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Abstract 43 

The malaria parasite Plasmodium falciparum has a non-photosynthetic plastid called the 44 
apicoplast, which contains its own genome. Regulatory mechanisms for apicoplast gene 45 
expression remain poorly understood, despite this organelle being crucial for the parasite life 46 
cycle. Here, we identify a new nuclear-encoded apicoplast RNA polymerase s subunit (sigma 47 
factor) which, along with the a subunit, appears to mediate apicoplast transcript 48 
accumulation. This has a periodicity reminiscent of parasite circadian or developmental 49 
control. Expression of the apicoplast s subunit gene, apSig, together with apicoplast 50 
transcripts, increased in the presence of the blood circadian signaling hormone melatonin. 51 
Our data suggest that the host circadian rhythm is integrated with intrinsic parasite cues to 52 
coordinate apicoplast genome transcription. This evolutionarily conserved regulatory system 53 
might be a future target for malaria treatment. 54 

 55 

Significance Statement 56 

Malaria is an infectious disease caused by the malaria parasite and characterized by periodic 57 
fevers. This periodicity arises from the synchronization of circadian rhythms and mitotic cycles 58 
between the host and the parasite. Here, we show that transcription within the apicoplast, an 59 
essential chloroplast-like organelle that is unique to the parasite, is regulated by both 60 
endogenous cues and by the host blood circadian hormone melatonin, via a novel s70-like 61 
sigma factor ApSigma. We propose a model for the melatonin signaling mechanism that 62 
regulates ApSigma. Our results suggest that the regulation of apicoplasts, which have their 63 
own genome, involves a mechanism of synchronization with the host. This novel regulatory 64 
mechanism might be a future target for malaria treatment. 65 
 66 
Main Text 67 
 68 
Introduction 69 
Malaria is an infectious disease caused by infection with malaria parasite Plasmodium 70 

falciparum. Patients infected with malaria experience periodic cold, fever, headache, and 71 
fatigue. This periodicity is considered to occur because the parasite life cycle synchronizes 72 
with the circadian rhythms in the host. P. falciparum matches host circadian rhythms after 73 
infection is established, whereas it becomes asynchronous in vitro, suggesting the 74 
requirement for host-derived signals (1). Melatonin, a circadian control hormone secreted by 75 
the host, has proposed as a potential cue for synchronization, although it is not required (1, 76 
2). Culture of P. falciparum with melatonin in vitro accelerates its developmental transition to 77 
the schizont stage (1). Perturbation of host and parasite rhythms during intraerythrocytic 78 
parasite development seriously affects the growth of asexual malaria parasites and their host 79 
transmission efficiency (3, 4). Therefore, understanding processes that co-ordinate parasite 80 
development with the host circadian rhythm has the potential to identify therapeutic targets. 81 

Plasmodium falciparum and related apicomplexan parasites harbor a non-photosynthetic 82 
plastid called the apicoplast, which contains its own genome (5). The apicoplast is essential, 83 
as inhibition of apicoplast transcription, translation and replication kills the malaria parasite (6, 84 
7). Therefore, apicoplast gene expression is a promising target for antimalarial drugs (8). In P. 85 
falciparum in the intraerythrocytic stage, the expression of apicoplast genes is synchronous 86 
and variable depending on parasite developmental stages (9, 10). However, little is known 87 
about the underlying mechanism for apicoplast gene expression. In plants, one mechanism 88 
that regulates plastid gene expression involves nuclear-encoded s70-like sigma subunits. 89 
These are considered to confer promoter specificity to the plastid-encoded plastid RNA 90 
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polymerase (PEP) that is similar to bacterial RNA polymerase (11, 12). We found previously 91 
that certain plant s subunits participate in the circadian regulation of plastid gene expression 92 
in plants (13). PEP is also present in the P. falciparum apicoplast (14, 15), with b, b’ and b’’-93 
subunits encoded by the apicoplast genome and a subunits encoded in the nucleus (rpoA1 94 
and rpoA2, amino acid alignment is shown in Fig. S1) (16, 17). We hypothesized that a 95 
nuclear-encoded s subunit might coordinate apicoplast gene expression with the P. 96 
falciparum or host circadian rhythms and developmental cues. 97 

 98 
Results 99 
 100 
Characterization and phylogenetic analysis of ApSigma. No genes are annotated as an 101 
apicoplast s subunit in the Plasmodium genome databases. Using E. coli s70 as the basis for 102 
a sequence similarity search, we predicted that PF3D7_0621000 encodes a nuclear-encoded 103 
apicoplast s subunit in P. falciparum, which we named apSig (gene) and ApSigma (protein; 104 
Fig. S2). s70 family s subunits have conserved regions (regions 1.1-4.2) (8, 17), which include 105 
functional domains that interact with specific DNA promoter elements and the RNA 106 
polymerase core enzyme. All these conserved regions occur in ApSigma (Fig. S2, Fig. S3). 107 
We also predicted the 3D structures of the conserved regions of ApSigma (Fig. S4). Regions 108 
2 and 4 were highly conserved in both primary amino acid sequence and predicted 3D 109 
structure (Fig. 1A, Fig. S2, Fig. S4). These regions are important domains of the sigma 110 
subunit that recognize the -10 and -35 regions of the promoter (18, 19). The conservation of 111 
these structural similarities in ApSigma suggests that it functions as a s subunit. ApSigma has 112 
a long N-terminal extension, which was predicted to be a transit sequence for localization to 113 
the apicoplast. To test this prediction, we generated ApSigma antibodies and performed 114 
localization analysis, which confirmed that ApSigma localizes to the apicoplast in the 115 
trophozoite, schizont, and ring stages. (Fig. 1A, Fig. S5). Therefore, the long N-terminal 116 
extension may function as the apicoplast-targeting sequence. We wished to test whether 117 
ApSigma has activity as an RNA polymerase sigma factor. We previously attempted to knock 118 
out the P. falciparum apSig gene, but could not isolate the mutant. We interpret this as 119 
indicating that the apSig gene is likely to be essential for viability. Constitutive overexpression 120 
of the apSig gene was also unsuccessful, which might be due to toxicity of ApSigma protein 121 
overproduction. Furthermore, bacterial-overproduced ApSigma protein was insoluble, so we 122 
could not obtain a biochemically-testable ApSigma protein. Since biochemical purification of 123 
the apicoplast RNA polymerase from Plasmodium sp. is not practical, we tested ApSigma 124 
activity through heterologous expression of a chimeric protein formed from ApSigma and the 125 
E. coli alternative sigma factor sS (Fig. S6A). In E. coli, sS recognizes the katE promoter, 126 
which shares a common -10 promoter element with other consensus-type promoters, but is 127 
not recognized by other sigma factors. Thus, in sS mutant E. coli where katE is not 128 
expressed, katE promoter activity provides a tool to test for sigma factor activity. In our 129 
chimeric protein, parts of the -10 promoter element-recognition helix (regions 2.3-2.4, (2)) of 130 
sS was substituted with the corresponding amino acid sequence of ApSigma (Fig. S6A). 131 
Using this, we found that the ApSigma peptide sequence responsible for promoter -10 region 132 
recognition can partially substitute the activity of the corresponding sequence of E. coli sS 133 
(Supplementary Experiment; Fig. S6B). This suggests that ApSigma has sigma factor activity, 134 
and can function as the apicoplast s subunit. 135 

Other species included in the apicomplexa, such as haemosporidians and coccidians, also 136 
harbor one gene that is homologous to ApSigma. Furthermore, a homolog of ApSigma is 137 
present in Vitrella brassicaformis, a chromerid species related to the Apicomplexa. Our 138 
phylogenetic analyses revealed that apicomplexan s subunit proteins constitute a 139 
monophyletic clade after divergence from the chromerid protein, and each of the 140 
haemosporidian and the coccidian proteins forms independent clades within the 141 
apicomplexan clade (Fig. S7). This implies that the apicomplexan species inherited their s 142 
subunits from a common ancestor, without horizontal gene transfer events. 143 
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 144 
ApSigma binds to the apicoplast genome. We hypothesized that if ApSigma functions as 145 
an apicoplast RNA polymerase s subunit, it will interact specifically with DNA within 146 
apicoplast promoter regions. To examine this, 5 sites from putative promoter regions 147 
estimated from the apicoplast genome structure (R1-4 and R6) and 7 sites from other regions 148 
(R5 and R7-12) were selected. The interaction of these regions with ApSigma was analyzed 149 
by chromatin immunoprecipitation (ChIP) (Fig. 2A, Fig. S8). This found that ApSigma 150 
preferentially interacted with R1-4, 8 and 11 compared with R9, the protein-coding region with 151 
the lowest binding value, which we used as a negative control (Fig. 2B, Fig. S9). Weak 152 
interaction of ApSigma to the apicoplast genome was observed for the negative control, R9 153 
(Fig. 2B). A recent study indicates that the s70 subunit binds to bacterial RNA polymerase 154 
core and elongation complex not only during transcription initiation, but also during the 155 
elongation reaction (20). Therefore, the weak binding occurring within R9 might be this 156 
ApSigma interaction with the RNA polymerase elongation complex. We suggest that the 157 
regions R1-4, 6, and 11, which showed significantly stronger ApSigma binding than R9, are 158 
promoter regions. It was previously suggested that two long polycistronic transcripts (> 15 kb) 159 
are produced, initiating from tRNA gene clusters between the large and small subunit 160 
ribosomal RNA genes in the apicoplast genome (14). The preferential interaction of ApSigma 161 
with R1-R4 (Fig. 2B, Fig. S9) is consistent with this prediction. A significant ApSigma 162 
interaction was also identified from other sites (R6 and R11), suggesting the existence of two 163 
additional promoters or RNA polymerase pausing regions (Fig. 2A; orange arrows, Fig. S8). 164 
This is the first experimental evidence revealing the promoter locations within the P. 165 
falciparum apicoplast genome. 166 
 167 
Apicoplast transcriptome accumulation is periodic. It was previously shown that P. 168 
falciparum retains its own circadian rhythm to facilitate intraerythrocytic development (20). 169 
Given that circadian rhythms of chloroplast gene expression in plants are regulated by 170 
nuclear-encoded PEP subunits (13), we hypothesized that a similar mechanism could be 171 
present in P. falciparum. To investigate this, we extracted the transcriptional profiles of P. 172 
falciparum in erythrocytes from published microarray analyses (9, 10) (Fig. 2C, S10A). Using 173 
this, we identified with periodicity-detecting algorithms (JTK_CYCLE, Lomb-Scargle) (21) that 174 
all apicoplast genes are expressed periodically (Bonferroni-Hochberg adjusted P < 0.01 for all 175 
genes, in both datasets) (BH.Q in Table S1, S2). In one dataset (9), accumulation of about 176 
70% and 30% of the gene transcripts had estimated periods of 48 h and 24 h, respectively 177 
(Fig. 2C, S10B, C, Table S1). In another dataset (10), only transcripts with a 48 h period were 178 
detected (Table S2). The 48 h-period transcript set peaked in abundance at the early schizont 179 
stage in both datasets. We found that the nuclear apSig transcript also had a 48 h period, but 180 
its phase of oscillation preceded the apicoplast genes by 7-8 h, and peaked at the early to 181 
mid-trophozoite stage. Interestingly, transcripts for the apicoplast RNA polymerase a subunit 182 
genes, rpoA1 and rpoA2, encoded in the nucleus, had high correlation coefficients with 183 
apicoplast transcripts having a 48 h period, which may indicate a mechanism to synchronize 184 
the apicoplast and nuclear gene expression (Table S3). 185 
 186 
Melatonin-responsiveness of both apSig and apicoplast transcripts. The mammalian 187 
hosts of malaria parasites have their own circadian rhythm, and the rhythm is communicated 188 
across their body through mechanisms including the blood hormone melatonin. Given the 189 
periodicity of apSig and apicoplast transcript accumulation (Fig. 2C), we were interested in 190 
the coordination of parasite gene expression programs with melatonin levels. We examined 191 
this, focusing on the nuclear encoded apicoplast s subunit ApSigma. For this, accumulation 192 
of protein-coding apicoplast transcripts in trophozoite cells was examined after 30 or 90 193 
minutes of melatonin treatment. Melatonin is present in human blood up to about 200 pM 194 
(23). We performed a preliminary experiment with 200 pM and detected increased apSig 195 
transcripts (Fig. S11). However, the stability of reproduction under experimental conditions 196 
was poor, so we used 10 nM melatonin, as reported by Furuyama et al. (24), because this 197 
gave consistent and reproducible results. The apSig transcripts and the apicoplast gene 198 
transcripts sufB, rpoC2 and tufA accumulated in response to melatonin, suggesting that 199 
melatonin positively regulates apicoplast gene expression through ApSigma function (Fig. 200 
3A). The increase in apSig transcripts was specific, because nuclear encoded act1 and 201 



 

 

5 

 

rpoA1/2 genes encoding actin and apicoplast RNA polymerase a subunits, respectively, were 202 
unchanged. SufB is a protein involved in the biosynthesis of iron-sulfur clusters that drive the 203 
methylerythritol phosphate (MEP) pathway for isoprenoid synthesis, which is essential for 204 
malaria parasite survival (25). In addition to the apicoplast sufB gene, nuclear encoded sufC 205 
and sufD gene transcripts for the FeS cluster biosynthetic enzyme SufBCD (6), and those of 206 
ispG and ispH, encoding key enzymes of the MEP pathway (25), were increased by 207 
melatonin (Fig. S12). This suggests that MEP pathway activity in the apicoplast was affected 208 
by the host circadian rhythm. In contrast, expression of the apicoplast transcript rpl4 did not 209 
respond to melatonin. Therefore, multiple transcriptional regulatory mechanisms might exist 210 
for apicoplast gene transcription. 211 
 212 
To further understand the interaction and coordination between the parasite and host 213 
rhythmicity, we examined whether there is circadian or developmental gating of the response 214 
of apSig expression and apicoplast transcription to melatonin. Melatonin was administered at 215 
various times during synchronous culture, with cells sampled to investigate the melatonin 216 
response of apSig, sufB and act1 transcripts (Fig. 3B). Melatonin had a time-restricted effect, 217 
inducing apSig and sufB prominently at 22h-24h after synchronization, after which the 218 
response decreased (Fig. 3B). This change in melatonin sensitivity over time might be due to 219 
circadian gating of the response, or developmental stage-specific sensitivity. Together, this 220 
suggests that extrinsic circadian cues, intrinsic circadian cues and developmental timing cues 221 
are integrated to coordinate the transcription of the apicoplast genome (Fig. 4). 222 
 223 
The melatonin response signaling pathway for apSig. Finally, we investigated the 224 
mechanism of activation of apSig expression in response to melatonin. Two distinct pathways 225 
are considered to mediate melatonin signaling in P. falciparum (Fig. 3C) (26). One is the 226 
inositol trisphosphate (IP3) pathway via phospholipase C (PLC), and another is the cAMP 227 
pathway via adenylyl cyclase (AC). We analyzed the melatonin response of apSig and 228 
apicoplast sufB genes in the presence of the melatonin receptor inhibitor luzindole, the PLC 229 
inhibitor U73122, or the AC inhibitor MDL12330. Since melatonin-induced transcript elevation 230 
occurred also in non-synchronized cultures, this experiment was performed under non-231 
synchronized conditions. In this experiment with non-synchronized cells, melatonin caused 232 
approximately 1.5-fold increase of apSig and sufB transcripts (Fig. 3D). This response was 233 
inhibited by luzindole or MDL12330, whereas U73122 had no effect (Fig. 3D). Furthermore, 234 
cAMP addition mimicked the effect of melatonin (Fig. 3D). Together, these results suggest 235 
that melatonin induces apSig gene expression through the second messenger cAMP, which 236 
results in the upregulation of apicoplast gene expression. 237 
 238 
Discussion  239 
We identified a nuclear-encoded E. coli s70 homolog, ApSigma, in a P. falciparum. This has 240 

highly conserved primary sequence and 3D structure of its core enzyme binding sites and 241 
promoter recognition sites. Furthermore, we found that ApSigma binds to apicoplast DNA in 242 
vivo (Fig 2A, B) and has conserved domains that can participate in promoter recognition (Fig 243 
S6A, B). Together, this strongly suggests that ApSigma, like the sigma subunit of PEP in 244 
plants, regulates apicoplast transcription. In plants, plastid transcription by PEP is regulated 245 
by changes in the expression of the sigma subunits in response to the external environment 246 
and tissue differentiation (11-13). We hypothesized that in parasites, ApSigma expression is 247 
regulated by signals in the host blood, thereby controlling apicoplast gene expression. We 248 
determined that melatonin, a host blood hormone, elevates apSig transcripts and this 249 
correlates with changes in apicoplast encoded transcripts. In contrast, transcripts of the 250 
nuclear-encoded rpoA1,2 subunits were unresponsive to melatonin (Fig 3A). This suggests 251 
that the melatonin-stimulated increase in apicoplast transcription is ApSigma-dependent. 252 
These observations suggest that the mechanism by which the external environment regulates 253 
plastid gene expression, via the s subunit, is evolutionarily conserved in malaria parasites.  254 

We identified periodicity in apicoplast gene expression (Fig. 2C, Fig S10, Table S1, S2). 255 
However, this periodicity did not correlate with the apSig expression. This suggests that 256 
ApSigma might not be involved in determining the periodicity of apicoplast transcription in the 257 
absence of host cues. In contrast, both nuclear-encoded rpoA1, 2 are regulated by the 258 
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circadian clock (21), and their expression patterns correlated very highly with apicoplast gene 259 
expression (Table S3). One interpretation is that the rpoAs might underlie the periodicity of 260 
apicoplast transcription. Our observations suggest that the periodicity of apicoplast 261 
transcription is driven by internal parasite cues such as intrinsic circadian rhythms, whereas 262 
ApSigma regulates apicoplast gene expression in response to melatonin from the host cues. 263 
This suggests that external and internal timing cues are integrated to regulate apicoplast 264 
genome transcription. 265 

Since the apicoplast is integral to the cell, its development is strictly synchronized with the cell 266 
cycle. Detailed microscopic observations have reported the morphological dynamism of the 267 
apicoplast at each stage of parasite development (27). It is thought that specific molecular 268 
mechanisms align the morphology and metabolism of the apicoplast with the parasite life 269 
cycle (27). This might involve the processes that regulate expression of apicoplast sufB, 270 
which is one of the few essential genes encoded by the apicoplast genome. SufB-containing 271 
complexes supply FeS clusters to the MEP pathway for isoprenoid synthesis, which is 272 
essential for malaria survival (28-30). This implies that maintenance of sufB expression from 273 
the apicoplast genome is essential for parasite survival. We have shown that induction of 274 
apSig by melatonin upregulates sufB transcription (Fig. 3A). We also found that the 275 
expression of both apicoplast sufB and nuclear encoded sufC, sufD, ispG, and ispH were 276 
upregulated by the addition of melatonin (Fig. S12). This suggests that apSig may form part 277 
of the mechanism that aligns the apicoplast with the parasite developmental cycle. 278 

Interestingly, we found that the melatonin-induced upregulation of apSig expression is 279 
restricted to the trophozoite stage only (Fig. 3B). This might result from coordination between 280 
the synchronized regulatory system of parasite developmental stage with apicoplast function 281 
and the signal from the host. Perhaps the provision of a parasite differentiation timing-specific 282 
FeS cluster and activation of the MEP pathway contributes to synchronization of the parasite 283 
with the apicoplast, and some mechanisms restrict the activation of apicoplast transcription by 284 
host signals in a time-specific manner. We suggest that apSig expression involves a 285 
sophisticated regulatory system that integrates the timing of parasite differentiation, circadian 286 
rhythms, synchronization with the apicoplast, and signals from the host. 287 

We propose a regulatory scheme whereby the endogenous parasite rhythm is transmitted to 288 
the apicoplast and that the melatonin-mediated host rhythm modulates apicoplast 289 
transcriptional activity through the regulation of the ApSigma (Fig. 4). A mitochondria-290 
targeting drug called atovaquone is known to be an effective antimalarial, and the apicoplast 291 
could also be a promising target for the drug development (31, 32). The Apicomplexan plastid 292 
s subunit homologs and apicoplast transcriptional regulation, identified here, represent new 293 
potential targets for treatment and prevention of both malaria and infections caused by other 294 
apicomplexan parasites such as Toxoplasma and other coccidia. 295 

Among rodent-parasitizing Plasmodium species, P. chabaudi and P. vinckei have a 24-hour 296 
cycle in which they propagate synchronously, whilst P. berghei and P. yoelii have 18- and 21-297 
hour cycles, respectively, in which they propagate asynchronously (33, 34, 35). The mitotic 298 
rhythm of P. chabaudi is determined by the host rhythm, whereas that of P. vinckei is found to 299 
be partially independent of the host (33). It has also been reported that growth of P. chabaudi 300 
is highly synchronous even in mice lacking melatonin production, such as C57BL/6J mice (2). 301 
The duration and degree of synchrony of the growth of the parasite is expected to be 302 
determined by the unknown endogenous cycle-regulation mechanism that functions in each 303 
Plasmodium species after its activation responding to a trigger from external melatonin. Even 304 
if the timing of switch-on by the trigger (melatonin) in the host is invariant, the length of time 305 
between each subsequent small event may vary, which may or may not cause a significant 306 
fluctuation in the length of time between each event. It is not surprising that a variety of 307 
responses could have evolved in different species, depending on infection strategy. As a 308 
result, some Plasmodium species may have cycles of different lengths, and others may have 309 
different degrees of synchrony. However, melatonin cues are unlikely the only factors that 310 
define the cell cycles of the parasites, with multiple other signals that probably depend on 311 
each host and Plasmodium species also likely involved. Further studies are needed to explain 312 
the cell cycle regulation mechanism in Plasmodium comprehensively. 313 
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 314 
Materials and Methods 315 
 316 
Malaria parasite cultivation. P. falciparum strain 3D7 was cultured at 3% hematocrit with 317 
type A+ human erythrocytes in RPMI 1640 medium (Thermo Fisher Scientific, Waltham, 318 
USA), supplemented with 25 mM NaHCO3, 10 μg/mL gentamicin sulphate, 10 μg/mL 319 
hypoxanthine, 25 mM HEPES, 0.8 mg/mL L-glutamine, and 0.5 % (w/v) Albumax II (Thermo 320 
Fisher Scientific)(36). Cultures were maintained under 5% O2, 5% CO2, and 90% N2 at 37℃. 321 
Parasitemia was determined with thin blood smears stained with Giemsa. The experiments 322 
using human erythrocytes were performed under the guidelines of the ethical committee of 323 
the University of Tokyo (#10050-(2)). Human erythrocytes were obtained from Japanese Red 324 
Cross Society (No.25J0207). Synchronization of the parasite cultures was performed by 5 % 325 
(w/v) sorbitol treatment for 10 minutes (37). 326 
For analysis of effect of melatonin on the parasite, erythrocytes infected by late trophozoites 327 
and schizonts were collected using 63% (v/v) Percoll density centrifugation (38) from parasite 328 
cultures pre-treated with 5% (w/v) sorbitol (39). After an incubation for 4 hours, the Percoll-329 
purified erythrocytes were treated with 5% (w/v) sorbitol and removed trophozite and schizont 330 
stages. After an incubation for 22 hours, the erythrocytes with parasites highly synchronized 331 
to early trophozoite stage were incubated with or without 10 nM melatonin (Sigma-Aldrich, 332 
Burlington, USA) for 30 or 90 minutes. After the treatment, erythrocytes were collected by 333 
centrifugation, washed with phosphate buffered saline (PBS), and stored at -80°C until use. 334 
For analysis of signal transduction in the parasite, erythrocytes infected by early trophozoites 335 
were treated with luzindole (melatonin receptor inhibitor; Sigma-Aldrich) (22), 1 μM 336 
MDL12330A (adenylate cyclase inhibitor; Sigma-Aldrich) (22), 10 μM U73122 (PLC inhibitor; 337 
Tocris Bioscience, Bristol, UK) (23), or no inhibitor, for 90 min at 37℃. Subsequently, parasite 338 
cultures were incubated with 10 nM melatonin for 90 min at 37℃. After incubation, parasite 339 
cultures were then pelleted by centrifugation, washed by PBS, and stored at -80°C until use.  340 
 341 
Phylogenetic analysis. Apicomplexan s subunits in the amino acid sequence database were 342 
searched for by BLAST analysis at PlasmoDB (https://plasmodb.org/plasmo/app), using 343 
conserved domain sequence of s70 of E. coli (BAB37373) as the query. One s subunit-like 344 
sequence was identified in each of P. falciparum 3D7 (XP_966194.1 encoded by 345 
PF3D7_0621000), Eimeria brunetti (CDJ52515), Eimeria necatrix (XP_013434793), Eimeria 346 
maxima (XP_013337375), Cyclospora cayetanensis (XP_026192347), Toxoplasma gondii 347 
VEG (ESS33313), Toxoplasma gondii CAST (RQX72928), Neospora caninum 348 
(XP_003881399), Plasmodium berghei (XP_034422407), Plasmodium vivax (SCO73651), 349 
Plasmodium relictum (XP_028533929) and Vitrella brassicaformis (CEL93836). Amino acid 350 
sequences (region 2-4) were aligned using ClustalW, and the alignment was refined by eye. 351 
Phylogeny of the s subunits was analyzed by maximum likelihood method using MEGA 352 
program, and bootstrap values were calculated replicating 1000 analyses with LG+G model.  353 
In the gregarines and piroplasmids, no s subunit homologs are not identified. In gregarines, 354 
the apicoplast is lost (40, 41). The structure of the apicoplast genome of piroplasmids differs 355 
from the general plastid genome because all genes, including those of rRNAs and tRNAs, 356 
occupy one strand of the genome (42). Probably, a different mechanism that does not 357 
involve s subunit regulates apicoplast gene expression in piroplasmids. 358 
 359 
Prediction of 3D structure. For ApSigma structural predictions, we used a version of 360 
AlphaFold (version 2) available at 361 
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb. 362 
that allows single predictions (43). The PDB file output from AlphaFold was visualized, edited 363 
and colored with UCSF Chimera (44). 364 
 365 
Preparation of anti-ApSigma antibody. A 654 nt-long synthetic DNA fragment encoding the 366 
2.4 region of ApSigma in a modified codon usages that matches the one of highly expressed 367 
proteins of E. coli (Table S4), and another fragment with the complementary sequence, were 368 
obtained from Azenta (Chelmsford, UK). The double strand DNA fragment composed from 369 
the two fragments was inserted into SmaI-digested pGEX-4T-1 (GE Healthcare, Chicago, 370 
USA). Expression of the recombinant proteins in E. coli and their purification were performed 371 
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as described previously (45). A Guinea pig was immunized with the recombinant protein and 372 
polyclonal antibodies against ApSigma were purified by Tanpaku Seisei Kougyou (Isezaki, 373 
Japan). 374 

Immunofluorescence microscopy. Human erythrocytes infected by P. falciparum were 375 
fixed in 2% (w/v) paraformaldehyde containing 0.075% (w/v) glutaraldehyde in PBS for 10 376 
min. The reaction was quenched using 0.1 M glycine in PBS for 15 min. After blocking in 3% 377 
(w/v) bovine serum albumin (BSA), 0.2 % (w/v) Tween 20 in PBS for 1 hour, the erythrocytes 378 
were incubated with anti-ApSigma antibody (diluted 1:200) and rabbit anti-HU antibody 379 
(diluted 1:200) or rabbit anti-ATG8 antibody (a kind gift from Dr. Noboru Mizushima, The 380 
University Tokyo, diluted 1:200) in 1% BSA, 0.2% (v/v) Tween 20 in PBS for 1 hour (46, 47). 381 
Then, erythrocytes were washed in 0.2% (v/v) Tween 20 in PBS three times and incubated 382 
with Alexa Flour 561-conjugated goat anti-guinea pig IgG (1:1000) and Alexa Flour 488-383 
conjugated goat anti-rabbit IgG (1:1000) for 1 hour. The fluorescence images were captured 384 
by a confocal microscopy system with Zeiss LSM780 and LSM980 (Carl Zeiss, Oberkochen, 385 
Germany).  386 
 387 
ChIP analysis. Erythrocytes infected by P. falciparum 3D7 at high parasitemia (above 10%) 388 
were collected from 20 ml cultures by centrifugation at 800×g for 5min at room temperature. 389 
The collected cells with parasites were fixed with 1% (v/v) formaldehyde at 37 ºC for 10 min, 390 
followed by 0.125 M glycine for 5 min. The fixed erythrocytes were incubated in PBS 391 
containing saponin (0.075% (w/v)) and released parasites were collected by centrifugation. 392 
After washes with PBS buffer, the parasites were stored at -80°C until use. The parasites 393 
were resuspended in 0.5 mL ChIP lysis buffer (50 mM Tris-HCl, 140 mM NaCl, 1 mM EDTA, 394 
0.1% (w/v) SDS, 1 % (v/v) Triton X100, 0.1 % (w/v) Sodium Deoxycholate, Complete Mini 395 
(Sigma-Aldrich), EDTA-free, protease inhibitor, pH 8.0), and cell disruption and shearing of 396 
genomic DNA were achieved by sonication (Branson Sonifier 250 (Emerson Electric, St. 397 
Louis, USA), Duty Cycle 50, Output Control 2.0, 20 sec, 10 times). After sonication, it was 398 
experimentally confirmed that the size of genomic DNA fragments was within the range of 399 
100 and 300 bp. The sonicated parasite suspension was centrifuged and the supernatant 400 
containing the fragmentated genomic DNA was collected. To a 0.4 ml of the collected 401 
supernatant, a 19-fold volume of ChIP lysis buffer was added, and pretreated with nProtein A 402 
Sepharose 4 Fast Flow (Sigma-Aldrich) for 4 hr at 4 ºC. After removal of nProtein A 403 
Sepharose beads by column filtration, the collected solution was divided into 2. Each of these 404 
was subjected to immunoprecipitation. Immunoprecipitations were performed with 5.0 µl of 405 
crude serum containing anti-ApSigma antibody or the preimmune serum at 4 ºC overnight, 406 
then a 30 µl of 50 % (v/v) slurry of magnetic Dynabeads (Thermo Fisher Scientific). Protein 407 
was added before further incubated for 5 hours. The beads were washed twice with each of: 408 
RIPA150 buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% 409 
(v/v) SDS, 0.1% (v/v) sodium deoxycholate, pH 8.0), RIPA500 buffer (50 mM Tris-HCl, 500 410 
mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% (v/v) SDS, 0.1% (v/v) sodium 411 
deoxycholate, pH 8.0), LiCl wash solution (10 mM Tris-HCl, 250 mM LiCl, 1 mM EDTA, 0.5% 412 
(v/v) Nonidet P40, 0.5% (w/v) sodium deoxycholate, pH 8.0), and TE buffer: in this order. For 413 
reversions of the cross-link, the beads were resuspended in ChIP direct elution buffer (10 mM 414 
Tris-HCl, 300 mM NaCl, 5 mM EDTA, 0.5% (v/v) SDS, pH 8.0) and incubated at 65°C 415 
overnight. After a treatment with RNase A and proteinase K, DNA was extracted from the 416 
beads using phenol:chloroform:isoamylalcohol (25:24:1) and precipitated with ethanol using 417 
Ethachinmate (Nippon Gene, Tokyo, Japan) as a carrier. The resultant pellets were dissolved 418 
in 100 ml of water and analysed by qPCR using relevant sets of primers (Table S5), as 419 
reported previously (48) with modifications. Briefly, amplifications were done by incubating 420 
reaction mixtures at 95°C for 2 min prior to 40 cycles of 10 sec at 95°C followed by 15 sec at 421 
40°C and 30 sec at 60°C. Standard curves were constructed with several serial dilutions (1 to 422 
1 × 10–4) of input DNA to estimate percent of input of each DNA fragment relative to the input 423 
DNA. 424 
 425 
Detection of periodicity in gene expression. We used MetaCycle in R package 426 
(https://cran.r-project.org/web/packages/MetaCycle/MetaCycle) with the JTK_CYCLE and 427 
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Lomb-Scargle algorithms (20, 49, 50) to detect periodicity of a length between 20 and 48h in 428 
the expression profiles of the transcripts from the gene.  429 
 430 
RT-qPCR analysis. Total RNA was isolated from the parasites infecting the erythrocytes with 431 
Trizol LS reagent (Thermo Fisher Scientific), according to manufacturer’s instructions. First-432 
strand synthesis of cDNA was performed using 1 µg RNA and ReverTra Ace qPCR RT 433 
Master Mix with gDNA Remover (Toyobo, Osaka, Japan) according to manufacturer’s 434 
instructions. The abundance of each transcript was quantified by qPCR. qPCR was 435 
performed as described (45), using primers shown in Table S6. Expression of each gene was 436 
normalized with the value of 18S rRNA. A Shapiro-Wilk test was performed on all data groups 437 
after analysis. All data groups had P>0.05, so Student's t-test was performed to determine 438 
significant differences. 439 
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 570 
Figures 571 
 572 
Fig. 1. ApSigma is apicoplast-localized and has conserved domain structure 573 
representative of s70 sigma factors. (A) Structural comparison of ApSigma. Comparison of 574 
the predicted 3D structure of ApSigma with the results of x-ray structural analysis of regions 2 575 
and 4 in E. coli s70. The 3D structure of ApSigma was predicted using AlphaFold. Regions 2 576 
and 4 of E. coli s70 were extracted from the protein database file (region2 from 4jk1, region 4 577 
from 2p7v) with the UCSF Chimera software, and compared with predicted ApSigma. The 578 
predicted 3D structure of total length of ApSigma is shown in Fig. S4. (B) Subcellular 579 
localization of ApSigma in fixed schizont-stage cells. ApSigma (red) was visualized with an 580 
anti-ApSigma antibody and Alexa Fluor 561-conjugated secondary antibody. The apicoplast 581 
localized marker ATG8 (green) was visualized with an anti-ATG8 antibody and Alexa Fluor 582 
488-conjugated secondary antibody. DNA was stained with Hoechst (blue). The ApSigma and 583 
ATG8 images are shown separately, and also merged. Scale bar (bottom right), 10 µm.  584 
  585 
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 586 
 587 

Fig. 2. P. falciparum s subunit ApSigma binds to the apicoplast genome. (A) P. 588 
falciparum apicoplast genome map. Small dots indicate candidate promoter regions for ChIP 589 
analysis. Red dots indicate strong ApSigma-binding regions, and blue dots indicate weak 590 
binding regions. Bold lines indicate inverted repeats (IR). Orange arrows indicate the 591 
transcription units we predicted from ChIP analysis. Fig. S8 provides a detailed genome map. 592 
(B) ChIP of ApSigma binding performed using ApSigma antibody, and preimmune serum as a 593 
control. The nuclear-encoded BIP (PF3D7_0917900) and LDH (PF3D7_1324900) genes 594 
were used as negative controls. The x-axis R value identifies the regions represented by dots 595 
on (A). Immunoprecipitated DNA was quantified by qRT-PCR using primers flanking the dots 596 
on (A).  On (B), values indicate the ratio of ApSigma/preimmune serum. Student's t-tests 597 
compare the lowest binding region (R9, Significant differences (P < 0.05) are indicated by 598 
asterisk) with other regions (+/- standard deviation; n=3). (C) Expression profiles of apicoplast 599 
genes and nuclear-coded apicoplast transcription-related factors in erythrocytes from 600 
microarray data. This summarizes representative genes for clarity, with all genes shown in 601 
Fig. S10. Values indicate relative level of RNA accumulation. The differentiation stages of the 602 
parasite in erythrocytes are shown above the graph. 603 
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 606 
Fig. 3. Melatonin regulates apicoplast transcription. (A) Response of apicoplast 607 
transcription-related transcripts to melatonin. Melatonin was added to the parasite cells 608 
synchronized to the trophozoite phase, at a final concentration of 10 nM. Cells were sampled 609 
30 min and 90 min after melatonin addition, with transcript accumulation measured using RT-610 
qPCR. Transcript levels compared using the ratio of transcript abundance in the presence 611 
and absence of melatonin (DMSO control), to control for underlying fluctuations (+/- standard 612 
deviation; n=3). Significant differences (Student's t-test, P < 0.05) are indicated by asterisk. 613 
Genes for the nuclear and apicoplast codes are shown in blue and green, respectively. (B) 614 
Melatonin was added to parasite cells in synchronized culture at the indicated times and 615 
sampled 30 min and 90 min after addition. RNA was used for RT-qPCR and the change in 616 
expression of apSig, sufB and control act1 was plotted. The top panel shows the 617 
differentiation stage of the parasite in erythrocytes. Data are n=3, +/- standard deviation. 618 
Significant differences (Student's t-test, P < 0.05) are indicated by asterisk. Genes for the 619 
nuclear and apicoplast codes are shown in green and blue, respectively. (C) Hypothesized 620 
signaling pathways for melatonin-induced apSig expression. Two melatonin signaling 621 
pathways are proposed, through IP3 or cAMP, with either potentially involved in regulating 622 
apSig expression. (D) Effect of chemicals targeting melatonin signaling pathway on apSig and 623 
apicoplast gene expression. Various reagents were added to the non-synchronized culture 624 
system, and RT-qPCR detected the abundance of each transcript after 90 min. The ratios of 625 
reagent added/control (DMSO) were plotted. Standard deviations are indicated by error bars 626 
(n=3). Significant differences (Student's t-test, P < 0.05) are indicated by asterisk. Genes for 627 
the nuclear and apicoplast codes are shown in green and blue, respectively. 628 
  629 



 

 

15 

 

 630 
 631 
Fig. 4. Potential mechanism of regulation of periodic apicoplast gene expression. 632 
Apicoplast gene expression has a periodicity. This periodicity is transmitted by the rhythmic 633 
expression of rpoA1, 2 and apSig by the intrinsic P. falciparum circadian oscillator. In 634 
combination, host cues regulate the parasite rhythm. An increase in host melatonin 635 
concentration is sensed by melatonin receptors. This signal upregulates ApSigma expression 636 
via cAMP. This increased ApSigma expression may lead to the regulation of periodicity of 637 
apicoplast gene expression. The effects of melatonin in this process are influenced by 638 
parasite circadian rhythm or developmental stage. Melatonin increases the transcript of sufB 639 
encoded by apicoplast DNA and similarly increases the transcripts of sufC, sufD, ispG and 640 
ispH required for the MEP pathway. The activity of the MEP pathway is probably influenced 641 
by the host circadian rhythm. 642 
 643 
 644 
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