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The origins and causes of infection pathologies are often not understood. Despite this,

the study of infection and immunity relies heavily on the ability to discern between

potential sources of pathology. Work in the fruit fly has supported the assumption

that mortality resulting from bacterial invasion is largely due to direct host-pathogen

interactions, as lower pathogen loads are often associated with reduced pathology,

and bacterial load upon death is predictable. However, the mechanisms through which

these interactions bring about host death are complex. Here we show that infection

with the bacterium Francisella novicida leads to metabolic dysregulation and, using

treatment with a bacteriostatic antibiotic, we show that this pathology is the result of

direct interaction between host and pathogen. We show that mutants of the immune

deficiency immune pathway fail to exhibit similar metabolic dysregulation, supporting

the idea that the reallocation of resources for immune-related activities contributes to

metabolic dysregulation. Targeted investigation into the cross-talk between immune and

metabolic pathways has the potential to illuminate some of this interaction.
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INTRODUCTION

Infection phenotypes can result from direct interactions between host and pathogen, or indirect
interactions which often take the form of trade-offs with, or damage caused by, the host’s immune
response (1–4). The deleterious effects of immune activity aremost often described in the context of
an unfettered immune response and the resultant “costs” of said activation [e.g., decreased lifespan
(5–7)], or, the by-products of immune effectors [e.g., biochemical interactions; pleiotropic signaling
cascades (8–11)].

While the contribution of the host’s immune response to infection pathology is acknowledged, a
majority of studies focus on pathogen-derived infection phenotypes. Studying direct host-pathogen
interactions allows researchers to be on the frontline of infection, dissecting each play and
counter-play as host and pathogen battle, often resulting in either elimination of the invader, or
death of the host. Work in the fruit fly has supported the assumption that mortality resulting from
bacterial invasion is largely due to direct host-pathogen interactions, as lower pathogen loads are
often associated with reduced pathology, and bacterial load upon death is predictable (12–14).

Drosophila melanogaster has been used as a model for host-pathogen interactions due to its
experimental tractability (10, 15–18). One emergent and exciting field of work is focused on the
interaction between infection and host metabolism. Work from our lab and others has identified
a number of regulatory factors that play roles in both immune and metabolic activity (10, 11, 19).
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For example, infection with the intracellular bacterium
Mycobacterium marinum leads to a wasting phenotype, with flies
losing both glycogen and triglyceride stores over the course of
infection (20). This wasting phenotype is mediated, in part, by
impaired insulin signaling.

Here we explore the interaction between pathogenesis,
immunity and metabolic function. The bacteriostatic antibiotic
doxycycline, a close analog of tetracycline, is a standard treatment
for infection with Francisella tularensis (21). Flies infected with
the Gram-negative intracellular bacterium Francisella novicida
die within 6 days of infection (22). In these infections, the greatest
pathogen loads are observed immediately prior to death (22).
We show that F. novicida—infected flies treated with tetracycline
maintain live bacteria at loads less than the initial inoculum
and exhibit no difference in survival with their PBS-injected
controls. These results suggest that factors dependent on bacterial
proliferation contribute to mortality during infection. We find
that the metabolic dysregulation observed during this infection
is dependent on bacterial load, and we distinguish between
immune-derived and pathogen-driven pathology using immune
deficient hosts.

MATERIALS AND METHODS

General Experimental Procedures
We used w1118; and w1118; imd10191 flies in this study. The
w1118; imd10191 line is a mutant of the immune deficiency
pathway (imd); it has a 26-nucleotide deletion that frameshifts
the protein at amino acid 179, which is the beginning of the
death domain (23). Male flies were collected following eclosion
and kept in same-sex vials for 5 to 9 days in groups of 20.
Flies were maintained on a standard sugar-yeast diet (10%
yeast, 8% fructose, 2% polenta, 0.8% agar, supplemented with
0.75% propionic acid and 0.075% nipagin) at 25◦C. Injections
were carried out using a pulled-glass capillary needle and
a Picospritzer injector system. Flies given tetracycline were
transferred to 0.04% tetracycline food (same recipe as above,
supplemented with powdered Tetracycline≥98.0% (NT), 87128
Sigma-Aldrich) 6 h after injection. We transferred flies onto
tetracycline 6 h post injection for two reasons: first, we wanted
to simulate normal usage of antibiotics, and therefore did not
administer tetracycline prior to the establishment of infection;
second, preliminary studies showed that flies transferred to
tetracycline food at 6 and 24 h post infection had similar survival
(Supplementary Figure 1). We chose to administer tetracycline
at 6 h to allow more time to assay pathology in the shorter-lived
imd10191 mutants.

Bacteria were grown from single colonies overnight at 37◦C in
a shaking incubator. Wild-type Francisella novicida (U112) and
tetracycline resistant Francisella novicida (U112 pKK219-GFP)
were grown in Tryptic Soy Broth supplemented with 5% cysteine.
U112 pKK219 cultures were additionally supplemented with 0.1
% tetracycline. Each fly was injected with 50 nl of bacterial
culture diluted to OD600 = 0.1 in PBS. As infection (bacteria) and
wounding controls, we had flies that were injected with sterile
PBS and anesthetized but otherwise unmanipulated, respectively.

Survival Assays
Survival experiments were performed at 29◦C with 15–
25 flies/vial. Survival was monitored daily and flies were
“tipped” into fresh vials every 3 days; this method for
transferring flies permits the provisioning of fresh food
without anesthesia.

Bacterial Quantification
For each sample, at the timepoint specified, 1 fly was
homogenized in a 100 µl of Tris-EDTA, 1% Proteinase K
(NEB, P8107S) solution. Homogenates were incubated for
3 h at 55◦C followed by a ten-minute incubation at 95◦C.
Following incubation, we performed our qPCR protocol as
outlined below to determine the number of bacterial colony
forming units (CFU). Methods used to estimate bacterial load
upon death (BLUD) are described elsewhere (12); briefly, we
collected flies within 30min of death and processed samples
as above. Preliminary experiments showed that quantification
via qPCR yields similar results to plating (mean CFU:
plating−1850, qPCR−2204, Supplementary Figure 2). As such,
we are confident that this method of quantification provides a
good estimate of bacterial number.

Gene Expression—Quantitative Reverse
Transcription PCR
For each sample, three flies were homogenized in 100 µl of the
single-step RNA isolation reagent TRI Reagent (Sigma), followed
by a chloroform extraction and precipitation in isopropanol.
The resultant pellet was then washed with 70% ethanol. Pellets
were resuspended and subjected to DNase treatment. Revertaid
M-MuLV reverse transcriptase and random hexamers (Thermo
Scientific) were used to carry out cDNA synthesis. Five-
microliter of each cDNA sample was put into a “neat” standard
tube; this tube was later used to generate standards which
would be used to generate a standard curve for each gene.
Each cDNA sample was diluted and this diluted sample used
for analysis.

We used qPCRBIO SyGreen Mix for qRT-PCR. The cycling
conditions were as follows: Hold 95◦C for 10min, then 45 cycles
of 95◦C for 15 s, 59◦C for 30 s, 72◦C for 30 s, followed by amelting
curve. To gain a general picture of AMP activity, we assayed
a subset of antimicrobial peptides which we have found to be
strongly induced during F. novicida infection (Table 1). Gene
expression was calculated based on the standard curve generated
during each run, normalized to the value of our housekeeping
gene, RPL1. Samples from PBS and infected treatments were
then divided by the mean value of their uninfected controls to
generate expression values relative to uninfected flies. All gene
expression experiments were repeated at least twice, with four or
more biological replicates per experiment.

Measurement of Glucose and Glycogen
Levels
Each sample contained three flies that were homogenized in 75
µl of TE + 0.1% Triton X-100 (Sigma Aldrich), and stored at
−80◦C. Prior to the assay, samples were incubated for 5min at
65◦C. Following incubation, 10 µl from each sample was loaded
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TABLE 1 | Primer sequences used for qRT-PCR.

Gene Forward Reverse

AttA 5′- cacaatgtggtgggtcagg−3′ 5′- ggcaccatgaccagcatt−3′

Dpt 5′- accgcagtacccactcaatc−3′ 5′- cccaagtgctgtccatatcc−3′

Dro 5′- ccatcgaggatcacctgact−3′ 5′- ctttaggcgggcagaatg−3′

Mtk 5′- tcttggagcgatttttctgg−3′ 5′- tctgccagcactgatgtagc−3′

Rpl1 5′- tccaccttgaagaagggcta−3′ 5′- ttgcggatctcctcagactt−3′

U112_IgID 5′- aggataagacctgtctgca−3′ 5′- ggttaagcaccgcaagctat−3′

into 3-wells of a 96-well plate. Each well was designated to serve
as a measurement for either: control (10 µl sample + 190 µl
H20), glucose [10 µl sample + 190 µl glucose reagent (Sentinel
Diagnostics)], or glycogen [10 µl sample + 190 µl glucose
reagent + amyloglucosidase (Sigma Aldrich)]. A standard curve
was generated by serially diluting a glucose sample of known
concentration and adding 190 µl of glucose reagent to 10 µl of
each standard. Standards were always run at the same time and
in the same plate as samples. Plates were incubated for 1.5–2 h at
37◦C following which the absorbance for each well at 492 nm was
determined using a plate reader.

Measurement of Triglyceride Levels
Triglycerides were measured using Thin Layer Chromatography
(TLC) assays as described elsewhere (24). Briefly, each sample
consisted of eight flies; flies were placed in microcentrifuge tubes
and stored at −80◦C until the time of analysis. To perform the
TLC assay, samples were removed from the −80◦C freezer and
spun down (3min at 13,000 rpm at 4◦C) in 100 µl of a 3:1 (v/v)
mix of chloroform and methanol. Flies were then homogenized
and subjected to a further “quick spin.” Standards were generated
using lard dissolved in the same chloroform: methanol solution.
We loaded 2 µl of each standard and 20 µl of each sample onto
a silica gel glass plate (Millipore). Plates were then placed into
a chamber pre-loaded with solvent (a 4:1 (v/v) mix of hexane
and ethyl ether) and left to run until the solvent reached a point
1 cm short of the edge of the plate. Plates were then removed
from the chamber, allowed to dry, and stained with CAM solution
(24). Plates were baked at 80◦C for 15–25min and imaged using
a scanner. Triglyceride was quantified in Image J using the Gel
Analysis tool.

Statistical Analysis
All data were analyzed in R Studio with R version 3.5.1.
Survival data were analyzed using pairwise comparisons Log-
Rank tests. BLUD assay correlations were computed by Pearson’s
correlation. For all other assays, we first tested for normality
of data which dictated whether an ANOVA, t-test, Kruskal—
Wallis analysis of variance, or Wilcoxon test was used to
calculate differences between treatments. When appropriate, we
performed post-hoc Tukey or Dunn analyses to identify specific
differences between treatments. All assays were repeated at least
twice with the number of biological replicates as indicated.

RESULTS

Effect of Tetracycline During F. novicida

Infection on w1118 Flies
Infected w1118 flies given tetracycline lived 4.3x longer than
flies kept on normal food (median survival of infected
flies: normal food−4 d; tetracycline−17.5 d; Figure 1A) and
similar survival to their PBS controls (median survival of
tetracycline-fed flies: PBS−16 d; F. novicida−17.5 d; Figure 1A,
Supplementary Table 1). Flies injected with PBS and fed
tetracycline lived significantly longer than their normal food
controls, while the opposite was true in uninfected flies (median
survival; Uninfected: normal food−27 d, tetracycline−23 d;
PBS: normal food−11 d, tetracycline−16 d; Figure 1A). As
tetracycline is a bacteriostatic antibiotic and thus prevents
bacteria from proliferating rather than actively killing bacterial
cells (21), we assayed bacterial load over the course of infection
in tetracycline-fed and normal food flies. Confirming our
preliminary findings, flies kept on normal food exhibited an
exponential increase in bacterial numbers over the first 3 days of
infection, while flies given tetracycline maintained a low level of
bacteria (Figure 1B). Bacterial load differed significantly between
normal food and tetracycline flies for all time points beyond
24 h. Furthermore, bacterial loads in normal food flies differed
significantly between all consecutive time points apart from days
1 and 2. For tetracycline-fed flies, there was a significant increase
in bacterial load between day 3 and day 5, but no difference
between days 1 and 3, nor days 5 and 11 (Figure 1B).

Because pathogen detection is required for the initiation of
the antimicrobial peptide (AMP) response (25–27), we sought
to determine how the changing bacterial load on normal food,
and the static load on tetracycline food, were affecting AMP
expression. We found that 24 h post-infection, AMP expression
did not differ between flies given tetracycline and those on
normal food (Figure 1C, Supplementary Figure 3). This finding
was unsurprising as bacterial loads did not differ significantly
between the two groups at this time. In contrast, by 72 h post-
infection, all four of the AMPs measured had greater induction
in normal food flies compared to tetracycline-fed (Figure 1D).

Having confirmed that infection with F. novicida is lethal,
and characterized by rapid bacterial proliferation and AMP
induction, we wanted to determine if F. novicida infection
had any effect on host metabolism. Infected tetracycline-
fed flies live longer, have lower bacterial loads, and reduced
AMP induction; thus, we anticipated that the metabolism of
these flies would not be affected in the same way as flies
that were not given tetracycline. However, we found that
flies infected with the non-lethal pathogen Microccocus luteus
exhibit metabolic dysregulation similar to what we here observe,
suggesting that this phenotype is independent of moribundity
[Supplementary Figure 4, (28)]. During the early stages of
infection, there was no effect of tetracycline or infection on
metabolism (Figures 1E,F). However, by 72 h post-infection,
infected flies kept on normal food had significantly higher
levels of glucose, as well as depleted glycogen and triglyceride
stores. Infection did not affect glucose, glycogen, or triglyceride
levels in tetracycline-fed flies (Figures 1F,G). Collectively,
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FIGURE 1 | Tetracycline alleviates pathology associated with F. novicida infection. Five to nine days old adult w1118 flies infected with F. novicida (OD600 = 0.1, or

∼1,000 bacteria). Animals fed tetracycline were switched to tetracycline food 6 h post-infection. In all plots, black and blue tracings represent normal and tetracycline

(Continued)
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FIGURE 1 | food, respectively. Significance codes: *** < 0.001, ** < 0.01, * < 0.05. Survival (A) F. novicida -infection is represented by dotted lines. Uninfected and

PBS controls are represented by solid and dashed lines, respectively. Infected, tetracycline-fed flies live 4.3x longer than flies kept on normal food. Median survival of

infected flies: tetracycline−17.5 d; normal food−4 d (Log-Rank = 745.6, df = 5, n = 602, p ≤ 2e-16). Survivals were repeated 2 or 3 times with 20

flies/treatment/repeat. A full-factorial report of statistics can be found in Supplementary Table 1. Bacterial quantification (B) tetracycline-fed flies (Tet) had

significantly lower bacterial loads at both 2 and 3 d post infection (Kruskal-Wallis = 112.47, df = 11, p = 2.2e-16; Dunn’s post hoc: 48 h–p = 0.001, 72

h–p = 2.1e-11). A significant increase in bacterial load was observed between days 3 and 5 in tetracycline-fed flies (Dunn’s post hoc: tetracycline 2d—tetracycline 5 d,

p = 0.008), but remained constant from that point on. Normal food (NF) flies show an exponential increase in bacterial load throughout infection. Markers indicate

means and bars represent SE. Bacterial quantifications were repeated twice, with n = 8 samples/treatment/repeat. Spider plots showing antimicrobial peptide

transcript levels 24 h (C) and 72 h (D) post infection. All tracings are relative to uninfected individuals of the same treatment. Solid and dashed lines represent PBS and

F. novicida injection, respectively. The area contained within the innermost quadrilateral represents induction levels falling between one and ten times that of the

uninfected controls. The middle and outer quadrilaterals represent 10–100 and 100–1,000-fold induction, respectively. Antimicrobial peptide assays were repeated

twice, with four samples/treatment/repeat. These data are also shown, represented differently, in Supplementary Figure 3A. Metabolism (E) glucose, glycogen and

triglyceride levels are unchanged at an early point (6 h post-infection) of infection. (F) Glucose and glycogen levels 24 and 72 h post-infection. Infection led to a

significant increase in glucose levels during late infection in normal food flies (Kruskal-Wallis = 20.007, df =3, p = 1.7e-04; Dunn’s post hoc: normal food

PBS—normal food Fnov = 2.6e-04). Glycogen stores were depleted by infection in normal food flies (AOV: df =3, n = 28, F = 4.855, p = 7.6e-03, Tukey’s HSD:

normal food PBS—normal food Fnov = 0.015). Groups sharing the same letter are not significantly different. (G) Infection led to a significant depletion of triglycerides

in infected normal food flies (AOV: df =3, n = 28, F = 11.86, p = 3.4e-05, Tukey’s HSD: normal food PBS—normal food Fnov, p = 0.006). Infection did not affect any

measure of metabolism in tetracycline-fed flies. Large circular markers indicate means while smaller circles represent individual data points. Horizontal bar within each

box represents the median. The bottom and top lines of the box represent the 1st and 3rd quartiles, respectively. Whiskers represent either the maximum and

minimum values, or, the maximum and minimum values falling within 1.5x the interquartile range, in which case outliers are indicated. Metabolic assays were repeated

2 or 3 times, with four samples/treatment/repeat.

these data show that tetracycline reduces the pathology of
F. novicida infection.

Effect of Tetracycline During F. novicida

Infection on imd10191 Flies
Mutants of the Imd pathway exhibit poor AMP induction in
response to infection with Gram-negative bacteria and impaired
survival during infection with F. novicida (22, 25, 29, 30),
so we did not measure AMPs in these flies. Instead, we
tested whether treatment with tetracycline enhances survival in
imd10191 mutants to a level similar to that observed in w1118 flies.
In addition, as there is an assumed “cost of immunity” (4, 31–
33), infection of imd10191 mutants with F. novicida would allow
us to determine if part of the observed metabolic dysregulation
during infection in w1118 is caused by imd-dependent immune
activation. Any observed differences in metabolism between
w1118 and imd10191 flies are unlikely to result from differential
resource availability as we found no difference in triglyceride
levels between the two (Supplementary Figure 5).

Infected imd10191 flies given tetracycline lived 3.6x longer
than flies kept on normal food (median survival of infected
flies: tetracycline−11 days; normal food−3 days; Figure 2A,
Supplementary Table 2). In the absence of infection, tetracycline
had a slightly positive, though non-significant effect on survival,
with uninfected normal food and tetracycline flies having similar
median survival times (12 and 13.3 d, respectively).

In contrast to our observation in w1118, tetracycline did
not affect survival of PBS-injected imd10191 mutants. Bacterial
load differed significantly between tetracycline and normal food
imd10191 flies for all time points measured (Figure 2B). Bacterial
load in normal food flies differed significantly between all
consecutive time points, but remained constant in tetracycline-
fed flies, excluding day 7, where values were significantly higher
(Figure 2B). As both survival and bacterial proliferation in
imd10191 mutants resembled the overall pattern observed in
w1118 flies, we tested whether the metabolic dysregulation was

also present during this infection. Infection affected neither
glucose nor glycogen, independent of whether flies were fed
tetracycline (Figures 2C,D). Similar to what we observed in
w1118, during late-stage infection, flies kept on normal food had
significant depletion of triglycerides compared to PBS controls.
Triglyceride levels were unaffected by infection in tetracycline-
fed flies (Figure 2E).

Pathology of Infection With
Tetracycline-Resistant F. novicida
Flies kept on tetracycline food post-injection showed restricted
bacterial growth and failed to exhibit metabolic dysregulation
over the course of infection (Supplementary Figure 6). To
confirm that the absence of metabolic pathology in tetracycline-
fed flies was the result of low pathogen loads, rather than
tetracycline having a protective effect on host physiology, we
repeated all experiments with tetracycline-resistant F. novicida
(U112 pKK219—GFP, herein referred to as TetR F. novicida).
Flies infected with TetR F. novicida have a median survival of
5 d (Supplementary Figure 7A), 1 day longer than infection
with wild-type F. novicida. We attribute this difference in
survival to the decreased growth rate that typically accompanies
antibiotic resistance in bacteria [Supplementary Figure 7B (34,
35)], despite this difference being marginal at all timepoints
assayed in vivo (Figure 3A). There was no difference in
survival between normal food and tetracycline-fed flies infected
with TetR F. novicida, confirming that the extended lifespan
observed in TetR-infected flies (fed tetracycline) is not the
result of tetracycline having an unidentified effect on the flies
(Supplementary Figure 7A).

Tetracycline-resistant F. novicida induced AMP expression
to levels equal to or greater than that of wild-type bacteria
(Figures 3B,C). This confirmed that tetracycline alone did not
inhibit AMP induction. To ensure that we were looking at a
comparable stage of infection, we assayed metabolism at 96 h
(24 h prior to death) during TetR F. novicida infection, rather
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FIGURE 2 | imd101091 mutants only partly reproduce metabolic phenotype of F. novicida infection. Five to nine days old adult imd10191 flies infected with F. novicida

(OD600 = 0.1, or ∼1,000 bacteria). Animals fed tetracycline were switched to tetracycline food 6 h post-infection. In all plots, black and blue tracings represent normal

and tetracycline food, respectively. Significance codes: *** < 0.001. Survival (A) F. novicida -infection is represented by dotted lines. Uninfected and PBS controls are

represented by solid and dashed lines, respectively. Infected, tetracycline-fed flies lived 3.6x longer than flies kept on normal food; median survival of infected flies:

tetracycline−11 d; normal food−3d (Log-Rank = 314.7, df = 5, n = 602, p ≤ 2e-16). Survivals were repeated 2 or 3 times with 20 flies/treatment/repeat. A

full-factorial report of statistics can be found in Supplementary Table 2. Bacterial quantification (B) tetracycline-fed flies (Tet) have significantly lower bacterial loads

both 1 and 2 d post infection (Kruskal-Wallis = 105.03, df = 7, p = 2.2e-16; Dunn’s post hoc: 24 h–p = 1.3e-06, 48 h–p = 9.2e-11). Normal food (NF) flies show an

exponential increase in bacterial load throughout infection. Load in tetracycline-fed flies remained constant throughout infection. Markers indicate means and bars

represent SE. Bacterial quantifications were repeated twice, n = 8 samples/treatment/repeat. Metabolism (C) glucose, glycogen and triglyceride levels at an early point

(6 h post-infection) of infection. (D) Glucose and glycogen levels “late” in infection (48 and 72 h for normal food and tetracycline-fed flies, respectively). Neither infection

(Continued)
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FIGURE 2 | nor tetracycline affected glucose or glycogen levels. Groups sharing the same letter are not significantly different. (E) Infection led to a significant depletion

of triglycerides during late infection in normal food flies (AOV: df =3, n = 28, F = 5.48, p = 4.3e-02, Tukey’s HSD: normal food PBS—normal food Fnov, p = 0.021).

Infection had no effect on tetracycline-fed flies. Large circular markers indicate means while smaller circles represent individual data points. Horizontal bar within each

box represents the median. The bottom and top lines of the box represent the 1st and 3rd quartiles, respectively. Whiskers represent either the maximum and

minimum values, or, the maximum and minimum values falling within 1.5x the interquartile range, in which case outliers are indicated. Groups sharing the same letter

are not significantly different. Metabolic assays were repeated twice, with four samples/treatment/repeat.

than 72 h as with the wild-type F. novicida. Neither glucose
nor glycogen levels differed between TetR F. novicida and wild-
type F. novicida—infected flies (Figure 3D). TetR F. novicida—
infected flies exhibited metabolic dysregulation mirroring that of
wild-type F. novicida infections.

We measured bacterial load upon death (BLUD) to determine
whether the increased severity of metabolic dysregulation we
observe over the course of infection is dependent on bacterial
number. We found that BLUD did not differ significantly across
treatments (Figure 4). Despite exhibiting the least amount of
metabolic dysregulation, at their time of death, imd10191 flies
exhibited the highest pathogen burden, harboring on average, 37
and 59% more bacteria than w1118 flies infected with wild-type
and TetR F. novicida, respectively (F. novicida: imd10191—75 938
± 8757, w1118—55 317 ± 4622; TetR F. novicida 47 505 ± 5150;
mean± se). We did not observe a significant correlation between
time of death and bacterial load in any infection (Figure 4).

DISCUSSION

We have shown that infection with F. novicida leads to metabolic
dysregulation in w1118 flies and that part of this pathology
results from a direct interaction between host and pathogen, as
pathology increased concomitant with bacterial load. However,
activation of the imd-derived antimicrobial peptide response
also contributes to this phenotype as we found both that: imd
mutants do not exhibit similar levels of dysregulation, and;
w1118 flies treated with tetracycline exhibited both a strong
induction of AMPs, as well as a trend toward hyperglycaemia
and triglyceride depletion (Figure 1). Whilst these subtle trends
found in tetracycline-treated flies could be attributed to low
bacterial loads (rather than immune activation), hyperglycaemia
and triglyceride depletion were not seen in tetracycline-treated
imd mutants, demonstrating that immune costs—rather than
bacterial load—were responsible. However, that we do see
triglyceride depletion in normal-food imd flies, suggests that at
least part of this phenotype is pathogen-driven, possibly resulting
from host triglyceride usurpation by the bacteria (36–38).

It is still possible that the metabolic pathology we observe is a
consequence of Toll pathway activation, notwithstanding the fact
that most immune activation in this infection is imd-dependent.
Others have observed that Gram-negative infections can activate
the Toll pathway (9, 39–41), and Toll pathway activation has
been associated with effects on the insulin signaling pathway
that could drive the metabolic effects we see in this infection.
This possibility—that bacterial sensing via the Toll pathway is the
critical driver of metabolic pathology in most bacterial infections
in Drosophila, independent of the specific type of bacterium—is
an interesting one for future study.

One further possibility is that F. novicida makes direct use
of host-derived resources and therefore is responsible for some
of the changes in host metabolism we observe. Francisella spp.
preferentially use glucose as a carbon source (38, 42). It has also
been shown that F. tularensis cannot use glycogen as a carbon
source (43); thus, if glycogen depletion were the result of bacterial
consumption of nutrients, the expected pathway would be via
bacterial depletion of free sugar triggering host glycogenolysis.
We observe that glycogen depletion is accompanied by increases
in free sugar, such immunometabolic switches are well-known
(44) and have been shown to be instrumental in the provisioning
of resources to haemocytes during infection in D. melanogaster
(45), further suggesting that metabolic demands of the host—
rather than pathogen—account for much of the observed effect.

During intracellular replication, F. novicida has been shown
to metabolize glycerol for gluconeogenesis (38), supporting the
possibility that the observed triglyceride depletion was bacterial-
driven. However, in D. melanogaster, proliferation of F. novicida
occurs predominantly extracellularly (22), and it is unclear how
large of an impact these bacteria could have on host triglyceride
levels. None of this precludes the possibility that F. novicida
triggers host catabolism of endogenous stores to convert them
into a form it can use itself. However, the fact that hyperglycaemia
and loss of triglyceride and glycogen stores is seen in other
bacterial infections, does imply that this reflects an aspect of the
host response (20, 46), and the presence of hyperglycaemia in
this infection suggests that the amount of sugar being released
exceeds the amount consumed by the bacteria.

Finally, the metabolic pathology observed may be part of a
moribund phenotype, with an overall worsening of condition as
the animal approaches death. However, if this were the case, we
would not expect to observe said pathology during infection with
non-lethal bacteria like M. luteus (Supplementary Figure 4).
Furthermore, if metabolic dysregulation and bacterial load are
decoupled, as should be the case if it is caused by moribundity,
we would have expected tetracycline-fed flies to exhibit metabolic
dysregulation as this infection persists for several days and
activates the immune response to levels comparable to flies fed
on normal food.

Together these data indicate that in this infection imd
activation is necessary, but not sufficient, for metabolic
pathology. Tetracycline-fed flies of both genotypes
maintain constant metabolite levels, and w1118 maintain
AMP levels, throughout the duration of the infection
(Supplementary Figure 6); this may be due in part, to an effect of
tetracycline on host physiology and metabolism (47). We found
no difference in triglyceride levels between uninfected, normal
food flies of the two genotypes (Supplementary Figure 7);
thus, the differential usage of energy stores between w1118 and
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FIGURE 3 | Tetracycline alone is not protective. Five to nine days old adult w1118 flies infected with tetracycline resistant F. novicida (TetR: OD600 = 0.1). Tet-R-infected

animals were put on tetracycline food at the time of injection. Bacterial quantification (A) TetR is indicated in dark blue and light blue, and wild-type F. novicida in black

and gray, in w1118 and imd10191 flies, respectively. TetR proliferate at a similar rate to wild-type F. novicida. Circular markers indicate means and bars represent SE.

Bacterial quantifications were repeated twice, n = 8 samples/treatment/repeat. Spider plots showing antimicrobial peptide transcript levels 24 h (B) and 72 h (C) post-

infection. All tracings are relative to uninfected individuals of the same treatment. TetR and wild-type F. novicida are indicated in dark blue dashed and solid black lines,

respectively. The area contained within the innermost quadrilateral represents induction levels falling between one and ten times that of the uninfected controls. The

middle and outer quadrilaterals represent 10–100 and 100–1,000-fold induction, respectively. Antimicrobial peptide assays were repeated twice, with four

samples/treatment/repeat. These data are also shown, represented differently, in Supplementary Figure 3B. Metabolism (D) late-stage infection (normal food−72 h;

tetracycline−96 h) glucose, glycogen and triglyceride levels. TetR and wild-type F. novicida are indicated in dark blue and black, respectively. Infection with both

wild-type and TetR F. novicida led to hyperglycaemia and depleted triglycerides, relative to their PBS controls (Glucose: Kruskal-Wallis = 11.98, df = 3, p = 1.4e-5;

Dunn’s post hoc: TetR—p = 5.3e-04, wild-type—p = 2.8e-3; Triglycerides: Kruskal-Wallis = 24.66, df = 3, p = 3.06e-6; Dunn’s post hoc: TetR—p = 2.1e-05,

wild-type—p = 4.6e-4). Glycogen levels were unaffected in the overall model (Kruskal-Wallis = 7.171, df = 3, p = 6.6e-2), but analysis of only wild-type F. novicida -

infected flies showed reduced glycogen relative to PBS controls (Wilcoxon = 164.5, p = 3.2e-2) whilst TetR F. novicida did not (Wilcoxon = 7, p = 0.8). Overall, we

found no difference across metabolism between the two F. novicida strains. Large circular markers indicate means while smaller circles represent individual data

points. Horizontal bar within each box represents the median. The bottom and top lines of the box represent the 1st and 3rd quartiles, respectively. Whiskers

represent either the maximum and minimum values, or, the maximum and minimum values falling within 1.5x the interquartile range, in which case outliers are

indicated. Groups sharing the same letter are not significantly different. Metabolic assays were repeated 2 or 3 times, with four samples/treatment/repeat.

imd10191, is unlikely the result of disparate resource availability.
Previous work in our lab suggests that during bacterial infection,
flies may disrupt insulin signaling as a means of conserving
energy for immune-related activities, leading to metabolic

dysregulation (20). In showing that in the absence of imd, part of
the metabolic phenotype observed during w1118 infection cannot
be reproduced, the current work supports this supposition.
Additionally, as imd mutants retain an active Toll response, this
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FIGURE 4 | Bacterial load upon death is consistent within and across

infections. Bacterial load in flies was measured within 30min of death. We

found that BLUD did not differ significantly across treatments

(Kruskal-Wallis = 5.492, df = 2, p = 0.064). Time of host death did not

correlate with bacterial load in any of the infections assayed (Pearson’s

correlation: F. novicida: imd10191—t = −1.677, df = 12, p = 0.119,

w1118—t = 0.86363, df = 13, p = 0.403; TetR F. novicida: w1118—t = 1.5432,

df = 15, p = 0.1436). imd10191 flies had the highest pathogen burden,

harboring on average, 37 and 59% more bacteria than w1118 flies infected with

wild-type and TetR F. novicida, respectively (F. novicida: imd10191—75 938 ±

8757, w1118—55 317 ± 4622; TetR F. novicida 47 505 ± 5150; mean ±se).

Francisella novicida—infected imd10191 and w1118 flies are indicated in gray

and black, respectively. TetR F. novicida—infected w1118 flies are indicated in

blue. Each marker represents an individual fly. Standard error is demarcated by

shaded area. BLUD assay was repeated twice, with six to eight

samples/treatment/repeat.

also demonstrates that Toll is not—at least entirely—responsible
for the observed phenotype.

Flies infected with TetR F. novicida and kept on tetracycline-
food exhibited near-identical infection pathology—albeit slightly
protracted—to wild-type F. novicida infection. Interestingly, we
found that independent of host and pathogen identity and
their interaction, flies had similar pathogen loads at the time
of death, despite there being a 1–2 d difference in median
survivals (Figure 4); this observation further supports the idea

that there is a critical bacterial load beyond which hosts cannot
survive (12).

The metabolic dysregulation observed during infection is
likely the result of several different factors. That multiple bacteria
cause some sort of metabolic shift in their hosts suggests that
both bacterial and host factors contribute to the phenotype;
elucidating the need to understand the different requirements
of pathogens and how these are met in a given host. Further
investigation into the cross-talk between host immune and
metabolic pathways under different infections has the potential
to reveal some of this interaction.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

CV conceived, designed and performed experiments, analyzed
data, and wrote the manuscript. CS performed experiments,
prepared figures, and edited the manuscript. AW performed
experiments and edited the manuscript. MD conceived of
experiments and edited the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

Funders have funded this research by paying salaries (CV, CS,
and MD) and consumables but were not involved in the design
of this project. Open access fees will be paid via institutional
open access funds. This work was supported by MRC Research
Grant MR/R00997X/1 and Wellcome Trust Investigator Award
207467/Z/17/Z.

ACKNOWLEDGMENTS

We are grateful to the reviewers whose comments improved the
clarity and structure of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.01419/full#supplementary-material

REFERENCES

1. Sadd BM, Siva-Jothy MT. Self-harm caused by an insect’s innate immunity.

Proc Biol Sci. (2006) 273:2571–4. doi: 10.1098/rspb.2006.3574

2. McMillan LE,Miller DW,Adamo SA. Eating when ill is risky: immune defense

impairs food detoxification in the caterpillar Manduca sexta. J Exp Biol. (2018)

221:jeb173336. doi: 10.1242/jeb.173336

3. Okin D, Medzhitov R. Evolution of inflammatory diseases. Curr Biol. (2012)

22:R733–40. doi: 10.1016/j.cub.2012.07.029

4. Moret Y, Schmid-Hempel P. Survival for immunity: the price of immune

system activation for bumblebee workers. Science. (2000) 290:1166–

8. doi: 10.1126/science.290.5494.1166

5. Cao Y, Chtarbanova S, Petersen AJ, Ganetzky B. Dnr1 mutations

cause neurodegeneration in Drosophila by activating the innate immune

response in the brain. PNAS. (2013) 110:E1752–60. doi: 10.1073/pnas.13062

20110

6. Libert S, Chao Y, Chu X, Pletcher SD. Trade-offs between longevity

and pathogen resistance in Drosophila melanogaster are mediated by

NFκB signaling. Aging Cell. (2006) 5:533–43. doi: 10.1111/j.1474-9726.2006.

00251.x

7. Fernando MDA, Kounatidis I, Ligoxygakis P. Loss of Trabid,

a new negative regulator of the Drosophila Immune-Deficiency

pathway at the level of TAK1, reduces life span. PLoS Genet. (2014)

10:e1004117. doi: 10.1371/journal.pgen.1004117

Frontiers in Immunology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1419

https://www.frontiersin.org/articles/10.3389/fimmu.2020.01419/full#supplementary-material
https://doi.org/10.1098/rspb.2006.3574
https://doi.org/10.1242/jeb.173336
https://doi.org/10.1016/j.cub.2012.07.029
https://doi.org/10.1126/science.290.5494.1166
https://doi.org/10.1073/pnas.1306220110
https://doi.org/10.1111/j.1474-9726.2006.00251.x
https://doi.org/10.1371/journal.pgen.1004117
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vincent et al. Infection Pathology in D. melanogaster

8. Shang Y, Smith S, Hu X. Role of Notch signaling in regulating innate

immunity and inflammation in health and disease. Protein Cell. (2016) 7:159–

74. doi: 10.1007/s13238-016-0250-0

9. DiAngelo JR, Bland ML, Bambina S, Cherry S, Birnbaum MJ. The immune

response attenuates growth and nutrient storage in Drosophila by reducing

insulin signaling. PNAS. (2009) 106:20853–58. doi: 10.1073/pnas.0906

749106

10. Clark RI, Tan SWS, Péan CB, Roostalu U, Vivancos V, Bronda K, et al.

MEF2 is an in vivo immune-metabolic switch. Cell. (2013) 155:435–

47. doi: 10.1016/j.cell.2013.09.007

11. Sharrock J, Estacio-Gomez A, Jacobson J, Kierdorf K, Southall TD,

Dionne MS. fs(1)h controls metabolic and immune function and enhances

survival via AKT and FOXO in Drosophila. Dis Models Mech. (2019)

12:dmm037259. doi: 10.1242/dmm.037259

12. Duneau D, Ferdy J-B, Revah J, Kondolf H, Ortiz GA, Lazzaro BP,

et al. Stochastic variation in the initial phase of bacterial infection

predicts the probability of survival in D. melanogaster. eLife. (2017)

6:e28298. doi: 10.7554/eLife.28298

13. Khalil S, Jacobson E, Chambers MC, Lazzaro BP. Systemic bacterial infection

and immune defense phenotypes inDrosophila melanogaster. J Vis Exp. (2015)

99:e52613. doi: 10.3791/52613

14. Vonkavaara M, Telepnev MV, Rydén P, Sjöstedt A, Stöven S. Drosophila

melanogaster as a model for elucidating the pathogenicity of Francisella

tularensis. Cell Microbiol. (2008) 10:1327–38. doi: 10.1111/j.1462-5822.2008.

01129.x

15. Dionne MS, Schneider DS. Models of infectious diseases in

the fruit fly Drosophila melanogaster. Dis Model Mech. (2008)

1:43–9. doi: 10.1242/dmm.000307

16. Pandey UB, Nichols CD. Human Disease Models in Drosophila melanogaster

and the role of the fly in therapeutic drug discovery. Pharmacol Rev. (2011)

63:411–36. doi: 10.1124/pr.110.003293

17. Dionne MS, Ghori N, Schneider DS. Drosophila melanogaster is

a genetically tractable model host for Mycobacterium marinum.

Infect Immun. (2003) 71:3540–50. doi: 10.1128/IAI.71.6.3540-35

50.2003

18. Troha K, Buchon N. Methods for the study of innate immunity

in Drosophila melanogaster. Wiley Interdiscip Rev Dev Biol. (2019)

8:e344. doi: 10.1002/wdev.344

19. Péan CB, Schiebler M, Tan SWS, Sharrock JA, Kierdorf K, Brown

KP, et al. Regulation of phagocyte triglyceride by a STAT-ATG2

pathway controls mycobacterial infection. Nat Commun. (2017)

8:1–11. doi: 10.1038/ncomms14642

20. Dionne MS, Pham LN, Shirasu-Hiza M, Schneider DS. Akt and

FOXO dysregulation contribute to infection-induced wasting in

Drosophila. Curr Biol. (2006) 16:1977–85. doi: 10.1016/j.cub.2006.

08.052

21. Chopra I, Roberts M. Tetracycline antibiotics: mode of action, applications,

molecular biology, and epidemiology of bacterial resistance. Microbiol

Mol Biol Rev. (2001) 65:232–60. doi: 10.1128/MMBR.65.2.232-2

60.2001

22. Moule MG, Monack DM, Schneider DS. Reciprocal analysis of Francisella

novicida infections of a Drosophila melanogaster model reveal host-pathogen

conflicts mediated by reactive oxygen and imd-regulated innate immune

response. PLOS Pathog. (2010) 6:e1001065. doi: 10.1371/journal.ppat.

1001065

23. Pham LN, Dionne MS, Shirasu-Hiza M, Schneider DS. A specific primed

immune response in Drosophila is dependent on phagocytes. PLoS Pathog.

(2007) 3:e26. doi: 10.1371/journal.ppat.0030026

24. Al-Anzi B, Sapin V, Waters C, Zinn K, Wyman RJ, Benzer

S. Obesity-blocking neurons in Drosophila. Neuron. (2009)

63:329–41. doi: 10.1016/j.neuron.2009.07.021

25. Gottar M, Gobert V, Michel T, Belvin M, Duyk G, Hoffmann JA,

et al. The Drosophila immune response against Gram-negative bacteria is

mediated by a peptidoglycan recognition protein. Nature. (2002) 416:640–

4. doi: 10.1038/nature734

26. Choe K-M, Werner T, Stöven S, Hultmark D, Anderson KV. Requirement

for a peptidoglycan recognition protein (PGRP) in Relish activation and

antibacterial immune responses in Drosophila. Science. (2002) 296:359–

62. doi: 10.1126/science.1070216

27. Tanji T, Ip YT. Regulators of the Toll and Imd pathways in the

Drosophila innate immune response. Trends Immunol. (2005) 26:193–

8. doi: 10.1016/j.it.2005.02.006

28. Nehme NT, Quintin J, Cho JH, Lee J, Lafarge M-C, Kocks C, et al.

Relative roles of the cellular and humoral responses in the Drosophila host

defense against three Gram-positive bacterial infections. PLoS ONE. (2011)

6:e14743. doi: 10.1371/journal.pone.0014743

29. Lemaitre B, Kromer-Metzger E, Michaut L, Nicolas E, Meister M, Georgel P,

et al. A recessive mutation, immune deficiency (imd), defines two distinct

control pathways in the Drosophila host defense. Proc Natl Acad Sci USA.

(1995) 92:9465–9. doi: 10.1073/pnas.92.21.9465

30. Kaneko T, Goldman WE, Mellroth P, Steiner H, Fukase K, Kusumoto S, et al.

Monomeric and polymeric Gram-negative peptidoglycan but not purified

LPS stimulate the Drosophila IMD pathway. Immunity. (2004) 20:637–

49. doi: 10.1016/S1074-7613(04)00104-9

31. Jacot A, Scheuber H, Brinkhof MWG. Costs of an induced immune

response on sexual display and longevity in field crickets. Evolution. (2004)

58:2280. doi: 10.1554/03-660

32. Kelly CD. Reproductive and physiological costs of repeated immune

challenges in female Wellington tree weta (Orthoptera: Anostostomatidae).

Biol J Linnean Soc. (2011) 104:38–46. doi: 10.1111/j.1095-8312.2011.01714.x

33. McKean KA, Nunney L. Increased sexual activity reduces male

immune function in Drosophila melanogaster. PNAS. (2001)

98:7904–9. doi: 10.1073/pnas.131216398

34. Wiesch PS zur, Engelstädter J, Bonhoeffer S. Compensation of fitness costs and

reversibility of antibiotic resistance mutations. Antimicrob Agents Chemother.

(2010) 54:2085–95. doi: 10.1128/AAC.01460-09

35. Andersson DI, Hughes D. Antibiotic resistance and its cost:

is it possible to reverse resistance? Nat Rev Microbiol. (2010)

8:260–71. doi: 10.1038/nrmicro2319

36. Barisch C, Soldati T. Mycobacterium marinum degrades both triacylglycerols

and phospholipids from its dictyostelium host to synthesise its own

triacylglycerols and generate lipid inclusions. PLOS Pathog. (2017)

13:e1006095. doi: 10.1371/journal.ppat.1006095

37. Herker E, Ott M. Emerging Role of lipid droplets in host/pathogen

interactions. J Biol Chem. (2012) 287:2280–7. doi: 10.1074/jbc.R111.

300202

38. Chen F, Rydzewski K, Kutzner E, Häuslein I, Schunder E, Wang X, et al.

Differential substrate usage and metabolic fluxes in Francisella tularensis

Subspecies holarctica and Francisella novicida. Front Cell Infect Microbiol.

(2017) 7:275. doi: 10.3389/fcimb.2017.00275

39. Issa N, Guillaumot N, Lauret E, Matt N, Schaeffer-Reiss C, Van Dorsselaer A,

et al. The circulating protease persephone is an immune sensor for microbial

proteolytic activities upstream of the Drosophila Toll pathway. Mol Cell.

(2018) 69:539–50.e6. doi: 10.1016/j.molcel.2018.01.029

40. Roth SW, Bitterman MD, Birnbaum MJ, Bland ML. Innate immune

signaling in Drosophila blocks insulin signaling by uncoupling

pi(3,4,5)p3 production and akt activation. Cell Rep. (2018)

22:2550–6. doi: 10.1016/j.celrep.2018.02.033

41. Lau GW, Goumnerov BC, Walendziewicz CL, Hewitson J, Xiao

W, Mahajan-Miklos S, et al. The Drosophila melanogaster Toll

pathway participates in resistance to infection by the Gram-Negative

human pathogen Pseudomonas aeruginosa. Infect Immun. (2003)

71:4059–66. doi: 10.1128/IAI.71.7.4059-4066.2003

42. Radlinski LC, Brunton J, Steele S, Taft-Benz S, Kawula TH.

Defining the metabolic pathways and host-derived carbon substrates

required for Francisella tularensis intracellular growth. mBio. (2018)

9. doi: 10.1128/mBio.01471-18

43. Gyuranecz M, Erdélyi K, Fodor L, Jánosi K, Szépe B, Füleki M,

et al. Characterization of Francisella tularensis strains, comparing

their carbon source utilization. Zoon Public Health. (2010)

57:417–22. doi: 10.1111/j.1863-2378.2009.01238.x

44. Traven A, Naderer T. Central metabolic interactions of immune cells

and microbes: prospects for defeating infections. EMBO Rep. (2019)

20:e47995. doi: 10.15252/embr.201947995

Frontiers in Immunology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1419

https://doi.org/10.1007/s13238-016-0250-0
https://doi.org/10.1073/pnas.0906749106
https://doi.org/10.1016/j.cell.2013.09.007
https://doi.org/10.1242/dmm.037259
https://doi.org/10.7554/eLife.28298
https://doi.org/10.3791/52613
https://doi.org/10.1111/j.1462-5822.2008.01129.x
https://doi.org/10.1242/dmm.000307
https://doi.org/10.1124/pr.110.003293
https://doi.org/10.1128/IAI.71.6.3540-3550.2003
https://doi.org/10.1002/wdev.344
https://doi.org/10.1038/ncomms14642
https://doi.org/10.1016/j.cub.2006.08.052
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.1371/journal.ppat.1001065
https://doi.org/10.1371/journal.ppat.0030026
https://doi.org/10.1016/j.neuron.2009.07.021
https://doi.org/10.1038/nature734
https://doi.org/10.1126/science.1070216
https://doi.org/10.1016/j.it.2005.02.006
https://doi.org/10.1371/journal.pone.0014743
https://doi.org/10.1073/pnas.92.21.9465
https://doi.org/10.1016/S1074-7613(04)00104-9
https://doi.org/10.1554/03-660
https://doi.org/10.1111/j.1095-8312.2011.01714.x
https://doi.org/10.1073/pnas.131216398
https://doi.org/10.1128/AAC.01460-09
https://doi.org/10.1038/nrmicro2319
https://doi.org/10.1371/journal.ppat.1006095
https://doi.org/10.1074/jbc.R111.300202
https://doi.org/10.3389/fcimb.2017.00275
https://doi.org/10.1016/j.molcel.2018.01.029
https://doi.org/10.1016/j.celrep.2018.02.033
https://doi.org/10.1128/IAI.71.7.4059-4066.2003
https://doi.org/10.1128/mBio.01471-18
https://doi.org/10.1111/j.1863-2378.2009.01238.x
https://doi.org/10.15252/embr.201947995
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vincent et al. Infection Pathology in D. melanogaster

45. Krejčová G, Danielová A, Nedbalová P, Kazek M, Strych L, Chawla G,

et al. Drosophila macrophages switch to aerobic glycolysis to mount

effective antibacterial defense. eLife. (2019) 8:e50414. doi: 10.7554/eLife.

50414

46. Chambers MC, Song KH, Schneider DS. Listeria monocytogenes infection

causes metabolic shifts in Drosophila melanogaster. PLoS ONE. (2012)

7:e50679. doi: 10.1371/journal.pone.0050679

47. Chatzispyrou IA, Held NM, Mouchiroud L, Auwerx J, Houtkooper

RH. Tetracycline antibiotics impair mitochondrial function and

its experimental use confounds research. Cancer Res. (2015)

75:4446–s9. doi: 10.1158/0008-5472.CAN-15-1626

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Vincent, Simoes da Silva, Wadhawan and Dionne. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 11 July 2020 | Volume 11 | Article 1419

https://doi.org/10.7554/eLife.50414
https://doi.org/10.1371/journal.pone.0050679
https://doi.org/10.1158/0008-5472.CAN-15-1626~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Origins of Metabolic Pathology in Francisella-Infected Drosophila
	Introduction
	Materials and Methods
	General Experimental Procedures
	Survival Assays
	Bacterial Quantification
	Gene Expression—Quantitative Reverse Transcription PCR
	Measurement of Glucose and Glycogen Levels
	Measurement of Triglyceride Levels
	Statistical Analysis

	Results
	Effect of Tetracycline During F. novicida Infection on w1118 Flies
	Effect of Tetracycline During F. novicida Infection on imd10191 Flies
	Pathology of Infection With Tetracycline-Resistant F. novicida

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


