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Nitric Oxide Levels Regulate the Immune Response of Drosophila
melanogaster Reference Laboratory Strains to Bacterial Infections

loannis Eleftherianos, Kareen More, Stephanie Spivack, Ethan Paulin, Arman Khojandi, Sajala Shukla

Insect Infection and Immunity Lab, Department of Biological Sciences, Institute for Biomedical Sciences, The George Washington University, Washington, DC, USA

Studies on the innate immune response against microbial infections in Drosophila melanogaster involve mutant strains and
their reference strains that act as experimental controls. We used five standard D. melanogaster laboratory reference strains (Or-
egon R, w1118, Canton-S, Cinnabar Brown, and Yellow White [YW]) and investigated their response against two pathogenic
bacteria (Photorhabdus luminescens and Enterococcus faecalis) and two nonpathogenic bacteria (Escherichia coli and Micrococ-
cus luteus). We detected high sensitivity among YW flies to bacterial infections and increased bacterial growth compared to the
other strains. We also found variation in the transcription of certain antimicrobial peptide genes among strains, with Oregon
and YW infected flies showing the highest and lowest gene transcription levels in most cases. We show that Oregon and w1118
flies possess more circulating hemocytes and higher levels of phenoloxidase activity than the other strains upon infection with
the nonpathogenic bacteria. We further observed reduced fat accumulation in YW flies infected with the pathogenic bacteria,
which suggests a possible decline in physiological condition. Finally, we found that nitrite levels are significantly lower in in-
fected and uninfected YW flies compared to w1118 flies and that nitric oxide synthase mutant flies in YW background are more
susceptible to bacterial infection compared to mutants in w1118 background. Therefore, increased sensitivity of YW flies to bac-
terial infections can be partly attributed to lower levels of nitric oxide. Such studies will significantly contribute toward a better

understanding of the genetic variation between D. melanogaster reference strains.

enetic variation in the immune response of animals to micro-

bial infections is an important factor in host resistance to
infectious disease. Variation in immune system function can di-
rectly increase or decrease host susceptibility to microbial chal-
lenges, as well as the persistence of microbes during the infection
process. Differences between individuals in their ability to activate
defense mechanisms against foreign microorganisms may also
have significant effects on their fitness potential, such as their abil-
ity to survive or their competence to mate and reproduce. Insects
are excellent organisms to investigate phenotypic variation of
immune capacity among host populations because changes in
the efficacy of immune reactions to microbial infections and
the genetic/functional basis of phenotypic variation can be
studied readily.

The fruit fly, Drosophila melanogaster, is an outstanding model
to investigate host-pathogen interactions and innate immunity in
eukaryotic organisms (1). Its major benefit is the development of
a wide range of molecular and cellular tools, and applications for
high-throughput forward and reverse genetic/genomic screens.
Innate immunity in D. melanogaster can also be studied as an
integrated system at the level of the whole organism. D. melano-
gaster has a multilayered immune response consisting of humoral
and cellular mechanisms (2). The hallmark of the fly host defense
is the definition of two main signaling pathways, Toll and immune
deficiency (Imd), which lead to the activation of distinct members
of the NF-kB family of transcription factors, and result in the
expression of target genes, including those encoding antimicro-
bial peptides (AMPs) (3). The c-Jun N-terminal kinase (JNK) and
Janus kinase/signal transducer and activator of transcription
(JAK/STAT) signaling pathways can also act in either competing
or cooperative modes to regulate immune effector genes in the fly
(4, 5). The body cavities of D. melanogaster flies, like those of all
arthropods, are filled with hemolymph that contains both free-
floating and sessile hemocytes (blood cells). These are responsible
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for a number of cellular defenses, including formation of cell ag-
gregates, nodulation, phagocytosis, and encapsulation (6). In ad-
dition, D. melanogaster has complex proteolytic cascades that reg-
ulate phenoloxidase (PO) activity, coagulation/melanization of
hemolymph (7, 8), and defenses associated with the production
of reactive oxygen and nitrogen species (9—11). The epithelial cells
of the gut can also mount immune responses and have important
roles in fighting microbial and parasite infections (12, 13).

Immunity studies in D. melanogaster involve direct compari-
son of the immune response between loss-of-function or gain-of-
function mutant lines and their parental strains that serve as back-
ground controls. Interestingly, previous research has revealed
extensive variability in susceptibility to bacterial and fungal infec-
tions among wild-derived D. melanogaster strains (14—16). Recent
experimental evidence also suggests that certain D. melanogaster
common laboratory strains exhibit variation in susceptibility to
Listeria monocytogenes infection and substantial changes in AMP
gene transcription after challenge with this intracellular bacterial
pathogen (17). However, little was previously done to investigate
in detail the similarities and differences in immune competence
between D. melanogaster reference strains that are commonly used
in immunity research.

In this study, we investigated the levels of immunocompetence
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of D. melanogaster laboratory stocks in response to bacterial infec-
tions. We used five common D. melanogaster laboratory strains to
determine their survival ability against infection with four bacte-
rial species, as well as the ability of the bacteria to proliferate
within the infected flies. We then examined host immune capacity
of these fly strains by estimating the transcriptional levels of AMP
genes, the total number of hemocytes, the PO activity, and the
nitrite levels in adult individuals. We found significant variation
in the ability of the five laboratory strains to survive bacterial in-
fection, as well as differences in their immune responses against
the invading microbes. We finally show that nitric oxide (NO)
synthase fly mutants generated in different genetic backgrounds
exhibit changes in survival upon bacterial infection. These results
are expected to further stress the importance of using the appro-
priate reference laboratory strains as background controls in D.
melanogaster immunity research.

MATERIALS AND METHODS

Fly stocks. All fly stocks were reared on instant Drosophila diet supple-
mented with yeast (Carolina Biological Supply) and maintained at 25°C.
The following reference fly strains were used in the experiments: Oregon
R (Bloomington stock 5), w1118 (Bloomington stock 107122), Canton-S
(Bloomington stock 1), Cinnabar Brown (Cinn. Brown; Bloomington
stock 103252), and Yellow White (YW; Bloomington stock 189). NOS
mutants included the strains NOS**?%3 (background strain w1118,
Bloomington stock 24283), and N 0§>31%6 (background strain YW,
Bloomington stock 53156). All stocks had been maintained in culture for
3 years prior to these experiments. Adult male and female flies aged 4 to 6
days old were used in all experiments. We used a diagnostic PCR assay to
determine the presence of Wolbachia endosymbiotic bacteria in all fly
strains (18). We detected the presence of Wolbachia in Oregon, w1118,
and YW strains only. To eliminate Wolbachia endosymbionts, flies from
all strains were reared for three generations on diet containing 50 g of
tetracycline/ml (19). After three generations of tetracycline treatment,
Wolbachia was not detected in any of the fly strains, which were then
returned to the standard diet without antibiotic for all subsequent gener-
ations.

Bacterial cultures. The following bacteria were used in all experi-
ments: Escherichia coli strain DH5a (nonpathogenic), Photorhabdus lumi-
nescens subsp. laumondii strain TTO1, Micrococcus luteus strain (CIP
A270), and Enterococcus faecalis strain ATCC 19433. All bacteria were
maintained on petri dishes containing 2.5% Luria-Bertani (LB) and 1.5%
agar (Difco Laboratories). For liquid cultures, bacteria were grown in
sterile tubes containing 7.5 ml of 2.5% LB and incubated for 24 h on a
rotary shaker at 265 rpm. E. coli and E. faecalis bacteria were incubated at
37°C, and M. luteus and P. luminescens at 30°C. Cultures were pelleted at
4°C, washed, and resuspended in phosphate-buffered saline (PBS). The
bacterial density of the suspension was estimated with an optical density
measurement (600 nm), using a spectrophotometer (NanoDrop 2000c¢;
Thermo Fisher Scientific) and a 10X serial dilution plating technique.
Dead bacteria were prepared by resuspending the bacterial pellets in ster-
ile PBS, and bacterial suspensions were placed on a heat block at 95°C for
30 min. The heat-killed bacteria were centrifuged at 10,000 X g for 5 min,
and the dead bacterial pellet was resuspended in 5 ml of sterile PBS.

Fly infection and survival experiments. A PBS suspension (18.4 nl)
containing cells of each bacterial strain was injected into the hemocoel of
adult flies at the lateral anterior aspect of the thorax through nanoinjec-
tion (Nanoject II apparatus; Drummond Scientific). Approximately 100
to 150 CFU of bacteria were injected per fly. A pure PBS injection was used
as a negative control. Treated flies were kept at 30°C, and survival was
monitored at 24-h intervals and up to 4 to 7 days after challenge. Thirty
flies were used per treatment, and the results represent three independent
experiments conducted on three different days.
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Bacterial load in infected flies. To estimate the bacterial load at vari-
ous time points (0, 3, 6, 12, 24, and 48 h) after bacterial infection, flies
from each treatment were individually crushed and homogenized using
an electronic pestle in 1.5-ml Eppendorf tubes containing 1 ml of LB
medium. The numbers of bacteria (CFU) within each fly were estimated
by serial dilution and plating on LB agar plates. Plated bacteria were in-
cubated at 37°C (E. coli and E. faecalis) or at 30°C (M. luteus and P.
luminescens). Twenty flies were used for each combination of fly strain/
time point/bacterial species, and the results represent the averages of three
independent experiments.

Quantitative RT-PCR. Flies were injected with the bacteria, and at
various time points (0, 3, 6, 12, 24, and 48 h) they were frozen at —80°C.
Total RNA, cDNA synthesis, and quantitative reverse transcription-PCR
(RT-PCR) experiments using Diptericin and Defensin gene-specific prim-
ers were carried out as recently described (20). The data are presented asa
ratio between infected versus PBS injected flies. The results represent
mean values and standard deviations of relative values from three biolog-
ical repetitions.

Number of hemocytes. Flies from each strain were injected with the
bacteria, and at 0, 3, 6, 12, 24, and 48 h after infection they were anesthe-
tized, their thoraces were pierced, and approximately 2 to 3 .l of hemo-
lymph was removed from each individual. Aliquots of hemolymph (50 pl)
were immediately added to ice-cold Ringer solution supplemented with a
protease inhibitor mixture (Sigma; 450 wl) in siliconized test tubes. He-
mocytes were finally collected by centrifugation, and their numbers were
counted at 100X using a Neubauer hemocytometer.

PO assays. Flies were infected and hemolymph was extracted at 3, 6,
12, 24, and 48 h after bacterial challenge, and the protein concentration
was estimated using the Bradford assay (21). PO activity in the hemo-
lymph was quantified using a microplate enzyme assay. Briefly, a reaction
mixture containing 10 pg of protein was suspended in 40 pl of 50 mM
PBS buffer (pH 6.5) and protease inhibitors. The reaction started by add-
ing a saturated solution of L-3-4-dihydroxyphenylalanine (L-DOPA;
Sigma) to each sample. The change in absorbance was read at 490 nm for
5 min at room temperature. Twenty flies from each strain were used per
treatment (time point and bacterial infection), and the experiment was
repeated three times.

Fat quantification. We used a colorimetric method to estimate the
percentage of total fat in flies infected with bacteria (22). Briefly, following
the homogenization of flies in 0.05% Tween 20 (Sigma), the samples were
heated at 70°C for 5 min and centrifuged at 5,000 rpm to isolate the
supernatants. Samples were then mixed with a Thermo Infinity Trig so-
lution, followed by incubation at 37°C for 5 min. The absorbance of the
produced dye, which corresponds to the concentration of the total fats in
the sample, was measured at 570 nm on a plate reader (Biotek).

Nitrite assay. Flies were homogenized in buffer (0.1 M phosphate
buffer [pH 7.4], 0.015 M potassium chloride), followed by centrifugation
for 10 min at 10,000 X g at 4°C. The supernatants were mixed in a 1:1
proportion with Griess reagent (Sigma) and incubated at room tempera-
ture for 15 min. The nitrite levels were estimated with an optical density
measurement (595 nm), using a spectrophotometer (NanoDrop 2000c).
Concentrations of nitrite were calculated against a silver nitrite-derived
standard curve.

Statistical analysis. All values were expressed as means * the standard
deviation. Statistics were performed using the GraphPad Prism version
5.0 software. For data analyses, means were compared using one-way
analysis of variance (ANOVA) with a Tukey post hoc test for multiple
comparisons or an unpaired two-tailed ¢ test (bacterial load results).
Comparison between survival curves (fraction death) was conducted us-
ing a log-rank (Mantel-Cox) test. P values less than 0.05 were considered
statistically significant.

RESULTS

Differential survival response of D. melanogaster reference
strains to bacterial infections. Injection of PBS buffer caused
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FIG 1 Survival results after injection of the five Drosophila melanogaster laboratory strains Oregon, w1118, Canton-S, Cinn. Brown, and YW with PBS buffer
(negative controls) (A), the Gram-negative bacteria Escherichia coli (strain DH5a) (B) and Photorhabdus luminescens (strain TTO01) (C), and the Gram-positive
bacteria Micrococcus luteus (strain CIP A270) (D) and Enterococcus faecalis (strain ATCC 19433) (E). Each replicate consisted of ten 4- to 6-day-old flies injected
with PBS buffer containing approximately 100 to 150 bacterial cells. The survival of the flies was monitored every 24 h and up to 144 h after infection, and the data
represent the percent survival of the infected flies. The averages from three separate experiments are shown. Survival curves were compared using a log-rank

(Mantel-Cox) test.

minimal or no fly mortality (Fig. 1A). We first found that all five
fly strains survived infection with a nonpathogenic strain of E. coli
(Fig. 1B). Although the YW strain was more sensitive compared to
the other strains, percentage survival was never lower than 75% 6
days after infection, and there were no significant differences be-
tween survival curves (log-rank test, P > 0.05). However, survival
curves for wl118 and YW flies infected with P. luminescens were
different compared to the other strains (log-rank test, x> = 76.6,
P < 0.001), and both strains succumbed to this pathogen 3 days
after infection (Fig. 1C). We also found that survival curves varied
among strains after infection with M. luteus (log-rank test, x> =
34.8, P < 0.01) with fly mortality ranging between 70 and 90% on
day 6 after challenge (Fig. 1D). We further observed increased
sensitivity of YW flies infected with E. faecalis bacteria compared
to Canton-S, w1118, and Cinn. Brown flies and that Oregon flies
showed the lowest susceptibility to this pathogen among all strains
tested (log-rank test, x> = 66.4, P < 0.001; Fig. 1E). Although
Cinn. Brown flies were less sensitive to E. faecalis for the first 72 h
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after infection compared to w1118 and Canton-S flies, they all
succumbed on day 5, and there were no significant differences
between their survival curves (log-rank test, P > 0.05). Injection
with heat-killed bacteria caused no mortality to the flies (see Fig.
S1 in the supplemental material).

Pathogenic and nonpathogenic bacteria persist differently in
D. melanogaster reference strains. No bacterial growth was de-
tected in flies injected with PBS. We found that numbers of E. coli
bacteria decreased in the five D. melanogaster laboratory strains,
and there were no bacterial cells detected 24 h after infection (Fig.
2A). There were also no significant differences (P > 0.05) in bac-
terial load between the five strains for the first two time points
postinfection (3 and 6 h). However, we found that at 12 h, Can-
ton-S, Cinn. Brown, and YW flies contained no E. coli bacteria,
and the number of E. coli cells in w1118 strain was significantly
higher (P < 0.05) compared to those recovered from Oregon flies.

In contrast, numbers of P. luminescens bacteria increased rap-
idly over time (Fig. 2B). There were no significant differences (P >
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FIG 2 Bacterial load (CFU) in the five Drosophila melanogaster laboratory strains Oregon, w1118, Canton-S, Cinn. Brown, and YW after infection with the
Gram-negative bacteria Escherichia coli (strain DH5a) (A) and Photorhabdus luminescens (strain TT01) (B) and the Gram-positive bacteria Micrococcus luteus
(strain CIP A270) (C) and Enterococcus faecalis (strain ATCC 19433) (D). Flies (n = 20 per condition) were injected with PBS buffer containing approximately
100 to 150 bacterial cells. The numbers of recoverable bacteria were counted at 0, 3, 6, 12, 24, and 48 h after infection. Bars show means = the standard deviations.
The averages from three separate experiments are shown. Significant differences in bacterial load are indicated with asterisks (two-tailed # test). *, P < 0.05; n.s.,

nonsignificant differences between treatments.

0.05) in the numbers of those bacteria among the five strains at
early (3, 6 and 12 h) and late time points (48 h) after infection. At
24 h, we detected significantly lower (P < 0.05) numbers of P.
luminescens cells in Oregon, w1118, and Canton-S flies compared
to the other two strains.

For numbers of nonpathogenic M. luteus (Fig. 2C), we found
no significant differences (P > 0.05) in CFU among the five strains
at 3 h after infection and significantly lower (P < 0.05) numbers of
those bacteria in Oregon flies compared to the other strains at 6 h
after infection. Interestingly, we found no M. luteus cells in Ore-
gon flies at 12 h, at which time point Canton-S and Cinn. Brown
contained significantly fewer (P < 0.05) bacteria compared to YW
flies. At 24 h postinfection, we detected M. luteus in YW flies only.

Finally, the numbers of E. faecalis bacteria started to increase
rapidly at early time points after infection (Fig. 2D). We found no
significant differences (P > 0.05) in E. faecalis CFU among the five
strains at 3 and 6 h after injection with this pathogen. However, at
12 h after infection Oregon, w1118, and Canton-S strains carried
significantly fewer (P < 0.05) E. faecalis bacteria compared to
Cinn. Brown and YW flies, and at later time points (24 and 48 h)
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w1118 flies contained significantly more (P < 0.05) E. faecalis cells
compared to the other four strains.

D. melanogaster reference strains transcribe AMP genes at
different levels following bacterial infection. We first tested the
transcriptional induction of Diptericin in the five laboratory fly
strains infected with the Gram-negative bacteria E. coli and P.
luminescens. We found a delay in Diptericin upregulation in Can-
ton-S and Cinn. Brown compared to the other three strains (Fig.
3A). In particular, Diptericin was upregulated at significantly
lower levels (P < 0.05) in Canton-S and Cinn. Brown flies at 6 h
after infection with E. coli, with no significant differences between
those values (P > 0.05). Diptericin induction was also significantly
lower (P < 0.05) in Cinn. Brown and YW flies infected with E. coli
at 12 h compared to Oregon and w1118 infected individuals. We
further found that at 48 h after infection with E. coli, Diptericin
induction was significantly reduced (P < 0.05) in w1118 and YW
flies compared to Canton-S and Cinn. Brown flies.

For Diptericin induction in fly strains infected with the ento-
mopathogen P. luminescens (Fig. 3B), we found that, overall, Dip-
tericin was induced at lower levels in flies infected with P. lumine-
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FIG 3 Transcription of antimicrobial peptide genes Diptericin and Defensin in the five Drosophila melanogaster laboratory strains Oregon, w1118, Canton-S,
Cinn. Brown, and YW after infection with the Gram-negative bacteria Escherichia coli (strain DH5a) (A) and Photorhabdus luminescens (strain TT01) (B) and the
Gram-positive bacteria Micrococcus luteus (strain CIP A270) (C) and Enterococcus faecalis (strain ATCC 19433) (D). Flies (n = 20 per infection treatment) were
injected with PBS buffer containing approximately 100 to 150 bacterial cells. Gene transcription was estimated at 0, 3, 6, 12, 24, and 48 h after infection. Diptericin
and Defensin mRNA levels are shown as the relative abundance of transcripts normalized to RpL32 and are expressed as a ratio compared to flies injected with PBS
only (negative controls). Values represent the means from three biological replicates, and error bars represent standard deviations. Asterisks show a value that is
significantly different (one-way ANOVA with a Tukey post hoc test for multiple comparisons). **, P < 0.01; ¥, P < 0.05; n.s., nonsignificant differences.

scens compared to E. coli infected flies. We also noticed that
Diptericin induction was significantly decreased (P < 0.05) in YW
flies at early time points (3 and 6 h) after infection with the patho-
gen. Although there was variation in Diptericin upregulation
among the five fly strains at later times postinfection, the differ-
ences were not statistically significant (P > 0.05).

We estimated the transcriptional activation of Defensin in lab-
oratory fly strains following infection with the Gram-positive bac-
teria M. luteus. We found low (P < 0.05) Defensin induction in
YW flies infected for 3 and 6 h with these bacteria and no signifi-
cant differences (P > 0.05) among the other four strains (Fig. 3C).
We also observed significantly reduced (P < 0.05) Defensin up-
regulation in w1118 and YW flies infected for 48 h with M. luteus
compared to the other three strains.

We finally examined the transcriptional induction of Defensin
in D. melanogaster reference strains infected with E. faecalis bac-
teria (Fig. 3D). We found no significant differences (P > 0.05) in
Defensin upregulation among the five fly strains at early time
points (3 to 12 h) postinfection with this pathogen. However,
Defensin induction was significantly lower at 24 (P < 0.05) and 48
h (P <0.01) in Canton-S, Cinn. Brown, and YW flies compared to
Oregon and w1118 infected individuals. There were no significant
differences in the transcriptional upregulation of Diptericin and
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Defensin (P> 0.05) between the fly strains 24 h after injection with
heat-killed bacteria (see Fig. S2 in the supplemental material).

Variation in the number of hemocytes among D. melano-
gaster reference strains. We first looked at the number of circu-
lating hemocytes in control flies injected with PBS (Fig. 4A). We
found that YW flies contained significantly fewer (P < 0.05) he-
mocytes compared to the other four strains at 6 and 48 h upon
injection with the buffer. YW flies had consistently lower number
(P < 0.05) of hemocytes compared to Oregon flies at all time
points as well compared to w1118, Canton-S, and Cinn. Brown
flies at the 0-, 3-, and 6-h time points. There were also reduced
numbers (P < 0.05) of hemocytes in YW flies compared to w1118
flies at 12 h postinjection.

There were no significant differences (P > 0.05) in the num-
bers of hemocytes among the five laboratory strains at 0 and 3 h
after infection with E. coli bacteria (Fig. 4B). However, YW, Can-
ton-S, and Cinn. Brown flies contained significantly fewer (P <
0.05) hemocytes compared to Oregon and w1118 flies at all later
time points, and there were no significant differences (P > 0.05)
among these three strains. Oregon and w1118 flies also contained
similar numbers (P > 0.05) of hemocytes at all time points after E.
coli infection.

We found that the numbers of hemocytes in all D. melanogaster

jai.asm.org 4173


http://iai.asm.org

Eleftherianos et al.

i PBS

2

e

S 400

E

-

L

%:wo

E e .

8 200 . - . —

"5 . ';In.s. - . *
— | |

_§1oo iy =

[S

=

=

[ 3 6 12 24 48
Hours after infection

200

100

Number of hemocytes / mlcrolitaru.l
8
o

o 3 6 12 24 a8
Hours after infection

800 M. luteus

300
200

100

Number of hemocytes / microliter =

[ 3 6 12 24 a8
Hours after infection

Il Oregon
M w1118

0 Canton-S
I Cinn.Brown
YW

500 P. luminescens

300

200

100 ns. NS o oo

n.s.

Number of hemocytes / microliter O

[ 3 6 12 24 48
Hours after infection

500 E. faecalis

300
200

100

Number of hemocytes / microliter ™

[} 3 6 12 24 48
Hours after infection

FIG 4 Numbers of circulating hemocytes recovered from the five Drosophila melanogaster laboratory strains Oregon, w1118, Canton-S, Cinn. Brown, and YW
after injection with PBS buffer (control treatment) (A), the Gram-negative bacteria Escherichia coli (strain DH5a) (B) and Photorhabdus luminescens (strain
TTO01) (C), and the Gram-positive bacteria Micrococcus luteus (strain CIP A270) (D) and Enterococcus faecalis (strain ATCC 19433) (E). Flies (n = 20 per
condition) were injected with PBS buffer containing approximately 100 to 150 bacterial cells. Hemocyte counts were determined per microliter of hemolymph
at 0, 3, 6, 12, 24, and 48 h after fly injection. Bars represent the means from three separate experiments, and error bars represent the standard deviations. The
asterisk shows a value that is significantly different from the other treatments (one-way ANOVA with a Tukey post hoc test for multiple comparisons). *, P < 0.05;

n.s., nonsignificant differences between treatments.

strains were dramatically reduced over time after the injection of P.
luminescens bacteria (Fig. 4C). There were no significant statistical
differences (P > 0.05) in hemocyte numbers among the five reference
strains at any time point after infection with the pathogen.

For flies injected with M. luteus bacteria, there were no signif-
icant differences (P > 0.05) in numbers of hemocytes among the
five strains at 0 and 3 h postinfection (Fig. 4D). However, strains
Canton-S, Cinn. Brown, and YW contained significantly fewer
(P < 0.05) hemocytes compared to Oregon and w1118 flies at 6,
12, and 24 h after challenge with those bacteria. We further found
that at 48 h after M. [uteus infection YW flies had the lowest num-
ber (P < 0.05) of hemocytes among all fly strains.

For infections with E. faecalis bacteria, we recovered a signifi-
cantly lower (P < 0.05) number of hemocyte cells from Cinn.
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Brown and YW flies at 6 h (Fig. 4E). Also, YW flies had signifi-
cantly fewer hemocytes (P < 0.05) compared to Oregon and
w1118 strains at 3, 6, 24, and 48 h after injection with this patho-
gen. We found no statistical differences (P > 0.05) in hemocyte
numbers among Oregon, w1118, and Canton-S flies at any time
point after infection with this pathogen.

There were no significant differences in the number of hemo-
cytes between Canton-S, Cinn. Brown, and YW strains 24 h after
injections with heat-killed E. coli or P. luminescens bacteria (see
Fig. S3A and B in the supplemental material). However, Oregon
and w1118 flies contained significantly higher number of hemo-
cytes (P < 0.05) compared to the other three strains upon infec-
tion with E. coli or P. luminescens or compared to Canton-S flies
only after infection with M. luteus bacteria (see Fig. S3C in the
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nonsignificant differences between treatments.

supplemental material). No significant changes in hemocyte
numbers (P > 0.05) were found between flies injected with E.
faecalis bacteria (see Fig. S3D in the supplemental material).

Variation in PO activity among D. melanogaster reference
strains infected with bacteria. We first measured PO activity in
flies injected with PBS to estimate baseline enzyme levels in the
five reference strains. We found no significant differences (P >
0.05) in PO levels among the five strains for any of the time points
tested (Fig. 5A).

For infections with E. coli bacteria, there were no significant
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differences (P > 0.05) in PO activity among strains at late (24 and
48 h) time points after infection (Fig. 5B). However, we found that
PO activity levels in YW, Canton-S, and Cinn. Brown flies were
significantly lower (P < 0.05) compared to PO levels in Oregon
and w1118 flies at 3 h after infection. We also noticed that PO
activity in YW and Canton-S flies was significantly reduced com-
pared to Oregon and w1118 flies (P < 0.01 and P < 0.05, respec-
tively) at 6 h after infection. Further, YW and w1118 flies had
significantly lower (P < 0.05) PO activity at 12 h after E. coli
challenge compared to Oregon flies.
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Although PO values in all D. melanogaster strains injected with
P. luminescens were notably lower than those for flies injected with
E. coli, there were no significant differences (P > 0.05) in the PO
activity among strains for any of the time points examined in our
experiments (Fig. 5C).

For infections with M. luteus bacteria, the PO activity in Can-
ton-S, Cinn. Brown, and YW flies at 3 h after injection was signif-
icantly lower than in Oregon and w1118 flies (P < 0.05) (Fig. 5D).
The PO activity in YW flies infected with M. luteus was signifi-
cantly than in Oregon and w1118 flies for the rest of the time
points (P < 0.05). Also, the PO activity values in Canton-S flies
were significantly lower than in Oregon and w1118 fliesat 6 and 12
h postinfection (P < 0.01 and P < 0.05, respectively).

Finally, PO activity in YW flies was significantly lower (P <
0.05) than in Oregon and w1118 flies at 3 and 6 h after infection
with E. faecalis bacteria (Fig. 5E). There were significantly lower
PO values in Canton-S and Cinn. Brown flies than in Oregon flies
at 3 and 12 h postinfection (P < 0.05). We also found significantly
lower (P < 0.05) PO activity in Canton-S flies compared to Ore-
gon flies at 6 h after E. faecalis challenge. There were no significant
differences in PO levels among strains at the 24- and 48-h time
points (P > 0.05).

We found no significant differences in PO activity (P > 0.05)
between the five fly strains 24 h after injection of heat-killed E. coli,
P. luminescens, or E. faecalis (see Fig. S4A, B, and D in the supple-
mental material). There was only significantly higher PO activity
(P < 0.05) in Oregon and w1118 flies compared to YW flies 24 h
after injection with heat-killed M. luteus bacteria (see Fig. S4C in
the supplemental material).

Total fat varies among reference fly strains following bacte-
rial infection. We injected the five D. melanogaster reference
strains with pathogenic bacteria, nonpathogenic bacteria, or PBS
and estimated total fat in the infected and uninfected control flies.
We found no changes (P > 0.05) in total fat among strains injected
with the buffer (Fig. 6A). We also found that YW flies started
losing fat at 6 h after infection with E. coli bacteria, and fat loss
gradually increased within the following 42 h (Fig. 6B). At 24 h
after E. coli injection, YW flies had significantly less (P < 0.05)
total fat compared to the other strains.

For infections with P. luminescens bacteria, we observed an
increase in total fat loss in all five fly strains compared to the other
treatments (Fig. 6C). In particular, total fat significantly decreased
(P <0.05) in YW flies compared to Oregon, Canton-S (P < 0.01),
and w1118, Cinn. Brown flies (P < 0.05). There were also no
significant differences in total fat content between Oregon and
Canton-S flies as well as between w1118 and Cinn. Brown indi-
viduals (P > 0.05). Oregon and Canton-S lines contained signifi-
cantly higher (P < 0.05) total fat than w1118 and Cinn. Brown
lines.

Although there were no dramatic changes in total fat in flies
infected with M. luteus bacteria (Fig. 6D), we again found that YW
and Cinn. Brown flies lost significantly more fat compared to Can-
ton-S flies (P < 0.05) and Oregon and w1118 flies (P < 0.01). We
also found that total fat in Canton-S flies was significantly lower
(P < 0.05) than in Oregon and w1118 flies.

Infection with E. faecalis pathogenic bacteria also caused in-
creased fat loss in the five laboratory strains, but at different rates
(Fig. 6E). We found that total fat in Oregon flies was not highly
affected by these bacteria, whereas YW flies lost significantly more
fat compared to Oregon (P < 0.01) and Cantons-S flies (P <
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0.05). At 48 h postinfection there were no significant changes (P >
0.05) in total fat between w1118 and Cinn. Brown, but total fat in
these flies was significantly lower (P < 0.05) compared to Can-
ton-S and Oregon individuals. The last two strains also contained
significantly different (P < 0.05) amounts of total fat. Injection of
heat-killed bacteria into flies of the five fly strains did not alter
total fat (data not shown).

Differences in NO levels between fly strains upon bacterial
challenge. To evaluate NO levels in infected and uninfected flies,
we quantified the levels of nitrites, the product of NO breakdown.
For treatments involving PBS injections (Fig. 7A), we found sig-
nificant lower nitrite concentration (P < 0.05) in YW flies com-
pared to Oregon (48 h), w1118 (3, 6, 12, and 48 h), Canton-S and
Cinn. Brown (6 h). For E. coli infections (Fig. 7B), there was sig-
nificantly lower nitrite concentration (P < 0.05) in YW flies than
in the other four strains at 12, 24, and 48 h after challenge. Infec-
tions with P. luminescens pathogens also resulted in significantly
reduced (P < 0.05) nitrite levels in YW flies than in the other fours
strains at 6, 12, 24, and 48 h (Fig. 7C). Similarly, nitrite levels were
significantly lower (P < 0.05) in YW flies compared to flies of the
other four strains at 6, 24, and 48 h after infection with either M.
luteus or E. faecalis bacteria (Fig. 7D and E). For treatments with
dead bacteria (see Fig. S5 in the supplemental material), we found
only significantly lower nitrite concentration (P < 0.05) in YW
flies 24 h after injection with heat-killed E. coli and M. luteus cells
(see Fig. S5A and C in the supplemental material).

Mutant strains for NOS die at different rates upon bacterial
infection. To examine whether differences in nitrite levels be-
tween fly strains affects survival upon infection, we examined the
susceptibility of NOS mutant flies to bacterial challenges (Fig. 8).
We used mutant flies for NOS (NOS***%* and NOS>>'°°) that were
generated from two different reference strains (w1118 and YW,
respectively). We found that injection of PBS did not affect the
survival of NOS mutants or their background control strains (Fig.
8A). We also found that NOS>*'*° and YW flies were more sensi-
tive (log-rank test, x* = 32.1, P < 0.01) than NOS***** and w1118
flies to E. coli infection (Fig. 8B) and that NOS>*'*® mutants were
significantly more susceptible (log-rank test, x> = 44.3, P < 0.01)
compared to NOS****?> mutants upon infection with pathogenic P.
luminescens (Fig. 8C). Similarly, infection with M. luteus bacteria
resulted in higher sensitivity (log-rank test, x> = 22.5, P < 0.01)
for NOS>'*® and YW individuals (Fig. 8D), while NOS>*'* mu-
tant flies had the lowest survival rate (log-rank test, x> =43.7,P<
0.01) after infection with E. faecalis bacteria (Fig. 8E). Injection of
heat-killed bacteria into NOS mutant flies and their background
controls did not affect survival (see Fig. S6 in the supplemental
material).

DISCUSSION

D. melanogaster reference laboratory strains are commonly used
in immunity studies as controls for the phenotypic characteriza-
tion of mutant strains in response to pathogenic and nonpatho-
genic infections. Results in recent studies have indicated variation
between certain reference laboratory lines in susceptibility to in-
fection with bacterial pathogens, as well as differences in bacterial
load and AMP gene transcription in the infected flies (17). To
expand these studies, we used here Gram-negative and Gram-
positive pathogenic and nonpathogenic bacteria, together with a
range of functional assays, to investigate several aspects of the
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differences between treatments.

humoral and cellular immune response in five commonly used D.
melanogaster laboratory strains.

The motivation for the present study was based on our recent
observations that laboratory fly strains exhibit variation in their
survival ability upon infection with bacteria. To document these
observations, we initially tested the survival response of five labo-
ratory strains (Oregon, w1118, Canton-S, Cinn. Brown, and YW)
to the bacterial pathogens P. luminescens and E. faecalis and the
nonpathogens E. coli and M. luteus. These bacteria are frequently
used for understanding the insect immune system (23). Although
the susceptibility of the five strains varied with the different types
of infection, we consistently found that YW flies, and on one oc-
casion w1118 flies, were particularly sensitive to all bacteria. A
previous study involving infections with Salmonella enterica sero-
var Typhimurium, Listeria monocytogenes, and Staphylococcus au-
reus has also found variation in susceptibility to bacterial infec-
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tions among wild-type fly strains (17). To determine whether
variation in fly survival was due to increased bacterial burden, we
estimated numbers of bacteria in the infected flies at several time
points after infection. Although significant differences in bacterial
load among strains were not observed in most cases, the general
trend was that bacterial growth in YW flies was higher compared
to the other strains for almost all time points. These results imply
that increased susceptibility of YW flies to bacterial infections is at
least in part due to the reduced ability of these flies to clear the
bacteria from their bodies efficiently.

To understand the basis for the differences in the survival
among the five fly strains, we investigated various aspects of their
antibacterial immune response. We examined the transcriptional
levels of two AMP genes (Diptericin and Defensin) representative
of Toll and Imd immune pathway activation in D. melanogaster
(24, 25). We chose to examine the transcriptional activation of
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treatments.

those two AMP genes because diptericin is effective against Gram-
negative bacteria and defensin is active against Gram-positive bac-
teria (26). Strikingly, we observed very low mRNA levels of Dip-
tericin in all fly strains infected with the pathogen P. luminescens.
These results agree with our previous findings and further sup-
port the notion that P. luminescens uses unknown mechanisms
to suppress the transcriptional induction of AMP-encoding
genes in insects (27). This hypothesis is also supported by the fact
that injection of heat-killed P. luminescens bacteria upregulates
transcription of AMP genes in adult flies. Infection of D. melano-
gaster strains with E. coli, M. luteus and E. faecalis results in quick
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upregulation of AMP gene transcription. Although Diptericin and
Defensin mRNA levels were similar at early time points after bac-
terial infection for all five strains, there were distinct changes in
AMP gene transcription among strains at late times. These results
suggest that different genetic backgrounds among D. melanogaster
reference strains probably play an important role in the AMP im-
mune response against bacterial infections. Indeed, three of the
five strains (w1118, YW, and Cinn. Brown) are known to carry
known mutations (28-30). We also observed AMP gene upregu-
lation upon injection with heat-killed E. coli, M. luteus, and E.
faecalis bacteria; however, the level of gene induction was lower
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than that with live bacteria. These results imply that certain bac-
terial membrane components are able to activate the AMP tran-
scriptional response and that bacterial replication further in-
creases this effect.

We then assessed numbers of hemocytes in the five fly strains in
the presence or absence of bacterial infection as an estimation of
cellular immune efficacy (31). Previous studies have associated
hemocyte load with immune system efficiency in D. melanogaster
and lepidopteran caterpillars (32-35). Our data indicate that Or-
egon and YW uninfected flies possess the highest and lowest num-
bers of hemocytes, respectively. This indicates that adult flies from
different laboratory fly strains contain variable numbers of circu-
lating hemocytes, which derive during the embryonic and larval
stages (36). Upon infection with E. coli or M. luteus, numbers of
hemocytes in Oregon and w1118 strains dramatically increase at
most time points after bacterial challenge. These results imply that
Oregon and w1118 flies may rely mostly on the rapid activation of
cellular immune defenses against infections with certain bacteria.
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Significant differences in the ability of w1118 and YW strains to
phagocytose E. coli bacteria were also reported in a recent study
(37). However, infection with the pathogen P. luminescens abol-
ishes the differences in hemocyte numbers that are observed in
control treatments and treatments involving infection with non-
pathogenic E. coli or M. luteus. It was not surprising to find a
drastic decrease in the numbers of hemocytes in all fly strains
infected with P. luminescens. These bacteria produce virulence fac-
tors that aggressively attack and destroy insect hemocytes (38, 39).
Nevertheless, injection of flies with dead P. luminescens increased
the hemocyte numbers in all strains. We also noticed that infec-
tion with E. faecalis resulted in reduced numbers of hemocytes in
all fly strains; this indicates an interaction between these bacteria
and the fly cell-mediated immune response. Injection of dead E.
coli, M. luteus, and E. faecalis bacteria into flies also increases he-
mocyte numbers, which suggests that bacterial proliferation is
probably not a trigger for hemocyte proliferation in D. melano-
gaster adult flies.
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Experiments estimating PO activity showed that most signifi-
cant differences among laboratory strains occurred at early times-
points postinfection, and that Oregon flies, and in some cases
w1118 flies, exhibited the highest levels of enzyme activity. These
results suggest that different D. melanogaster laboratory strains
activate the PO system at different levels, which may in turn affect
the immune response against bacterial infections (40). Injection
of flies from the different strains with heat-killed bacteria did not
affect PO activity, which implies that bacterial amplification does
not augment the PO response. Again, we found that infection with
live P. luminescens bacteria leads to strong decrease in PO activity
in all fly strains. Previous studies in other insect models have re-
ported P. luminescens molecules with potent PO inhibitory activ-
ity, which leads to a low melanization response and high levels of
insect death (41—43). Future efforts will focus on the identification
of P. luminescens effectors that interfere with the PO and coagula-
tion cascades in D. melanogaster adult flies.

To monitor the physiological status of the five fly strains, we
estimated the total fat in adults infected with pathogenic and non-
pathogenic bacteria, as well as in uninfected controls. We found
that fat stores in infected YW flies, especially those challenged with
live P. luminescens and E. faecalis, were steadily reduced after in-
fection with the pathogens. Low fat reserves in infected YW indi-
viduals can be attributed to starvation or overall decline in the
metabolic state of the flies. These results, together with the bacte-
rial load and survival data, suggest that high sensitivity of YW flies
to bacterial infections is not only due to inefficient elimination of
bacteria (resistance) but also due to a decline in metabolic fitness
during the course of infection (tolerance) (44-46).

NO is an important molecule because it participates in several
physiological and pathological processes, including immune re-
sponse to microbes and parasites, in insects (47, 48). To examine
the potential involvement of NO in the differential survival of
background D. melanogaster strains to bacterial infections, we es-
timated the amount of the NO oxidation product nitrite. Measur-
ing nitrite levels in whole insects or insect tissues is an accurate
estimation of cellular nitric oxide production (49). We found here
that uninfected or bacterium-infected YW flies contain substan-
tially smaller amounts of nitrite compared to w1118 individuals
and other fly strains. To test whether reduced nitrite quantities in
YW flies reflect decreased survival to bacterial infections, we used
NOS mutant flies in YW background that proved more sensitive
to pathogenic and nonpathogenic bacteria compared to NOS mu-
tants in w1118 background. These results indicate that the quan-
tity of NO varies among different D. melanogaster reference strains
and forms a crucial factor that regulates fly sensitivity to bacterial
challenges. Indeed, previous studies have shown that ingestion of
bacteria induces NO in the gut and hemocytes, which leads to the
activation of antimicrobial peptides in the fat body (50). This ef-
fect is essential for the efficient immune response of Drosophila
larvae against Gram-negative bacteria. Here, we found relatively
low levels of NO in YW adult flies infected with Gram-negative
bacteria, which might lead to reduced protection of these flies
against bacterial challenge.

Because changes in single or multiple immune defenses are
likely to be involved in the variation of antibacterial immune re-
sponses among fly strains, future experiments will investigate sev-
eral aspects of hemocyte-related functions, as well as the interac-
tion between humoral and cellular immune reactions in the five
fly strains. Infections with a range of pathogenic and nonpatho-
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genic bacteria, as well as with other microbes, will also provide
significant clues on the specificity, selectivity, and efficiency of
immune responses among the fly strains. Detailed analysis of the
differences among strains at the transcriptome level will further
clarify the molecular/genetic basis of the evolutionary events that
shaped the antibacterial immune system variation in the fruit fly.

In conclusion, our findings indicate that D. melanogaster ref-
erence strains exhibit variation in sensitivity to infection by patho-
genic and nonpathogenic bacteria. Variation in sensitivity to bac-
terial infections reflects significant changes in immune capacity
and NO levels among the different fly strains. In turn, variation in
antibacterial immune responses among fly strains can have seri-
ous consequences for the selection of suitable background con-
trols in Drosophila immunity studies. Future research will concen-
trate on the identification of additional genetic/physiological
factors that are responsible for conferring variation in the antibac-
terial immunity in D. melanogaster laboratory strains.
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