
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2057  | https://doi.org/10.1038/s41598-021-81235-2

www.nature.com/scientificreports

A nuclear protein, PfMORC confers 
melatonin dependent synchrony 
of the human malaria parasite P. 
falciparum in the asexual stage
Maneesh K. Singh 1,2, Giulliana Tessarin‑Almeida3, Barbara K. M. Dias1,2, 
Pedro Scarpellli Pereira1,2, Fahyme Costa1, Jude M. Przyborski4 & Celia R. S. Garcia 2*

The host hormone melatonin is known to modulate the asexual cell‑cycle of the human malaria 
parasite Plasmodium falciparum and the kinase PfPK7 is fundamental in the downstream signaling 
pathways. The nuclear protein PfMORC displays a histidine kinase domain and is involved in parasite 
cell cycle control. By using a real‑time assay, we show a 24 h (h) rhythmic expression of PfMORC at the 
parasite asexual cycle and the expression is dramatically changed when parasites were treated with 
100 nM melatonin for 17 h. Moreover, PfMORC expression was severely affected in PfPK7 knockout 
 (PfPK7−) parasites following melatonin treatment. Parasites expressing  3D7morc-GFP shows nuclear 
localization of the protein during the asexual stage of parasite development. Although the PfMORC 
knockdown had no significant impact on the parasite proliferation in vitro it significantly changed the 
ratio of the different asexual intraerythrocytic stages of the parasites upon the addition of melatonin. 
Our data reveal that in addition to the upstream melatonin signaling pathways such as  IP3 generation, 
calcium, and cAMP rise, a nuclear protein, PfMORC is essential for the hormone response in parasite 
synchronization.

Malaria is one of the deadliest infectious diseases in many tropical and subtropical countries. �e life cycle of 
Plasmodium is divided between the mosquito vector and the vertebrate host, and the clinical symptoms of malaria 
are attributed to the asexual growth inside the host erythrocytes. In the vertebrate host erythrocytes, parasites 
go through extensive morphological and developmental changes, the so called ring, trophozoite, and schizont 
forms; at the end of the cycle, 16–32 new merozoites/RBC are released to start a new infectious  cycle1. �e asexual 
replication of Plasmodium follows a well-de�ned periodicity, i.e., it is completed in multiples of approximately 
24 h, varying according to the host and parasite  species2. Circadian rhythms have been widely studied in bacte-
ria, fungi, plants, and  animals3–5 and are of special concern for pathogens infection because they are believed to 
modulate disease transmission to another  host6. In mammals, the endogenous hormone melatonin is associated 
with the circadian clock of the day-night  cycle7–9. Melatonin is synthesized and secreted by the pineal gland in 
the  night10 but it has been identi�ed to perform multifunctional roles in other organisms as  well11–14.

Much emphasis has been given to the components involved in host cell egress and/or invasion, but extensive 
e�orts to understand the fundamental aspects of asexual growth have been recently expanded. �e asexually 
replicating parasite rapidly switches between stages from ring to schizont and this process is coordinated by a 
highly regulated gene expression  program15,16. Recently, it was shown that human P. falciparum and murine P. 
chabaudi parasites exhibit intrinsic periodicity for gene  expression17,18. We have demonstrated that melatonin, by 
modulating parasite  Ca2+ and cAMP levels, plays a key role in modulating the cell-cycle of P. falciparum and P. 
chabaudi within  erythrocytes19–21. We have also found the loss of synchronization in Protein Kinase 7 knockout 
 (PfPK7−) parasites in culture in presence of melatonin, thus indicating that the orphan kinase PfPK7 takes part 
in this melatonin-mediated signal transduction  pathway22.

�e signaling cascade that links the  Ca2+ and cAMP increases in Plasmodia activated by melatonin to the 
downstream events that modulate the Plasmodia cell cycle have been extensively investigated in recent years. 
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For example, we have shown that melatonin treatment results in the activation of the mitochondria �ssion genes 
FIS1, FIS2 and  DYN123, a process necessary to form the new merozoites in segmented schizont. More recently, 
we performed RNAseq analysis in parasites treated with melatonin and cAMP analogue adenosine 3′,5′-cyclic 
monophosphate N6-benzoyl/PKA activator (6-Bz-cAMP). In P. falciparum 3D7 strain, 38 genes were di�eren-
tially expressed upon melatonin treatment. Most important, several of these genes encode nucleic acid binding 
proteins, consistent with the e�ects of melatonin on parasite  synchronization24. Chip-on-chip data analysis with 
one of these melatonin targets, PfNf-YB transcription factor, reveals that this protein binds to the promoter region 
of various genes including an apetala2 transcription factor (AP2-TF)25. �e AP2-TFs have been identi�ed in 
other apicomplexan parasites as well and in Plasmodium, they control the expression of various genes involved 
in invasion, gametocytogenesis, or in sexual stage  development26–30. Transcriptional regulation by AP2-TFs may 
require additional protein interaction and these interactions are key to facilitate  transcription28. Hillier et al., in 
their protein–protein interaction network, reveals multiple AP2-TFs  interactions31 and among them, they have 
identi�ed a previously annotated kelch-domain containing  protein32 that has typical microrchidia (MORC) like 
protein characteristics.

In this study, we demonstrate a time-dependent induction of PfMORC (PlasmoDB accession number—
PF3D7_1468100) expression when P. falciparum parasites are treated with melatonin. By expressing a GFP- and 
HA-tagged version of PfMORC we have observed that PfMORC is localized in the nucleus during the asexual 
cycle. In an attempt to gain a deeper understanding of the PfMORC function, we have also engineered a glmS 
self-cleaving ribozyme into the 3′-UTR region of the morc-locus. Using this system, we have been able to reduce 
the expression of PfMORC in the RBC cycle upon glucosamine induction. Of interest, knocking down the pro-
tein levels did not lead to any e�ect on parasite overall growth progression and parasite number in culture, but 
it signi�cantly perturbed the developmental ratio of asexual parasites in the presence of melatonin. Overall, we 
found a nuclear protein that controls the asexual cycle of the P. falciparum in vitro culture that can be a potential 
target for malaria disease containment.

Results
Expression of PfMORC in asexual stage. MORC is a highly conserved nuclear protein that exerts a 
wide range of biological functions, especially in chromatin remodeling and epigenetic  regulation33–35. To address 
the PfMORC localization, we �rst generated parasites containing a modi�ed pfmorc locus, which incorporated 
the coding region for GFP at the 3′ end of the coding region (Fig. 1A,B) and referred as  3D7morc-GFP. Western 
blotting using anti-GFP antisera reveals that  3D7morc-GFP expresses a fusion protein of approximately ~ 300 kDa 
protein while no signal was detected for control 3D7 parasites (Fig. 1C). Confocal imaging allows us to localize 
the protein and revealed a clear nuclear localization (based on colocalization with the Hoechst nuclear stain) in 
all asexual stages (Fig. 1D and Supplementary Fig. S1).

Melatonin affects the expression of PfMORC in asexual stages. We analyzed the transcriptional 
expression of PfMORC in the di�erent morphological stages of the P. falciparum erythrocytic cycle. �e ring 
stage real-time expression data was used as the basal for comparative analysis for the rest of the development 
stages. Figure  2A demonstrates that PfMORC is constantly expressed during the di�erent blood stages, but 
the higher expression was observed in later developmental stages with approximately 3- and 2.7-fold higher in 
trophozoites and schizonts, respectively. We hypothesized that if this gene is involved in response to melatonin, 
then melatonin treatment may a�ect the expression of PfMORC. Our previous data suggested that melatonin 
treatment modulates the expression of genes associated with UPS, but this melatonin-dependent UPS down 
regulation is abrogated in a  PfPK7− line which lacks the orphan kinase  PfPK722,24. PfPK7 displays homology 
to MAPKKs C-terminal kinase domains and the N-terminal region is more closely to fungal protein kinase A 
(PKA) enzymes. No orthologues of PfPK7 has been reported in mammalian systems. Besides, a reduced number 
of merozoites per schizont was observed in PfPK7 knockout  (PfPK7−) parasites suggesting a role of PfPK7 in 
parasite proliferation and  development36. Based on the fact that  PfPK7− lines are non-responsive to melatonin, 
we then investigated the expression of PfMORC transcript in both wild type and  PfPK7− parasites a�er mela-
tonin treatment to �nd the possible functional correlation of PfPK7 with PfMORC. We treated the synchronous 
ring stage P. falciparum wild type 3D7 and  PfPK7− parasites with 100 nM melatonin for 5 and 17 h, respectively. 
A housekeeping gene serine–tRNA ligase (PlasmoDB accession number: PF3D7_0717700) was used for initial 
normalization of PfMORC expression and then 5 h time point was used to compare the fold change. In wild type 
parasites, 5 h melatonin treatment did not a�ect PfMORC expression compared to the solvent control treatment. 
On the contrary, 17 h melatonin treatment showed approximately twofold elevated PfMORC expression com-
pared to control treatment (Fig. 2B). On the other hand, when  PfPK7− parasites were treated with 100 nM mela-
tonin for 5 h, the expression of PfMORC transcript was indistinguishable from that of controls, while a�er 17 h, 
the melatonin induced up-regulation of PfMORC transcript was signi�cantly reduced (Fig. 2C). Complement-
ing the pfpk7 gene where PfPK7 is introduced back to the  PfPK7− parasites via an episome resulted in a slight 
increase in PfMORC transcript a�er 5 h melatonin treatment, but a�er 17 h the melatonin treatment signi�-
cantly increased PfMORC mRNA expression, though not as e�ciently as in wild type 3D7 parasites (Fig. 2D).

We have next examined the transcriptional trace of PfMORC in the intraerythrocytic cycle for 24 h period 
in P. falciparum wild type 3D7 parasites following melatonin treatment. Tightly synchronous 6 h post-infection 
(hpi) ring stage parasites were initially incubated with 100 nM melatonin and parasites samples were collected 
every hour during a 24 h period. �e expression pro�le post melatonin treatment is shown in Fig. 2E, where 
both untreated and treated parasites for the �rst collection (1 h) are used as a standard to compare the dif-
ference in PfMORC fold change expression for control (untreated) and melatonin treatment respectively. As 
described previously, we normalize PfMORC with reference gene serine–tRNA ligase and then 1 h time point 
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was taken to compare the fold change in PfMORC expression. �e transcript of PfMORC showed a rhythmic 
pro�le throughout the 24 h period, with a peak at 18 h. �e pattern in melatonin treated and control parasites 
was similar, but the expression level was lower in the untreated parasites and it started to decline a�er 20 h. Our 
combined data in Fig. 2 suggests that melatonin a�ects the abundance of PfMORC transcripts in Plasmodia 
during the intra RBC cycle.

Knocking down PfMORC expression does not affect asexual growth of P. falciparum. To 
investigate the potential role of PfMORC in the regulation of the P. falciparum asexual cycle, we used a glmS 
ribozyme based approach. �e glmS ribozyme is found in many bacteria as a regulator of GlmS protein, and 
the self-cleaving activity of the ribozyme is enhanced in the presence of glucosamine-6-phosphate37. �e glmS-
ribozyme system has been previously used to induce the knockdown of the P. falciparum translocon of exported 
proteins (PTEX) and the antifolate drug target dihydrofolate reductase-thymidylate synthase (PfDHFR-TS)38,39. 
We engineered 3D7 parasites by incorporating a glmS ribozyme within the 3′-untranslated region of the pfmorc 
gene along with an additional triple hemagglutinin tag before the ribozyme. �is parasite line was referred to as 
 3D7morc-glmS (Fig. 3A). We also generated a control parasite line with the catalytically dead M19 version of glmS 
and referred to  3D7morc-M9 (Supplementary Fig. S2A). �e Western blot using anti-HA antibodies with di�erent 
asexual stage parasites revealed that the expression of PfMORC is higher in the late development stages (Fig. 3B 
and Supplementary Fig. S3B). We also con�rmed, by immuno�uorescence imaging of �xed  3D7morc-glmS (Fig. 3C) 
and  3D7morc-M9 (Supplementary Fig. S2B), that the tagged protein is localized in the parasite nuclei (co-localizing 
with the nucleus stain DAPI).

Figure 1.  3D7morc-GFP construct strategy and localization. (A) Schematic representation of the  3D7morc-GFP 
integration strategy and gene a�er the integration; (B) diagnostic PCR; (C) Western blot of P. falciparum 
transfected with  3D7morc-GFP clones with wild type P. falciparum (3D7) showing no band (~ 300 kDa) with anti-
GFP antibody, and (D) confocal microscopy was performed to localize PfMORC protein in  3D7morc-GFP-infected 
erythrocytes. Asexual parasites at ring (6 h.p.i.), early-trophozoite (24 h.p.i.), late-trophozoite (34 h.p.i.) and 
schizont (44 h.p.i.) stage were used to localize the PfMORC. Parasites were also stained with the nuclear stain 
DAPI. �e colocalization of GFP with the DAPI signal con�rms that PfMORC localizes in the nucleus of the 
asexual developmental stages.
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We have next monitored the e�ect of the glmS ribozyme on PfMORC protein expression. �e addition of 
glucosamine should result in cleavage and degradation of PfMORC mRNA, and a corresponding drop in the level 
of PfMORC protein. When  3D7morc-glmS parasites were treated with 2.5 mM glucosamine for 48 h, the protein level 
was reduced by more than 50% compared to untreated controls. �is reduction was not apparent in the similarly 
treated  3D7morc-M9 parasite line (Fig. 4A and Supplementary Fig. S4). From here on, we used 2.5 mM glucosamine 
concentration for all in vitro assays. To monitor potential morphological characteristics of the parasites conferred 
by PfMORC, these parasite lines were treated with 2.5 mM glucosamine at the early trophozoite stage and the 
number of merozoites per schizont was counted. Glucosamine treated and untreated parasites did not display 
any signi�cant di�erence in terms of merozoites number per schizont (Fig. 4B). Similarly, we also monitored 
the parasite growth for 6 days in the presence of various concentrations of glucosamine. If gene knockdown has 
any e�ect on parasite growth, parasitemia should be reduced in a dose-dependent manner. Our result shows that 
knocking down PfMORC did not pose any detrimental e�ect on parasite growth and there was no signi�cant 
di�erence in exponential growth even at higher (2.5 mM) glucosamine treatment (Fig. 4C) in  3D7morc-glmS. �e 
control parasite line  3D7morc-glmS was used as a negative control in the growth assay and also remained una�ected 
by the addition of glucosamine (Fig. 4D).

Figure 2.  Real-time expression of PfMORC. (A) Reverse transcription real-time PCR (RT-qPCR) of PfMORC 
expression in di�erent stages of 3D7 P. falciparum parasites. Stages—Ring (~ 10 h), Trophozoites (~ 30 h) 
and Schizonts (~ 42 h). (B) Validation by RT-qPCR of PfMORC expression in trophozoites stage (30 h post-
infection) of 3D7; (C)  PfPK7− and (C) PfPK7 complement P. falciparum parasites. Trophozoites stage parasites 
were treated with 100 nM of melatonin for a period of 5 or 17 h. (D) Investigation of PfMORC expression 
pattern by RT-qPCR in 3D7 P. falciparum parasites. Ring stage parasites (6 h) were treated with 100 nM 
melatonin for a period of 24 h; the sample was collected every hour for the next 24 h period. �e results were 
plotted as fold change in 1 h di�erence to the �rst collection. First, the relative expression was normalized 
with the reference gene (PF3D7_0717700) to obtain ΔCt value and then with ΔCt of 1 h control and melatonin 
treatment, respectively to obtain ΔΔCt to calculate fold change in PfMORC expression. All the experiments were 
performed three times in triplicate and results are shown as mean ± SD. Statistical signi�cance was performed by 
student t-test. *< 0.05.
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Melatonin affects the parasite cell‑cycle in  3D7morc‑glmS knockdown. A�er 48 h with 2.5 mM glu-
cosamine, the parasites were incubated for 24 h in the presence of 100 nM melatonin and we then monitored 
the parasite stage distribution. In Fig. 5A,B, the black bars of the histogram represent the rings and trophozoites 
(R + T) while red bars on top panel represent schizonts (S) parasites. We used an established protocol from our 
lab where parasites were stained with nuclear dye YOYO-1 and then separated the R + T (mono nucleated) and 
S (multi nucleated) forms by �ow-cytometer40. �e statistical comparison was done with respective R + T and S 
control where parasites were not treated with either glucosamine or nM melatonin.

Figure 5A depicts the percentage of R + T forms is approximately three times higher and S forms remained 
lower (approximately 25–30%) in  3D7morc-M9 parasites when they were not treated with melatonin regardless 
of glucosamine suggesting the insensitivity of the parasites for glucosamine. On the contrary, when melatonin 
treatment (100 nM) was done either with or without 2.5 mM glucosamine preincubation, regardless of glu-
cosamine, S forms signi�cantly increased to 45–50% and R + T was reduced to 50% (Fig. 5C). In  3D7morc-glmS 
parasites, the absence of both glucosamine and melatonin did not a�ect parasite developmental forms, and the 
ratio of R + T versus S forms remained higher (Fig. 5B). �is ratio, in the presence of melatonin, was modi�ed 
without glucosamine and S forms elevated to; on the contrary, the addition of glucosamine partly abolished 
the e�ect of melatonin (Fig. 5D). In  3D7morc-glmS parasites, the presence of glucosamine did not alter the R + T 
form signi�cantly but the increase in S form is comparatively lower (approximately 35%) without glucosamine 
compare to melatonin control. Interestingly, the total parasitemia is approximately 10% higher in melatonin 
treated parasites relative to control but the presence of glucosamine shows a negative e�ect on this increase in 
 3D7morc-glmS parasites (Supplementary Fig. S5). �is result corroborates the previous reports where it was shown 
that melatonin treatment in wild type 3D7 parasites a�ects the in vitro intraerythrocytic cycle (Supplementary 
Fig. S6)20. �e slight increase in parasitemia is because of more invasion events as a result of high S form when 

Figure 3.  3D7morc-glmS construct strategy and localization. (A) Schematic representation of the  3D7morc-glmS 
integration strategy and gene a�er the integration; (B) Western blot of  3D7morc-glmS parasites at di�erent asexual 
stages showing di�erent protein expression and wild type P. falciparum (3D7) as negative control showing 
no band (~ 300KDa) and (C) immuno�uorescence assay and confocal microscopy to localize PfMORC in P. 
falciparum-infected erythrocytes (Ring, Trophozoite and Schizont Stage). Co-localization with nucleus stain 
DAPI con�rms the GFP imaging that PfMORC localizes in the nucleus.
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100 nM melatonin was added to the culture. However, in the presence of glucosamine, melatonin treatment did 
not a�ect the multi/mono nucleated cell ratio.

Discussion
We have shown that host hormone melatonin leads to parasite synchrony in the intraerythrocytic cycle through 
complex downstream signaling pathways in the human malaria parasite P. falciparum, as well as in the rodent P. 
chabaudi20. On the other hand, the non-synchronous rodent malaria parasites P. berghei and P. yoelli were unable 
to respond to  melatonin41. Moreover, the rise in  [Ca2+]cyt and cAMP  concentration42, as well as  IP3  generation19 
were involved in the cascade of melatonin signaling, although how these factors lead to the synchrony and 
whether they are coupled to other e�ectors are mechanistically unclear. Our previous work points to the central 
role of an atypical kinase PfPK7 in the downstream e�ect of melatonin synchronization and gene transcript as 
revealed by RNAseq expression pro�le di�erences in wild type compared with PfPK7 knock-out  parasites24. 
Melatonin also activates a subset of genes related to the ubiquitin–proteasome system (UPS) in wild type P. fal-
ciparum parasites but not in PfPK7 knock-out  parasites22. In the same direction, it was shown that parasites have 
the ability to exhibit rhythmic gene expression suggesting an intrinsic  control17,18. However, using the murine 
model, it was demonstrated that in arrhythmic mice, synchrony of P. chabaudi was  abrupted17 indicating the 
host cues have a role to play.

In a large scale PPI network study, PfMORC was identi�ed as microrchidia family protein in the AP2-TFs 
 interactome31. �is protein has two conserve domains in the plasmodium species, �rst—kelch repeats and sec-
ond—HATPase domain (Supplementary Fig. S7). �e kelch superfamily of proteins contains the β-propeller 
tertiary structure and multiple protein–protein interaction sites to arbitrate di�erent cellular functions, including 
gene expression, oxidative stress responses and ubiquitin-regulated protein  degradation43. �e second HATPase 

Figure 4.  E�ect of glucosamine treatment in conditional knockdown of PfMORC parasites. (A) Western 
blot analysis of  3D7morc-glmS parasites treated with 0–2.5 mM of glucosamine for 48 h showing reduced protein 
expression, but the control  3D7morc-M9 parasites did not exhibit down regulation in protein level. (B) Early 
trophozoites were treated with and without 2.5 mM glucosamine till the next cycle and smears were made when 
majority of parasites reached to segmented schizont. �e average of merozoites per schizont in populations 
was obtained by counting at least 50 parasites for each replicate. (C) Parasitemia was monitored for 6 days in 
the presence of a di�erent concentration of glucosamine in the media for  3D7morc-glmS and (D)  3D7morc-M9. No 
signi�cant statistical di�erence was observed when unpaired t-test was performed.
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domain superfamily belongs to GHKL (gyrase, heat-shock protein 90, histidine kinase, MutL) family and is a 
typical characteristic of microrchidia (MORC) protein  family44.

Our data demonstrate that melatonin treatment a�ects the expression of PfMORC transcript in  PfPK7− para-
sites. However, complementing PfPK7 partially recovered the loss it had in  PfPK7− knockout parasites. When 
we carried a time-dependent melatonin treatment in wild type P. falciparum, a wave-like or periodic PfMORC 
expression pattern was observed. �e expression became constitutively higher a�er 18 h of the treatment sug-
gesting the host hormone e�ect at peak during the later stage of the development.

We have directly localized PfMORC and our results with  3D7morc-GFP parasites that constitutively �uores-
cence in the asexual stages indicated the nuclear localization of the protein. Recently, a combined approach 
of GeLC-MS/MS and 2D-LC–MS/MS has identi�ed PfMORC in asexual nuclear  fractions32. �is report sup-
ports our subcellular localization results. It was reported that PfMORC is up-regulated in me�oquine resistant 
parasites when treated with me�oquine and also confers in cross-resistance to antimalarial  halofantrine45. �e 
protein microarray data identi�ed PfMORC as highly immunogenic a�er the 6 months malaria season in the 
Mali region suggesting that PfMORC may also be associated with naturally acquired protection from uncom-
plicated  malaria46. Interestingly, knocking down the PfMORC in  3D7morc-glmS did not exhibit any di�erence in 
drug sensitivity against four tested drugs relative to control suggesting multiple factors may be involved in drug 

Figure 5.  E�ect of melatonin a�er knocking down PfMORC protein expression. Asynchronous parasites were 
�rst treated with or without 2.5 mM glucosamine for 48 h and then incubated with and without melatonin 
(100 nM) for 24 h. �e parasites were stained with nuclear dye YOYO-1 and passed through the �ow cytometer. 
R + T and S forms of the parasite population were calculated and plotted the percent population for both 
 3D7morc-M9 and  3D7morc-glmS. (A) Absence of melatonin shows high mono nucleated R + T form but 100 nM 
melatonin treatment increases the mature stage parasites in  3D7morc-M9 irrespective of glucosamine treatment; 
(B) but the e�ect of melatonin was partly interrupted to increase the S form  3D7morc-glmS, which is sensitive 
to glucosamine treatment, albeit R + T remained relatively similar to control. (C,D) and (E,F) represent the 
dot plot representation for melatonin e�ect with and without glucosamine for  3D7morc-M9 and  3D7morc-glmS, 
respectively. Each graphics represents the three independent experiments in triplicate for mean ± SD and the 
statistical di�erence was obtained by one-way ANOVA using Dunn’s multiple comparison test. *> 0.05, **> 0.01, 
***> 0.001.
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susceptibility (Supplementary Fig. S8). Our results suggest that PfMORC participates in parasite maturation 
and PfMORC knockdown with glucosamine alters the parasite synchrony with melatonin. We have for the �rst 
time identi�ed and characterized PfMORC as an important P. falciparum protein that might be downstream to 
melatonin signaling pathways and mediates parasite response to this host hormone.

Our previous work shows the cytosolic counterparts of melatonin signaling such as the kinases PfPK7 and 
PKA as well as the ubiquitin–proteasome systems (UPS) machinery. Here we identi�ed another component of 
the PfPK7 role in parasite synchronization by melatonin as the nuclear protein, namely PfMORC. How PfMORC 
leads to P. falciparum events remains to be elucidated. Interestingly, a global protein interaction pro�ling study 
identi�ed 600 protein clusters spanning more than 20,000 proteins in the Plasmodium elucidate the potential 
PPI network of AP2-TFs along with  MORC31. In another apicomplexan parasite T. gondii, MORC protein has 
been implicated to repress the sexual commitment via forming a complex with AP2-TFs and reruting the histone 
deacetylase protein  TgHDAC347.

It has been shown that members of AP2 proteins display a wide range of functions in both sexual and asexual 
proliferation of the parasite, although, approximately 80% of the AP2 proteins are expressed in the asexual 
 cycle15,16. Considering the broad functional properties of AP2-TFs in the parasite, it could be possible that the 
interaction of PfMORC with an AP2-TF may have a possible regulatory mechanism in asexual cell cycle regula-
tion. We have already known the role of melatonin in the synchronization of P. falciparum via cAMP—Ca2+ and 
UPS activation. �ese pathways are also linked with PfPK7 activation, which is also showing the di�erential 
expression of PfMORC upon melatonin treatment. Further, reducing PfMORC expression perturbs the cell 
cycle developmental stage strongly suggests the link between these components. Further studies are required to 
unravel the complex machinery parasites exhibit to survive inside the host erythrocytes.

Methods
Plasmodium falciparum culture. �e P. falciparum strains (wild type 3D7 and PfMORC transgenics) 
were cultured at 37 °C in RPMI 1640 medium supplemented with 0.5% Albumax II (Gibco)48. Cultures were 
grown under 5%  CO2, 5%  O2, and 90%  N2 atmosphere. �e culture was synchronized with 5%  sorbitol49.

RNA extraction and real‑time RT‑PCR. Random-primed reverse transcription (RT) was performed 
using 1 µg of total RNA according to the SuperScript III kit protocol (Invitrogen). �e relative levels of the tran-
scripts were determined through quantitative PCR (qPCR) with Sybr Green PCR Master Mix (Applied Biosys-
tem) using the 7300 Real-Time PCR System (Applied Biosystem). List of primers for PfMORC and Serine-tRNA 
ligase are provided in Supplementary Table S1.

Transfection of malaria parasites. Transfection was performed as Waters et al.50. Pre warmed 370 µL 
(37  °C) cytomix (10  mmol/L  K2HPO4/KH2PO4 (pH 7.6), 120  mmol/L KCl, 0.15  mmol/L  CaCl2, 5  mmol/L 
 MgCl2, 25 mmol/L Hepes (pH 7.6), 2 mmol/L EDTA) was added to the resuspended plasmid DNA (150 μg). 
A�erward, 200 µl P. falciparum 3D7 infected erythrocytes (~ 10% rings) were added and the mix was transferred 
into a cuvette. Following electroporation at 350 µF, 950 kV and high  capacitance51, the transfected parasites were 
quickly inoculated together with 12 mL of pre-warmed complemented RPS (Gibco) and 400 µL fresh  O+ blood. 
A�er 6 h, the WR with a �nal concentration 5 nM was added for positive selection of the transfected parasites. 
Media and antibiotic(s) were changed daily, alongside with the addition of 50 µL fresh  O+ blood, until no more 
live parasites were observed in Giemsa stained smears. �en media and antibiotic(s) were changed in 4-day 
periods, alongside the addition of 50 µL fresh  O+ blood, until Giemsa stains indicated parasite growth. List of 
primers and plastids used in pfmorc gene editing are listed in Supplementary Table S1.

Glucosamine treatment. Plasmodium falciparum 3D7 constructs  3D7morc-glmS and  3D7morc-M9 were syn-
chronized with 5% sorbitol to achieve higher synchrony. Halfway of the parasite cycle which is 24 h post-inva-
sion (hpi), the various concentration of glucosamine (0–2.5 mM) was added in the culture until the trophozoite 
stage of the next cycle (48 h) at 37 °C.

Western blot. Saponin (0.05%) isolated parasites were resuspended in lysis bu�er (in mM): 50 Tris, pH 8.0, 
150 NaCl, 5 EDTA, and 0.5% Nonidet P40 in presence of protease inhibitor cocktail (Sigma). An equal amount 
of protein sample (25  µg) was loaded in each well and protein fractions were separated on SDS-PAGE gels, 
transferred to a nitrocellulose membrane, blocked with 5% milk, and probed with rabbit anti-GFP (1:2000), 
anti-HA (1:1500), anti-GAPDH (1:5000) and mouse anti-tubulin (1:5000) for overnight at 4 °C. A�er washing, 
the membrane was probed with horseradish peroxide-conjugated secondary anti-rabbit (1:30,000), anti-mouse 
(1:5000) antibody at room temperature for 1 h. �e membrane was developed using 1 mL of ECL solution and 
1 µL 30%  H2O2.

Immunofluorescence analysis of P. falciparum. Infected parasites were �xed for 30  min with 4% 
paraformaldehyde, 0.0075% glutaraldehyde in PBS. Cells were washed and permeabilized for 15 min with 0.1% 
Triton X-100 in PBS followed by washing. Fixed cells were then blocked with 3% BSA (in PBS) for 1 h at room 
temperature. Primary antibody labeling was done overnight at 4 °C with rabbit anti-HA (1:500) in PBS contain-
ing 3% BSA and 0.01% Triton X-100. Cells were washed and secondary antibody anti-IgG Rabbit Alexa 488 (Inv-
itrogen) labeling was done at 1:300 dilutions in PBS containing 3% BSA for 1 h at room temperature. Cells were 
incubated for 5 min with DAPI 1:1000 and washed three more times in PBS. Cells were mounted using Vectash-
ield (Vector). Images were acquired with a Zeiss confocal microscope (LSM 780-NLO) using UV and Argon 488 
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lasers. �e main dichroic HFT UV (375) and 435–485 band-pass �lters were used to collect DAPI �uorescence. 
�e main dichroic HFT 488–514 band-pass �lters were used to collect Alexa 488 �uorescence. �e objective 
used was a plan-Neo�uar 100×/1.3 with immersion oil. Images were analyzed by open sourced Fiji  so�ware52.

Parasitemia and merozoite assessment. For parasitemia assessment, young trophozoites of  3D7morc-glmS 
and 3D7morc-M9 were incubated at 0.1% parasitemia in 1 mL RPMI 1640 containing 0.5% albumax for 6 days in the 
presence of a di�erent concentration of glucosamine. To estimate the growth progression, at least one thousand 
cells were counted on Giemsa stained slides prepared everyday.

To assess the number of merozoites in each schizont, a synchronized culture was maintained in RPMI con-
taining 0.5% albumax and glucosamine until the next developmental stage when the majority of the parasites 
were segmented schizonts. From Giemsa stained slides, at least 50 schizonts were assessed in each slide. All these 
experiments were repeated 3 independent times in triplicate.

Flow cytometry analysis. Asynchronous  3D7morc-glmS and  3D7morc-M9 parasites were �rst treated with and 
without glucosamine for 48 h. A�er 48 h approximately 5% infected erythrocytes in 2% hematocrit were incu-
bated with 100 nM of melatonin for 24 h. Parasites then were �xed in 2% formaldehyde in phosphate-bu�ered 
saline (PBS) for 24  h at room temperature and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and 
20 μg/mL RNAse (Invitrogen Life Technologies), incubated for 15 min at 37 °C and stained with 5 nM YOYO-1 
(Molecular Probes) as performed by Schuck et al.40. Parasitemia and proportions of parasites at each stage were 
determined from dot plots [side scatter (SSC) versus �uorescence] of  105 cells acquired on a FACS Calibur �ow 
cytometer using CELLQUEST so�ware (Becton and Dickinson). YOYO-1 was excited with a 488 nm Argon 
laser and �uorescence emission was collected at 520–530  nm. Initial gating was carried out with unstained, 
uninfected erythrocytes to account for erythrocyte auto�uorescence. Stages of parasites were standardized with 
synchronized cultures.

Statistical analysis. Statistical comparisons were made using either student’s t-test or one-way analysis of 
variance (ANOVA) followed by Dunn’s multiple comparison test using GraphPad Prism 5.01 (GraphPad So�-
ware Inc., San Diego, CA, USA). Experimental values are reported as the mean ± SD unless otherwise stated of 
at least three independent experiments performed on di�erent days. Di�erences in mean values were considered 
signi�cant at P < 0.05.

Received: 3 June 2020; Accepted: 24 December 2020

References
 1. Cowman, A. F., Healer, J., Marapana, D. & Marsh, K. Malaria: Biology and disease. Cell 167, 610–624. https ://doi.org/10.1016/j.

cell.2016.07.055 (2016).
 2. Hawking, F., Gammage, K. & Worms, M. J. �e asexual and sexual circadian rhythms of Plasmodium vinckei chabaudi, of P. berghei 

and of P. gallinaceum. Parasitology 65, 189–201. https ://doi.org/10.1017/s0031 18200 00449 8x (1972).
 3. Cassone, V. M. & Natesan, A. K. Time and time again: �e phylogeny of melatonin as a transducer of biological time. J. Biol. 

Rhythms 12, 489–497. https ://doi.org/10.1177/07487 30497 01200 602 (1997).
 4. Edgar, R. S. et al. Peroxiredoxins are conserved markers of circadian rhythms. Nature 485, 459–464. https ://doi.org/10.1038/natur 

e1108 8 (2012).
 5. McClung, C. R. Plant circadian rhythms. Plant Cell 18, 792–803. https ://doi.org/10.1105/tpc.106.04098 0 (2006).
 6. Scheiermann, C., Kunisaki, Y. & Frenette, P. S. Circadian control of the immune system. Nat. Rev. Immunol. 13, 190–198. https ://

doi.org/10.1038/nri33 86 (2013).
 7. Cajochen, C., Krauchi, K. & Wirz-Justice, A. Role of melatonin in the regulation of human circadian rhythms and sleep. J. Neu-

roendocrinol. 15, 432–437. https ://doi.org/10.1046/j.1365-2826.2003.00989 .x (2003).
 8. Liu, C. et al. Molecular dissection of two distinct actions of melatonin on the suprachiasmatic circadian clock. Neuron 19, 91–102 

(1997).
 9. Zisapel, N. New perspectives on the role of melatonin in human sleep, circadian rhythms and their regulation. Br. J. Pharmacol. 

175, 3190–3199. https ://doi.org/10.1111/bph.14116  (2018).
 10. Reiter, R. J. Pineal melatonin: Cell biology of its synthesis and of its physiological interactions. Endocr. Rev. 12, 151–180. https ://

doi.org/10.1210/edrv-12-2-151 (1991).
 11. Hardeland, R. Melatonin and 5-methoxytryptamine in non-metazoans. Reprod. Nutr. Dev. 39, 399–408. https ://doi.org/10.1051/

rnd:19990 311 (1999).
 12. Poeggeler, B. & Hardeland, R. Detection and quanti�cation of melatonin in a dino�agellate, Gonyaulax polyedra: Solutions to the 

problem of methoxyindole destruction in non-vertebrate material. J. Pineal. Res. 17, 1–10. https ://doi.org/10.1111/j.1600-079x.1994.
tb001 06.x (1994).

 13. Vivien-Roels, B., Pevet, P., Beck, O. & Fevre-Montange, M. Identi�cation of melatonin in the compound eyes of an insect, the 
locust (Locusta migratoria), by radioimmunoassay and gas chromatography-mass spectrometry. Neurosci. Lett. 49, 153–157. https 
://doi.org/10.1016/0304-3940(84)90152 -6 (1984).

 14. Tan, D. X. et al. Functional roles of melatonin in plants, and perspectives in nutritional and agricultural science. J. Exp. Bot. 63, 
577–597. https ://doi.org/10.1093/jxb/err25 6 (2012).

 15. Bozdech, Z. et al. �e transcriptome of the intraerythrocytic developmental cycle of Plasmodium falciparum. PLoS Biol. 1, E5. 
https ://doi.org/10.1371/journ al.pbio.00000 05 (2003).

 16. Le Roch, K. G. et al. Discovery of gene function by expression pro�ling of the malaria parasite life cycle. Science 301, 1503–1508. 
https ://doi.org/10.1126/scien ce.10870 25 (2003).

 17. Rijo-Ferreira, F. et al. �e malaria parasite has an intrinsic clock. Science 368, 746–753. https ://doi.org/10.1126/scien ce.aba26 58 
(2020).

https://doi.org/10.1016/j.cell.2016.07.055
https://doi.org/10.1016/j.cell.2016.07.055
https://doi.org/10.1017/s003118200004498x
https://doi.org/10.1177/074873049701200602
https://doi.org/10.1038/nature11088
https://doi.org/10.1038/nature11088
https://doi.org/10.1105/tpc.106.040980
https://doi.org/10.1038/nri3386
https://doi.org/10.1038/nri3386
https://doi.org/10.1046/j.1365-2826.2003.00989.x
https://doi.org/10.1111/bph.14116
https://doi.org/10.1210/edrv-12-2-151
https://doi.org/10.1210/edrv-12-2-151
https://doi.org/10.1051/rnd:19990311
https://doi.org/10.1051/rnd:19990311
https://doi.org/10.1111/j.1600-079x.1994.tb00106.x
https://doi.org/10.1111/j.1600-079x.1994.tb00106.x
https://doi.org/10.1016/0304-3940(84)90152-6
https://doi.org/10.1016/0304-3940(84)90152-6
https://doi.org/10.1093/jxb/err256
https://doi.org/10.1371/journal.pbio.0000005
https://doi.org/10.1126/science.1087025
https://doi.org/10.1126/science.aba2658


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2057  | https://doi.org/10.1038/s41598-021-81235-2

www.nature.com/scientificreports/

 18. Smith, L. M. et al. An intrinsic oscillator drives the blood stage cycle of the malaria parasite Plasmodium falciparum. Science 368, 
754–759. https ://doi.org/10.1126/scien ce.aba43 57 (2020).

 19. Alves, E., Bartlett, P. J., Garcia, C. R. & �omas, A. P. Melatonin and IP3-induced  Ca2+ release from intracellular stores in the 
malaria parasite Plasmodium falciparum within infected red blood cells. J. Biol. Chem. 286, 5905–5912. https ://doi.org/10.1074/
jbc.M110.18847 4 (2011).

 20. Hotta, C. T. et al. Calcium-dependent modulation by melatonin of the circadian rhythm in malarial parasites. Nat. Cell Biol. 2, 
466–468. https ://doi.org/10.1038/35017 112 (2000).

 21. Schuck, D. C. et al. Synthetic indole and melatonin derivatives exhibit antimalarial activity on the cell cycle of the human malaria 
parasite Plasmodium falciparum. Eur. J. Med. Chem. 78, 375–382. https ://doi.org/10.1016/j.ejmec h.2014.03.055 (2014).

 22. Koyama, F. C. et al. Ubiquitin proteasome system and the atypical kinase PfPK7 are involved in melatonin signaling in Plasmodium 
falciparum. J. Pineal Res. 53, 147–153. https ://doi.org/10.1111/j.1600-079X.2012.00981 .x (2012).

 23. Scarpelli, P. H. et al. Melatonin activates FIS1, DYN1, and DYN2 Plasmodium falciparum related-genes for mitochondria �ssion: 
Mitoemerald-GFP as a tool to visualize mitochondria structure. J. Pineal Res. 66, e12484. https ://doi.org/10.1111/jpi.12484  (2019).

 24. Lima, W. R. et al. Signaling transcript pro�le of the asexual intraerythrocytic development cycle of Plasmodium falciparum induced 
by melatonin and cAMP. Genes Cancer 7, 323–339. https ://doi.org/10.18632 /genes andca ncer.118 (2016).

 25. Lima, W. R. et al. Genome-wide analysis of the human malaria parasite Plasmodium falciparum transcription factor PfNF-YB 
shows interaction with a CCAAT motif. Oncotarget 8, 113987–114001. https ://doi.org/10.18632 /oncot arget .23053  (2017).

 26. Kafsack, B. F. et al. A transcriptional switch underlies commitment to sexual development in malaria parasites. Nature 507, 248–252. 
https ://doi.org/10.1038/natur e1292 0 (2014).

 27. Modrzynska, K. et al. A knockout screen of ApiAP2 genes reveals networks of interacting transcriptional regulators controlling 
the plasmodium life cycle. Cell Host Microbe 21, 11–22. https ://doi.org/10.1016/j.chom.2016.12.003 (2017).

 28. Santos, J. M. et al. Red blood cell invasion by the malaria parasite is coordinated by the PfAP2-I transcription factor. Cell Host 
Microbe 21, 731–741.e710. https ://doi.org/10.1016/j.chom.2017.05.006 (2017).

 29. Sinha, A. et al. A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium. Nature 507, 253–257. 
https ://doi.org/10.1038/natur e1297 0 (2014).

 30. Zhang, M. et al. Uncovering the essential genes of the human malaria parasite Plasmodium falciparum by saturation mutagenesis. 
Science https ://doi.org/10.1126/scien ce.aap78 47 (2018).

 31. Hillier, C. et al. Landscape of the plasmodium interactome reveals both conserved and species-speci�c functionality. Cell Rep. 28, 
1635-1647.e1635. https ://doi.org/10.1016/j.celre p.2019.07.019 (2019).

 32. Briquet, S. et al. Identi�cation of Plasmodium falciparum nuclear proteins by mass spectrometry and proposed protein annotation. 
PLoS ONE 13, e0205596. https ://doi.org/10.1371/journ al.pone.02055 96 (2018).

 33. Weiser, N. E. et al. MORC-1 integrates nuclear RNAi and transgenerational chromatin architecture to promote germline immortal-
ity. Dev. Cell 41, 408-423.e407. https ://doi.org/10.1016/j.devce l.2017.04.023 (2017).

 34. Li, D. Q., Nair, S. S. & Kumar, R. �e MORC family: New epigenetic regulators of transcription and DNA damage response. Epi-
genetics 8, 685–693. https ://doi.org/10.4161/epi.24976  (2013).

 35. Lorkovic, Z. J. MORC proteins and epigenetic regulation. Plant Signal Behav. 7, 1561–1565. https ://doi.org/10.4161/psb.22460  
(2012).

 36. Dorin-Semblat, D., Sicard, A., Doerig, C., Ranford-Cartwright, L. & Doerig, C. Disruption of the PfPK7 gene impairs schizogony 
and sporogony in the human malaria parasite Plasmodium falciparum. Eukaryot. Cell 7, 279–285. https ://doi.org/10.1128/EC.00245 
-07 (2008).

 37. Knudsen, S. M. & Ellington, A. D. Ribozyme deja vu. Nat. Struct. Mol. Biol. 11, 301–303. https ://doi.org/10.1038/nsmb0 404-301 
(2004).

 38. Elsworth, B. et al. PTEX is an essential nexus for protein export in malaria parasites. Nature 511, 587–591. https ://doi.org/10.1038/
natur e1355 5 (2014).

 39. Prommana, P. et al. Inducible knockdown of Plasmodium gene expression using the glmS ribozyme. PLoS ONE 8, e73783. https 
://doi.org/10.1371/journ al.pone.00737 83 (2013).

 40. Schuck, D. C., Ribeiro, R. Y., Nery, A. A., Ulrich, H. & Garcia, C. R. Flow cytometry as a tool for analyzing changes in Plasmodium 
falciparum cell cycle following treatment with indol compounds. Cytometry A 79, 959–964. https ://doi.org/10.1002/cyto.a.21136  
(2011).

 41. Bagnaresi, P. et al. Unlike the synchronous Plasmodium falciparum and P. chabaudi infection, the P. berghei and P. yoelii asynchro-
nous infections are not a�ected by melatonin. Int. J. Gen. Med. 2, 47–55. https ://doi.org/10.2147/ijgm.s3699  (2009).

 42. Beraldo, F. H., Almeida, F. M., da Silva, A. M. & Garcia, C. R. Cyclic AMP and calcium interplay as second messengers in melatonin-
dependent regulation of Plasmodium falciparum cell cycle. J. Cell Biol. 170, 551–557. https ://doi.org/10.1083/jcb.20050 5117 (2005).

 43. Adams, J., Kelso, R. & Cooley, L. �e kelch repeat superfamily of proteins: propellers of cell function. Trends Cell Biol. 10, 17–24. 
https ://doi.org/10.1016/s0962 -8924(99)01673 -6 (2000).

 44. Iyer, L. M., Abhiman, S. & Aravind, L. MutL homologs in restriction-modi�cation systems and the origin of eukaryotic MORC 
ATPases. Biol. Direct 3, 8. https ://doi.org/10.1186/1745-6150-3-8 (2008).

 45. Je�ress, M. & Fields, S. Identi�cation of putative Plasmodium falciparum me�oquine resistance genes. Mol. Biochem. Parasitol. 
139, 133–139. https ://doi.org/10.1016/j.molbi opara .2004.10.005 (2005).

 46. Crompton, P. D. et al. A prospective analysis of the Ab response to Plasmodium falciparum before and a�er a malaria season by 
protein microarray. Proc. Natl. Acad. Sci. USA 107, 6958–6963. https ://doi.org/10.1073/pnas.10013 23107  (2010).

 47. Farhat, D. C. et al. A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commit-
ment. Nat. Microbiol. 5, 570–583. https ://doi.org/10.1038/s4156 4-020-0674-4 (2020).

 48. Trager, W. & Jensen, J. B. Human malaria parasites in continuous culture. Science 193, 673–675. https ://doi.org/10.1126/scien 
ce.78184 0 (1976).

 49. Lambros, C. & Vanderberg, J. P. Synchronization of Plasmodium falciparum erythrocytic stages in culture. J. Parasitol. 65, 418–420. 
https ://doi.org/10.2307/32802 87 (1979).

 50. Waters, A. P., �omas, A. W., van Dijk, M. R. & Janse, C. J. Transfection of malaria parasites. Methods 13, 134–147. https ://doi.
org/10.1006/meth.1997.0506 (1997).

 51. Fidock, D. A. & Wellems, T. E. Transformation with human dihydrofolate reductase renders malaria parasites insensitive to 
WR99210 but does not a�ect the intrinsic activity of proguanil. Proc. Natl. Acad. Sci. USA 94, 10931–10936. https ://doi.org/10.1073/
pnas.94.20.10931  (1997).

 52. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. https ://doi.org/10.1038/
nmeth .2019 (2012).

 53. Doerig, C. et al. Malaria: Targeting parasite and host cell kinomes. Biochim. Biophys. Acta 604–612, 1804. https ://doi.org/10.1016/j.
bbapa p.2009.10.009 (2010).

Acknowledgements
�is work was supported by Grants from Fundação de Amparo a Pesquisa de São Paulo (FAPESP) to CRSG 
(2011/51295-5, 2017/08684-7 and 2018/07177-7). CRSG is supported by “bolsa de produtividade” by CNPq. 

https://doi.org/10.1126/science.aba4357
https://doi.org/10.1074/jbc.M110.188474
https://doi.org/10.1074/jbc.M110.188474
https://doi.org/10.1038/35017112
https://doi.org/10.1016/j.ejmech.2014.03.055
https://doi.org/10.1111/j.1600-079X.2012.00981.x
https://doi.org/10.1111/jpi.12484
https://doi.org/10.18632/genesandcancer.118
https://doi.org/10.18632/oncotarget.23053
https://doi.org/10.1038/nature12920
https://doi.org/10.1016/j.chom.2016.12.003
https://doi.org/10.1016/j.chom.2017.05.006
https://doi.org/10.1038/nature12970
https://doi.org/10.1126/science.aap7847
https://doi.org/10.1016/j.celrep.2019.07.019
https://doi.org/10.1371/journal.pone.0205596
https://doi.org/10.1016/j.devcel.2017.04.023
https://doi.org/10.4161/epi.24976
https://doi.org/10.4161/psb.22460
https://doi.org/10.1128/EC.00245-07
https://doi.org/10.1128/EC.00245-07
https://doi.org/10.1038/nsmb0404-301
https://doi.org/10.1038/nature13555
https://doi.org/10.1038/nature13555
https://doi.org/10.1371/journal.pone.0073783
https://doi.org/10.1371/journal.pone.0073783
https://doi.org/10.1002/cyto.a.21136
https://doi.org/10.2147/ijgm.s3699
https://doi.org/10.1083/jcb.200505117
https://doi.org/10.1016/s0962-8924(99)01673-6
https://doi.org/10.1186/1745-6150-3-8
https://doi.org/10.1016/j.molbiopara.2004.10.005
https://doi.org/10.1073/pnas.1001323107
https://doi.org/10.1038/s41564-020-0674-4
https://doi.org/10.1126/science.781840
https://doi.org/10.1126/science.781840
https://doi.org/10.2307/3280287
https://doi.org/10.1006/meth.1997.0506
https://doi.org/10.1006/meth.1997.0506
https://doi.org/10.1073/pnas.94.20.10931
https://doi.org/10.1073/pnas.94.20.10931
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.bbapap.2009.10.009
https://doi.org/10.1016/j.bbapap.2009.10.009


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2057  | https://doi.org/10.1038/s41598-021-81235-2

www.nature.com/scientificreports/

MKS is FAPESP fellow (2019/09490-7). We are grateful to Hemocentro Hospital do Servidor Público for provid-
ing blood and plasma. We thank Prof. Christian Doerig (RMIT University, Australia) for providing  PfPK7− and 
PfPK7 complement parasites.

Author contributions
Experimentation was undertaken by M.K.S., G.T., B.K.M.D., P.S.P., F.C. and was designed by M.K.S., G.T., J.M.P. 
and C.R.S.G. �e primary manuscript was prepared by M.K.S., J.M.P. and C.R.S.G. All authors had the oppor-
tunity to read and approve the manuscript.

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary Information �e online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-81235 -2.

Correspondence and requests for materials should be addressed to C.R.S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2021

https://doi.org/10.1038/s41598-021-81235-2
https://doi.org/10.1038/s41598-021-81235-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A nuclear protein, PfMORC confers melatonin dependent synchrony of the human malaria parasite P. falciparum in the asexual stage
	Results
	Expression of PfMORC in asexual stage. 
	Melatonin affects the expression of PfMORC in asexual stages. 
	Knocking down PfMORC expression does not affect asexual growth of P. falciparum. 
	Melatonin affects the parasite cell-cycle in 3D7morc-glmS knockdown. 

	Discussion
	Methods
	Plasmodium falciparum culture. 
	RNA extraction and real-time RT-PCR. 
	Transfection of malaria parasites. 
	Glucosamine treatment. 
	Western blot. 
	Immunofluorescence analysis of P. falciparum. 
	Parasitemia and merozoite assessment. 
	Flow cytometry analysis. 
	Statistical analysis. 

	References
	Acknowledgements


