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Article

A. gambiae genetic backgrounds and environmental contexts. This 
must be accompanied by a comprehensive risk assessment framework 
that includes entomological and environmental evaluations to consider 
any potential or unintended affects. Monitoring for resistance in both 
mosquitoes and parasites is also key to ensure long-term effectiveness.

This research was executed within purpose-built, high-biosafety 
facilities in Tanzania, emphasizing the importance of African-led 
research infrastructure and expertise in advancing locally relevant inno-
vation. Beyond enabling the present study, these facilities now serve as 
a scalable, sustainable platform for regional stakeholder engagement, 

training and future technology evaluation across the region. Our study 
illustrates the potential of gene drive technologies in malaria elimina-
tion and the critical need for continued investment in local capacity to 
ensure their safe, effective and equitable implementation.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
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Fig. 5 | Effect of MM-CP transgenic mosquitoes on P. falciparum oocyst 
growth and sporozoite output. a, Representative images of mercurochrome- 
stained midguts from wt and MM-CP transgenic mosquito lines at 9 days 
post-infectious bloodmeal (dpi), showing marked differences in oocyst size. 
Insets show magnified regions of oocyst clusters. b, Quantification of oocyst 
diameters in midguts from wt (n = 19, n = 37 and n = 17, respectively) and MM-CP 
(n = 25, n = 29 and n = 21, respectively) mosquitoes from three independent 
infections experiments using P. falciparum gametocytes from infected children. 
The leftmost plot shows pooled data from all replicates (r1–3) and the remaining 
plots show data from each replicate individually. Boxplots show median, 
interquartile range and full data range (whiskers) for each group; dots outside 
the boxplots are outliers. Significance was tested using the Kruskal–Wallis 
H-test (****P < 0.0001; effect size η2 = 0.355). Note that some variability in 
oocyst size is also visible in wt midguts, reflecting natural variation commonly 
observed in wt infections. Source data are provided in Source Data Sheet 4.  

c, Oocyst diameters in midguts of the MM-CP line classified by genotype: 
homozygous MM-CP (orange circles), heterozygous MM-CP/+ (yellow squares) 
or wt+/+ (grey circles). Note that all oocysts in wt mosquitoes originate from 
only two midguts, cautioning against any interpretations of size differences 
relative to heterozygous mosquitoes. Source data are provided in Source Data 
Sheet 4. d, Sporozoite data in wt and MM-CP mosquitoes from the fourth 
infection replicate (r4) assayed at 13–15 dpi. Left, prevalence of midgut 
sporozoites. Middle, prevalence of sporozoites in head and/or thorax tissues 
(used as salivary (sal.) glands proxy). Each shaded box represents 5% prevalence. 
Total numbers assayed and positives are shown. Right, dot plot showing 
relative sporozoite abundance in head and/or thorax samples. Source data are 
provided in Source Data Sheet 5. e, Same analyses as in d, shown for the fifth 
replicate (r5). Note that between the third and fourth replicates, the colony was 
further cleaned using pupal case genotyping to enrich for MM-CP homozygotes. 
Source data are provided in Source Data Sheet 5. Scale bars, 100 µm.



Nature  |  www.nature.com  |  7

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-025-09685-6.

1.	 Hancock, P. A. et al. The potential of gene drives in malaria vector species to control 
malaria in African environments. Nat. Commun. 15, 8976 (2024).

2.	 Nolan, T. Control of malaria-transmitting mosquitoes using gene drives. Philos. Trans.  
R. Soc. Lond. B Biol. Sci. 376, 20190803 (2021).

3.	 Bier, E. Gene drives gaining speed. Nat. Rev. Genet. 23, 5–22 (2022).
4.	 World Malaria Report 2023 (World Health Organization, 2023).
5.	 Thellier, M., Gemegah, A. A. J. & Tantaoui, I. Global fight against malaria: goals and 

achievements 1900–2022. J. Clin. Med. https://doi.org/10.3390/jcm13195680 (2024).
6.	 Oxborough, R. M., Chilito, K. C. F., Tokponnon, F. & Messenger, L. A. Malaria vector control 

in sub-Saharan Africa: complex trade-offs to combat the growing threat of insecticide 
resistance. Lancet Planet. Health 8, e804–e812 (2024).

7.	 Burt, A. Site-specific selfish genes as tools for the control and genetic engineering of 
natural populations. Proc. Biol. Sci. 270, 921–928 (2003).

8.	 Windbichler, N. et al. A synthetic homing endonuclease-based gene drive system in the 
human malaria mosquito. Nature 473, 212–215 (2011).

9.	 Gantz, V. M. et al. Highly efficient Cas9-mediated gene drive for population modification 
of the malaria vector mosquito Anopheles stephensi. Proc. Natl Acad. Sci. USA 112, 
E6736–E6743 (2015).

10.	 Kyrou, K. et al. A CRISPR–Cas9 gene drive targeting doublesex causes complete population 
suppression in caged Anopheles gambiae mosquitoes. Nat. Biotechnol. 36, 1062–1066 
(2018).

11.	 Lopez Del Amo, V. et al. A transcomplementing gene drive provides a flexible platform for 
laboratory investigation and potential field deployment. Nat. Commun. 11, 352 (2020).

12.	 Nash, A. et al. Integral gene drives for population replacement. Biol. Open 8, bio037762 
(2019).

13.	 Terradas, G., Bennett, J. B., Li, Z., Marshall, J. M. & Bier, E. Genetic conversion of a split-drive 
into a full-drive element. Nat. Commun. 14, 191 (2023).

14.	 Moreira, L. A. et al. Bee venom phospholipase inhibits malaria parasite development in 
transgenic mosquitoes. J. Biol. Chem. 277, 40839–40843 (2002).

15.	 Powell, J. R. Modifying mosquitoes to suppress disease transmission: is the long wait 
over? Genetics https://doi.org/10.1093/genetics/iyac072 (2022).

16.	 Wang, G. H. et al. Combating mosquito-borne diseases using genetic control technologies. 
Nat. Commun. 12, 4388 (2021).

17.	 Abraham, E. G. et al. Driving midgut-specific expression and secretion of a foreign protein 
in transgenic mosquitoes with AgAper1 regulatory elements. Insect Mol. Biol. 14, 271–279 
(2005).

18.	 Pascini, T. V. et al. Transgenic Anopheles mosquitoes expressing human PAI-1 impair 
malaria transmission. Nat. Commun. 13, 2949 (2022).

19.	 Ito, J., Ghosh, A., Moreira, L. A., Wimmer, E. A. & Jacobs-Lorena, M. Transgenic anopheline 
mosquitoes impaired in transmission of a malaria parasite. Nature 417, 452–455 (2002).

20.	 Isaacs, A. T. et al. Transgenic Anopheles stephensi coexpressing single-chain antibodies 
resist Plasmodium falciparum development. Proc. Natl Acad. Sci. USA 109, E1922–E1930 
(2012).

21.	 Carballar-Lejarazu, R. et al. Dual effector population modification gene-drive strains of 
the African malaria mosquitoes, Anopheles gambiae and Anopheles coluzzii. Proc. Natl 
Acad. Sci. USA 120, e2221118120 (2023).

22.	 Simoes, M. L., Dong, Y., Mlambo, G. & Dimopoulos, G. C-type lectin 4 regulates broad- 
spectrum melanization-based refractoriness to malaria parasites. PLoS Biol. 20, e3001515 
(2022).

23.	 Yang, J. et al. Disruption of mosGILT in Anopheles gambiae impairs ovarian development 
and Plasmodium infection. J. Exp. Med. 217, e20190682 (2020).

24.	 Dong, S. et al. Broad spectrum immunomodulatory effects of Anopheles gambiae 
microRNAs and their use for transgenic suppression of Plasmodium. PLoS Pathog. 16, 
e1008453 (2020).

25.	 Dong, Y., Simoes, M. L. & Dimopoulos, G. Versatile transgenic multistage effector-gene 
combinations for Plasmodium falciparum suppression in Anopheles. Sci. Adv. 6, eaay5898 
(2020).

26.	 Chuang, Y. M. et al. Anopheles gambiae lacking AgTRIO inefficiently transmits Plasmodium 
berghei to mice. Infect. Immun. https://doi.org/10.1128/IAI.00326-19 (2019).

27.	 Dong, Y., Simoes, M. L., Marois, E. & Dimopoulos, G. CRISPR/Cas9 -mediated gene knockout 
of Anopheles gambiae FREP1 suppresses malaria parasite infection. PLoS Pathog. 14, 
e1006898 (2018).

28.	 Simoes, M. L. et al. The Anopheles FBN9 immune factor mediates Plasmodium species- 
specific defense through transgenic fat body expression. Dev. Comp. Immunol. 67, 
257–265 (2017).

29.	 Dong, Y. et al. Engineered anopheles immunity to Plasmodium infection. PLoS Pathog. 7, 
e1002458 (2011).

30.	 Pike, A. & Dimopoulos, G. Genetic modification of Anopheles stephensi for resistance to 
multiple Plasmodium falciparum strains does not influence susceptibility to o’nyong’nyong 
virus or insecticides, or Wolbachia-mediated resistance to the malaria parasite. PLoS ONE 
13, e0195720 (2018).

31.	 Delemarre, B. J. & van der Kaay, H. J. [Tropical malaria contracted the natural way in the 
Netherlands]. Ned. Tijdschr. Geneeskd. 123, 1981–1982 (1979).

32.	 Habtewold, T. et al. Streamlined SMFA and mosquito dark-feeding regime significantly 
improve malaria transmission-blocking assay robustness and sensitivity. Malar. J. 18, 24 
(2019).

33.	 Hoermann, A. et al. Converting endogenous genes of the malaria mosquito into simple 
non-autonomous gene drives for population replacement. eLife https://doi.org/10.7554/
eLife.58791 (2021).

34.	 Adolfi, A. et al. Efficient population modification gene-drive rescue system in the malaria 
mosquito Anopheles stephensi. Nat. Commun. 11, 5553 (2020).

35.	 Bottino-Rojas, V. et al. Beyond the eye: Kynurenine pathway impairment causes midgut 
homeostasis dysfunction and survival and reproductive costs in blood-feeding mosquitoes. 
Insect Biochem. Mol. Biol. 142, 103720 (2022).

36.	 Hoermann, A. et al. REL2 overexpression in the Anopheles gambiae midgut causes major 
transcriptional changes but fails to induce an immune response. Preprint at bioRxiv 
https://doi.org/10.1101/2024.02.05.578852 (2024).

37.	 Habtewold, T. et al. A chromosomal reference genome sequence for the malaria mosquito, 
Anopheles gambiae, Giles, 1902, Ifakara strain. Wellcome Open Res. 8, 74 (2023).

38.	 Hoermann, A. et al. Gene drive mosquitoes can aid malaria elimination by retarding 
Plasmodium sporogonic development. Sci. Adv. 8, eabo1733 (2022).

39.	 Verkuijl, S. A. N. et al. A suppression-modification gene drive for malaria control targeting 
the ultra-conserved RNA gene mir-184. Nat. Commun. 16, 3923 (2025).

40.	 Ortiz-Prado, E. et al. El Nino-Southern Oscillation: a call to action for public health 
emergency preparedness and response. Lancet Reg. Health Am. 27, 100601 (2023).

41.	 LaVerriere, E. et al. Design and implementation of multiplexed amplicon sequencing 
panels to serve genomic epidemiology of infectious disease: a malaria case study. 
Mol. Ecol. Resour. 22, 2285–2303 (2022).

42.	 Bousema, T. et al. Mosquito feeding assays to determine the infectiousness of naturally 
infected Plasmodium falciparum gametocyte carriers. PLoS ONE 7, e42821 (2012).

43.	 Miura, K. et al. An inter-laboratory comparison of standard membrane-feeding assays for 
evaluation of malaria transmission-blocking vaccines. Malar. J. 15, 463 (2016).

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

Open Access This 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. The 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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41586-025-09685-6
https://doi.org/10.3390/jcm13195680
https://doi.org/10.1093/genetics/iyac072
https://doi.org/10.1128/IAI.00326-19
https://doi.org/10.7554/eLife.58791
https://doi.org/10.7554/eLife.58791
https://doi.org/10.1101/2024.02.05.578852
http://creativecommons.org/licenses/by/4.0/


Article
Methods

Design and construction of the MPL/CL3 laboratory
Our design intent was to build a containerized insectary facility includ-
ing a derogated BSL-3 laboratory with rearing areas for the culturing and 
manipulation of transgenic and infected mosquitoes completely within 
transportable ISO 668 series 1AAA (40 ft high cube) intermodal ship-
ping containers, enabling cost-effective research in a disease endemic 
location. The project stages included the completion of the technical 
design, manufacture and/or construction, shipping to host site and 
finally the facilities in use. To enable reuse and modification for open 
malaria research the technical design plans are shared and accessible 
as part of this publication (Supplementary Note). Host facility provi-
sion of essential electrical and plumbing site service requirements 
and builders works to accept, connect to and operate the facility was 
incorporated into the design plan.

Characteristics of the MPL/CL3 facility include two self-contained 
modules comprising one laboratory module container and a second 
plant container (PCR) for the provision of all mechanical, electrical 
and general services. Notably all systems and equipment were shipped 
fully assembled and built in for delivery as a single package, to a con-
crete base prepared at the host site for connection to local services and 
infrastructure. Services connections between the laboratory container 
and plant container modules are specified in the technical plans (Sup-
plementary Note).

The general layout of the laboratory module (drawing 2, layout) 
comprises fully sealed and insulated internal panels, partitions and 
doors to form four separate rooms making efficient use of space and 
functionality while ensuring biosafety and security. The laboratory 
module container layout incorporates (1) an entrance lobby; (2) a colony 
rearing room; (3) an infection, dissection and imaging room and (4) 
an infected mosquito room BSL-3 (drawing 10, sections laboratory 
module). All doors are self-closing and interlocked with access control 
on the main entry door. An emergency only exit panel is located to the 
rear. Laboratory benching, storage solutions and sinks are distributed 
within the four rooms. Supplied equipment include a glass washer, 
fridge freezer, autoclave and a Class 2 recirculating microbiological 
cabinet. Rooms (2) and (4) are equipped with self-contained incubators 
complete with lighting, temperature and humidity control. Room (3) 
is equipped with the Class 2 recirculating microbiological cabinet and 
an autoclave (drawing 3, equipment). The ventilation system serving 
the laboratory provides controlled airflow (drawing 12, HVAC (heating, 
ventilation and air conditioning) ducts) and a controlled air pressure 
regime (drawing 4, room pressures). Small power (drawing 20, power 
sockets), lighting (drawing 19, lighting) fire detection and alarm pro-
vision is incorporated throughout (drawing 8, fire protection). The 
PCR module consists of all essential mechanical, electrical and public 
health infrastructure to service the laboratory (drawing 11, sections 
PCR module). Ventilation systems include run and standby chillers, a 
dedicated air handling unit, general supply and extract air distribution 
including high efficiency particulate air-filtered extract (drawing 13, 
HVAC P&ID (piping and instrumentation diagram) schema; drawing 14, 
cooling and heating P&ID schema). Plumbing systems including hot 
and cold water services (drawing 15, cold and hot water P&ID schema) 
and purified water production and storage. A laboratory effluent treat-
ment system comprising dosing tanks and pipework (drawing 16, waste 
effluent treatment P&ID). An electrical distribution cabinet serving 
the laboratory lighting, equipment and socket outlets; ventilation, 
plumbing and effluent systems and controls (drawing 24, modular 
laboratory general cabinet and HVAC). Uninterruptable power supply 
equipment provides back-up power to electrical systems including 
lighting, access control, fire alarm and controls (drawing 25, modular 
laboratory general cabinet uninterruptable power supply). The host 
facility assumed responsibility for the design and provision of essential 
site service requirements to support the containerized insectary facility 

including a 64-kW electricity supply (drawing 23, electrical installa-
tion general schema), plumbing comprising cold water and drainage 
services and a structural support or base. Host facility solutions for 
electricity included electrical supply cabling with connection to the 
national energy grid plus a back-up electrical generator and fuel stor-
age. A purpose-built electrical installation building near to the plant 
container provides electrical supply cabling directly into the plant 
container. Piped cold water is provided into the plant container through 
a 7-metre elevated water tank with a soak away pit in place to receive 
piped treated wastewater from the plant container. In addition to the 
construction of a concrete base (drawing 29, MPL support; drawing 33, 
PCR module foundation), an insect moat, ramp, stairs and corrugated 
iron roof covering completed the site-specific building works.

Mosquito husbandry
We used the A. gambiae sensu stricto Ifakara strain, derived from mos-
quitoes collected in Njage, Tanzania, in 1996 (ref. 37). Mosquitoes 
were maintained under optimized conditions: 27  ±  1 °C temperature, 
70  ±  5% humidity and a 12 h/12 h dark/light cycle. Before floating, mos-
quito eggs were treated with a 1% bleach solution for 60 s. Larvae were 
fed with TetraMin fish flakes and reared at a density of 200 larvae per 
litre of deionized water from the L2 stage, ensuring a healthy mosquito 
population.

Mosquito transgenesis
For the zpg-CC helper line, freshly laid embryos were microinjected with 
a mixture of donor plasmid pD-zpg-Cre-Cas9 (400 ng µl−1) and helper 
plasmid p165-KMO44 (200 ng µl−1). For the MM-CPGFP line, embryos 
were injected with donor plasmid pD-Mag-Mel-CP (400 ng µl−1) and 
helper plasmid p155-vasa-Cas9 (200 ng µl−1). To establish a homozygous 
markerless MM-CP mosquito line, we developed a pupal case genotyp-
ing protocol. Freshly shed pupal cases were collected individually, and 
genomic DNA was extracted using 20 µl of dilution buffer from the Phire 
Tissue Direct PCR Master Mix kit (Thermo Scientific). Multiplex PCR 
was performed with primers: HA5′ CP (GGGTTAAGCTGGGCTCGTTG), 
Mag-R (AGTTCATGATCTCGCCCACG) and HA3′ CP (CTCCTTCGGATG 
CTCACTGG). The wt alleles yielded a 670-bp band, whereas MM-CP 
alleles produced a 357-bp band. Confirmed homozygotes were used 
to propagate the colony.

Survival assays
For the zpg-CC A. gambiae line, triplicate groups of 15 female mos-
quitoes for each of the transgenic and wt lines were set up in standard 
insectary conditions. Cumulative mortality was recorded daily, and 
survival data were collected until all individuals had either died or 
were censored at the end of 25 days. Kaplan–Meier survival analysis 
was performed to generate survival curves, and differences between 
the transgenic and wt lines were evaluated using the log-rank test. 
For the MM-CP Ifakara line, 150 pupae from each of the MM-CP and wt 
controls were placed in separate BugDorm-4H3030 cages and allowed 
to emerge. Adults were maintained on a constant supply of 10% sugar 
solution. Mosquitoes were monitored daily, with dead individuals 
removed every 24 h, sexed and counted. Monitoring continued until 
all individuals in at least one cage had died. The assay was conducted 
in two biological replicates, each with a minimum of two technical 
replicates. Survival curves were compared between strains using the 
log-rank (Mantel–Cox) test in Prism v.10.

Reproductive fitness assays
For the zpg-CC A. gambiae line, relative fecundity (number of eggs 
laid) and fertility (hatch rate) were assessed by placing single, mated 
and blood-fed female mosquitoes in individual cups 1 day after blood 
feeding. Each mosquito was allowed to lay eggs that were subsequently 
allowed to hatch. The total number of eggs and larvae were counted 
under a microscope to determine fecundity and fertility. For the MM-CP 



Ifakara line, 100 5-day-old females from each MM-CP and wt control 
lines were blood-fed through membrane feeders. Only fully engorged 
females were retained. Forty-eight hours post-bloodmeal, 25 females 
per strain were individually housed in oviposition cups lined with moist 
filter paper. After 72 h, eggs laid were counted. Cups were then topped 
with water to facilitate hatching. On day six, the number of larvae per 
cup was recorded. Data on the number of eggs per female and the hatch 
rate (larvae-to-egg ratio) were analysed using the Kolmogorov–Smirnov 
test in Prism v.10.

Parasitological surveys
Participants were recruited from primary schools in Wami Mkoko 
and Miono villages during the school term, and children aged 6–14 
were sampled in Kibindu village during the school closure period. 
Finger-prick blood samples were collected from children in good health 
who assented to the procedure and had written consent from a parent 
or guardian. A drop was used for a malaria RDT to identify infected 
participants, and another drop was used to prepare thick smears. Thick 
smears from participants who were RDT-positive were examined micro-
scopically to detect and quantify gametocytes (per 500 white blood 
cells) by a certified microscopist using an OLYMPUS light microscope. 
Children with gametocyte density of ≥16 gametocytes per microlitre 
were candidates for blood drawing for DMFAs. All participants infected 
with malaria received treatment at the local clinic within 24 h, following 
the recommended protocol of oral Artemether-Lumefantrine.

Informed consent
Parents of study participants or their legal guardians provided written 
informed consent before enrolment. The consent process was con-
ducted in accordance with approved ethical guidelines and included 
a detailed explanation of the study aims, procedures (including blood 
sampling and mosquito feeding assays), potential risks (such as minor 
discomfort from blood draws) and expected benefits (including free 
malaria diagnosis and treatment for positive cases). Participants 
were informed of their right to withdraw at any time. Assent was also 
obtained from participating children, and a witness was present for 
consent procedures involving illiterate participants. The informed 
consent form was reviewed and approved by the IHI Institutional Review 
Board and the Tanzania National Institute for Medical Research.

Phylogenetic profiling
Blood from malaria-infected patients was collected on QIAcard FTA 
Classic cards (Qiagen). Plasmodium genomic DNA was extracted from 
the dried blood spots using the DNeasy Blood & Tissue kit (Qiagen). 
Four genes were amplified from each sample using KAPA HiFi Hot-
Start ReadyMix (Takara) as previously described41, and samples were 
library sequenced by use of Oxford Nanopore sequencing by Full Cir-
cle Laboratories (UK). Adaptor sequences were removed from raw 
read sequences with Cutadapt45 and mapped to the P. falciparum 3D7 
genome (PlasmoDB v68) with BWA-MEM. Genetic variants were called 
and consensus sequences for each of the four genes assayed in each 
sample were generated with BCFtools46. Consensus sequences of each 
gene were concatenated for each sample, aligned against each other 
using the ‘msa’ package47 and were incorporated into a phylogenetic 
tree using the ‘ape’ package48 in RStudio (RStudio Team). Pairwise per-
centage identity values were calculated by aligning each concatenated 
sequence to the NF54 reference genome using pwalign in Bioconductor, 
applying the formula: 100 × (number of identical positions)/(aligned 
positions + internal gap positions). Sequence data have been deposited 
in the National Center for Biotechnology Information (NCBI) Sequence 
Read Archive (SRA) under BioProject accession number PRJNA1299763.

Blood processing and mosquito DMFAs
Study participants with high gametocyte counts were invited, along 
with at least one parent or guardian, to the MPL/CL3 laboratory for 

blood donation, which was then used in mosquito DMFAs. Blood col-
lected in lithium-heparin coated vacutainers were processed by cen-
trifugation to separate cellular components from the serum that was 
then replaced with commercially available AB human serum at half 
the original volume. The prepared blood mixture was transferred to 
membrane feeders, and mosquitoes were allowed to feed on blood 
for 15 min. Cages were then moved to an incubator set at 27 °C and 75% 
relative humidity. After 48 h, mosquitoes were provided with a 10% 
sucrose solution changed daily, and dead, unfed females were removed.

Mosquito dissection and oocyst detection
Parasite development, infection intensity and prevalence were analysed 
through systematic procedures across three independent infections. 
Midguts were dissected on day 9 post-blood feeding and stained with 
a 0.1% mercurochrome to facilitate oocyst identification, followed 
by microscopic examination. The diameter of oocysts was measured 
using ImageJ software. Dissections on day 9 assessed oocyst develop-
ment, whereas dissections between days 13 and 15 evaluated sporozoite 
development in the salivary glands.

qPCR for sporozoite detection
Genomic DNA was used in 20-μl qPCR with reverse transcription reac-
tions with the Fast SYBR Green Master Mix kit (ThermoFisher) to quan-
tify the P. falciparum 18S ribosomal RNA (rRNA) gene fragment, using 
primers and methods as described in ref. 49. Standard curves for both 
the Pf18S rRNA and the A. gambiae S7 reference gene were created 
through serial dilution of nucleic acid templates. Cycle threshold (Ct) 
values were converted using these standard curves, and Pf18S rRNA Ct 
values were normalized to those of S7.

Inclusion and ethics
This study was conducted with a commitment to inclusion, ethics and 
local engagement. Local researchers played a leading role through-
out the process, including study design, implementation and data 
ownership, with roles and responsibilities agreed on in advance. The 
epidemiological and parasitological study was reviewed for posing no 
risks of stigmatization, discrimination or harm to participants. Written 
informed consent was obtained from parents or guardians, and oral 
assent was secured from children. No biological materials, cultural 
artefacts or traditional knowledge were transferred out of the coun-
try, unless specific transfer agreements were obtained. All research 
adhered to ethical guidelines and regulations, including the Declara-
tion of Helsinki, ensuring that the rights of participants to withdrawal 
and privacy were protected throughout the study. Environmental and 
biorisk-related standards were carefully considered in constructing the 
infrastructure and carrying out the research. Approvals to carry out 
the research were obtained by IHI Institutional Review Board and the 
Tanzania Commission of Science and Technology. The study protocol 
was reviewed and approved by the IHI Institutional Biosafety Committee 
and the Tanzania National Institute for Medical Research.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
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Extended Data Fig. 1 | Design and characterisation of the An. gambiae 
zpg-CC transgenic line. a, Schematic representation of the molecular designs 
of transgenic lines used in this study (not to scale). zpg-CC: Inserted in the kh 
locus and contains a 3xP3-DsRed-SV40T marker, Cre recombinase and Cas9 
under zpg promoter (zpgP)/terminator(zpgT) control, with Cre and Cas9 
separated by a furin cleavage site and F2A ribosome skipping peptide (fuF2A). 
CP-KO: Includes a 3xP3-GFP-SV40T cassette and a gRNA under a U6 promoter 
(open red circle) inserted within the CP gene. zpg-Cas9GFP: Features Cas9 at the 
C-terminus of the zpg gene, separated by an E2A peptide split by the An. gambiae 
gambicin intron containing a 3xP3-GFP-RGT cassette flanked by loxP sites,  
and a U6-driven gRNA. RGT corresponds to the sequence of the rabbit global 
terminator cloned from the 3′UTR of the pTriEx7 expression system plasmid 
(Novagen). b, Kaplan-Meier survival analysis of zpg-CC and wt female mosquitoes 
(n = 15) maintained on sugar (Mantel-Cox/log-rank test) conducted in triplicates. 

c, Fecundity and fertility of individual zpg-CC females (n = 8) compared to wt 
controls (n = 11). Box plots show median (line), interquartile range (box), and 
full data range (whiskers); outliers are plotted individually. Statistical analysis 
was performed with two-sided Wilcoxon signed-rank tests. Left: wt vs zpg-CC, 
**p = 0.0017 (**). Right: wt, p = 0.022 (*); zpg-CC, p = 0.0038 (**). d, Mating scheme 
for testing the ability of zpg-CC mosquitoes to induce homing of the CP-KO 
transgenic cassette within the CP locus. The bar chart shows the observed and 
default (if Cas9 was not functional) percentage of green-fluorescent larvae.  
e, Mating scheme assessing the capacity of zpg-CC mosquitoes to cause 
Cre-mediated excision of the GFP expressing cassette in zpg-Cas9GFP mosquitoes. 
The bar chart shows the observed and default (if Cre was not functional and 
assuming 100% homing catalysed by a trans source of Cas9 as observed in  
panel 2d) percentage of green-fluorescent larvae.
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Extended Data Table 1 | Inheritance rates of the MM-CP transgene in the presence or absence of Cas9

The table presents data from three biological replicates of inheritance assays to quantify the transmission rate of the MM-CP transgene under non-autonomous gene drive conditions. G0 
MM-CP females were crossed to either zpg-CC males (expressing germline Cas9) or wt males. The resulting F1 progeny (zpg-CC;MM-CP or +;MM-CP) were then crossed to wt mosquitoes, and 
20G2 progeny per replicate were genotyped to determine inheritance of the MM-CP transgene. Data are presented separately for male and female G1 crosses. Note that in replicate Exp-R3b, 
only 17 mosquitoes could be genotyped.
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