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C
onsidered one of the “big three” global 
infectious diseases—together with 
HIV/AIDS and tuberculosis—malaria 
caused by Plasmodium falciparum 
and Plasmodium vivax continues to 
substantially affect the poorest com-

munities of sub-Saharan Africa and South-
east Asia (1). Development of resistance to 
almost all antimalarial drugs by the para-
site, resistance of the Anopheles mosquito 
(which transmits the parasite) to commonly 
used insecticides, and variable efficacy of 
the two malaria vaccines recommended by 
the World Health Organization (2) mean 
that basic and translational research are the 
cornerstones of a global response to the dis-
ease. Indeed, there is still much unknown 
about the biology of Plasmodium. On page 
527 of this issue, Dogga et al. (3) report a 
reference atlas for single-cell transcrip-
tomic data spanning the complete life cycle 
of P. falciparum. The study included natural 
infections of four asymptomatic children 
from Mali, revealing distinct behavior of 
such infections compared with that of two 
standard laboratory strains.

Although DNA sequencing has delivered 
reference genomes of laboratory-adapted 
Plasmodium strains (4) and genotypic data 
of clinical isolates (5), single-cell RNA se-
quencing is being used to reveal the tem-
poral and spatial expression patterns of 
genes in single parasites (6). The malaria 
parasite cycles through several distinct 
blood stages—the ring, trophozoite, and 
schizont developmental forms—culminat-
ing in a sexual stage (gametocyte) with 
separate male and female forms that de-
velops in mosquitoes and ensures that the 
parasite is transmitted. Such a complex life 
cycle is therefore ideally suited to a single-
cell sequencing approach to deconvolute 
the signals of the blood stages. Dogga et al. 
expanded their previous work that charac-
terized single-cell transcriptomes primarily 
from asexual and mosquito stages of Plas-

modium (7). They generated >37,000 single-
cell transcriptomes from two well-studied 
P. falciparum laboratory strains (NF54 and 
7G8), making an atlas that was used to ex-
plore cell fate transitions during sexual de-
velopment, identify stage-specific parasite 
mRNA isoforms, and annotate genes previ-
ously assigned “unknown function” (~1500 
of the ~5300 P. falciparum genes).

An important feature of the study of 
Dogga et al. is the generation of single-cell 
transcriptomes from ex vivo parasites of in-
fected children. This led to the identification 
of a subgroup of parasites that clustered as 
male or female gametocytes but had both 
fewer genes expressed overall and greatly 
reduced expression levels of those genes 
compared with the canonical male and 
female clusters of the laboratory strains. 
These low-expression (LE) female parasites 
also had longer transcripts, whereas the 
laboratory strain canonical females had 
more variable transcript lengths. A further 
intriguing finding was the existence of tran-
scriptional diversity between strains within 
the same infected individual at the same 
time, indicating the possibility for geno-
type-specific host-parasite interactions.

Although it is unclear whether the LE 
cells can be transmitted through Anoph-
eles mosquitoes and contribute to the 
onward transmission of the parasite, the 
study of Dogga et al. highlights the impor-
tance of extending experimental studies 
beyond laboratory strains of Plasmodium 
to real-world natural infections. Much of 
what is known about P. falciparum biol-
ogy comes from cultured parasites—blood-
stage parasites that have been taken from 
an infected person and adapted to growth 
in the laboratory under specialized con-
ditions that mimic physiological blood. 
However, accumulating evidence suggests 
that these captive “zombie parasites,” 
which can be cryopreserved for weeks or 
months and brought back to life during in 
vitro culture, exhibit deviant behaviors at 
odds with natural human infections (see 
the table). For example, the long-term 
laboratory-adapted parasite P. falciparum 
3D7, which has become a standard for ma-
laria parasitology, was shown to exhibit a 
marked increase in expression of a variety 
of genes in comparison with recently iso-
lated parasites from Ghanaian children, lim-
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maintains sufficient E2F-dependent tran-
scription to keep APC/CCDH1 inactive for 
several hours. CDK4/6 activity was required 
to maintain a prolonged G2 phase with the 
possibility to enter mitosis. Accordingly, the 
CDK4/6 inhibitor palbociclib caused mas-
sive APC/CCDH1 reactivation when G2 was 
delayed by cyclin A depletion.  Subsequent 
washing out of palbociclib led to the emer-
gence of a large population of cells with 
8C DNA content, which indicates whole-
genome doubling.

The work by McKenney et al. comple-
ments a recent study showing that in 
the absence of mitogenic signaling and 
CDK4/6, a 2-hour delay in progression to-
ward mitosis can cause premature reactiva-
tion of APC/CCDH1 during G2 phase (8). In 
addition, inhibition of CDK2 was shown to 
be rapidly compensated by CDK4/6 to sus-
tain S-phase progression (9). Together with 
these studies, the work by McKenney et al. 
demonstrates that CDK4/6 activity during 
S phase and G2 phase can compensate for 
loss of other CDKs to sustain cell cycle pro-
gression and prevent slipping back toward 
a second S phase.

Whole-genome doubling is a hallmark 
event in the development of cancer, which 
can lead to chromosomal instability and 
worsen prognosis across cancer types (10). 
p53 is a crucial gatekeeper of genomic sta-
bility that blocks proliferation after whole-
genome doubling. Finding that SAPK 
signaling and CDK4/6 inhibition can prime 
cells to undergo whole-genome doubling im-
plies a risk of clonal outgrowth of tetraploid 
and genomically unstable cells, especially 
in p53-mutant cancer. Given that CDK4/6 
inhibition is now standard-of-care therapy 
for estrogen receptor–positive breast cancer 
(11), it is important to study whether these 
inhibitors may promote unwanted whole-
genome doubling events and genomic insta-
bility in patients. To answer such questions, 
innovative approaches will be needed for 
in vivo tracking of the long-term fates and 
clonal outgrowth of tetraploid cells arising 
from the G2 phases in which CDK4/6 activ-
ity is disrupted. j
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iting its relevance to natural infections (8).
More recently, culture-adapted parasites 

from natural malaria infections (often 
called clinical isolates), which may retain 
natural behaviors associated with virulence 
and transmission, have become attractive 
targets for study. However, even the pro-
cess of transition to—and maintenance of—
laboratory culture influences the parasite’s 
transcriptome and makes interpretation of 
associations with in vivo behavior difficult. 
Serial analyses of the same clinical isolates 
ex vivo and during the first few cycles of cul-
ture show that this transition is associated 
with immediate and large-scale changes in 
gene expression (9). This is characterized by 
a loss of RNA expression variation and con-
vergence on a transcriptional profile that is 
possibly associated with stress responses to 
the culture environment (9), the duration 
of which is currently unknown. Analysis 
of isogenic parasites indicates that gene 
expression profiles start to become hetero-
geneous again over tens of generations in 
culture (10), perhaps owing to stochastic 
accumulation of loss-of-function mutations 
that have been observed during serial ge-
nome sequencing of clinical isolates (11).

Unsurprisingly, there is also marked tran-
scriptional heterogeneity between different 
clinical isolates undergoing adaptation to 
laboratory culture (8, 10, 12, 13), likely due 
to baseline genetic differences, such as copy 
number variation, that arise during the 
process (13). Even comparisons between 
clinical isolates and long-term laboratory-

adapted strains are not straightforward, ow-
ing to life cycle stage–dependent differences 
in gene expression (8, 12, 13). Differentially 
expressed genes in mature asexual-stage 
parasites are predominantly more highly 
expressed in long-term laboratory-adapted 
parasites (8, 12), whereas most differentially 
expressed genes in midstage gametocytes 
are more highly expressed in clinical iso-
lates (12). Given these sources of variation, it 
is important to be cautious about inferring 
the biology of “wild” malaria parasites from 
the transcriptomes of either cultured clini-
cal isolates or laboratory-adapted parasites.

 With these limitations, the prospect of 
discovering distinct parasite behavior in 
vivo is appealing. Transcriptional states spe-
cific to asexual (predominantly ring-stage) 
parasites were reported from a microarray-
based bulk gene expression analysis of blood 
from symptomatic P. falciparum infections 
(14). Some patients’ parasites had patterns 
of gene expression that were very similar to 
those of the laboratory-adapted 3D7 strain, 
but two additional groups whose gene ex-
pression patterns were quite distinct from 
anything seen in vitro were also identified. 
These were inferred to indicate environ-
mental stress and starvation-like responses. 
Notably, these distinct P. falciparum ex-
pression patterns were associated with 
variation in the host’s response to infection, 
potentially implicating them as important 
features of host-parasite interactions. Bulk 
gene expression analysis, however, is prone 
to confounding by mixtures of parasites at 

different developmental stages. This can be 
partially resolved by computational decon-
volution or obviated by single-cell analyses. 
The single-cell RNA sequencing atlas of 
Dogga et al. provides evidence for a distinct 
physiological state of sexual-stage parasites 
(LE) in vivo. It is unknown what these LE 
parasites are, whether they are old gameto-
cytes still in circulation, resistant to antima-
larial drugs and transmissible, or whether 
ultimately they will also be identified in in 
vitro cultures. But it is intriguing that oth-
ers (12) also found heterogeneity in gameto-
cyte transcriptomes among several cultured 
clinical isolates, with those from one iso-
late having lower-than-normal expression 
of typical gametocyte genes.

Ideally, for a complete understanding of 
parasite biology in vivo, individual malaria 
parasites should be studied in situ or with 
minimal manipulation. There remain con-
siderable technical challenges to prepar-
ing high-quality parasite material without 
causing changes in gene expression or 
technical artifacts. In vitro culture–adapted 
parasites provide a stepping stone for stud-
ies on clinical samples taken directly from 
patients, but more work is needed to deter-
mine whether and when the in vitro tran-
scriptome is sufficiently similar to the in 
vivo transcriptome. The study by Dogga et 
al. demonstrates the feasibility of sequenc-
ing genomes and transcriptomes directly 
from single parasites isolated from blood. 
Ultimately the greatest advances are likely 
to come from applying such methods in 
well-designed and suitably powered field 
studies, which can relate new findings 
about parasite biology to host response, 
pathogenesis, and transmission. j
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Differences between natural and cultured Plasmodium falciparum 
Examples of transcriptomic and genomic variation between laboratory-adapted, culture-adapted, 
and ex vivo P. falciparum parasites.

PARASITE DIFFERENCES OBSERVED IN GENE EXPRESSION REF

Culture and laboratory adaptation

CA versus LA through asexual cycle 259 (5%) genes DE, most with higher expression in CA (13 )

CA versus LA purified Szs 132 (2.6%) genes DE, variation between C A Szs (8)

Sequential DNA-seq of CA 29% of CA developed premature stop codons or frame-
shift mutations

(11)

CA versus LA in Gts, Tzs, and Szs 657 genes DE in Gts, higher expression in CA; 141 genes 
DE in Tzs and Szs, lower expression in CA

(12)

Controlled human infection

CA  versus isogenic LA, Rs 197 genes DE in CHMI-derived parasites versus parent 
LA parasites

(10)

Distinct states in vivo

Whole blood samples, Rs Distinct transcriptional clusters, not seen during in vitro 
culture

(14)

Ex vivo parasites versus first genera-
tions in culture

920 (19%) core genes DE, more highly expressed in 
vitro

(9)

scRNA-seq of LA and natural 
infections

Distinct clusters of ex vivo parasites, identified low-
expression (LE) parasites

(3)

CA, culture-adapted clinical isolates; CHMI, controlled human malaria infection; DE, differentially expressed; 
DNA-seq, DNA sequencing; Gt, gametocyte; LA, laboratory-adapted strains; Mz, merozoite; Rs, ring stage; 
scRNA-seq, single-cell RNA sequencing; Sz, schizont; Tz, trophozoite.
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