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cells (fig. S14A). SR1 also abolished TCDD-
induced, AHR-dependent transcription in cells
expressing a human AhR–dependent luciferase
reporter gene (hDRE-luc) (15), demonstrating that
SR1 is a potent AHR antagonist [half-maximal
inhibitory concentration (IC50) = 127 nM] (fig.
S14B). SR1 only weakly inhibited TCDD-induced
transcription inmurine cells and had no activity on
rat cells, suggesting that SR1 preferentially inhibits
human AHR. This observation correlates with
the lack of activity of SR1 on murine HSCs and
may explain the species selectivity of SR1 (table S9).
We also tested two other AHR antagonists [alpha-
naphthoflavone (16) and CH-223191 (17)], and
both led to dose-dependent increases in the num-
ber of CD34+ cells (fig. S15).

To elucidate whether the antagonizing effects
of SR1 on AHR signaling are mediated by direct
interaction with this nuclear receptor, we used a
competitive binding assay between SR1 and
AHR photoaffinity ligand (PAL) in liver cytosol
isolated from hAHR transgenic mice (18). SR1
and the high-affinity AHR agonist (indirubin)
both inhibited PAL binding (IC50 = 40 and 8 nM,
respectively), whereas the inactive analogLGC006
wasmuch less effective (IC50 = 9520 nM) (Fig. 4B
and fig. S16). These results support the conclu-
sion that SR1-induced CD34+ cell expansion is
mediated through direct binding and inhibition of
the AHR.

To show a direct role for AHR in SR1-induced
CD34+ cell expansion,we infectedCBCD34+ cells
with lentiviruses that express green fluorescent
protein (GFP) and short hairpin–mediated RNAs
(shRNAs) targeting AHR. In the CD34+GFP+

cells, both shRNAs led to decreases in AHR
mRNA and protein expression (Fig. 4, C and D,
and fig. S17A). shRNA knockdown of AHR led
to sustained CD34 expression during culture, sim-
ilar to that observed with SR1 (Fig. 4C and fig.
S17, B and C). To determine if SR1-induced
CD34+ cell expansion requires inhibition of AHR
activity, a constitutively active version of AHR
lacking the ligand-binding domain (CA-AHR)was
expressed (19). SR1 failed to inhibit hDRE-luc
activity of HepG2 cells expressing CA-AHR, but it
did inhibit dioxon-induced AhR activity in wild-
type (WT) HepG2 cells and cells overexpressing
WTAHR (fig. S18A). Similarly, SR1 had no ef-
fect onCBCD34+ expressingCA-AHR(fig. S18B).
Collectively, these data provide strong support
that SR1increases the number of CB-CD34+ cells
by direct binding and inhibition of the AHR.

Our data and that of others show that AHR is
expressed in HSCs (20). In addition to its role as a
ligand-activated transcription factor responsible for
the induction of drug-metabolizing enzymes, AHR
has been implicated in pathways regulating hema-
topoiesis, including HES-1–, c-MYC–, C/EBP-,
PU.1-, b-catenin–, CXCR4-, and STAT5-dependent
processes (21). Moreover, TCDD treatment of do-
nor mice leads to a decrease in the reconstitution
activity of Lin–cKit+Sca-1+ cells (22, 23). These
findings strongly implicate AHR in HSC biolo-
gy; however, future studies are required to define

the molecular mechanisms involved in these
processes.

One major question is whether the increase in
SRC numbers elicited by SR1 reflects expansion
of HSCs or indirect mechanisms, such as expan-
sion of facilitator cells. The current data—which
show that SR1 increases phenotypicHSCnumbers,
SR1 andAHRknockdownmaintainCD34 expres-
sion, and SR1 expands multilineage CFUs—are
consistent withAHR antagonists acting to promote
SRC numbers by preventing differentiation of
HSCs. However, the lack of a suitable in vivo
transplantation assay capable of reading out the
activity of single humanHSCsmakes it impossible
to exclude alternative mechanisms. Better markers
for human HSCs, bioassays capable of reading out
single human HSCs, and clinical studies are
required to address this important question.

Our results complement previously reported
efforts to either enhance the expansion of HSCs
[withNotch ligands, angiopoietins, copper chelators,
glycogen synthase kinase 3b inhibitors, or the
expression of HOX genes (3)] or increase HSC
homing [with prostaglandin E2 (24), inhibition of
CD26 (10), or fucosylation (25)] to improve HSC
transplant outcomes. To this end, it will be im-
portant to explore the clinical potential of SR1,
either by itself or in synergy with other agents, to
improve outcomes and expand applications of
autologous and allogeneic HSC transplantation.
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Human SIRT6 Promotes DNA End
Resection Through CtIP Deacetylation
Abderrahmane Kaidi,1 Brian T. Weinert,2 Chunaram Choudhary,2 Stephen P. Jackson1*

SIRT6 belongs to the sirtuin family of protein lysine deacetylases, which regulate aging and genome
stability. We found that human SIRT6 has a role in promoting DNA end resection, a crucial step in
DNA double-strand break (DSB) repair by homologous recombination. SIRT6 depletion impaired the
accumulation of replication protein A and single-stranded DNA at DNA damage sites, reduced rates of
homologous recombination, and sensitized cells to DSB-inducing agents. We identified the DSB resection
protein CtIP [C-terminal binding protein (CtBP) interacting protein] as a SIRT6 interaction partner and
showed that SIRT6-dependent CtIP deacetylation promotes resection. A nonacetylatable CtIP mutant
alleviated the effect of SIRT6 depletion on resection, thus identifying CtIP as a key substrate by which
SIRT6 facilitates DSB processing and homologous recombination. These findings further clarify how SIRT6
promotes genome stability.

Double-strand breaks (DSBs) are highly
cytotoxicDNA lesions that can be repaired
by homologous recombination, a highly co-

ordinated process restricted to the S and G2 phases

of the cell cycle (1, 2). Homologous recombina-
tion is instigated by DSB end resection (3, 4),
which generates single-stranded DNA (ssDNA)
through the combined actions of proteins that

10 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org1348

REPORTS

 o
n 

Ja
nu

ar
y 

4,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


include CtIP [C-terminal binding protein (CtBP)
interacting protein] (5, 6) and the tumor suppressor
protein BRCA1 (7). This ssDNA is bound by rep-
lication protein A (RPA), leading to the formation
of a ssDNA-RAD51 nucleoprotein filament that me-
diates homologous recombination. Regulation of
these events is critical for cell survival under both
normal andDNA-damaging conditions; inherited
or acquired deficiencies in DNA repair cause devel-
opmental defects, infertility, immune deficiency,
neurodegenerative disease, heightened cancerpre-
disposition, and aspects of premature aging (8).

We examined the effects of two protein lysine
deacetylase (KDAC) inhibitors (9, 10) on DNA
damage response signaling triggered by campto-
thecin (CPT), a topoisomerase I inhibitor that in-

duces replication-dependent DSBs that are repaired
by homologous recombination. Sodium butyrate
(NaB) inhibits class I and class II KDACs (10),
whereas nicotinamide inhibits the NAD+ (nicotin-
amide adenine dinucleotide)–dependent sirtuin
(class III) family of KDACs (SIRT1 to SIRT7)
(9). We initially confirmed the efficacy of KDAC
inhibitors in humanU2OS cells (fig. S1, A and B)
and found that such treatments did not apprecia-
bly affect cell cycle profiles (fig. S1C). Although
NaB did not affect CPT-induced DNA damage
response signaling (Fig. 1A), nicotinamide spe-
cifically impaired RPA phosphorylation on Ser4

and Ser8 (Fig. 1A), a marker for resected CPT-
induced DSBs (5, 11). Consistent with this find-
ing, nicotinamide-treated cells were impaired in
forming RPA and ssDNA foci at CPT-induced
lesions (Fig. 1B). Similar defects in RPA phospho-
rylation and formation ofRPA fociwere observed in
humanHeLa cells pretreatedwith nicotinamide (fig.
S2, A and B). Nicotinamide not only impaired
resection but also inhibited the CPT-induced for-
mation of RAD51 foci (fig. S3, A and B), de-

creased homologous recombination (Fig. 1C) (12),
and caused CPT hypersensitivity (Fig. 1D). Sim-
ilarly, nicotinamide impaired resection-dependent
signaling after treatment of cells with the top-
oisomerase II inhibitor etoposide (Fig. 1E). The
failure of nicotinamide to inhibit phosphorylation of
the checkpoint kinase CHK2 or the histone H2AX
is consistent with these marks being independent of
resection. However, upon nicotinamide treatment
we noted essentially normal CHK1 phosphoryla-
tion (a mark associated with resected CPT-induced
DSBs; fig. S3C), which suggests that CHK1 ac-
tivation has a low threshold for resection.

Thus, DSB resection and homologous re-
combination are likely promoted by a KDAC of
the sirtuin family. Of the seven human sirtuins,
only SIRT1, SIRT6, and SIRT7 are nuclear (13),
with SIRT1 (14, 15) and SIRT6 (16–18) having
been implicated in maintaining genome integrity.
We found that small interfering RNA (siRNA)–
mediated SIRT1 depletion caused no discernible
defects in DNA damage response signaling (Fig.
2A). In contrast, although SIRT6 depletion did

Fig. 1. Nicotinamide treatment impairs resection and homol-
ogous recombination. (A) U2OS cells were untreated (Con)
or pretreated with nicotinamide (NA) and/or NaB, then ex-
posed to CPT. Cell extracts were analyzed by Western blott-
ing. ATM, ATR, CHK2, and H2AX are described in the text;
CHK2 pT68, CHK2 phosphorylated on Thr68; gH2AX, phos-
phorylated histone H2AX Ser139; RPA pS4/S8, RPA phosphoryl-
ated on Ser4 and Ser8. (B) U2OS cells were treated and examined
by immunofluorescence. ssDNA was detected with antibody
to5-bromo-2 -́deoxyuridine.DAPI,4 ,́6-diamidino-2-phenylindole.
(C) Homologous recombination (gene conversion) was mea-
sured [(12); see also supporting online material]. Data from
three experiments are presented as means T SD. (D) U2OS
survival upon CPT treatment in the presence or absence of nic-
otinamide. Results represent three experiments; error bars de-
note SD. (E) U2OS cells were treated as in (A) with 1 mM
etoposide (ETP).

1Gurdon Institute and Department of Biochemistry, University
of Cambridge, Tennis Court Road, Cambridge CB2 1QN, UK.
2NNF Center for Protein Research, Faculty of Health Sciences,
University of Copenhagen, Blegdamsvej 3B, DK-2200 Copen-
hagen, Denmark.

*To whom correspondence should be addressed. E-mail:
s.jackson@gurdon.cam.ac.uk
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not affect phosphorylation of CHK2 or H2AX
after CPT treatment, it markedly diminished CPT-
induced RPA phosphorylation and the formation
of RPA and ssDNA foci, thereby mirroring the
effects of nicotinamide (Fig. 2, A to C). We de-
tected similar resection impairments with various
SIRT6 siRNAs (SIRT6-1-3; fig. S4, A and B) and
in different human cell types (fig. S4C). Further-
more, Sirt6 −/−mouse embryonic stem cells (ESCs)
were impaired in CPT-induced RPA phosphoryl-
ation (Fig. 2D). Accordingly, SIRT6 depletion
reduced homologous recombination frequencies
(Fig. 2E) and sensitized cells to CPT (Fig. 2F).
SIRT6 depletion also rendered cells hypersensi-
tive to inhibition of poly(ADP-ribose) polymerase
(PARP; Fig. 2G), which is selectively cytotoxic to
homologous recombination–deficient cells (19, 20).
Despite exhibiting a proficient G2-M DNA damage
checkpoint (fig. S5, A and B) presumably due to
efficient CHK1 phosphorylation (fig. S5C), SIRT6-

depleted cells were also hypersensitive to ionizing
radiation (fig. S5D) (18, 21). SIRT6 depletion had
no discernible effects on cell cycle profiles (figs.
S5AandS6A) or cell proliferation (fig. S6,A andB),
nor did it cause pronounced apoptotic cell death
(fig. S6C).

To determine how SIRT6 regulates resec-
tion, we generated stable cell lines expressing
siRNA-resistant, green fluorescent protein (GFP)–
tagged wild-type SIRT6 or an enzymatically in-
active SIRT6 [His133 → Tyr (H133Y); fig. S7].
After depleting endogenous SIRT6, cells express-
ing wild-type but not mutant SIRT6were proficient
in CPT-induced RPA phosphorylation and forma-
tion of RPA foci (Fig. 3, A and B, and fig. S8).
Thus, SIRT6 catalytic activity promotes resection-
associated events. We found that SIRT6 depletion
or nicotinamide treatment had no obvious effects
on the levels of known DSB resection proteins
and did not affect the recruitment of such proteins

to DNA damage sites (fig. S9). Consistent with
SIRT6 controlling resection more directly while
displaying a chromatin association profile that did
not alter detectably in response to CPT treatment
(Fig. 3C), GFP-SIRT6 accumulated rapidly at sites
of laser-induced DNA damage (Fig. 3D). These
results suggested that SIRT6 might directly asso-
ciate with DSB resection factors. Accordingly,
when we purified GFP-SIRT6 from human cells
(Fig. 3E), mass spectrometry identified the DSB
resection protein CtIP. This interaction was con-
firmed by coimmunoprecipitation analyses [Fig.
3F; SIRT6 immunoprecipitates also contained
BRCA1, a knownCtIP interactor (22)] and appears
to be direct, as indicated by assays with purified
proteins (fig. S10).

The above findings led us to examine whether
CtIP is acetylated. A validated pan–acetyl-lysine
(AcK) antibody (fig. S11A) detected CtIP (Fig.
4A) that had been purified from human cells (fig.

Fig. 2. SIRT6 promotes resection and homologous recombination. (A) SIRT1-
and SIRT6- depleted U2OS cells were treated and analyzed. Luciferase siRNA
(Luc) was used as control. (B) Upper panel: RPA immunofluorescence staining
in U2OS cells after SIRT1 and SIRT6 depletion. Lower panel: Proportion of
gH2AX-positive cells with RPA foci; 1000 cells were counted. (C) Immuno-

fluorescence staining for ssDNA after SIRT6 depletion. (D) Mouse ESCs from
wild-type (WT) or Sirt6 knockout (S6−/−) mice were treated and analyzed. (E toG)
SIRT6 depletion impairs homologous recombination (E) and increases sensitivity
to CPT (F) and PARP inhibitor (PARPi) (G). Data in (E) to (G) represent averages
from three experiments T SD.
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S11C). Moreover, detection by this antibody was
abrogated when CtIP was treated with purified
wild-type SIRT6 (fig. S11B) in the presence of
NAD+ (Fig. 4A and fig. S11C). Thus, CtIP is acet-
ylated in a manner that can be reversed by SIRT6.
Next, we assessed whether CtIP acetylation was
regulated in response to DNA damage. Although
we readily detected acetylation of GFP-CtIP in
undamaged cells, this acetylation was abrogated if
cells were treated with CPT, etoposide, or ionizing
radiation (Fig. 4B; note that we ruled out the pos-
sibility that CtIP phosphorylation after DNA dam-
age prevents detection by the AcK antibody, fig.
S12A). Furthermore, DNA damage–induced de-
acetylation of GFP-CtIP (Fig. 4C) or endogenous
CtIP (Fig. 4D and fig. S12, B to D) was blocked
when cells were treated with nicotinamide or
wortmannin, which inhibits the apical DNA dam-
age response protein kinases ATM (ataxia telan-
giectasia mutated), ATR (ATM and Rad3 related),
and DNA-PK (DNA-dependent protein kinase).
[In Fig. 4D, the apparent decrease of CtIP acetyla-
tion upon DNA damage in the presence of ni-
cotinamide reflects phosphorylation affecting CtIP
mobility (5), as confirmed in fig. S12C.] Although

SIRT6 depletion prevented CtIP deacetylation
after DNA damage (Fig. 4E), this CtIP deacetyla-
tion defect was complemented bywild-type SIRT6
but not by catalytically inactive SIRT6 (Fig. 4E).
Thus, CtIP is constitutively acetylated and, after
DNA damage, is deacetylated by SIRT6 to pro-
mote resection. However, nicotinamide treatment
did not prevent CtIP recruitment kinetics to DNA
damage sites (fig. S13) or DNA damage–induced
CtIP phosphorylation (Fig. 4, D and E), which
suggests that deacetylation promotes the ability
of CtIP to mediate resection.

Whenwe used a recently described CtIP DNA
binding mutant (6) where Lys513 and Lys515 were
mutated toAla (2KA), this was not detected by the
AcK antibody (Fig. 4F). However, mutating these
residues to nonacetylatable arginines (2KR) re-
stored CtIP detection by the AcK antibody (Fig.
4F). This indicated that, although these positions
are not sites of CtIP acetylation, the positive
charge of residues 513 and 515 is required for CtIP
acetylation, possibly reflecting a prerequisite for
DNA binding before CtIP can access, or be rec-
ognized by, its acetyltransferase. By purifying
CtIP and subjecting it to mass spectrometry, we

identified several CtIP acetylation sites, of which
peptides containing Lys432, Lys526, and Lys604 had
highest intensity (Fig. 4G and fig. S14). Mutating
these three sites to alanine (CtIP-3KA) or arginine
(CtIP-3KR) markedly reduced CtIP detection by
the AcK antibody (Fig. 4F). Because CtIP-3KR
was effectively recruited toDNAdamage sites (fig.
S15A) and complemented the phenotypes caused
by CtIP depletion (fig. S15A), we tested whether
CtIP-3KR expression might circumvent the re-
quirement of SIRT6 for resection. Indeed, expres-
sion of CtIP-3KR, but not of wild-type CtIP,
rescued RPA phosphorylation (Fig. 4H) and for-
mation of RPA foci in cells depleted of endoge-
nous CtIP and SIRT6 (Fig. 4I), and also partially
alleviated the homologous recombination defect
of such cells (Fig. 4J). Similarly, expression of
CtIP-3KR relieved the inhibitory effect of nicotin-
amide on RPA phosphorylation (fig. S16). These
findings establish CtIP as a key SIRT6 substrate
by which SIRT6 promotes resection and DSB re-
pair by homologous recombination.

Our findings support a model in which DNA
damage triggers SIRT6-dependent CtIP deacetyla-
tion, thereby promoting resection and homologous

Fig. 3. SIRT6 recruitment to DNA damage sites
and interaction with CtIP. (A) SIRT6 was depleted in
U2OS cells stably expressing siRNA-resistant GFP-
SIRT6 (WT or enzymatically inactive H133Y; e and g
indicate endogenous and GFP-tagged SIRT6,
respectively). (B) U2OS cells treated as in (A) were
analyzed by immunofluorescence. (C) Fractionation
of U2OS cells after CPT treatment: S1, cytoplasmic;
S2, nuclear soluble; S3, 200 mM NaCl–extracted
chromatin; P, pellet. (D) Recruitment kinetics of
GFP-SIRT6 to laser-induced lesions. (E) Purified
GFP-SIRT6 (asterisk denotes the band identified as
CtIP). (F) Interaction between SIRT6 and CtIP by
coimmunoprecipitation from U2OS cells stably
transfected with GFP-SIRT6.
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recombination. These results thereby establish
that SIRT6 targets proteins in addition to histones
(17, 23), add to the known functions of SIRT6 in
DNA base excision repair (18) and DSB repair
by nonhomologous end joining (21), and help
to explain the genome instability and premature
aging phenotypes associated with SIRT6 loss in
mice (18). Previous work has demonstrated cell
cycle regulation of resection mediated via cyclin-
dependent kinases regulating CtIP phosphoryl-
ation (11). We propose that CtIP deacetylation
represents a further layer of control, presumably
to ensure that resection only ensues at suitable
times and locations.
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Hemocyte Differentiation Mediates
Innate Immune Memory in
Anopheles gambiae Mosquitoes
Janneth Rodrigues, Fábio André Brayner,* Luiz Carlos Alves,*
Rajnikant Dixit,† Carolina Barillas-Mury‡

Mosquito midgut invasion by ookinetes of the malaria parasite Plasmodium disrupts the barriers
that normally prevent the gut microbiota from coming in direct contact with epithelial cells. This
triggers a long-lived response characterized by increased abundance of granulocytes, a subpopulation
of hemocytes that circulates in the insect’s hemocoel, and enhanced immunity to bacteria that
indirectly reduces survival of Plasmodium parasites upon reinfection. In mosquitoes, differentiation
of hemocytes was necessary and sufficient to confer innate immune memory.

The innate immune system is thought to
be hard-wired and unable to establish
immunological memory (1). Insects lack

adaptive immunity and rely on the innate im-
mune system to mount defense responses against
pathogenic organisms; however, memory-like re-
sponses have been described in invertebrates, a
phenomena that has been termed immune priming
(2). There are multiple examples of nonspecific
(3–5) and pathogen-specific (6–11) priming in
insects that can be long-lasting. Although these
studies challenge the dogma that invertebrates
are incapable of adaptive immune responses, a
mechanism for innate immune memory has not
been established.

Anopheles gambiaemosquitoes are the major
vectors of Plasmodium falciparum malaria in
Africa. In the present study, we found that
Plasmodium ookinete invasion of the mosquito
midgut in the presence of gut bacteria primed a
robust long-lived enhanced antibacterial response
that also reduced Plasmodium survival upon
rechallenge. Immune priming resulted in quanti-
tative and qualitative differentiation of hemo-
cytes, the insect equivalent of white blood cells,
that persisted for the lifespan of the mosquito.

We investigated the effect of preexposure
of mosquitoes to Plasmodium infection on a
subsequent infection (fig. S1) (12). Two groups of
mosquitoes were fed on the same infected mouse.

One group was placed at 28°C immediately after
blood feeding, a temperature that prevents Plas-
modium berghei ookinete formation and mosqui-
to infection (fig. S2).We refer to thesemosquitoes
as the naïve group. The challenged group was
kept at 21°C for 48 hours to allow ookinete for-
mation andmidgut invasion andwas then switched
to 28°C to reduce oocyst survival (fig. S2). Seven
days postfeeding (dpf), both groups were infected
by feeding on a second mouse. Reexposure to
Plasmodium infection greatly reduced the intensity
of infection in the challenged group (Fig. 1A) (P <
0.005). This immune enhancement was also ob-
served in females rechallenged 14 days post-
priming (dpp) (P < 0.0005) (Fig. 1B). The time
between priming and rechallenge was not ex-
tended because of age-relatedmosquitomortality.
Preexposure of mosquito females toP. falciparum
(NF54 strain) infection had a similar effect, re-
ducing oocyst density when rechallenged with

the same parasite (P < 0.05, Mann-Whitney test)
(Fig. 1C and fig. S3).

Large numbers of commensal bacteria are
present in the midgut lumen when Plasmodium
ookinetes invade epithelial cells. The blood meal
is surrounded by a chitinous peritrophic matrix
(PM) that normally prevents bacteria from interact-
ing directly with epithelial cells, but ookinetes
disrupt this barrier (13) to invade midgut cells (fig.
S4), causing irreversible damage (14). The PM sac
containing the blood-meal remnants is expelled
when digestion is completed, and a new PM sac
forms with each subsequent feeding. Elimina-
tion of the gut microbiota enhances Plasmodium
infection (15–17), and activation of some mos-
quito antibacterial responses have been shown
to indirectly kill Plasmodium (17).

Gut bacteria were eliminated by oral admin-
istration of antibiotics before the first feeding (fig.
S1, yellowarea),which prevented immune priming
to Plasmodium (Fig. 1D). Then priming was al-
lowed to occur in the presence of bacteria, but anti-
bioticswere given 2 days before the second infection
(fig. S1, beige area). Elimination of the gut micro-
biota whenmosquitoes are rechallenged prevented
elicitation of the priming response (Fig. 1E). It
was the interaction between bacteria and invaded
midgut cells that appeared to elicit the response,
which indicates that the decrease in Plasmodium
infection in the challenged group (Fig. 1, A and
B) was not due to persistent immune activation
in response to the first plasmodial infection.

The effect of priming on mosquito commensal
bacteria was investigated. Total bacteria in chal-
lengedmosquitoes 7 dppwere 1%of the amount
in naïve mosquitos (P < 0.005) (Fig. 2A). Bac-
terial levels in the midgut were similar between
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Fig. 1. Effect of preexposure to Plasmodium infection on the immune response to subsequent infections.
(A) 7 dpp and (B) 14 dpp with P. berghei in naïve (Nv) or challenged (Ch) mosquitoes. (C) Effect of
prechallenge with P. falciparum on a second infection at 7 dpp. Plasmodium infections were evaluated
7 days after the second infection. Effect of eliminating the gut microbiota with oral antibiotics before
the (D) first and (E) second challenge with P. berghei on a second infection 7 dpp. Each circle represents
the number of parasites in an individual midgut, and lines indicate the medians.
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