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MICROBIOLOGY

Malaria parasite 
evolution in a test tube
Experimental evolution studies reveal drug targets 
and resistance mechanisms

is song in Darwin’s finches, hybrid specia-

tion may be more likely. Furthermore, when 

hybrids can exploit a different ecological 

niche, hybrid speciation is more likely (5, 7). 

With high-resolution genomic data avail-

able for Darwin’s finches (2, 8) and for 

many other species that have undergone 

adaptive radiation, such as cichlid fishes 

and Heliconius butterflies [for example, 

(9, 10)], we are poised to learn more about 

whether the origin of Big Birds by means of 

homoploid hybrid speciation is anomalous 

or common and whether this mechanism 

might frequently explain cases of rapid 

speciation. However, challenges remain 

in distinguishing genetic signals of homo-

ploid hybrid speciation from other situa-

tions where hybridization has occurred in 

the history of a lineage, but was not the 

causal mechanism of speciation. Hybridiza-

tion can act to infuse genetic variation into 

a lineage, facilitating adaptive diversifica-

tion, before speciation or adaptive radia-

tion (11) or as diversification proceeds (12). 

These signals can be difficult to disentangle 

using genomic data alone (4), particularly 

in cases in which the species involved are 

closely related. These challenges underscore 

the incredible value that longitudinal field-

based observational studies can add to DNA 

sequencing data, as in Lamichhaney et al.

It is also important to establish whether 

species produced through homoploid hybrid 

speciation can persist over long time scales 

(thousands to millions of years), and how 

their persistence compares to species pro-

duced through other speciation mechanisms, 

such as species formed during long periods 

of geographic isolation. It is possible that 

species formed through homoploid hybrid 

speciation disappear just as rapidly as they 

arise. This has important implications for 

understanding whether this process contrib-

utes to the buildup of biodiversity. Watching 

the fate of the Big Birds will provide one an-

swer. Although long-term evolutionary anal-

yses are difficult, this study illustrates that 

the tremendous effort of collecting such data 

sets has equally tremendous value. j
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By Jane M. Carlton

M
alaria is an infectious disease 

caused by the Plasmodium para-

site, and transmitted by Anopheles 

mosquitoes. In 2016, a staggering 

216 million cases of malaria and 

445,000 deaths were recorded, 

mostly in Africa, although half of the 

world’s population in 91 countries is at 

risk of the disease (1). Malaria prevention 

methods include control of the mosquito 

with insecticide-treated bed nets and in-

door residual spraying of insecticides. 

Prompt diagnosis through the use of rapid 

diagnostic tests is also key. Although there 

is a malaria vaccine, RTS,S/AS01, it shows 

limited efficacy and has yet to be used 

widely. However, the frontline against ma-

laria is antimalarial drugs, in particular 

artemisinin-based combination therapies 

(ACTs), which are mixtures of artemis-

inin and its derivatives from the Chinese 

sweet wormwood herb, with drugs such 

as piperaquine. Alarmingly, the parasite is 

now resistant to most drugs that have been 

developed (see the figure). It is imperative 

that we identify new inhibitors if progress 

in reducing malaria is to be sustained. On 

page 191 of this issue, Cowell et al. (2) pres-

ent a major step forward, revealing new 

antimalarial drug targets and their pos-

sible resistance mechanisms.

The Plasmodium parasite is a formidable 

eukaryotic microbe, an ancient organism 

that has shaped the history, politics, and 

evolution of its human host. Almost 500 

species have been identified that infect 

mammals, birds, and reptiles; however, 

only five routinely infect humans, including 

Plasmodium falciparum, the deadliest, and 

Plasmodium vivax, the most geographically 

widespread (3). Because of its virulence and 

ease of in vitro culture, research has fo-

cused on P. falciparum, and molecular and 

cell biology techniques have been developed 

for its interrogation, such as genome edit-

ing (4, 5), and high-throughput analyses, 

such as metabolomics (6).

These are worrisome times for the battle 

against malaria. In addition to the parasite 

being resistant to almost every single-drug 
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P. falciparum endemicity and the spread of drug resistance
Malaria is endemic in the countries highlighted in light blue. Resistance to antimalarial drugs such as 

chloroquine (CQ) and pyrimethamine is widespread (darker blue), while resistance to artemisinin-

based combination therapies (ACTs) is spreading. A new P. falciparum strain, PfPailin, that is resistant to 

artemisinin plus piperaquine, has been found. Data presented in the map are adapted from (7, 8).
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antimalarial regime (7), the spread of a 

multidrug-resistant P. falciparum lineage 

(PfPailin) in the Greater Mekong area of 

Southeast Asia was recently reported (8). 

This strain contains a dominant mutation 

in Pfkelch13 (mutations in this gene are as-

sociated with artemisinin resistance) and is 

also resistant to piperaquine. The spread of 

this evolutionarily “fit” multidrug-resistant 

malaria parasite between endemic coun-

tries is extremely concerning.   

Cowell et al. used experimental evolution 

to identify new P. falciparum drug targets 

while also anticipating their possible resis-

tance mechanisms. Experimental evolution 

is the maintenance of populations of or-

ganisms in controlled environments where 

changes in genotype and phenotype can be 

evaluated over thousands of generations; it 

is most often applied to microbes because 

of their rapid generation times and small 

sizes (9). In these studies, environmental 

conditions, such as changes in nutrient 

availability or antimicrobial drugs, can be 

manipulated to explore adaptation of the 

organisms being studied. Probably the most 

widely known example of experimental 

evolution is the “Escherichia coli long-term 

evolution experiment” (LTEE) that has been 

tracking genetic changes in 12 originally 

identical populations of E. coli maintained 

in continuous culture since 1988 (10). 

Experimental evolution is not new to 

malaria research; the first evolution ex-

periments on malaria were carried out in 

the 1940s, using a species of bird malaria 

parasite that was propagated in laboratory 

chickens (11). In later decades, researchers 

generated drug-resistant strains of rodent 

malaria parasites in laboratory mice that, in 

the absence of high-throughput sequencing 

methods, were subsequently investigated 

by genetic crossing experiments and link-

age mapping (12). Such studies provided 

important data regarding the single-gene or 

multigenic nature of the induced drug resis-

tance, as well as identifying resistance loci 

and their alleles. More recently, the tech-

nique has been used to identify resistance 

loci in the rodent malaria species Plas-

modium chabaudi (13) and P. falciparum 

(14) that were subjected to artemisinin. 

Although these evolution experiments can 

take years, they may provide immense sci-

entific reward, as evidenced by the eventual 

identification of Pfkelch13 as an artemisinin 

resistance–associated locus after a 5-year 

evolution experiment (14). 

Whereas these previous studies evalu-

ated the response to known antimalari-

als, or focused on mutations in one target 

gene, Cowell et al. examined the parasite’s 

genetic response to a large number of 

new inhibitors. Three well-studied P. fal-

ciparum laboratory clonal isolates were 

individually subjected to experimental 

evolution over 3 to 6 months in vitro us-

ing 37 publicly available compounds with 

proven antimalarial activity to various 

stages of the P. falciparum life cycle. Com-

parison of the genomes of >200 genetically 

stable, compound-resistant clones revealed 

a remarkable enrichment of mutations, 

including single-nucleotide variations, in 

just 57 genes, and 150 copy number varia-

tions. These loci are informative as either 

genes involved in resistance (because a 

particular gene was mutated repeatedly 

in response to multiple compounds), or as 

potential drug targets, although in many 

cases the authors were unable to discern 

between these two possibilities. One in-

teresting example of a resistance gene is 

a putative ABC (ATP-binding cassette) 

transporter, Pfabc13, that harbored point 

mutations and was involved in 12 different 

amplification events with four separate 

compounds. Four target-inhibitor pairs 

were also singled out as possible new an-

timalarial drug targets, identified because 

of their enzymatic function that enabled 

docking and homology modeling. Ulti-

mately, one gene (either a new drug target 

or a new drug resistance locus) was identi-

fied for each compound examined. 

This rich data set increases our under-

standing of the biology and evolution of 

P. falciparum, providing a powerful contri-

bution toward basic research for malaria 

elimination. In the end, designing “resis-

tance-proof” drugs may be the best strategy 

for controlling malaria. There have been 

several developments toward this goal (7), 

including targeting host factors required 

for parasite growth (15), although the field 

has some way to mature. j

REFERENCES

 1. World Health Organization, “World Malaria Report 2016” 

(2016).

 2. A. N. Cowell et al., Science 359, 191 (2018).

   3.  S. L. Perkins et al., J. Parasitol. 100, 11 (2014). 

 4. M. Ghorbal et al., Nat. Biotechnol. 32, 819 (2014).

 5. J. C. Wagner et al., Nat. Methods 11, 915 (2014).

 6. K. L. Olszewski et al., Cell Host Microbe 5, 191 (2009).

 7. B. Blasco et al., Nat. Med. 23, 917 (2017).

 8. M. Imwong et al., Lancet Infect. Dis. 17, 1022 (2017).

 9. J. E. Barrick, R. E. Lenski, Nat. Rev. Genet. 14, 827 (2013).

 10. R. Maddamsetti et al., Genome Biol. Evol. 9, 1072 (2017).

  11.  J. Williamson, E. M. Lourie, Ann. Trop. Med. Parasitol. 41, 

278 (1947).

 12. J. M. Carlton et al., Trends Parasitol. 17, 236 (2001).

 13. P. Hunt et al., BMC Genomics 11, 499 (2010).

 14. F. Ariey et al., Nature 505, 50 (2014).

 15. A. Zumla et al., Lancet Infect. Dis. 16, e47 (2016).

10.1126/science.aar4189

By Chanhyung Bae, Andres Jara-Oseguera, 

Kenton J. Swartz

T
ransient receptor potential (TRP) 

channels were first identified in pho-

toreceptors of the fruit fly (1, 2). In 

mammals, six major families of TRP 

channels play key roles in sensing 

stimuli such as light, temperature, 

membrane lipids, and intracellular Ca2+. In 

2013, two landmark publications revealed 

the cryo–electron microscopy (cryo-EM) 

structure of the heat- and capsaicin-acti-

vated TRPV1 channel (3, 4). Two articles in 

this issue report cryo-EM structures of cat-

ion-selective TRPM channels. On page 228, 

Autzen et al. (5) describe TRPM4, which 

is activated by intracellular Ca2+ and in-

volved in controlling arterial tone, cardiac 

rhythm, and the immune response (6). On 

page 237, Yin et al. (7) report on TRPM8, 

which senses cold and menthol and may 

serve as a cancer biomarker (8). 

Autzen et al. solved structures of TRPM4 

in the absence and presence of the activat-

ing ion Ca2+. The transmembrane domains of 

TRPM4 resemble those of other TRP chan-

nels and of voltage-activated K+ (Kv) chan-

nels (3, 4, 9). Each subunit in the tetrameric 

complex contains six transmembrane helices, 

with S5-S6 forming the ion permeation path-

way at the central axis and S1-S4 forming a 

peripheral domain (see the figure). In the 

Ca2+-bound TRPM4 structure, the ion binds 

in a cavity within the S1-S4 domain that faces 

the cytoplasm (see the figure).

Both the Ca2+-bound and -unbound TRPM4 

structures have been captured in states in 

which the intracellular entrance of the pore 

is sealed off by hydrophobic residues in the 

S6 helix, similar to the closed structures of 

other TRP and Kv channels (3, 4, 9, 10). The 
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TRPM 
channels come 
into focus
The structures of TRPM 
channels help to explain 
how they can sense 
intracellular calcium
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