DNA was synthesized
574  from rings (R), trophozoites (TZ), schizonts (SZ), immature (imGC), mature (mGC) and
575 gametocytes at 30 min post-activation (aGC) and subjected to diagnostic PCR using ZNF4-
576  specific primers. The expression levels of Pfamal and Pfccp2 were used to verify asexual
577 blood stage and gametocyte-specific expression. Samples lacking reverse transcriptase (-RT)
578  were used as controls to check for any contamination with genomic DNA. Pffbpa was used as
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579 aloading control. (D) Localization of ZNF4 in different blood stages of P. falciparum. Anti-ZNF4
580 was used toimmunolabel fixed samples of trophozoites, schizonts and gametocytes (GC stage
581 Il to V) as well as of activated gametocytes (aGC) at 30 min post-activation (green). Asexual
582  blood stages (trophozoites and schizonts) were visualized by labelling with Evans blue and
583  gametocytes were visualized by using rabbit anti-Pfs230 (red); nuclei were highlighted by
584  Hoechst nuclear stain 33342 (blue). Bar, 5 um.

585

586  Fig 2: Targeted gene disruption of ZNF4 and its effect on asexual blood stage replication and
587 gametocytogenesis.

588 (A) Schematic depicting the generation of ZNF4-KO via single crossover recombination-based
589 gene disruption using selective linked integration targeted gene disruption (SLI-TGD). The
590 vector pSLI-TGD was modified to contain a 601 bp sequence block (white box with red stripes)
591  from near the 5’ end of the ZNF4 coding region (red box). The coding region was maintained
592 inframe with a GFP protein coding region (green box), a 2A “skip” peptide (black box) and the
593  Neo-Rgene (grey) that provides resistance to the antibiotic G418. Arrows indicate the position
594  of primers 1-4 used to detect integration of the pSLI-TGD vector. Asterisks indicate a stop
595 codon. GFP, green fluorescent protein; hDHFR; human dehydrofolate reductase for resistance
596 to WR99210; NeoR, neomycin-resistance; 2A, Skip peptide. (B) Confirmation of vector
597 integration for the ZNF4-KO parasites by diagnostic PCR using gDNA obtained from ZNF4-KO
598 and WT-NF54. 5'-integration was detected using primers 1 and 4 (1164 bp) and 3’-integration
599  using primers 3 and 2 (955 bp). Primers 3 and 4 were used to detect the presence of episome
600 (965 bp), and primers 1 and 2 were used for WT control (1194 bp). (C) Confirmation of
601  truncated ZNF4 tagged with GFP. Parasite lysates obtained from different stages of the ZNF4-
602 KO parasite line were subjected to Western blotting using polyclonal mouse anti-GFP
603  (estimated size 53 kDa). Lysate from WT mature gametocyte was used as negative control.
604 Immunoblotting with mouse anti-Pf39 antisera (39 kDa) served as a loading control. (D)
605  Verification of GFP expression in the ZNF4-KO parasites by live imaging. Live images of
606  trophozoites (TZ) and gametocyte stage Il (GCll) of the ZNF4-KO line detected GFP (green) in
607  the parasite. Nuclei were counterstained with Hoechst 33342 (blue). Bar, 5 um. (E). Asexual
608  blood stage replication of the ZNF4-KO. Synchronized ring stage cultures of WT and ZNF4-KO
609  with an initial parasitaemia of 0.25% were maintained in cell culture medium and the
610 parasitaemia was followed over a time-period of 0 to 94 h via Giemsa stained smears. The
611 data is a representation of one of two experiments performed in triplicate (mean % SD). For
612 the second experiment see Fig S2A. (F) Disruption of ZNF4 show no effect in gametocytaemia.
613  Following two rounds of synchronization, a culture 5% ring stage parasites of the WT and
614  ZNF4-KO was induced for gametocytogenesis and the next day the parasites were washed and
615  grown with medium supplemented with 50 mM GlcNac to kill asexual blood stages for 5 day,
616  then with normal medium till day 10 post induction. The gametocyte gametocytaemia was
617 monitored by Giemsa stained blood smears from day 5 post induction. The result is a
618 representative of one of two experiments (see Fig S2B for second experiment). (H).
619 Gametocyte maturation in the ZNF4-KO. The development of gametocyte was compared
620 between the WT and the ZNF4-KO by counting the gametocyte stages of 50 gametocytes at
621  each time point in triplicate (See Fig 2C for second experiment). (H) Gametocyte morphology
622  in the ZNF4-KO line. Giemsa stained pictures of gametocyte stages of the ZNF4-KO and WT.
623

624  Fig 3: ZNF4-KO impairs male gametocyte exflagellation and parasite transmission in the
625 mosquito (A) Disruption of ZNF4 impairs male gametocyte exflagellation. Mature WT and
626  ZNF4-KO gametocytes were activated in vitro and the number of exflagellation centres
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627  counted in 30 fields in triplicated using the light microscope. Three independent experiments
628 were performed indicated in numbers 1 to 3. **, P < 0.05, Student’s t test. (B) Mosquito
629 infectivity of ZNF4-KO. Enriched mature gametocytes of WT or the ZNF4-KO were fed
630 to An. stephensi mosquitoes via standard membrane feeding assays. The numbers of oocysts
631 per midgut were counted at day 10 post infection in four independent experiments each.
632

633  Fig 4: De-regulation of gene expression following disruption of ZNF4.

634  (A) Comparative transcriptomics of de-regulated genes in the ZNF4-KO parasite line in rings
635 and mature gametocytes. Total RNA was extracted from ring stage parasites as well as mature
636 gametocytes of the ZNF4-KO and the WT and subjected to comparative transcriptomics by
637 RNA sequencing. De-regulated genes with relative gene expression greater than 2-fold was
638 considered significant. (B) Validation of RNA-Seq data by gRT. Transcript analysis for 5 up-
639 regulated genes and 3 down-regulated in mature gametocyte as identified by RNA-Seq were
640 validated by real-time RT-PCR. Transcript expression levels were calculated by the 24¢
641 method; the threshold cycle number (Ct) was normalized with the Ct of the gene encoding
642  seryl tRNA-ligase (PF3D7_0717700) as reference. Genes were considered up-regulated when
643  the changes between ZNF4-KO and WT sample were greater than 2-fold. (C, D) Summary of
644  Gene Ontology functional analysis of mature gametocyte differentially expressed genes
645  following ZNF4 disruption. GO enrichment analysis of de-regulated genes was determined
646  using PlasmoDB (https://plasmodb.org/plasmo/app). The most significantly (P < 0.05)
647 enriched GO terms in biological process, cellular component and molecular function are
648 presented. For the complete list see Table S1. All adjusted statistically significant values of the
649 terms were the absolute logio values. GO, gene ontology. (E) Pie chart showing peak
650 expression stage of de-regulated genes. The peak expression of the down-regulated as well as
651  up-regulated genes were determined using the 7 stage RNA-Seq data [28]. (F) Heat map of top
652 30 down-regulated genes and their sex-specific expression. Heat map representing patterns
653  of the top 30 down- regulated genes and their sex specific expression pattern [29]. Heat map
654  was constructed using TB tools [30].
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845  Fig S1: Validation of ZNF4 protein expression using the pSLI-ZNF4-HA-gIlmS parasite line. (A)
846  Schematic depicting the single cross over homologous recombination strategy for the
847  generation of the ZNF4-HA-gImS parasite line using the pSLI-HA-gImS vector and primer
848 combinations for checking successful integration. (B) Diagnostic PCR to confirm vector
849  integration using the ZNF4-HA-gImS parasite line. 5'-integration was detected using primers 5
850 and 8 (1543 bp) and 3’-integration using primers 7 and 6 (1253 bp). Primers 7 and 8 were used
851 to detect the presence of episome (1348 bp), and primers 5 and 6 were used for WT control
852 (1448 bp). (C). Confirmation of ZNF4 tagging with HA by Western blotting. Parasite lysates
853  obtained from gametocytes of the ZNF4-HA-gImS parasite line were subjected to Western
854  blotting using rat anti-HA. Lysates from non-infected red blood cells (niRBC) and WT mature
855 gametocyte (WT-GC) were used as negative control. Immunoblotting with mouse anti-Pf39
856 antisera (39 kDa) served as a loading control. (D) Expression of ZNF4 in different blood stages
857  of P. falciparum using the ZNF4-HA-gImS. Anti-rabbit HA was used to immunolabel fixed
858 samples of trophozoites, schizonts and gametocytes (green). Asexual blood stages
859  (trophozoites and schizonts) were visualized by labelling with mouse anti- Pf39 and
860 gametocytes were visualized by using mouse anti-Pfs230 (red); nuclei were highlighted by
861  Hoechst nuclear stain 33342 (blue). Bar, 5 um.
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863  Fig S2: Phenotypic characterization for ZNF4-KO. Second experiment for the Asexual
864  development (A), Gametocytaemia (B) and gametocyte development (C) of the ZNF4-KO as
865  compared to WT.

866

867 Table S1: List of ZNF4-KO de-regulated genes in gametocytes and rings and complete GO-
868  Analysis.
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870  Table S2: List of primers used in the study.
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