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Malaria remains one of the world’s deadliest infectious dis-
eases1. As a malaria vaccine is not yet available, the use 
of insecticides against vector mosquitoes and antimalarial 

drugs to treat infection remain the mainstay of current malaria con-
trol programmes2. However, the increasing incidence of mosquito 
insecticide resistance3,4 as well as parasite resistance to artemisinin 
and piperaquine5–8 have stalled the progress against malaria over 
the past few years. The number of malaria cases increased from 
217 million in 2016 to 219 million in 2017 and 228 million in 2018  
(ref. 1). New intervention strategies to control this deadly infectious 
disease are urgently needed9,10.

Malaria parasites are transmitted to humans through the bite of 
infected female Anopheles mosquitoes11. For successful transmis-
sion, Plasmodium parasites must complete a complex developmen-
tal programme in the mosquito midgut12, where the majority of 
ingested parasites are killed13–15, making the midgut compartment 
a prime target for intervention. Anopheles vector competence var-
ies at both the species and individual level16, suggesting that both 
genetic and environmental factors affect the resistance of Anopheles 
mosquitoes to Plasmodium infection17. The mosquito gut is colo-
nialized with various microorganisms, mostly Gram-negative bac-
teria12,18,19. The midgut microbiota plays a critical role in modulating 
the outcome of Plasmodium infection in mosquitoes19–22 but the 
molecular mechanisms by which the gut symbiotic bacteria affect 
Plasmodium development remain elusive. Induction of mosquito 

immune responses and bacteria-produced anti-Plasmodium factors 
have been implicated in this phenomenon23.

The antimalarial activity of midgut microbiota provides the 
potential to convert mosquitoes into ineffective vectors21,24,25. As 
part of this effort, we recently engineered the symbiotic bacterium 
Serratia AS1, which can spread into mosquito populations via ver-
tical and horizontal transmission, to produce anti-Plasmodium 
effector molecules. The engineered bacteria effectively render mos-
quitoes resistant to Plasmodium infection24. However, addressing 
the regulatory concerns of releasing genetically modified bacteria 
into the environment is a major challenge for the translation of 
these discoveries to the field. Identification of naturally occurring 
bacteria that can efficiently inhibit Plasmodium development and 
spread through mosquito populations would overcome this obsta-
cle26. Here we report the identification of Serratia ureilytica Su_YN1 
from wild Anopheles sinensis mosquitoes in Tengchong, western 
Yunnan province (YN), that directly inhibits Plasmodium develop-
ment via the secretion of a Plasmodium-killing lipase. Importantly, 
Su_YN1 can rapidly disseminate through mosquito populations.

Survey of the vector competence of the A. sinensis 
populations in China
While surveying the Plasmodium vivax malaria cases in differ-
ent regions of China, we noticed that few local cases occurred in 
the city of Tengchong (YN; near the China–Myanmar border), 
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despite a high number of imported cases (Fig. 1a). In contrast, 
local malaria cases were highly correlated with imported cases 
in other regions such as the city of Wuxi (Jiangsu province (JS);  
Fig. 1b). Specifically, although the number of imported cases in 
YN was 500–1,450 annually before 2009, the number of local 
cases remained below 30 (Fig. 1a). Conversely, both imported and 
local cases in JS were frequent before 2009 (Fig. 1b), after which 
the number of cases sharply decreased at both locations, mainly 

due to the implementation of the Chinese Government’s ‘Malaria 
Elimination Action’ in 2010.

To test whether the difference in the rate of local transmission 
can be attributed to a difference in the susceptibility of A. sinen-
sis to P. vivax infection, we fed P. vivax-infected patient blood to 
field-caught A. sinensis from YN and JS. The infection rate of the JS 
A. sinensis was 38.2%, which was more than double the percentage 
of infected YN A. sinensis (16.1%; Fig. 1c). Furthermore, the mean 
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Fig. 1 | Annual P. vivax cases and A. sinensis susceptibility to P. vivax infection. a,b, Local and imported cases of P. vivax in YN (Tengchong; a) and JS 
(Wuxi; b) from 2000 to 2016. Statistical significance of the differences between the occurrence of local and imported cases were determined using 
two-tailed paired Student’s t-tests. a, P < 0.0001; correlation coefficient of pairing (r) = 0.7314. b, P = 0.0852; r = 0.7192. c, Infection prevalence of 
wild-caught A. sinensis from YN and JS when fed P. vivax-infected blood. d, Susceptibility of wild-caught A. sinensis mosquitoes from YN (n = 31) and JS 
(n = 55) to P. vivax infection. P. vivax-infected blood from six patients was used to feed the wild-caught A. sinensis mosquitoes. The circles represent the 
number of oocysts in individual midguts and the horizontal lines indicate the mean. Statistical significance between the two groups was determined using 
a two-tailed Mann–Whitney test; P = 0.0114; *P < 0.05.

Fig. 2 | Effect of gut symbiotic Serratia bacteria of wild mosquitoes on Plasmodium development. a, Workflow of the isolation and identification of 
mosquito-gut symbiotic bacteria using the gut symbiotic bacteria enrichment method. b, Heat map showing the relative abundance of the top 30 most 
abundant bacterial genera in A. sinensis mosquito populations from different geographical locations (YN, JS and LN; Supplementary Fig. 1). c, Composition 
and relative abundance of the genera shared between the three A. sinensis geographical populations. d,e, Effect of different Serratia strains on P. falciparum 
development in the midgut of A. stephensi (d) and A. gambiae (e) mosquitoes. Female mosquitoes were fed on 5% (wt/vol) sugar solution supplemented 
with PBS (Ctrl), E. coli or different Serratia strains. Su, S. ureilytica; Sm, S. marcescens; Sf, S. fonticola. The circles represent number of oocysts in individual 
midguts and the horizontal lines indicate the median. The sample size (number) of each group is listed in the tables (bottom). The experiments were 
repeated three times with similar results. Statistical significance of the differences in oocyst intensity between the Serratia-fed and E. coli-fed mosquitoes 
was determined using a two-tailed Mann–Whitney test. f, Images of Giemsa-stained parasites inhibited by the Su_YN1 culture supernatant (related to 
g,h). Scale bars, 5 μm. The experiments were repeated twice with similar results. g, Inhibition of P. falciparum growth (asexual) by the Su_YN1 culture 
supernatant. Chloroquine (5 µM) was used as a positive control. h, Inhibition of P. falciparum gametocyte formation by Su_YN1 bacteria in a trans-well 
assay. The Plasmodium PI4K inhibitor KDU691 (20 µM) was used as a positive control. g,h, The experiments were repeated twice with similar results. Data 
are the mean ± s.d. The dots represent biologically independent replicates (n = 3). Statistical significance of the inhibition rate compared with the PBS 
control was determined using a two-tailed Student’s t-test. ****P < 0.0001; NS, not significant (P > 0.05).
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number of oocysts in the midguts of JS mosquito (5.12) was higher 
than that of YN mosquitoes (0.32; Fig. 1d). These results suggest  
that A. sinensis mosquitoes from YN may be more resistant to 
Plasmodium infection than those from JS.

Serratia bacteria are the core gut symbionts of A. sinensis 
mosquitoes
The gut microbiome is a major determinant of mosquito vector 
competence27. To explore the role of symbiotic bacteria of the gut 
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in modulating vector competence, we compared the composition 
of the gut symbiotic bacteria of A. sinensis from YN, JS and the 
city of Dandong (Liaoning province (LN)). The three geographi-
cal regions represent southwest, southeast and northeast parts of 
China (Supplementary Fig. 1). To isolate gut symbiotic bacteria, 
we first tested the persistence of two non-symbiotic bacteria—
Escherichia coli and Staphylococcus aureus—in mosquito midguts. 
Both bacteria were completely egested one day after sugar feeding 
or three days after a blood meal (Extended Data Fig. 1), indicating 
that symbiotic bacteria can be enriched. We used this ‘gut symbiotic 
bacteria enrichment method’ (Fig. 2a) of maintaining field-caught 
blood-engorged mosquitoes in sterile cups and feeding them with 
sterile 5% sugar for three days to investigate the composition of 
symbiotic gut bacteria.

We extracted midgut DNA and conducted deep sequencing of 
16S ribosomal DNA (rDNA) to examine the composition of the gut 
symbiotic bacteria. The bacterial composition differed between the 
three populations (Fig. 2b). A few taxa predominated in mosquitoes 
from the three locations and the proportions of the dominant gen-
era also varied. Asaia (25.41%) and Serratia (16.21%) were the most 
abundant bacteria in the YN mosquitoes. Serratia (51.45%) and 
Rhodococcus (4.34%) were the most abundant in the LN mosquitoes. 
In the JS mosquitoes, Arcobacter (77.03%) and Serratia (21.11%) 
were the most abundant bacteria (Fig. 2b and Supplementary  
Tables 1–3).

Despite the differences in bacterial composition, the three mos-
quito populations shared ten bacteria genera—that is, Serratia, 
Pseudomonas, Acinetobacter, Cupriavidus, Propionibacterium, 
Corynebacterium, Methylobacerium, Flavobacterium, Lactobacillus 
and Oscillospira (Fig. 2c). Notably, the relative abundance of the 
genus Serratia was the highest among the shared gut bacterial 
symbionts in the three populations (Fig. 2c). Moreover, a ret-
rospective analysis indicated that Serratia bacteria are the most 
widespread gut microbiota in Anopheles mosquitoes worldwide  
(Supplementary Fig. 2).

We also analysed the symbiotic bacteria of the mosquitoes using 
the culture method, and 128 distinct bacterial isolates were selected 
for 16S rDNA sequence identification. The genera compositions 
were in good agreement with the deep sequencing results, with 
Serratia as the dominant core set of bacterial symbionts in A. sinen-
sis (Supplementary Tables 1–3).

The genomes of the isolated Serratia strains were sequenced 
to further identify the bacterial species. Phylogenomic analysis 
revealed two species—S. ureilytica (Su_YN1) and Serratia marces-
cens (Sm_YN3)—in the YN A. sinensis populations, two species—
Serratia fonticola (Sf_JS1) and S. ureilytica (Su_JS3)—in the JS A. 
sinensis populations and only S. marcescens (Sm_LN1) in the LN 
A. sinensis populations (Supplementary Fig. 3 and Supplementary 
Tables 1–3). Pathogenicity assays showed that none of these Serratia 
strains affected the survival of either A. sinensis or Anopheles ste-
phensi (Extended Data Fig. 2a,b). To test Serratia colonization and 
persistence in the mosquito midgut, we integrated a green fluo-
rescent protein gene (eGFP) into the chromosome of field Serratia 
strains. We found that these Serratia strains could stably colonize 
the female midgut, with an average of 1 × 104–1 × 105 bacteria per 
sugar-fed midgut, and rapidly proliferated by more than 200-fold 
24 h after a blood meal (Extended Data Fig. 2c–e). These results 
confirm that our ‘symbiont enrichment method’ is effective.

YN Serratia bacteria impact Plasmodium development
We first used a rodent malaria model to investigate whether gut 
symbiotic bacteria affect vector competence. Asaia, Acinetobacter 
and Pantoea strains specific to YN had no detectable impact on 
Plasmodium berghei infection (Extended Data Fig. 3a). We next 
tested various symbiotic Serratia bacteria and found that two YN 
Serratia strains, Su_YN1 and Sm_YN3, strongly inhibited oocyst 

formation (Extended Data Fig. 3b). We found that Su_YN1 and 
Sm_YN3 did not influence blood-feeding behaviour, fecundity or 
fertility (Extended Data Fig. 4a–c), thereby excluding the possibility 
that Serratia impacted Plasmodium development in mosquitoes by 
changing the mosquito biology.

We further investigated the effectiveness of the YN Serratia 
strains in inhibiting the development of the human malaria para-
site Plasmodium falciparum in mosquitoes. Serratia Su_YN1 and 
Sm_YN3, but not the JS or LN Serratia strains, significantly inhib-
ited oocyst formation in both A. stephensi (Fig. 2d) and A. gambiae  
(Fig. 2e) by up to 100% and 98%, respectively.

To examine whether the YN Serratia strains inhibit Plasmodium 
development via the activation of the mosquito immune system, we 
used RNA interference to silence the expression of Rel1 and Rel2, 
two NF-ĸB transcription factors that regulate the Toll and IMD 
immune-signalling pathways, respectively. Inhibition of the Toll 
pathway by Rel1 knockdown increased P. berghei infection of mos-
quitoes carrying Sm_YN3 compared with mosquitoes carrying Sm_
YN3 that were injected with double-stranded enhanced GFP RNA 
(dsGFP; Extended Data Fig. 5). However, silencing of the Toll or 
IMD pathway did not rescue parasite oocyst inhibition by Su_YN1 
(Extended Data Fig. 5). These results indicate that Sm_YN3 exerts 
its anti-Plasmodium activity by activation of the Toll immune path-
way, whereas the mechanism of Su_YN1-mediated parasite inhibi-
tion is independent of modulation of these two mosquito immune 
pathways. This led us to further investigate the mechanism of  
Su_YN1-mediated refractoriness.

Su_YN1 inhibits Plasmodium development through 
secretion of an antimalarial lipase
We next investigated whether S. ureilytica Su_YN1 inhibits para-
site development before the oocyst stage. We found that ookinete 
formation is nearly totally inhibited by the Su_YN1 bacterial super-
natant (Extended Data Fig. 6). These results indicated that Su_YN1 
inhibits early stage parasite development in the mosquito gut by 
secretion of anti-Plasmodium factor(s).

The influence of gut bacteria on Plasmodium infection may 
be exerted through direct interactions with bacteria-produced 
anti-Plasmodium factors23. We next investigated whether the culture 
supernatant of Su_YN1 can inhibit other stages of parasite develop-
ment. We found that the Su_YN1 culture supernatant also strongly 
inhibits the development of P. falciparum asexual-stage parasites 
(Fig. 2f,g). Gametocyte development of P. falciparum was also 
inhibited when co-cultured with Su_YN1 bacteria in a trans-well 
system (Fig. 2f,h). Moreover, the Su_YN1 supernatant did not cause 
host red-blood-cell lysis (Extended Data Fig. 7), indicating a direct 
inhibitory effect on the parasite.

We used solvents of varying polarity to extract compounds from 
the Su_YN1 culture supernatant to investigate whether the antima-
larial factor is a metabolite, but none of the extracts had antimalarial 
activity (Extended Data Fig. 8a). However, trypsin digestion of the 
Su_YN1 culture supernatant completely abolished its antimalarial 
activity (Extended Data Fig. 8b), indicating that the antimalarial 
factor may be either a peptide or a protein. We then separated the 
culture supernatant using a centrifugal filter with a 3-kDa cutoff 
and tested the antimalarial activity of the retentate and filtrate. Only 
the retentate showed strong antimalarial activity (Extended Data 
Fig. 8c), indicating that the antimalarial factor may be a secreted 
protein.

To identify the antimalarial protein in Su_YN1, we selected two 
strains of S. ureilytica with different anti-Plasmodium activities for 
further analysis. Su_YN1 has strong antimalarial activity but Su_JS3 
has no antimalarial activity. The Su_YN1 and Su_JS3 supernatant 
proteins were subjected to SDS–polyacrylamide gel electrophore-
sis (SDS–PAGE) and identified by mass spectrometry. The differ-
entially expressed proteins with higher abundance were selected  
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(Fig. 3a) and each of the Su_YN1-enriched genes were knocked 
out. Of these, only deletion of the lipase gene (COG2931) abol-
ished antimalarial activity (Fig. 3b). We named this 65-kDa lipase 
Antimalaria Lipase (AmLip). Sequence analysis revealed that AmLip 
belongs to the I.3 lipase family (E.C.3.1.1.3) with a conserved pen-
tapeptide Gly-X-Ser-X-Gly motif28,29 (Fig. 3c and Supplementary  
Fig. 4). A lipase-activity assay using the trioleoylglycerol–rhoda-
mine B-specific plate assay confirmed the lipase activity of AmLip 
(Supplementary Fig. 5). AmLip could also hydrolyze complex lip-
ids, as indicated by the egg yolk plate assay (Fig. 3c). The S207A 

mutation in the Gly-X-Ser-X-Gly motif completely abolished the 
hydrolytic activity (Fig. 3c). Moreover, two complemented strains 
(AmLip-comp cl.1 and cl.2) could rescue the antimalarial activity of 
the mutant, whereas complementation by the S207A mutant did not 
(Fig. 3d). These results indicate that Su_YN1 inhibits Plasmodium 
by the secretion of AmLip.

To investigate whether AmLip expression contributes to the 
antimalarial activity of Serratia Su_YN1 in the mosquito midgut, 
we fed A. stephensi mosquitoes with sugar meals containing liv-
ing wild-type Su_YN1, its AmLip-knockout (AmLip-KO) mutant 
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and the complemented strains. As expected, AmLip knockout 
compromised the antimalarial activity, whereas complementation 
of AmLip restored antimalarial activity (Fig. 3e). We next com-
pared the AmLip expression of the field-isolated Serratia strains. 
AmLip transcript was only detected in two S. ureilytica strains 
(Su_YN1 and Su_JS3) and was undetectable or present at very 
low levels in the other Serratia strains as well as E. coli (Extended 
Data Fig. 9). However, AmLip protein was not detected in the 
mass-spectrometry analysis of Su_JS3 (Fig. 3a). Analysis of the 
Su_JS3 AmLip gene sequence revealed a frame shift that leads 
to early termination of translation and synthesis of a truncated 

non-functional protein (Fig. 3f). This was confirmed by western 
blotting (Fig. 3g).

AmLip directly targets and kills Plasmodium parasites
To investigate how AmLip inhibits the malaria parasite, we expressed 
AmLip–haemagglutinin (HA) fusion protein in Su_YN1 (Extended 
Data Fig. 10a). Immunofluorescence assays revealed that HA-tagged 
AmLip signal could be detected on P. falciparum parasites in the 
asexual stage after incubation with AmLip–HA-expressing culture 
supernatant (Fig. 4a). To further investigate the interaction between 
AmLip and parasites, rodent malaria ookinetes were incubated 
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with the supernatant of wild-type Su_YN1 and its AmLip-deletion 
mutant. AmLip signal was detected by immunofluorescence using 
an AmLip antiserum (Extended Data Fig. 10b). An AmLip signal 
could be detected on ookinetes that were incubated with the super-
natant of wild-type Su_YN1 but not the mutant strain (Fig. 4b). 
The AmLip protein gradually accumulated on the parasites and 
eventually led to parasite death, as indicated by loss of GFP sig-
nal (Fig. 4a,b). To examine the killing effect of AmLip protein on 
P. falciparum ookinetes in vivo, A. stephensi mosquitoes carrying 
wild-type or AmLip-KO mutant Su_YN1 bacteria were fed mature 
P. falciparum gametocytes. As expected, wild-type Su_YN1 strongly 
inhibited P. falciparum ookinete formation in the gut lumen of  
A. stephensi compared with the AmLip-KO mutant (Fig. 4c).

To further confirm the direct killing effect of AmLip, we pro-
duced a recombinant AmLip protein by expressing it in E. coli DE3 
(Extended Data Fig. 10c). Lipase activity of the purified AmLip 
protein was confirmed with a lipoprotein plate degradation assay 
(Extended Data Fig. 10d,e). The AmLipS207A mutant protein that lost 
lipase activity was also prepared (Supplementary Fig. 6). Addition 
of purified AmLip protein, but not AmLipS207A mutant protein, led 
to death of P. falciparum asexual and gametocyte parasites (Fig. 4d). 
Moreover, an AmLip antiserum blocked the AmLip malaria-killing 
effect in a dose-dependent manner (Fig. 4e). These results show  

that AmLip directly targets and kills Plasmodium parasites via its 
lipase activity.

Su_YN1 disseminates efficiently into mosquito populations
We next examined whether Su_YN1 bacteria can be transmitted by 
mosquitoes. We found that Su_YN1 is transmitted at three different 
stages: (1) vertical transmission from females to progeny by attach-
ing to the egg surface, (2) trans-stadial transmission from larvae to 
adults and (3) sexual transmission from males to females (Fig. 5a).  
These properties suggested that Su_YN1 can spread through mos-
quito populations. To test this hypothesis, we conducted a cage 
experiment in which a small number (5%) of male mosquitoes that 
had previously fed on eGFP-tagged Su_YN1 were introduced into a 
cage containing virgin male and females that did not have Su_YN1 
(Supplementary Fig. 7). These mosquitoes were fed blood, and 
the eggs were collected and raised to the adult stage. A high titre 
of Su_YN1 bacteria was detected in the breeding water, indicating 
that Su_YN1 propagated in the water and were ingested by the lar-
vae (Fig. 5b). Moreover, 100% of the adult progeny carried Su_YN1 
(Fig. 5b and Supplementary Fig. 7). Importantly, Su_YN1 was trans-
mitted for three consecutive generations (Fig. 5c), indicating that 
Su_YN1 has stable symbiosis with mosquitoes and can effectively 
spread through mosquito populations (Fig. 5d).

0

200

400

600
2,000
4,000
6,000
8,000

Ve
rti

ca
l t

ra
ns

m
is

si
on

(c
.f.

u.
 p

er
 e

gg
)

0

50

100

150

200
200
300
400

Tr
an

s-
st

ad
ia

l t
ra

ns
m

is
si

on
(×

10
3  c

.f.
u.

 p
er

 m
os

qu
ito

)

b

0

100

200

300

400
1,000
2,000

Ve
ne

re
al

 tr
an

sm
is

si
on

(c
.f.

u.
 p

er
 e

gg
)

Egg

a

d

Egg Midgut

c

Ba
ct

er
ia

l l
oa

d
(×

10
2  c

.f.
u.

 p
er

 m
id

gu
t)

Female
0

200

400

600

800

1,000

Male
0

10
20
30

200
400
600
800

1,000
10,000
20,000
30,000
40,000

Ba
ct

er
ia

l l
oa

d
(×

10
2  c

.f.
u.

 p
er

 m
id

gu
t o

r c
.f.

u.
 m

l–1
)

WaterLarva

Pupae

Larvae

Eggs

S. ureilytica Su_YN1

Water 

Adult mosquitoes

F1 F2 F3

Ba
ct

er
ia

l l
oa

d 
(×

10
1  c

.f.
u.

 p
er

 m
os

qu
ito

)

NS

0

250

500

750

1,000

2,000

3,000

Fig. 5 | S. ureilytica Su_YN1 bacteria spread efficiently through mosquito populations. a, Su_YN1 is transmitted vertically via laid eggs (n = 21; left), 
trans-stadially from larvae to adult mosquitoes (n = 20; middle) and venereally from male to female mosquitoes (n = 13; right). The circles represent the 
number of colony-forming units (c.f.u.) in individual eggs or midguts and horizontal lines indicate the median number of Su_YN1 per egg or midgut. The 
experiment was repeated three times with similar results. b, Bacterial load in larva (c.f.u. per midgut; n = 14) and breeding water (c.f.u. ml−1) (left) as well  
as in adult midguts (right; female (n = 20) and male (n = 14)). c, Su_YN1 was transmitted for three consecutive generations. Ten male mosquitoes fed  
with fluorescent S. ureilytica Su_YN1 bacteria were introduced into a cage with 190 non-bacteria-fed males and 200 virgin females (Supplementary Fig. 7),  
allowed to mate and the eggs were collected and reared to adults to yield generation F1. Eggs from these adults were reared without further addition of 
Su_YN1 bacteria to yield F2. F3 was generated similarly. The number of Su_YN1 bacteria in adult female mosquitoes of F1 (n = 10), F2 (n = 13) and F3 (n = 20) 
were determined. Data are presented as the mean ± s.d. Statistical significance was determined using a one-way ANOVA (without matching or pairing) 
analysis of variance; P = 0.2887; NS, not significant (P > 0.05). d, Diagram illustrating how Su_YN1 originating from males can spread efficiently through a 
subsequent mosquito population and be maintained through a complete mosquito life cycle.
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Discussion
In this study we showed that A. sinensis mosquito populations in 
YN are more resistant to infection with P. vivax and that the com-
position of the gut microbiota plays a crucial role in determining 
mosquito resistance to Plasmodium infection.

The mosquito-gut microbiota is highly dynamic and varies 
greatly between individual mosquitoes30, as opportunistic bacte-
ria ingested from different sources may transiently colonize the 
midgut. Previous studies showed that some bacteria isolated from 
sugar-fed mosquitoes cannot stably colonize the mosquito mid-
gut12. Ingestion of a blood meal affects the bacterial colonization 
dynamics and shapes the composition of the midgut microbiota31. 
The transient bacteria are usually cleared in less than two days after 
blood ingestion32. Moreover, the bacterial load in the mosquito mid-
gut undergoes dramatic proliferation, peaking at around 24–30 h 
after a blood meal21,33, when malaria parasites suffer dramatic losses 
during their development in mosquitoes13. In this context, under-
standing of the composition of the midgut microbiota at the time 
of parasite infection is important. In this study we showed that 
non-symbiotic bacteria are egested two days after a blood ingestion, 
and this served as a basis to develop a gut symbiotic bacteria enrich-
ment method. Different populations of A. sinensis share a core set 
of symbiotic bacteria, Serratia being the dominant genus among 
field-collected Anopheles mosquitoes worldwide34–36, which suggests 
that Anopheline mosquitoes retain microbiota in a selective way.

Our findings show that different species of Serratia and dif-
ferent strains of the same species of S. ureilytica have different 
effects on Plasmodium development, demonstrating that the effect 
of mosquito-gut symbionts on parasite infection depends on 
species-specific or strain-specific interactions, in accordance with 
previous reports25,37. Our results underscore the fact that symbiotic 
bacteria can modulate parasite infection via different mechanisms.

Serratia bacteria secrete a broad range of proteins, such as hae-
molysin and serralysin38. Lipids are a major component of parasite 
membranes39. Our study showed that Su_YN1 secretes the AmLip 
enzyme that kills malaria parasites. Family I.3 lipases, secreted 
through the type I secretion system, are lipolytic enzymes that 
catalyse the hydrolysis of ester bonds. By generating a point mutant 
of the conserved active site, we showed that lipid hydrolysis is criti-
cal for the antimalarial activity of AmLip. Interestingly, AmLip can 
disrupt asexual parasites without lysing the red blood cell, suggest-
ing that AmLip selectively targets the parasite.

Serratia bacteria are dominant gut symbionts of anoph-
eline mosquitoes and are commonly present in water, soil and 
plant surfaces17,23,24. S. ureilytica Su_YN1 can colonize different 
malaria-vector mosquitoes and through efficient vertical and hori-
zontal transmission, it can spread rapidly through mosquito popu-
lations while rendering mosquitoes resistant to human malaria 
infection. Introduction of S. ureilytica Su_YN1 into wild popula-
tions may plausibly be implemented by addition to mosquito breed-
ing water and/or via sugar baits, thereby providing a powerful tool 
for malaria control.

Methods
Ethics statement. This study was carried out in accordance with the guidelines of 
the CAS Center for Excellence in Molecular Plant Sciences (Shanghai Institute of 
Plant Physiology and Ecology) Animal Care and Use Committee (A01MP2001) 
and the guidelines of the Johns Hopkins University Animal Care and Use 
Committee (M018H18). P. vivax infectious blood was collected from patients who 
provided written informed consent, and was approved by the National Institute of 
Parasitic Diseases Ethics Committee (2015-010).

Mosquito rearing. Both A. stephensi (Dutch strain) and A. gambiae (Keele strain) 
mosquitoes were maintained on 10% sugar solution at 27 °C and 70 ± 5% relative 
humidity (RH) under a 12 h light–12 h dark cycle. Larvae were fed on cat food 
pellets and ground fish food supplement.

Susceptibility of wild-caught A. sinensis mosquitoes to P. vivax infection. 
P. vivax blood samples were collected from patients older than 18 yrs. Thick 

and thin blood smears were air dried, fixed with methanol and stained with 
10% Giemsa solution for 10 min. The gametocyte densities were calculated by 
counting the number of parasites per 500 leukocytes in a thick blood smear under 
oil-immersion microscopy. The counts were then converted to gametocytes μl−1 
by assuming a count of 8,000 leukocytes μl−1 blood40. Blood with 500–2,000 P. 
vivax gametocytes μl−1 was used to infect A. sinensis mosquitoes. Infectious blood 
(500 μl) was centrifuged at 5,000g for 5 min and the serum was replaced with 300 μl 
naive AB serum to avoid interference from patient factors.

Blood-engorged wild female mosquitoes were collected from house walls using 
a mouth aspirator and maintained at 26 ± 2 °C and 70 ± 5% RH. After three days, 
these mosquitoes were allowed to lay eggs. The resulting larvae were fed on cat 
food pellets and ground fish food supplement, and reared to adulthood following 
standard protocol. The female adults that emerged from these eggs (4–6 days old) 
were fed on P. vivax-infected blood using a membrane feeder as described40. The 
engorged mosquitoes were maintained in an incubator at 26 °C and 70 ± 5% RH. 
Eight days after the infective blood meal, mosquito midguts were dissected in 
1×PBS, stained with 0.2% mercurochrome and examined for oocyst load.

Colonization persistence of non-symbiotic bacteria in Anopheles midguts. 
GFP-labelled E. coli and mCherry-labelled S. aureus were used for non-symbiotic 
bacteria sustainability in the midguts of A. stephensi and A. sinensis. After culturing 
in Luria–Bertani (LB) medium at 37 °C overnight, the bacteria were washed with 
sterile 1×PBS and resuspended to a final concentration of 1 × 109 c.f.u. ml−1. After 
a 10-h starvation, female mosquitoes were fed for 48 h on 5% sugar containing 
bacteria (1 × 107 c.f.u. ml−1). The mosquitoes were surface-sterilized with cold 
75% ethanol for 3 min and washed three times with sterile PBS. Their midguts 
were dissected under sterile conditions at different time points before and after a 
blood meal and homogenized in sterile PBS. The bacterial load was determined 
by plating tenfold serial dilutions of the homogenates on LB agar plates (10 g l−1 
tryptone, 5 g l−1 yeast extract, 5 g l−1 sodium chloride, 10 g l−1 agar, pH 7.2) 
containing 50 µg ml−1 kanamycin and incubating at 30 °C for 24 h. Fluorescent 
colonies were counted by fluorescence microscopy.

Isolation of gut symbiotic bacteria from field-caught A. sinensis. 
Blood-engorged field-caught female A. sinensis mosquitoes were collected in 
three different regions of China—Tengchong in YN, Wuxi in JS and Dandong 
in LN (Supplementary Fig. 1). The mosquitoes were collected from house walls 
using a mouth aspirator and reared in sterilized cups maintained at 26 ± 2 °C and 
70 ± 5% RH. To allow for the egestion of non-symbiotic bacteria and enrichment 
of symbiotic bacteria, the field-caught blood-engorged mosquitoes were kept in 
sterile cups and fed with sterile 5% sugar, which was replaced every 12 h, for 3 d. 
These mosquitoes were then surface-sterilized with 75% ethanol and washed three 
times with sterile 1×PBS. Their midguts were dissected under sterile conditions. 
The midguts of 20 female A. sinensis were used to isolate symbiotic bacteria. Five 
serials of tenfold dilutions of the gut homogenates were spread on LB agar plates. 
The plates were incubated at 28 °C for 24 h. The bacterial colonies were classified 
based on morphological parameters (shape, colour and colony size). Genera of the 
various representative colonies were further identified by 16S rDNA sequencing.

DNA extraction and 16S rDNA amplicon deep sequencing. Mosquitoes were 
surface-sterilized with cold 75% ethanol for 3 min and washed three times 
with sterile 1×PBS. Each group had two replicates, and 40–50 mosquitoes 
from two replicates were mixed to obtain enough samples. The bacterial DNA 
was purified using the Gentra puregene yeast/bact. kit B (Qiagen). The V3–
V4 hypervariable region of the 16S rDNA was amplified using the forward 
primer 343F (5′-TACGGRAGGCAGCAG-3′) and the reverse primer 798R 
(5′-AGGGTATCTAATCCT-3′). Sequencing of the 16S amplicon was performed by 
OE Biotech Co., Ltd. on an Illumina MiSeq with two paired-end read cycles of 300 
bases each. Paired-end reads were pre-processed using Trimmomatic41 to cut off 
low-quality sequences and assembled using FLASH42. Reads with 75% of the bases 
above Q20 were retained using QIIME (version 1.8.0)43. Clean reads were used 
to generate operational taxonomic units using VSEARCH with a 97% similarity 
cutoff44. A representative read of each operational taxonomic unit was selected 
using the QIIME package, annotated and blasted against the Silva database (version 
123) using RDP classifier (the confidence threshold was 70%)45.

16S rDNA cloning and sequencing for bacterial identification. The 
16S rDNA of the isolated bacterial DNA was PCR amplified using 
the primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R 
(5′-GGTTACCTTGTTACGACTT-3′), which produced a fragment of 
approximately 1.5 kb. The PCR products were purified using a Cycle pure 
kit (OMEGA) and sequenced using an ABI Prism 3730 sequencer (Applied 
Biosystems). The 16S rDNA sequences were aligned with the closest relatives 
found in the GenBank database by a BLAST search. The phylogenetic tree was 
constructed using the neighbour-joining method with the MEGA7 software46.

Whole-genome sequencing and de novo assembly of Serratia bacteria. A 
paired-end DNA library with an insert size of 500 bp was constructed and 
sequencing reactions were performed by OE Biotech Co., Ltd. on an Illumina 
MiSeq PE300 platform. The low-quality reads were filtered by the SMRT 2.3.0 
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software47 and the filtered reads were assembled by SOAP de novo (http://soap.
genomics.org.cn) to generate scaffolds.

Phylogenomic analysis. Construction of the orthologue groups of proteins 
was performed using OrthoMCL v2.0 (http://orthomcl.org/orthomcl/)48. 
The genome-sequence accession numbers of the bacteria can be found in 
Supplementary Fig. 3. Amino-acid sequences of the single-copy orthologous 
proteins were aligned using MUSCLE using the default parameters49. 
Non-conserved regions in each multiple alignment were removed using trimAl 
(http://trimal.cgenomics.org/)50. A maximum-likelihood phylogenomic tree was 
created using 1,000 full-bootstrap replicates using PhyML51 and the best model 
(Whelan and Goldman; WAG) identified by ProtTest52.

Generation of GFP-tagged Serratia bacteria strains. To integrate the eGFP gene 
into the chromosome of Serratia strains, the transposon plasmid pBAM2-GFP24 
was individually transformed into a donor strain E. coli S17–1λpir. The freshly 
cultured pBAM2-GFP-harbouring donor strain and recipient Serratia strain cells 
were separately washed and resuspended in 10 mM MgSO4 solution (OD600 of 0.1 
for each strain), mixed (1:1) and co-cultured on LB agar plates at 37 °C for 5 h for 
conjugation mating.

Colonization and quantification of bacteria in the mosquito midgut. 
GFP-tagged Serratia bacteria were cultured overnight in LB broth at 28 °C. The 
bacteria were harvested by centrifugation at 3,000g for 10 min, washed three 
times in sterile PBS and resuspended in 5% sterile sucrose solution to obtain 
1 × 107 cells ml−1. These bacteria were administered to two-day-old female 
mosquitoes for 36 h using soaked cotton pads, after which the bacteria-containing 
cotton pads were replaced with sterile cotton pads moistened with 10% 
sucrose solution. Two days later, the mosquitoes were fed on a blood meal, 
surface-sterilized with cold 75% ethanol, and their midguts were dissected under 
sterile conditions 1, 3, 7 and 14 days post the blood meal and homogenized in 
sterile PBS. The bacterial numbers were determined by plating tenfold serial 
dilutions of the homogenates on LB agar plates supplemented with 50 µg ml−1 
kanamycin and incubating at 30 °C for 24 h. Fluorescent colonies were counted by 
fluorescence microscopy.

Effect of Serratia bacteria on the mosquito lifespan. Serratia bacteria were 
administered to two-day-old adult A. sinensis and A. stephensi for 36 h via a 5% 
sugar meal with (1 × 107 cells ml−1) or without bacteria (control). Two days later, 
the mosquitoes were fed on an uninfected mouse. The mosquito survival was 
monitored daily.

Effect of Serratia bacteria on mosquito blood feeding, fecundity and fertility. 
Serratia bacteria were cultured overnight in LB medium, washed three times in 
sterile 1×PBS and fed to two-day-old female mosquitoes for 36 h using a cotton 
pad soaked with a 5% sucrose solution with (1 × 107 cells ml−1) or without (PBS) 
bacteria. Two days later, the mosquitoes were fed on a healthy mouse. The numbers 
of engorged and non-engorged mosquitoes were counted. Individual female 
mosquitoes were allowed to lay eggs on a damp filter paper in an oviposition tube 
two days post a blood meal. Females that laid eggs were carefully removed from the 
tubes. After three days, the number of eggs were counted and classified as intact 
(unhatched) or broken (hatched).

Effect of bacteria on P. berghei infection in mosquitoes. Bacteria were cultured 
overnight in LB medium and washed three times with sterile 1×PBS. Axenic 
female mosquitoes were generated via oral antibiotics as described previously53. 
Aseptic mosquitoes were fed for 36 h on a cotton pad soaked with a 5% sucrose 
solution with (1 × 107 cells ml−1) or without bacteria (PBS), and then fed on a P. 
berghei-infected mouse and maintained at 19 °C and 80% RH. Mosquitoes that 
had not fed were removed and the fully engorged mosquitoes were provided with 
5% (wt/vol) sterile sucrose solution. Their midguts were dissected on day 12 after 
the blood meal and stained with 0.1% (wt/vol) mercurochrome to determine the 
oocyst load.

Effect of bacteria on Plasmodium falciparum infection. Serratia bacteria were 
administered to axenic female A. stephensi and A. gambiae for 36 h via a cotton 
pad soaked with a 5% sucrose solution with (1 × 107 cells ml−1) or without (PBS) 
bacteria and the mosquitoes were then allowed to feed on P. falciparum NF54 
gametocyte-containing blood, as described previously21. The engorged mosquitoes 
were kept in an incubator at 26 °C and 80% RH. Their midguts were dissected 
in 1×PBS eight days post infection, stained with 0.1% mercurochrome and the 
oocysts were counted.

RNA extraction from mosquito midguts. The mosquito midguts were dissected 
in ice-cold PBS and stored in 200 µl RNAiso plus. Total RNA was extracted 
accorded to the RNAiso plus (Takara) protocol, followed by RNase-free DNase I 
(Thermo Scientific) treatment.

Quantitative real-time PCR analysis. Complementary DNA was synthesized 
from total RNA using a PrimeScript RT reagent kit with gDNA Eraser (Takara) 

according to the manufacturer’s instructions. Quantitative real-time PCR analysis 
was performed using a PikoReal 96 (Thermo) and the AceQ qPCR SYBR Green 
master mix (Vazyme). The primers are shown in Supplementary Table 4.

Double-stranded RNA synthesis and gene silencing in adult mosquitoes. 
To produce Rel1 and Rel2 double-stranded RNA (dsRNA), the coding 
regions were PCR-amplified from A. stephensi cDNA with forward 
and reverse primers containing a T7 promoter sequence at their 5′ end 
(5′-TAATACGACTCACTATAGGG-3′). The primer sequences are listed in 
Supplementary Table 4. The PCR products were purified using a Cycle pure kit 
(OMEGA) and used to synthesize dsRNA in vitro using a MEGAscript RNAi kit 
(Life Technologies). The dsRNA was purified and concentrated to 3 μg μl−1 using a 
Microcon YM-100 filter (Millipore); dsGFP was synthesized as a negative control. 
To conduct RNA interference-mediated gene silencing, three- or four-day-old 
female mosquitoes were intrathoracically injected with 69 nl dsRNA solution using 
a Nanoject II microinjector (Drummond). The control mosquitoes were injected 
with dsGFP. The injected mosquitoes were allowed to recover for 2–3 days before 
conducting parasite infection.

Preparation of bacterial culture supernatant for the anti-Plasmodium activity 
assay. Bacteria were cultured overnight at 30 °C in RPMI 1640 medium containing 
10% fetal bovine serum. The bacterial cultures were centrifuged under 3,000g for 
20 min, and the supernatants were filtered through a 0.22-μm filter to remove 
bacterial cells and used for the antimalarial activity assay.

In vitro anti-Plasmodium activity assays of asexual-stage P. falciparum. 
Synchronous ring-stage P. falciparum was generated using 5% sorbitol. Filtered 
bacterial supernatant (10 µl) was added to three wells of 96-well plates, followed 
by the addition of 190 µl of synchronous ring-stage P. falciparum cultures at 1% 
haematocrit and 1% parasitaemia. The positive control was chloroquine and the 
negative control was the parasite growth medium. After 72 h of incubation at 37 °C, 
100 µl supernatant was removed and 100 µl SYBR green-I solution with lysis buffer 
(20 mM Tris, pH 7.5, 5 mM EDTA, 0.008% (wt/vol) saponin and 0.08% (vol/vol) 
Triton X-100) was added to each well. The plates were then incubated for 2 h in 
the dark at room temperature. All of the plates were read using a fluorescence plate 
reader, with excitation and emission wavelengths of 485 and 535 nm, respectively. 
The inhibition rate was calculated relative to the parasite-growth-medium negative 
control (0% inhibition). Three biological replicates were assayed.

In vitro anti-Plasmodium activity assays of ookinete-stage P. berghei. To 
assess the inhibition of P. berghei ookinete formation, female ICR mice (7 weeks 
old) were infected with P. berghei. Three days post infection, blood with 
high gametocytaemia was collected by heart puncture and used for in vitro 
ookinete culture as described previously54. To assess the inhibition of ookinete 
development of P. yoelii parasites, a transgenic strain of P. yoelii, generated based 
on previous work55, that expresses ookinete-stage-specific firefly luciferase 
was used. The infected blood was diluted into 10 ml ookinete culture medium 
and incubated for 20 h at 19 °C as described previously56. Filtered bacterial 
supernatant (50 µl) was added to 500 µl of the ookinete suspension. The 
rate of ookinete inhibition was calculated either by counting ookinetes in a 
Giemsa-stained culture (P. berghei) or by monitoring the bioluminescent-signal 
intensity (P. yoelii) after adding 100 μg ml−1 d-luciferin. Each sample was assayed 
in triplicate.

In vitro anti-Plasmodium activity assays of gametocyte-stage P. falciparum. A 
P. falciparum NF54 gametocyte culture was initiated at 0.5% asexual parasitaemia 
and 4% haematocrit, as previously described57. Bacteria were physically separated 
from parasites by a 0.22-μm porous membrane using a Transwell system (Corning). 
Filtered bacterial suspension was added to the top chamber and the gametocyte 
culture was added to the bottom chamber. Gametocytaemia was determined three 
days post incubation. Over 1,000 erythrocytes were examined for gametocytes in 
Giemsa-stained blood films. The Plasmodium PI4K inhibitor KDU691 (20 µM; ref. 58)  
was used as a positive control.

In vivo anti-ookinete formation assay of P. falciparum. A. stephensi mosquitoes 
carrying Su_YN1 wild type or the AmLip-KO mutant were fed with mature P. 
falciparum gametocytes and the mosquito midguts were dissected 20 h post 
blood feed. The blood bolus was spread on a glass slide and stained with Giemsa. 
Ookinetes in the midgut of individual mosquitoes were counted under microscopy.

Mass spectrometry-based proteomics of secreted proteins. The secreted 
proteomes of Su_YN1 and Su_JS3 were compared to identify protein components 
specifically produced by Su_YN1. The supernatants were filtered through a 
0.22-μm membrane and collected for lysis in Laemmli sample buffer. The Su_YN1 
and Su_JS3 supernatant proteins were then subjected to SDS–PAGE. After the 
samples were run 1 cm into the gel, all proteins were excised, digested in-gel 
and the resulting peptides were fractionated by HPLC for identification by mass 
spectrometry. The top eight abundant proteins enriched in Su_YN1 or Su_JS3 were 
selected for further screening.
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Gene disruption and complementation. The genes encoding the differentially 
expressed proteins identified by mass spectrometry were deleted in the S. ureilytica 
Su_YN1 strain using the Red/ET method as described previously59. Briefly, 
Su_YN1 was transformed by electro-transfection with the PSQ plasmid and the 
PSQ-carrying Su_YN1 cells were made competent for further transformation 
of recombinant DNA fragments targeting the genomic locus of interest. Gene 
disruption was confirmed by PCR and two knockout mutant AmLip-KO strains 
were selected to test for antimalarial activity. The sequences of the primers are 
listed in Supplementary Table 4.

Complemented strains were generated by introducing a plasmid carrying the 
disrupted gene into the AmLip-KO strain using electro-transformation. The AmLip 
coding region (with its 500-bp 5′ untranslated region) was amplified and fused to a 
3HA tag. Successful expression of AmLip was confirmed by western blotting using 
an anti-HA antibody. A S207A mutated version of AmLip was also introduced into 
the AmLip-KO strain.

Lipase-activity plate assay. The lipase activity of the bacterial culture supernatant 
and purified AmLip protein was measured using the egg yolk plate assay60, and 
a specific and sensitive plate assay was used for bacterial lipases, as described 
previously61. For the egg yolk plate assay, 10 μl bacteria culture supernatant or 
0.5–2 μg purified AmLip protein was spotted onto a 3% agar plate with 1% egg 
yolk and incubated for 20 h at 30 °C. Lipase activity was measured using the 
diameter of the lytic halo of each spot. For the specific and sensitive plate assay 
for triglyceride-lipase activity, bacterial culture supernatant or purified AmLip 
protein was spotted onto a 1% agar plate with 2% trioleoylglycerol (wt/vol) and 
0.001% (wt/vol) rhodamine B and incubated for 20 h at 30 °C. Lipase activity was 
monitored by visualizing plates with 350 nm ultraviolet light.

Commercial antibodies. The commercial primary antibodies used were rabbit 
anti-HA (CST, cat. no. 3724S) and mouse anti-histone H3 (Abcam, ab1220). The 
commercial secondary antibodies used were goat anti-rabbit IgG horseradish 
peroxidase (HRP)-conjugated and goat anti-mouse IgG HRP-conjugated from 
Abcam, and Alexa 555 goat anti-rabbit IgG and Alexa 555 goat anti-mouse IgG 
from Thermo Fisher Scientific. For the western blot experiments, the rabbit 
anti-HA and mouse anti-histone H3 antibodies were used at a 1:1,000 dilution. The 
goat anti-rabbit IgG HRP-conjugated and goat anti-mouse IgG HRP-conjugated 
secondary antibodies were used at a 1:5,000 dilution. For immunofluorescence 
assays, the rabbit anti-HA antibody was used at a 1:500 dilution, and the Alexa 555 
goat anti-rabbit IgG and Alexa 555 goat anti-mouse IgG secondary antibodies were 
used at a 1:500 dilution.

Recombinant AmLip purification and antiserum preparation. Recombinant 
AmLip was expressed and purified using the pET expression system. The AmLip 
coding sequence was PCR amplified, cloned into the NcoI and XhoI sites of the 
pET28a vector and protein was induced in E. coli BL21 by the auto-induction 
method62. The protein was purified using HisPur Ni-NTA resin (Thermo 
Scientific) according to the manufacturer’s instructions. AmLip mouse antiserum 
was prepared by immunizing ICR mice. The antiserum with good specificity was 
collected and stored at −80 °C until use. The AmLip mouse antiserum were used at 
a 1:1,000 dilution for western blotting and 1:250 for immunofluorescence assays.

Haemolytic activity assay. Haemolytic activity was assayed by incubating the 
bacterial culture supernatant with erythrocytes as described previously63. Briefly, 
50 μl of the bacterial culture supernatant was added to a 48-well plate containing 
1 × 108 red blood cells and incubated for 12 h at 37 °C. After incubation, the culture 
was transferred to a 1.5 ml tube and centrifuged at 3,000 r.p.m. for 5 min. The 
supernatant (150 μl) was transferred to 96-well plates with a U-shaped bottom and 
absorbance was measured at 540 nm. Saponin (0.1% wt/vol) was used as a positive 
control.

Protein extraction and western blot analysis. Protein extraction from Serratia 
bacteria was performed using RIPA buffer64 plus complete protease inhibitor 
cocktail and 1 mM PMSF. After ultrasonication, the protein solution was 
centrifuged at 10,000g for 15 min at 4 °C. The supernatant was collected and 
Laemmli sample buffer was added. For protein extraction from Serratia culture 
supernatant, Laemmli sample buffer was added to the 0.22-µm-filtered culture, 
fractionated by 10% SDS–PAGE and transferred to a PVDF membrane. The 
membrane was blocked in blocking buffer (5% BSA in 1×TBST (Tris-buffered 
saline and Tween 20)) and incubated with primary antibodies. After incubation, 
the membrane was washed three times with TBST and incubated with 
HRP-conjugated secondary antibodies. The membrane was washed four times in 
TBST before enhanced chemiluminescence detection.

Immunofluorescence assays. After co-culture with Serratia culture supernatants, 
Plasmodium parasites were washed three times in PBS, fixed using 4% 
paraformaldehyde and transferred to a coverslip pretreated with poly-l-lysine. 
The fixed cells were then permeabilized by adding 0.1% Triton X-100 in PBS for 
5 min. The detergent was removed with three washes with cold PBS and unspecific 
protein binding was blocked in 5% BSA solution for 60 min. The samples were 
incubated with the primary antibodies diluted in 3% BSA in PBS at 4 °C for 12 h. 

Next, the cells were gently washed with cold PBS and incubated with fluorescently 
conjugated secondary antibodies for 1 h. The cells were washed with PBS, stained 
with the DNA dye Hoechst 33342, mounted in 90% glycerol solution and sealed 
with nail polish. Images were captured and processed using a Zeiss LSM 880 
confocal microscope.

Evolutionary relationship of bacterial lipases. Bacteria lipase analysis 
was performed by alignment of 29 amino-acid sequences surrounding the 
Gly-X-Ser-X-Gly motif following previously work by Javed et al.65, with minor 
adaptions. The evolutionary history was inferred using the neighbour-joining 
method66. The optimal tree with the sum of branch length = 10.15 is shown. The 
percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (1,000 replicates) are shown next to the branches67. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary 
distances used to infer the phylogenetic tree. The evolutionary distances were 
computed using the p-distance method68 and are in the units of the number of 
amino-acid differences per site. The analysis involved 45 amino-acid sequences. 
Evolutionary analyses were conducted in MEGA7.

Extraction of antimalarial compounds from bacterial culture. Organic solvents 
of varying polarity were used to extract antimalarial compounds from bacterial 
culture. The solvents used were petroleum ether, ethyl acetate, chloroform 
and chloroform–methanol (2:1 vol/vol). The bacterial culture supernatant was 
extracted with an equal volume of organic solvent under ultrasonic treatment for 
30 min. The organic-solvent phase was collected and vacuum dried. The extracted 
pellet was re-dissolved in dimethylsulfoxide and tested for antimalarial activity. 
The aqueous phase was also collected and vacuum treated for 20 min to remove 
contaminated organic solvents before being tested for antimalarial activity.

Vertical, venereal and trans-stadial transmission of Serratia. To test for vertical 
transmission, GFP-tagged Serratia bacteria were introduced into two-day-old adult 
female mosquitoes by feeding them on a cotton pad moistened with 5% sterile 
sucrose containing bacteria (1 × 107 cells ml−1) for 24 h. The mosquitoes were fed 
on a healthy mouse three days after the introduction of bacteria and then allowed 
to lay eggs on damp filter paper in oviposition tubes two days post a blood meal, 
with each mosquito placed in an individual tube. The eggs were collected into a 
tube containing 300 μl sterile 1×PBS and homogenized. The bacterial load was 
determined by plating tenfold serial dilutions of the egg homogenates on LB agar 
plates containing 100 µg ml−1 kanamycin and incubating the plates at 30 °C for 24 h. 
Fluorescent colonies were counted by fluorescence microscopy.

For male-to-female venereal transmission tests, GFP-tagged Serratia were 
introduced into newly emerged virgin male mosquitoes by feeding them on a 
cotton pad moistened with 5% sugar solution containing bacteria (1 × 107 cells ml−1) 
for 36 h. Twenty Serratia-carrying males were then allowed to mate with 20 
three-day-old virgin females. Three days after mating, the mosquitoes were allowed 
to feed on blood and eggs were collected from individual females three days later. 
The spermatheca and laid eggs were examined for the presence of GFP-tagged 
Serratia bacteria by plating tenfold serial dilutions of the homogenates as described 
above.

To examine larva-to-adult trans-stadial transmission, GFP-tagged Serratia 
bacteria were introduced into mosquito larva by adding 500 μl of a bacterial 
solution (1 × 107 cells ml−1) to 150 ml of the larval breeding water. Three days after 
eclosion, 20–30 females were sampled and examined for GFP-marked bacteria 
in the female midgut by plating tenfold serial dilutions of the homogenates as 
described above.

Dissemination of Su_YN1 into mosquito populations in cage experiments. 
To test how efficiently S. ureilytica Su_YN1 bacteria spread through mosquito 
populations, we conducted laboratory cage experiments to measure the rates of 
Su_YN1–GFP dissemination in different stages of the mosquito life cycle as well 
as over multiple generations. Su_YN1–GFP bacteria were introduced into newly 
emerged virgin male A. stephensi adult mosquitoes for 24 h. Ten Su_YN1–GFP-fed 
virgin males were mixed with 190 unfed virgin males and 200 uninfected virgin 
females in a laboratory cage. The introduced Su_YN1–GFP-fed mosquitoes 
constituted 5% of the total population. Two days later, the female mosquitoes were 
blood fed. Three days later, an oviposition cup was placed in the cage to collect 
eggs. Rearing of the larvae to adults followed standard protocol. A total of 30 
fourth-instar larvae, and 30 male and 30 female adults were sampled and examined 
for the presence of fluorescent bacteria by plating larvae and adult midgut 
homogenates on LB agar plates containing kanamycin. To test the efficiency of 
Su_YN1 transmission over multiple generations, the mosquitoes were reared and 
maintained for three consecutive generations. In each generation, 30 female adults 
were sampled and examined for the presence of GFP-tagged Su_YN1.

Statistical analysis. The statistical significance of the difference in oocyst 
number between bacteria- and PBS-fed mosquitoes (control) was analysed 
using a two-tailed Mann–Whitney test. The statistical significance between the 
survival data for Serratia- and PBS-fed mosquitoes (control) was analysed using 
a log-rank (Mantel–Cox) test. Other statistical significance was calculated using a 
Student’s t-test or one-way analysis of variance. A value of P < 0.05 was regarded as 
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statistically significant. All statistics were performed using GraphPad Prism version 
5.00 for Windows (GraphPad Software).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The entire 16S rRNA gene sequence dataset reported in this paper has been 
deposited in the National Center for Biotechnology Information Sequence 
Read Archive (accession no. PRJNA642229). This whole-genome shotgun 
project has been deposited at DDBJ/ENA/GenBank under the accession 
numbers JACAAS000000000, JACAAT000000000, JACAAU000000000 and 
JACAAV000000000. Source data are provided with this paper.
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Extended Data Fig. 1 | Persistence of non-symbiotic bacteria in mosquito midguts. GFP-tagged E. coli and S. aureus were administered to newly emerged 
female mosquitoes via sugar feeding. Bacteria midgut colonization was determined by plating serially diluted midgut homogenates on LB agar plates 
containing 100 μg/ml kanamycin. a,b, E. coli and S. aureus bacteria numbers in mosquitoes maintained with sugar. c,d, E. coli and S. aureus bacteria numbers 
in mosquitoes post a blood meal. Data points are mean ± s.d. The dots represent biologically independent replicates (n = 2). Each replicate contains 10 
mosquito midguts.
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Extended Data Fig. 2 | Serratia strains stably colonize the mosquito midgut and do not impact mosquito longevity. a, b, Effect of Serratia strains on An. 
sinensis (a) and An. stephensi (b) survival post blood meal. Bacteria were administered to two-day-old female mosquitoes via sugar meal and then fed 
blood. Survival was monitored daily. Data points are mean ± s.d. The dots represent biologically independent replicates (n = 2). Each replicate contains 10 
mosquito midguts. c,d, Serratia bacteria numbers in the midgut of female An. sinensis (c) and An. stephensi (d) post blood meal. Data points are mean ± s.d. 
The dots represent biologically independent replicates (n = 2). Each replicate contains 10 mosquito midguts. e, Visualization of GFP-tagged Su_YN1 and 
Sm_YN3 bacteria in the midgut of An. stephensi at 24 h after a blood meal. Bright-field images (left) are paired with the corresponding fluorescent images 
(right). The experiments were repeated twice with similar results.
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Extended Data Fig. 3 | Effect of bacteria on P. berghei oocyst formation in An. stephensi. a, P. berghei oocyst load in An. stephensi mosquitoes carrying 
Asaia, Acinetobacter or Pantoea bacteria from YN wild caught mosquitoes. b, P. berghei oocyst load in An. stephensi mosquitoes fed with different Serratia 
strains from different wild-caught mosquito populations. Circles represent the number of oocysts in individual midguts, and horizontal lines indicate the 
median number of oocysts per midgut. The sample size (n Number) of each group is listed in the table of the lower panel. The statistical significance 
of the oocyst intensity between the bacteria-fed mosquitoes and PBS-fed mosquitoes (Ctrl) was analysed using the two-tailed Mann-Whitney test. 
****P < 0.0001, P > 0.05, not significant (ns). The exact P values in (a) were as follows: Asaia, 0.4508; Acinetobacter, 0.8728; Pantoea, 0.4265. The exact P 
values in (b) were as follows: Su_YN1, < 0.0001; Sm_YN3, < 0.0001; Sf_JS1, 0.0271; Sf_JS2, 0.0135; Su_JS3, 0.0117; Sm_LN1, 0.0220.
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Extended Data Fig. 4 | The effect of Serratia Su_YN1 and Sm_YN3 on An. stephensi blood feeding, fecundity and oviposition rate. Serratia Su_YN1 and 
Sm_YN3 do not impact An. stephensi mosquito blood feeding behaviour (n = 100 mosquitoes each group) (a), egg production (Ctrl, n = 46, Su_YN1, n = 39, 
Sm_YN3, n = 44) (b) or oviposition rate (n = 100 mosquitoes each group) c, Two-day-old An. stephensi mosquitoes were fed on a sugar meal containing 
bacteria or 5% sugar alone (Ctrl). Three days later, female mosquitoes were fed on a mouse and three days later eggs were collected from individual 
females. The experiments were repeated three times with similar results. No significant differences were detected among the groups (one-way ANOVA or 
two-tailed Mann-Whitney test).
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Extended Data Fig. 5 | Effect of Rel1 and Rel2 silencing on Su_YN1- or Sm_YN3-mediated anti-Plasmodium activity. Rel1 and Rel2 were silenced in An. 
stephensi by systemic injection of double-stranded RNA dsRel1, dsRel2 or dsGFP. The injected mosquitoes were fed on a sugar meal containing Su_YN1 
or Sm_YN3. Three days later, the mosquitoes were allowed to feed on the same P. berghei infected mouse. The injected double-stranded RNA (ds) and 
presence of bacteria are indicated below each column. Each dot represents the oocyst number of an individual midgut, and the horizontal lines indicate the 
median number of oocysts per midgut. Data are from n = 25 to 28 mosquitoes per group. The sample size (n Number) of each group is listed in the table of 
the lower panel. The statistical significance of oocyst intensity differences between the dsRel1- or dsRel2-injected and dsGFP-injected mosquitoes carrying 
the same bacteria (Su_YN1 or Sm_YN3) was analysed using the two-tailed Mann-Whitney test. ****P < 0.0001, P > 0.05, not significant (ns). The exact 
values were as follows: dsRel1+Su_YN1, 0.8519; dsRel2+Su_YN1, 0.5605; dsRel1+Sm_YN3, < 0.0001; sRel2+Sm_YN3, 0.4851.
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Extended Data Fig. 6 | Su_YN1 culture supernatant inhibited P. berghei ookinete formation. a, Inhibition by Serratia culture supernatants of P. yoelii 
ookinete formation in vitro. Ookinete formation was quantified by luminescence measurements using the Py.17XNL reporter strain. RLU, relative light 
units. The experiments were repeated three times with similar results. Data points are mean ± s.d. The dots represent biologically independent replicates 
(n = 2). b, Effect of Su_YN1 culture supernatant on P. berghei ookinete formation in vitro assay using Giemsa staining. Transformation rate was quantified 
by comparison with the PBS control. The experiments were repeated three times with similar results. Data points are mean ± s.d. The dots represent 
biologically independent replicates (n = 3). Statistical significance of the ookinete transformation rate was compared with the PBS control using two-tailed 
Student’s t-test, ****P < 0.0001. The exact P value was, < 0.0001.
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Extended Data Fig. 7 | Haemolytic activity assay of Su_YN1 and Sm_YN3. a, Bacteria culture supernatant was added (10% V/V) and the mixture 
incubated with erythrocytes for 12 h. b, The supernatants were collected and the absorbance at 540 nm was measured to evaluate haemoglobin release. 
Saponin was used as a haemolytic positive control. Data points are mean ± s.d. The dots represent biologically independent replicates (n = 3). Statistical 
significance of haemolytic activity was compared with the PBS control using two-tailed Student’s t-test. P > 0.05, not significant (ns). The exact P values 
were as follows: Su_YN1, 0.1672; Sm_YN3, 0.3754.
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Extended Data Fig. 8 | Antimalarial activity of different Su_YN1 culture supernatant fractions. a, Antimalarial activity of organic solvent extracts. Su_YN1 
culture supernatant was extracted with solvents of various polarities. The extracted fractions were dried and dissolved in DMSO and the remaining 
aqueous phase was vacuum treated to remove residual organic reagents. All fractions were tested for antimalarial activity. b, Antimalarial activity assay 
of Su_YN1 culture supernatant separated using a 3 kDa cut-off centrifugal filter. The retentate and the filtrate were tested. c, Trypsin digestion of Su_YN1 
culture supernatant abolishes antimalarial activity. Coomassie Brilliant Blue staining in the lower panel shows the protein patterns before and after 
treatment. Data points in (b) and (c) are mean ± s.d. The dots represent biologically independent replicates (n = 3). Statistical significance of the ookinete 
inhibition rate was compared with the PBS control using two-tailed Student’s t-test, ****P < 0.0001, P > 0.05, not significant (ns). The exact P values in (b) 
were: Trypsin, < 0.0001; Trypsin-inactivated, 0.0552. The exact P values in (c) were: Retentate (compared with PBS), < 0.0001; Filtrate (compared with 
Retentate), < 0.0001.
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Extended Data Fig. 9 | AmLip gene expression in different Serratia strains. Detection of AmLip transcript abundance in different Serratia strains by 
qRT-PCR using Serratia 16 s rRNA as an internal reference. Data points are mean ± s.d. The dots represent biologically independent replicates (n = 3). The 
experiments were repeated twice with similar results.
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Extended Data Fig. 10 | Synthesis and purification of Serratia AmLip protein. a, Western blot detection using HA antibody, of 3HA-tagged AmLip protein 
in bacterial extracts of Su_YN1 wild type, knock-out mutant AmLip-KO and a mutant AmLip-KO complemented with the AmLip:HA gene. The experiments 
were repeated twice with similar results. b, Knockout of AmLip was verified by Western blot assay using an AmLip mouse antiserum. The experiments 
were repeated twice with similar results. c, Expression and purification of AmLip protein expressed E. coli BL21 (DE3). Coomassie blue staining showing 
the AmLip protein before and after purification on a nickel column. The experiments were repeated twice with similar results. d, Lipase activity test 
of the purified AmLip protein using the egg yolk lipoprotein plate degradation assay. e, Lipase activity assay of the purified AmLip protein using the 
trioleoylglycerol- rhodamine B plate degradation assay.
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Data collection No software was used for data collection.

Data analysis All statistics were performed using GraphPad Prism version 5.00 for Windows. 
Circos plot showing that Serratia bacteria distribution was constructed using online tool Circos (mkweb.bcgsc.ca/tableviewer/visualize/). 
Phylogenomic analysis of bacterial whole-genome sequences was constructed using PhyML softwarev 3.0. 
Evolutionary analyses of bacterial lipases were conducted in MEGA7.0.26.
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- A description of any restrictions on data availability

The entire 16S rRNA gene sequence dataset reported in this paper has been deposited in the National Center for Biotechnology Information Sequence Read Archive 
(accession no. PRJNA642229). (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA642229). This Whole Genome Shotgun project has been deposited at DDBJ/ENA/
GenBank under the accession JACAAS000000000, JACAAT000000000, JACAAU000000000, JACAAV000000000. Source data are provided with this paper.
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Sample size Sample sizes were empirically determined to optimize numbers based on our and others' previous experience with equivalent experiments 
[see for example Wang et al. Science. 371, 411–415 (2021)]. 

Data exclusions No data were excluded.

Replication All findings described in the paper were confirmed by repeating experiments as indicated in the figure legends and, when possible/ applicable,  
performing distinct experiments to support the same experimental finding.

Randomization The same batch of adult mosquitoes were allocated randomly to different groups in each test. 
The same batch of diluted parasites solutions were divided in equal amounts for each inhibition assay.

Blinding Blinding was not relevant to this study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Rabbit monoclonal anti-HA CST Cat# 3724S (use at 1:1000 for WB and 1:500 for IFA) 

Mouse monoclonal anti-Histone H3 Abcam Cat# ab1220 (use at 1:1000 for WB) 
Goat polyclonal anti-rabbit IgG, HRP conjugated Abcam Cat# ab6721 (use at 1:5000 for WB) 
Goat polyclonal anti-mouse IgG, HRP conjugated Abcam Cat# ab97023 (use at 1:5000 for WB) 
Goat polyclonal anti-Rabbit IgG, Alexa Fluor 555 conjugated Thermo Cat# A27039 (use at 1:5000 for IFA) 
Goat polyclonal anti-mouse IgG, Alexa Fluor 555 conjugated Thermo Cat# A21422 (use at 1:5000 for IFA)

Validation When possible, antibodies were validated by including positive and/or negative controls in the experiments themselves. Otherwise, 
we relied on the validation data provided by the supplier.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Plasmodium falciparum cell line NF54 and 3D7, Plasmodium berghei cell line ANKA and Plasmodium yoelii cell line 17XNL 
were obtained from Johns Hopkins University.

Authentication N/A

Mycoplasma contamination Cell lines were not contaminated by mycoplasma.
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(See ICLAC register)

No cell lines used are listed in the database of commonly misidentified cell lines.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female 6-10 week ICR (Institute of Cancer Research) mice were used in this study. The female Anopheles stephensi and Anopheles 
gambiae mosquitoes were raised in our laboratory and used in this study.

Wild animals This study collected field-caught female Anopheles sinensis mosquitoes. This study did not include other wild animals.

Field-collected samples  Blood-engorged field caught female An. sinensis mosquitoes were collected in three different regions of China, Tengchong in Yunnan 
(YN), Wuxi in Jiangsu (JS) and Dandong in Liaoning (LN). Mosquitoes were collected from house walls with a mouth aspirator and 
reared in sterilized cups, and maintained at 26 ± 2 °C and 70 ± 5% relative humidity (RH). 

Ethics oversight All animal experiments followed the ethical regulations and were carried out in accordance with protocols approved by the CAS 
Center for Excellence in Molecular Plant Sciences (Shanghai Institute of Plant Physiology and Ecology) Animal Care and Use 
Committee and by the Johns Hopkins University Animal Care and Use Committee. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics P. vivax blood samples were collected from patients older than 18 years.

Recruitment P. vivax infectious blood was collected from patients who provided written informed consent.

Ethics oversight The experiment was approved by the National Institute of Parasitic Diseases Ethics Committee (2015-010).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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