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Iron sequestration is a recognized innate immune mechanism
against invading pathogens mediated by iron-binding proteins
called transferrins. Despite many studies on antimicrobial activity
of transferrins in vitro, their specific in vivo functions are poorly
understood. Here we use Drosophila melanogaster as an in vivo
model to investigate the role of transferrins in host defense. We
find that systemic infections with a variety of pathogens trigger
a hypoferremic response in flies, namely, iron withdrawal from
the hemolymph and accumulation in the fat body. Notably, this
hypoferremia to infection requires Drosophila nuclear factor κB
(NF-κB) immune pathways, Toll and Imd, revealing that these
pathways also mediate nutritional immunity in flies. Next, we
show that the iron transporter Tsf1 is induced by infections down-
stream of the Toll and Imd pathways and is necessary for iron
relocation from the hemolymph to the fat body. Consistent with
elevated iron levels in the hemolymph, Tsf1 mutants exhibited
increased susceptibility to Pseudomonas bacteria and Mucorales
fungi, which could be rescued by chemical chelation of iron. Fur-
thermore, using siderophore-deficient Pseudomonas aeruginosa,
we discover that the siderophore pyoverdine is necessary for path-
ogenesis in wild-type flies, but it becomes dispensable in Tsf1
mutants due to excessive iron present in the hemolymph of these
flies. As such, our study reveals that, similar to mammals, Drosoph-
ila uses iron limitation as an immune defense mechanismmediated
by conserved iron-transporting proteins transferrins. Our in vivo
work, together with accumulating in vitro studies, supports the
immune role of insect transferrins against infections via an iron
withholding strategy.

transferrin | Drosophila | nutritional immunity | iron sequestration |
innate immunity

Iron plays an indispensable role in numerous physiological
processes, such as respiration, the trichloroacetic acid cycle,

oxygen transport, gene regulation, and DNA biosynthesis. Owing
to its versatile biological utility, iron is an essential element in the
biological processes of all living organisms, and is central to
metabolic function. As a consequence, iron sequestration by the
host is a potent defense against bacterial pathogens, a process
termed nutritional immunity (1–7). Early reports dating back to
the 1940s documented that intramuscular inoculation of dogs
with Staphylococcus aureus leads to a precipitous drop in plasma
iron levels, which was named hypoferremia of infection (8). This
hypoferremic response is an important facet of the innate im-
mune system aimed at limiting iron availability to invading mi-
crobes by withholding iron within the cells and tissues. In line
with this, individuals who suffer from iron overload due to mu-
tations affecting iron metabolism have an enhanced risk of in-
fection (9). To sequester iron from pathogens, the host relies on
a number of iron-binding proteins, among which members of
the transferrin family frequently play a prominent role (1, 10).
Transferrins are monomeric glycoproteins that are ubiquitous
in metazoans. Mammals have four types of transferrin: serum
transferrin, lactoferrin, melanotransferrin, and the inhibitor of
carbonic anhydrase (11, 12). Among these, serum transferrin and
lactoferrin have been implicated in nutritional immunity via iron

sequestration from invading pathogens (5, 12). Serum transferrin
is abundant in the blood of mammals and primarily functions as
an iron transporter by shuttling the iron from the gut to pe-
ripheral sites of storage and use (13). Lactoferrin is found on
mucosal surfaces, and in biological fluids including milk and
saliva, indicating that it is part of the innate immune response;
however, there is no functional in vivo data supporting this role
(14–16). Due to their high affinity to iron, transferrins have been
shown to inhibit the growth of certain microbes (17). While
numerous studies reported the potent antimicrobial activity of
purified transferrins in vitro, in vivo studies addressing trans-
ferrin function are rather limited (10, 15, 18–24). Although
hypotransferrinemic (hpx) mice devoid of serum transferrin ex-
ist, how they respond to microbial infection has yet to be ex-
amined (25). Hence, the in vivo role of transferrins awaits further
investigation.
Due to its genetic tractability, Drosophila melanogaster has

been a model of choice to study innate host defense mechanisms
(26). The systemic antimicrobial response is probably the best-
characterized immune mechanism in Drosophila. It involves the
fat body, and, to a lesser extent, hemocytes, producing antimi-
crobial peptides that are secreted into the hemolymph. This re-
sponse is regulated at the transcriptional level by two nuclear
factor κB (NF-κB) pathways, Toll and Imd, whose inactivation
causes a high susceptibility to infection (26–29). However,
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whether nutritional immunity via iron sequestration constitutes a
part of the insect defense response has not been studied. There
are three transferrin homologs in Drosophila: Tsf1, Tsf2, and
Tsf3. Tsf2 is a component of epithelial septate junctions (30) and
is unlikely to play an antimicrobial role, whereas Tsf3 has not
been functionally characterized yet but might play a role in
circadian rhythms (31). Tsf1 was recently shown to function as
an iron transporter in the hemolymph (the insect blood) similar
to mammalian serum transferrin (32). Specifically, fat body-
derived Tsf1 is secreted into the hemolymph and trans-
ports iron from the gut and hemolymph to the fat body. The
Tsf1 gene is induced upon infections, pointing to its role in
host defense (33–35). Proteomic analysis of hemolymph also
revealed Tsf1 up-regulation after infection with the fungus
Beauveria bassiana (36). Transferrin genes have been shown to
be up-regulated in response to infection in other insect species,
including representatives from Diptera, Coleoptera, Hemi-
ptera, Hymenoptera, and Lepidoptera (21, 22, 37–39). Also,
the promoter region of Tsf1 genes from several insects is
enriched in putative NF-κB binding sites, supporting the im-
mune role of Tsf1 in these animals (37). Indeed, purified iron-
free transferrins from Sarcophaga bullata, Bombyx mori, and
Manduca sexta were shown to have antibacterial activity in vitro,
which was dependent on the transferrin’s ability to sequester iron
(21, 22, 40).
However, the in vivo role of insect transferrins in host defense

at the organismal level has never been addressed. In this study,
we used D. melanogaster as a genetically tractable model to in-
vestigate the role of iron and Tsf1 in insect host defense.

Results
D. melanogaster Exhibits Infection-Induced Hypoferremia. Infections
in mammals induce a transient depletion of plasma iron (8),
motivating us to investigate whether infection-induced hypo-
ferremia also happens in Drosophila. To this end, we infected
flies by pricking with a range of pathogens, including the Gram-
positive bacterium Micrococcus luteus, the Gram-negative bac-
teria Pectobacterium carotovorum (Ecc15) and Pseudomonas
entomophila, and the yeast Candida albicans. We measured iron
content in the extracted hemolymph from unchallenged and in-
fected flies using inductively coupled plasma optical emission
spectrometry (ICP-OES). Compared to uninfected flies, there
was a significant decrease in hemolymph iron levels in all tested
infections (Fig. 1A). Importantly, pricking with heat-killed bac-
teria triggered the same drop in hemolymph iron level as in-
fection with live bacteria (Fig. 1B). This suggests that iron
withdrawal from hemolymph is a host-mediated process, and
does not result from bacterial consumption. To track where
hemolymphatic iron might be redistributed to upon infection, we
monitored iron levels in other major tissues. The decrease of
hemolymph iron after M. luteus infection was correlated with a
concomitant increase in iron level in the fat body, while other
tissues were not affected (Fig. 1C). This result suggests that iron
was relocated from the hemolymph to the fat body after infection.

Infection-Mediated Hemolymph Iron Depletion Requires the Toll and
Imd Pathways. We next explored whether the Toll and Imd im-
mune pathways contribute to the depletion of hemolymphatic
iron upon infection. We found that, in contrast to wild-type flies,
Toll pathway-deficient mutants, including spzrm7, GNBP1osi,
PGRP-SASeml, and ModSP1 flies, were unable to remove iron
from the hemolymph afterM. luteus infection, a challenge known
to predominantly activate the Toll pathway (27, 33). In fact, iron
amount after infection stayed at the same level as in uninfected
flies (Fig. 1D). Similarly, Imd pathway-deficient mutants PGRP-
SDsk1, PGRP-LCE12, and RelishE20 were impaired in iron re-
moval from the hemolymph after pricking with Ecc15 heat-killed
bacteria (Fig. 1E), which potently activates Imd pathway but

does not kill mutant flies (41). Interestingly, in PGRP-SDsk1

mutant, we observed significant decrease in hemolymph iron, but
not as strong as in wild-type flies. This result is explained by the
fact that PGRP-SDsk1 mutants have only partial reduction in Imd
pathway activity, and therefore they have partial hypoferremic
response (41, 42). Thus, the Imd and Toll pathways appear to be
required for iron withdrawal from hemolymph after infections
that activate these pathways.

Transferrin 1 Is Required for Iron Relocation from Hemolymph to Fat
Body after Infection. The fact that the Toll and Imd pathways are
necessary for iron removal from hemolymph after infection
suggests that potential immune effectors downstream of these
pathways can transport iron from hemolymph to fat body. A
good candidate was the iron transporter transferrin 1 (Tsf1), as
transcriptomic studies have shown that this gene is induced upon
infection (33, 34). Using RT-qPCR, we showed that this gene is
strongly induced by M. luteus in a Toll pathway-dependent
manner, and by Ecc15 in an Imd pathway-dependent manner
(Fig. 2 A and B). Importantly, Tsf1 up-regulation upon infection
was tissue-specific and was restricted to the fat body (SI Ap-
pendix, Fig. S1A). Also, Tsf1 is the only infection-responsive
transferrin in Drosophila, since none of the other two transfer-
rins was induced by M. luteus or Ecc15 (SI Appendix, Fig. S1 B
and C). Using an endogenously GFP-tagged Tsf1 transgenic line,
we additionally confirmed that Tsf1 protein abundance is
strongly increased in the hemolymph after both M. luteus and
Ecc15 infections (Fig. 2C). To further explore the role of Tsf1 in
infection-induced iron transport, we generated a Tsf1 mutant
(Tsf1JP94) using CRISPR-Cas9. The mutant has two nucleotide
substitutions and a single nucleotide deletion, which leads to a
frameshift with a premature stop codon at position 19 (Fig. 2D).
Using qPCR, we showed that there was no Tsf1 transcript in the
Tsf1JP94 mutant in contrast to wild-type flies after M. luteus in-
fection (SI Appendix, Fig. S1D). Tsf1JP94 mutants were viable and
did not show any obvious morphological defects under standard
laboratory conditions. Also, both Toll and Imd pathways were
induced properly in this mutant, as illustrated by the level of Drs
and Dpt expression after M. luteus and Ecc15 infections, re-
spectively (SI Appendix, Fig. S1 E and F). Next, we compared
iron distribution between wild-type and Tsf1JP94 mutant tissues
after M. luteus infection. There was no difference in iron content
between uninfected wild-type and Tsf1JP94 mutant in the hemo-
lymph and fly tissues. Strikingly, after M. luteus infection,
Tsf1JP94 mutant contained significantly more iron in the hemo-
lymph and significantly less in the fat body compared to wild-type
flies (Fig. 2E). Overexpression of a wild-type copy of Tsf1 in
the Tsf1JP94 mutant background rescued the phenotype (Fig.
2F). This result suggests that Tsf1 contributes to the iron reloc-
alization from hemolymph to fat body after infection. To confirm
this result and identify the source of Tsf1, we performed tissue-
specific RNA interference (RNAi)-mediated Tsf1 knockdown.
Similar to Tsf1JP94, flies with ubiquitous Tsf1 knockdown retain
high iron load in the hemolymph after infection (Fig. 2F). Fat
body-specific, but not gut- or hemocyte-specific, Tsf1 knockdown
recapitulated this phenotype, indicating that the fat body is the
major source of Tsf1 (SI Appendix, Fig. S1G). This result is
consistent with a recent study (32) that showed Tsf1 is produced
by the fat body and is secreted into the hemolymph (Fig. 2C),
where it binds to iron and transports it to the fat body. DmTsf1 is
homologous to human plasma Transferrin that has been func-
tionally and structurally well characterized. Structure−function
analysis has shown that five amino acid residues of hTsf are re-
quired for iron binding (11, 12). Sequence homology analysis
showed that three out of these five residues are conserved in
Drosophila Tsf1 (SI Appendix, Fig. S2). We substituted these
three residues with alanine and generated a fly line that over-
expresses this mutated form of Tsf1 (UAS-Tsf1Fe mut) that should
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not bind iron. Overexpression of this mutated version of Tsf1 did
not rescue the Tsf1JP94 mutant (Fig. 2F). This reinforces our
conclusion that the ability of Tsf1 to bind iron is necessary to
relocate the metal from hemolymph to fat body.

Transferrin 1Mutants Are Susceptible to Pseudomonas and Mucorales
Fungal Infections. Having shown that Tsf1 mediates the trans-
port of iron upon infection, we investigated the relevance of
this immune process in host survival to various pathogens.
As shown in SI Appendix, Fig. S3, Tsf1JP94 mutants exhibited
wild-type levels of survival after systemic infection with Ecc15,
Enterobacter cloacae, Listeria monocytogenes, Streptococcus
pyogenes, S. aureus, Enterococcus faecalis, C. albicans, and B.
bassiana (natural infection). We next explored Tsf1JP94 mutants’
susceptibility to fungi of the order Mucorales and Pseudomonas
bacteria, the virulence of which is known to be strongly modu-
lated by iron availability (43–45). Interestingly, we observed
an increased susceptibility of Tsf1JP94 mutant and Tsf1 RNAi
flies to systemic infection with Cunninghamella bertholletiae, a
representative Mucorales that infects humans (Fig. 3 A and
B). Notably, Toll pathway activation by C. bertholletiae was not
affected in the Tsf1JP94 mutant (Fig. 3C). Overexpression of
wild-type Tsf1, but not the iron binding sites mutated form of
Tsf1, rescued the increased susceptibility of Tsf1JP94 mutants
to this fungus (Fig. 3D). We could almost completely rescue
the susceptibility of Tsf1JP94 mutants to C. bertholletiae by
injection of the iron chelator bathophenanthrolinedisulfonic
acid disodium (BPS) (46), suggesting that excessive iron in the
hemolymph of Tsf1JP94 mutants contributes to their increased
susceptibility to C. bertholletiae (Fig. 3E). BPS injection also has a
protective effect in wild-type flies, although not as significant as in
Tsf1JP94 mutants. We obtained similar increased sensitivity of
Tsf1JP94 mutants to another Mucorales representative, Rhizopus
oryzae (Fig. 3F), suggesting that transferrins are important for the
defense against this group of fungi.
We also observed an increased susceptibility of Tsf1JP94 and

Tsf1 RNAi flies to systemic infections with two Pseudomo-
nas species, Pseudomonas aeruginosa (Fig. 4 A and B) and P.
entomophila (SI Appendix, Fig. S4 A and B). Consistent with the
impaired resistance of Tsf1JP94 flies, P. aeruginosa (Fig. 4C) and P.
entomophila (SI Appendix, Fig. S4C) reached significantly higher
loads in Tsf1JP94 mutants. As Tsf1JP94 mutants showed wild-type
levels of Imd pathway activation after P. entomophila and P.
aeruginosa infections (SI Appendix, Fig. S4D), the increased
susceptibility of these mutants was not due a general immune
deficiency but rather due to their inability to sequester iron away
from the hemolymph. Consistent with this, injection of the iron
chelator BPS into the hemolymph significantly improves survival
of Tsf1JP94 mutants upon P. aeruginosa infection (Fig. 4D).
Ubiquitous overexpression of wild-type but not the mutated Tsf1
form was sufficient to rescue the enhanced susceptibility of
Tsf1JP94 mutants to P. aeruginosa (Fig. 4E) and P. entomophila
(SI Appendix, Fig. S4E). Similarly, P. aeruginosa elevated load
in Tsf1JP94 mutants was not observed when wild type but not the
mutated Tsf1 form was ubiquitously overexpressed (Fig. 4F).
Interestingly, overexpression of wild type but not the mutated
Tsf1 form in wild-type background led to a significant reduction
in P. aeruginosa load (Fig. 4F), which correlated with improved
survival of the flies (Fig. 4B). This protective effect of Tsf1
overexpression is comparable to the effect of BPS injection
(Fig. 4D), indicating that Tsf1 may function as endogenous iron
chelator.

Fig. 1. D. melanogaster exhibits infection-induced hypoferremia. (A and B)
Iron content of flies’ hemolymph after indicated infections. Asterisks indicate
statistical significance relative to unchallenged (UC) (one-way ANOVA) (n = 50
flies per treatment). (C) Iron content in indicated tissues of wild-type (WT) flies
24 h after M. luteus infection compared to uninfected controls (n = 20 organs
per group, n = 50 flies for hemolymph). (D and E) Hemolymph iron content (D)
in Toll pathway mutants (spzrm7, GNBP1osi, PGRP-SASeml, and ModSP1) 24 h
after M. luteus infection and (E) in Imd pathway mutants (PGRP-SDsk1, PGRP-
LCE12, and RelishE20) 24 h after heat-killed Ecc15 injection (n = 50 flies per
group). For all graphs, iron content in uninfected wild-type flies was set to 100,

and all other values were expressed as a percentage of this value. The mean
and SD of three independent experiments are shown. *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001; ****P ≤ 0.0001; ns, nonsignificant, P > 0.05.
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Pyoverdine-Mediated Iron Acquisition Is Essential for P. aeruginosa
Infection in Drosophila. Siderophore production by pathogens is a
key mechanism for scavenging iron from a variety of host iron
sources. Siderophores are small ferric iron chelators capable of
binding iron with high affinity, and can therefore effectively
outcompete host transferrin (1). P. aeruginosa produces large
amounts of pyoverdine and pyochelin siderophores that scavenge
iron and deliver it to the bacteria (47). We next compared
the susceptibility of wild-type and Tsf1JP94 mutant flies to wild-
type P. aeruginosa PA14 and to its transposon insertion deriva-
tives pchE and pvdP that lack the siderophores pyochelin and
pyoverdine, respectively (48). As shown in Fig. 5A, the pchE
mutant was as efficient as wild-type P. aeruginosa at killing both
wild-type and Tsf1JP94 mutant flies, indicating that pyochelin
is not required for P. aeruginosa virulence in Drosophila. Inter-
estingly, the virulence of pvdP mutant was attenuated com-
pared to wild-type P. aeruginosa in wild-type flies, indicating that
pyoverdine contributes to Pseudomonas pathogenicity. In con-
trast, the pathogenicity of pvdP was similar to that of wild-type P.
aeruginosa when assayed in Tsf1JP94 mutant background (Fig.
4B). In line with this, pvdP colony-forming unit (cfus) were the
same as for wild-type P. aeruginosa in Tsf1JP94 mutant but were
significantly lower in wild-type flies (Fig. 5C). To further rein-
force the role of pyoverdine, we assessed the survival of flies
preinjected prior to infection with flucytosine, a known repressor
of pyoverdine (49). We observed that flucytosine was protective in
wild-type flies but had no effect in Tsf1JP94 mutant (Fig. 5D),
which is similar to what we found with the genetic disruption of

pyoverdine (Fig. 5B). Using another P. aeruginosa strain (PAO1)
and its derived pyochelin and pyoverdine mutants (50), we
confirmed that pyoverdine is essential for virulence in wild-type
flies but not in Tsf1JP94 mutant (Fig. 5E). This result suggests that
1) pyoverdine is necessary for P. aeruginosa to acquire iron from
wild-type Drosophila, and 2) pyoverdine becomes dispensable in
Tsf1JP94 mutant due to excessive iron present in the hemolymph.
Additionally, we assessed the virulence of P. aeruginosa PAO1
tonB1 mutants that are defective for siderophore-mediated iron
uptake (51). These mutants were severely attenuated in both
wild-type and Tsf1JP94 mutant flies. Nevertheless, they still killed
Tsf1JP94 mutants faster than wild-type flies, likely due to high iron
levels in the hemolymph of Tsf1JP94 mutants (Fig. 5F). Thus,
using bacterial and fly genetics, we could show that Tsf1 is re-
quired for the Drosophila defense against certain pathogens, by
sequestering iron from hemolymph and limiting pathogen access
to this essential element.

Transferrin 1 Plays a Role in Intestinal Immunity. Considering that
Tsf1 is induced by Ecc15 and P. entomophila oral infections in the
gut in an Imd pathway-dependent manner (Fig. 6 A and B) (52),
we explored whether this iron transporter is also implicated
in intestinal immunity. As shown in Fig. 6C, Tsf1JP94 mutants
succumbed faster to P. entomophila oral infection compared to
wild-type flies. Enterocyte-specific Tsf1 knockdown by RNAi
also resulted in increased sensitivity to P. entomophila oral in-
fection (Fig. 6D). This increased susceptibility was not due
to an impaired Imd pathway activity (SI Appendix, Fig. S5A) or

Fig. 2. Contribution of Tsf1 to infection-induced hypoferremia. (A and B) Tsf1 expression (A) in wild type and spzrm7 mutants afterM. luteus infection and (B)
in wild type and RelE20 mutants after Ecc15 infection, measured by RT-qPCR (n = 10 flies per group). (C) Western blot of Tsf1-GFP hemolymph extracted 24 h
afterM. luteus or Ecc15 infection showing Tsf1 induction after these infections. Lipophorin (α-Lpp) was used as a loading control. A representative Western blot out
of three independent experiments is shown (n = 30 flies per group). (D) Nucleotide and amino acid sequence alignment of wild-type and Tsf1JP94 transferrin. (E) Iron
content in indicated tissues of wild-type and Tsf1JP94 flies 24 h after M. luteus infection compared to uninfected controls (n = 20 organs per group, n = 50 flies for
hemolymph). Asterisks above the red bars indicate significance relative to wild-type UC. (F) Hemolymph iron content of indicated fly genotypes 24 h afterM. luteus
infection compared to uninfected controls (n = 50 flies per group). Asterisks above bars indicate significance relative to act-GAL4 > w1118 M. luteus-infected. Iron
content in uninfected wild-type or act-GAL4 > w1118 flies was set to 100, and all other values were expressed as a percentage of this value. The mean and SD of
three independent experiments are shown unless otherwise stated. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, nonsignificant, P > 0.05.
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compromised gut repair, as PH3 staining revealed that Tsf1JP94

mutants had the same number of proliferating stem cells after
Ecc15 infection as wild-type flies (SI Appendix, Fig. S5B). In line
with this, upd3, a ligand of the JAK-STAT pathway playing
a crucial role in epithelial renewal (52), was expressed in Tsf1JP94

mutants at wild-type levels after both Ecc15 and P. entomophila
infections (SI Appendix, Fig. S5C). Importantly, we found that
the susceptibility of Tsf1JP94 mutants to P. entomophila oral in-
fection could be rescued by gut-specific overexpression of wild-
type but not iron binding-defective Tsf1 (Fig. 6E), indicating that
the ability of Tsf1 to bind iron is necessary for defense against P.
entomophila intestinal infection, similar to its effect in systemic
infection. Therefore, Tsf1 plays a similar role in the gut as in the
hemolymph. To further reinforce this conclusion, we performed
oral infection with P. aeruginosa PA14 and observed that
Tsf1JP94 mutants were also more susceptible to this pathogen
(Fig. 6F). Consistent with systemic infections, pyoverdine-
deficient pvdP mutant virulence was attenuated in wild-type
but not in Tsf1JP94 mutant flies, while pyochelin-deficient mu-
tant virulence was comparable to wild-type P. aeruginosa (Fig.
6F). The fact that pyoverdine is unnecessary for virulence in
Tsf1JP94 mutant suggests that there is enough available iron in
the guts of these flies. Indeed, we could detect significantly
more iron in Tsf1JP94 mutant guts compared to wild-type un-
challenged guts (SI Appendix, Fig. S5D). We conclude that iron
sequestration by transferrin is also a potent mechanism con-
tributing to intestinal immunity.

Discussion
Despite the well-established role of iron and iron-binding
proteins in mammalian immunity, their role in insect immu-
nity remains understudied. Using D. melanogaster as a model,
we found that 1) flies trigger a hypoferremic response after

infection to limit iron availability to invading microbes, and 2)
the iron transporter Tsf1 mediates nutritional immunity by
sequestering iron from invading pathogens (see model in SI
Appendix, Fig. S6).
In mammals, hypoferremia of infection has been known since

the 1940s and is characterized by iron withdrawal from the serum
and accumulation in storage organs, like the liver (8). Consistent
with mammalian studies, we discovered that flies trigger a
hypoferremic response upon challenge with a variety of patho-
gens. During this response, iron was relocated from the hemo-
lymph to the fat body, which is the equivalent of mammalian
liver. Given that the same response was also triggered by heat-
killed bacteria, depleting hemolymph iron appears to be a host-
mediated process. Notably, this mechanism requires the Dro-
sophila Toll and Imd pathways, since mutants for these pathways
were not able to induce a hypoferremic response to infection.
Thus, beyond regulating antimicrobial effector-mediated immu-
nity, the Toll and Imd pathways also mediate nutritional im-
munity in flies.
We hypothesized that Tsf1 might play a major role in Dro-

sophila nutritional immunity downstream of Toll and Imd
pathways. Out of the three Drosophila transferrins, Tsf1 is con-
sistently induced by a variety of immune challenges (33, 34, 36).
Using a Transferrin null mutant, we indeed found that Tsf1 is
required for iron trafficking from the hemolymph to the fat body
after infection. Therefore, our study agrees with a recently
published work that Tsf1 is indeed an iron transporter (32).
However, in contrast to Xiao et al. (32), who used a Tsf1 RNAi,
we did not observe any lethality or developmental defects in
Tsf1JP94 mutants and Tsf1 RNAi. This discrepancy could be due
to the fact that we used different RNAi lines targeting different
parts of the transcript or because, in contrast to Xiao et al., we
used conditional knockdown specifically during adult stage.

Fig. 3. Tsf1 is required for the defense against Mucorales. (A) Survival rates of wild-type, spzrm7, and Tsf1JP94 flies infected with C. bertholletiae (106 spores
per ml). (B) Survival rates of flies with ubiquitous knockdown of Tsf1 is significantly reduced compared to wild-type flies after infection with C. bertholletiae.
(C) Drs expression in wild-type, spzrm7, and Tsf1JP94 flies after C. bertholletiae infection measured by RT-qPCR (n = 10 flies per group). The mean and SD of
three independent experiments are shown. (D) Increased susceptibility of Tsf1JP94 mutant flies to C. bertholletiae infection is rescued by the ubiquitous
overexpression of the wild-type (UAS-Tsf1WT) but not mutated form of Tsf1 (UAS-Tsf1Fe mutant). (E) Survival rates of wild-type and Tsf1JP94 flies preinjected
with 13.4 nL of H2O (control) or with 13.4 nL of 200 μM iron chelator BPS prior to infection with C. bertholletiae. (F) Survival rates of wild-type, spzrm7, and
Tsf1JP94 flies infected with R. oryzae (106 spores per mL). Survival graphs show one representative experiment out of three independent experiments with
similar results with two or three cohorts of 20 male flies per treatment. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, nonsignificant, P > 0.05.
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Our study raises an intriguing question regarding how Tsf1
relocates iron specifically to the fat body and not to other tissues.
One possibility could be that fat body expresses transferrin re-
ceptor that directs iron transport by Tsf1. To date, no transferrin
receptor homolog has been identified in Drosophila (and other
insects). Finding this receptor and mechanism of iron uptake by
the fat body during infection would be an interesting future
research avenue.
Despite the elevated level of iron in the hemolymph, Tsf1JP94

mutants did not show any increased susceptibility to the majority
of pathogens that we tested, including several Gram-positive and
Gram-negative bacteria, fungi, and yeast. However, we observed
increased susceptibility of Tsf1JP94 mutants to Mucorales fungi
and to Pseudomonas bacteria. This increased susceptibility was
linked to the ability of Tsf1 to bind iron, as we could not rescue
Tsf1JP94 mutants’ susceptibility with a form of Tsf1 mutated in
iron binding sites. Given that Mucorales virulence is known to be
enhanced by increased iron supply (43), it is reasonable to as-
sume that Tsf1JP94 flies are more susceptible to these infections
because of elevated hemolymph iron levels. P. aeruginosa viru-
lence is also known to be strongly regulated by iron. The im-
portance of iron to P. aeruginosa is exemplified by the fact that
6% of its transcribed genes are iron responsive (44, 45). Not
surprisingly, these bacteria evolved a diversity of mechanisms to
scavenge iron from a variety of host iron sources. Siderophore
production is one such mechanism. Pyoverdine and pyochelin
are two major siderophores produced by P. aeruginosa (47), and
pyoverdine is essential for P. aeruginosa pathogenesis in various
mammalian and invertebrate host models (48, 53–55). A recent

study showed that P. aeruginosa mutants for the algR regulator
are deficient for pyoverdine production, and virulence is at-
tenuated in the algR mutant in a Drosophila oral infection
model (56). In line with this, we showed that the P. aeruginosa
pyoverdine mutant is less pathogenic compared to its wild-type
counterpart during both systemic and oral infections. Impor-
tantly, Tsf1JP94 mutant flies were killed by the P. aeruginosa
pyoverdine mutant as efficiently as by wild-type bacteria. This
suggests that 1) pyoverdine is necessary for iron acquisition
by P. aeruginosa during Drosophila infection and, 2) in the
absence of transferrin, pyoverdine becomes unessential, as
there is an excess of free iron. The extreme dependence of P.
aeruginosa on iron makes these bacteria vulnerable to iron
chelation therapy by transferrin, which has been proposed as a
novel antimicrobial therapy (24). Efficacy of such therapy is
also supported by our results showing that Tsf1 overexpression
is sufficient to increase the survival of flies to Pseudomonas
infections.
Why Tsf1 flies are not sensitive to the majority of pathogens is

an intriguing question that our work raises. A likely explanation
for this result is that, beyond iron sequestration, the host relies
on other arms of defense, like phagocytosis or production of
antimicrobial peptides, to combat pathogens. Those additional
arms of defense might be sufficient to eliminate most pathogens
at the infectious doses we used, even if iron sequestration is
impaired. There is accumulating evidence that some elements of
the immune system are specifically required against certain
pathogens. For instance, from Drosophila studies, it is known
that melanization is important to survive S. aureus infection (57),

Fig. 4. Tsf1-mediated iron sequestration protects against P. aeruginosa infection. (A) Survival rates of wild-type, RelE20, and Tsf1JP94 flies infected with
P. aeruginosa. (B) Survival rates of flies with ubiquitous knockdown of Tsf1, and overexpression of either wild-type (UAS-Tsf1WT) or mutated Tsf1 after
P. aeruginosa infection. (C) Measurement of P. aeruginosa burden at different time points after infection of wild type and Tsf1JP94 mutant. (D) Survival rates
of wild-type and Tsf1JP94 flies preinjected with 13.4 nL of H2O (control) or with 13.4 nL of 200 μM iron chelator BPS prior to infection with P. aeruginosa. (E) Increased
susceptibility of Tsf1JP94 mutant flies to P. aeruginosa infection is rescued upon ubiquitous overexpression of wild-type (UAS-Tsf1WT) but not mutated form of Tsf1
(UAS-Tsf1Fe mutant). (F) Pseudomonas aeruginosa load 16 h after infection of flies with indicated genotypes. For cfu counts, each dot represents cfus from a pool of
five animals, calculated per fly. The mean and SD are shown. Survival graphs show one representative experiment out of three independent experiments with
similar results with two or three cohorts of 20 male flies per treatment. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, nonsignificant, P > 0.05.
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phagocytosis [S. aureus and Salmonella typhimurium (58, 59)],
the antimicrobial peptide Diptericin [Providencia rettgeri (60,
61)], and Drosocin [E. cloacae (61)]. Our study suggests that iron
sequestration is an important defense mechanism against Mucorales
and Pseudomonas, while, in the case of other pathogens, other
arms of defense might play a more prominent role. It will be an
interesting avenue for future research to explore functional re-
dundancy between different arms of the host defense against
specific pathogens.
Taken together, our results reveal that nutritional immunity is

an important arm of innate immune defense in Drosophila. Using
fly and bacterial genetics, we showed that the iron transporter
Tsf1 mediates nutritional immunity by sequestering iron from
the pathogens in vivo on the whole-organism level. So far, two
studies have identified immune-related phenotypes resulting
from RNAi-mediated knockdown of transferrin: increased
prevalence of trypanosome infections in Glossina morsitans, and
increased mortality of Bacillus thuringiensis-infected Plutella
xylostella (62, 63). Those in vivo and accumulating in vitro studies
support the immune role of insect transferrins against infections
via an iron withholding strategy. Considering the multifactorial
function of iron beyond immunity, our work opens avenues for

future research addressing the role of transferrins in the host
physiology.

Materials and Methods
Pathogen Strains and Survival Experiments. The bacterial strains used and
their respective optical densities (OD) at 600 nm were, unless otherwise
stated, the Gram-negative bacteria P. carotovorum (Ecc15, OD 200), E.
cloacae β12 (OD 200), P. entomophila (OD 1), P. aeruginosa PA14 (OD 1),
P. aeruginosa PA14 pvdP (OD 1), P. aeruginosa PA14 pchE (OD 1), P. aeruginosa
PAO1 (OD 1), P. aeruginosa PAO1 ΔpvdA (OD 1), P. aeruginosa PAO1 ΔpchD
(OD 1), and P. aeruginosa PAO1 ΔtonB1 (OD 1); the DAP-type peptidoglycan-
containing Gram-positive bacteria L. monocytogenes BUG2377 (, OD 40); the
Lys-type peptidoglycan containing Gram-positive bacteria M. luteus (OD
200), S. aureus (OD 0.5), S. pyogenes ATCC19615 (OD 200), and E. faecalis
OG1RF (OD 15); and the yeast C. albicans (OD 200). Microbes were cultured
in Brain-Heart Infusion Broth (L. monocytogenes and E. faecalis), Yeast
extract-Peptone-Glucose Broth (C. albicans), or Luria Broth (all others) at
29 °C (E. carotovora, M. luteus, C. albicans, and P. entomophila) or 37 °C (all
others). To compare the virulence of P. aeruginosa wild type and
siderophore mutants, bacteria were grown in M9 minimal media at 37 °C to
stimulate siderophore production. P. aeruginosa PAO1 ΔtonB1 mutant was
grown in media supplemented with 100 μM FeSO4. The pvdP and pchE
P. aeruginosa PA14 mutants were grown in the presence of 15 μg/mL genta-
micin. Spores of the entomopathogenic fungus B. bassiana 802 and

Fig. 5. Pyoverdine is required for P. aeruginosa virulence against wild-type but not Tsf1JP94 flies. (A and B) Survival rates of wild-type and Tsf1JP94 mutant flies
infected with (A) wild-type, pyochelin-deficient pchE or (B) pyoverdine-deficient pvdP P. aeruginosa PA14. (C) Measurement of wild-type and pvdP PA14 load
16 h after infection of wild-type and Tsf1JP94 flies. Each dot represents cfus from a pool of five animals, calculated per fly. The mean and SD are shown. (D)
Survival rates of wild-type and Tsf1JP94 flies preinjected with 13.4 nL of H2O (control) or with 13.4 nL of 100 μM repressor of pyoverdine flucytosine prior to
infection with P. aeruginosa. (E and F) Survival rates of wild-type and Tsf1JP94 flies infected with wild-type, (E) ΔpchD, ΔpvdA, and (F) ΔTonB1 P. aeruginosa
PAO1. Survival graphs show one representative experiment out of three independent experiments with similar results with two or three cohorts of 20 male
flies per treatment. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, nonsignificant, P > 0.05.
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Mucorales C. bertholletiae 506313 and R. oryzae 557969 were grown on
malt agar plates at 29 °C for ∼3 wk until sporulation. Natural infections were
performed by shaking anesthetized flies in a Petri dish containing a sporu-
lating culture of B. bassiana. Systemic infections (septic injury) were
performed by pricking adult flies (2 d to 5 d old) in the thorax with a thin
needle previously dipped into a concentrated pellet of a bacterial culture or
in a suspension of fungal (C. bertholletiae and R. oryzae) spores. Infected
flies were subsequently maintained at 29 °C (most of the infections) or at
25 °C (E. faecalis, S. aureus, S. pyogenes, and P. aeruginosa). In some ex-
periments, flies were injected prior to infection with 13.4 nL of 200 μM BPS
(iron chelator) or with 13.4 nL of 100 μM Flucytosine using a Nanoject ap-
paratus (Drummond). Oral infections were performed as described previ-
ously (42, 52, 64). At least two vials of 20 flies were used for survival
experiments, and survivals were repeated at least three times.

Iron Measurement Using ICP-OES. Flies were infected with different pathogens
as described above. Right before hemolymph collection, 50 flies were pricked
in the thorax to breach the cuticle and increase hemolymph yield. These flies
were placed on a 10-μm filter of an empty mobicol spin column (MoBiTec),
covered with glass beads, and centrifuged for 5 min at 4 °C, 5,000 rpm. Then
5 μL of hemolymph per each sample were digested with 0.5 mL of 32%
ultrapure hydrochloric acid (VWR Chemicals) under heating conditions (60 °C)
for 2 h; 9.5 mL of nitric acid was added to each sample, and the total iron
concentration was measured using ICP-OES (Perkin-Elmer Optima 8300 ICP-
OES). To measure iron content of tissues, tissues of interest were dissected
in phosphate-buffered saline and digested in 0.5 mL of 32% ultrapure

hydrochloric acid at 60 °C for 2 h. The samples were filtered to remove im-
purities and any undigested material. Protein concentration in digested
samples was determined using the Pierce BCA protein assay kit. Iron con-
centration in each sample was normalized to the total protein amount to
standardize sample size differences.

RT-qPCR. For quantification of messenger RNA, whole flies (n = 10) or dis-
sected tissues (n = 20) were collected at indicated time points. Total RNA was
isolated using TRIzol reagent and dissolved in RNase-free water. Five hun-
dred nanograms of total RNA was then reverse-transcribed in 10-μL reac-
tions using PrimeScript RT (Takara) and random hexamer primers. The qPCR
was performed on a LightCycler 480 (Roche) in 96-well plates using the
LightCycler 480 SYBR Green I Master Mix. RP49 was used as a housekeeping
gene for normalization.

All data are available in the manuscript and SI Appendix.
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