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Invertebrates have been instrumental in understanding the mechanisms involved in infectious diseases, con-
sidering the idea to replace, reduce and refine the use of mammals as well as to understand the basic principles of
immune response in insect. We evaluated the consequences of Staphylococcus aureus-induced sepsis in the last
instar nymphs of Nauphoeta cinerea injected with different concentrations of bacteria preserved in two culture

ij:;;ohsm media. Infected groups had a decrease in hemolymph metabolites (glucose, amino acids, total proteins, and
Hemolymph cholesterol), in contrast to the proteins in the fat body. Higher concentrations of S. aureus caused permanent
Fat body morphological alterations in adults, decrease in food consumption, increase in isolation, and increase in CFU
Insect until death of the cockroaches. Survival and protection of nymphs against a repeated and stronger challenge with

the same bacteria varied according to the medium they were conserved. N. cinerea proves to be a suitable and
promising model for studies related to bacterial infections.

1. Introduction

The utilization of invertebrates, mainly insects, as models to study
the immune system and pathophysiology of human diseases broadly
increased in the last decades. The ethical concerns about the use of
vertebrate models that involves pain and extreme suffering (as in the
case of sepsis) are certainly one important motivator to adhere to the
recent idea to replace, reduce and refine (3RS) the use of mammals in
exploratory scientific studies [1]. Consequently, the development of
new techniques designed to study the immune system in non-vertebrate
organisms is needed not only to avoid the use of vertebrates but also to
work with simple models that can be very informative to understand
basic principles [1,2].

In this direction, the nematode Caenorhabditis elegans [3,4], the fruit
fly Drosophila melanogaster [5,6], the silkworm larvae Bombyx mori
[7-10], the wax moth Galleria mellonella [11,12], the beetle Tenebrio
molitor [13], the honeybee Apis mellifera [14], and the tobacco horn-
worm Manduca sexta [15] have been used to study the immunological
responses after the infection with human pathogens. Of particular sig-
nificance, the insect models have been instrumental in understanding
the complex molecular mechanisms involved in response to infectious
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diseases, and in studying bacterial virulence factors [2,9,10,14,16].

Immune response in insects is thought to be innate, broad, non-
specific, and similar against different types of challenges [17]. Insect
cellular response involves phagocytosis, nodulation, and encapsulation,
whereas humoral responses can involve the production of antimicrobial
peptides, melanization, and clotting [18,19]. However, the study of
adaptive immunity of insects started many decades ago. Accordingly,
works of literature have indicated the adaptive immune response in the
cockroach Periplaneta americana after the injection of venom from
honeybee [20,21]. In other studies, P. americana did not recognize the
cuticle of other insects as foreign, whereas Schistocerca gregaria en-
capsulated the cuticle transplants from the other insects (xenografts)
[22]. However, both species did not recognize the allografts as foreign
tissues, which refers to the implantation of the cuticle from the same
species [22].

Recently, studies demonstrated acquisition of immunization
through a passive transference of molecules from the parental genera-
tion to the offspring [17,23], and an active transference by the contact
with the relatives [24]. According to Masri and Cremer [24], the in-
dividual level of immunization can be explained in two possible ways,
(1) the host can sustain an upregulation of the genes involved in
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immune response or slow down the rate of degradation of the proteins
after the first exposure to a pathogen, (2) the immune effectors [espe-
cific hemocytes, peptidoglycan recognition proteins (PPRs), integrins,
down syndrome cell adhesion molecule (Dscam)] of the host can de-
cline to baseline levels shortly after an exposure to a pathogen, but the
host acquired memory. In any case, the mechanisms are not well elu-
cidated [25,26].

Because of the importance to adhere to the 3Rs prerogatives and to
find substitutes for the mice and rats models, we focused on the use of
lobster cockroach Nauphoeta cinerea. The N. cinerea is easy to handle
and has been instrumental in toxicological and pharmacological studies
[27-33]. Some advantages of N. cinerea include the size, life cycle, in-
ability to fly, and ease of maintenance. We examined the appropriate-
ness of N. cinerea as a model of infection using the human pathogenic
bacteria Staphylococcus aureus. The effects of different concentrations of
bacteria solutions preserved in two culture media on host survival,
physiological consequences, alterations in the homeostasis of metabo-
lism and immunization of nymphs against a second challenge with the
same bacteria were evaluated.

2. Material and methods
2.1. Cockroach husbandry

The last instar nymphs of N. cinerea with 2.0 to 2.5 cm of length
(from Departamento de Bioquimica e Biologia Molecular, Centro de
Ciéncias Naturais e Exatas (CCNE), Universidade Federal de Santa
Maria, Brasil) were separated in groups of 15-30 individuals. They were
kept in plastic boxes (19 X 19x 7 cm) containing a yellow plastic part
from an egg-holder (Supplementary Fig. 1), water and food ad libitum
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(the dog diet composition is provided in the supplementary Table 1).
Nymphs were maintained under natural lighting conditions, tempera-
ture and humidity, written at a later part of this study.

Nymphs were injected with 20 uL of saline or S. aureus suspensions
(with a 1 ml syringe; Shandong Weigao Group Medical Polymer CO,
China) at the base of the leg, in the second thoracic segment, close to
the junction of the ventral and dorsal cuticles (Supplementary Fig. 2).
The cockroaches were anesthetized on ice for about 6-10 minutes be-
fore injecting with saline or bacterial solution.

2.2. Bacterial preparation

Staphylococcus aureus subsp. aureus (ATCC® 25923™; USA) was uti-
lized in this study. The strain was routinely preserved on Nutrient Agar
(NA; peptic digest of animal tissue 5 g/L, beef extract 1.5 g/L, sodium
chloride 5 g/L, yeast extract 1.5 g/L, agar 15 g/L; Himedia Laboratories,
India) or Brain Heart Infusion (BHI) broth (calf brain infusion 200 g/L,
beef heart infusion 250 g/L, proteose peptone 10 g/L, dextrose 2 g/L,
sodium chloride 5g/L, disodium phosphate 2.5g/L; Himedia
Laboratories, India), and stored at —2 °C. After overnight growth on NA
plate at 37°C, the colonies were used to prepare bacterial suspensions
diluted in 1% sterile saline. The concentrations of the bacterial sus-
pensions were determined by measuring optical density at 600 nm
(OD600). The bacterial suspensions were diluted with 1% saline to give
adequate bacteria concentrations (colony forming units/mL-CFU/mL).

2.3. Survival assay

Nymphs were inoculated with 20 uL of saline (sham) or the in-
dicated bacterial solutions. A not injected group was included as an
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Fig. 1. Sensitivity of N. cinerea injected with S. aureus stored on NA. (A) Survival of nymphs infected with 2 x 10° CFU/cockroach (N = 90 nymphs), 2 x 10° CFU/
cockroach (N = 90 nymphs), 2 X 10”7 CFU/cockroach (N = 163 nymphs), 2 x 10® CFU/cockroach (N = 30 nymphs), 2 x 10'® CFU/cockroach (N = 73 nymphs),
sham (N = 60 nymphs) or not injected (N = 133 nymphs). The Log-rank (Mantel-Cox) test indicates significant differences in the survival of groups infected with
higher concentrated doses (p < 0.05). (B) Percentage of nymphs and adults after 216 h (9 days) post-infection. The absolute number of cockroaches alive is inside
the bars. A significant difference in the percentages of adults by Fisher's exact test (letters). (C) Survival of nymphs primed with 2 X 107 CFU/cockroach of S. aureus
solution (N = 80 nymphs) to induce sepsis, or sham (saline) (N = 80 nymphs). Primed nymphs with bacteria were protected when challenged with a higher
concentration of the same bacteria (2 x 10'® CFU/cockroach) after one week. The Log-rank (Mantel-Cox) test indicates that concentrations tested varied significantly
in the survival of groups (p < 0.05). (D) Percentage of nymphs and adults after 528 h (22 days) post-infection. The absolute number of survived cockroaches is inside
the bars. Statistical differences (p < 0.05) were determined by Fisher's exact test (letters).
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Fig. 2. Alteration in the phenotype of newly formed adults after molting of nymphs infected with higher concentrations of S. aureus (2 x 10® CFU/cockroach and
2 x 10'° CFU/cockroach) preserved in NA. (A) Normal nymph. (B) Normal adult. (C-F) Morphological alterations in adults from infected groups. Black lines

represent 1 cm.

additional control group. A minimum of 30 nymphs was injected for
each condition, and the experiments were performed at least two times.

2.3.1. Survival of nymphs injected with bacteria preserved on Nutrient agar

S. aureus, grown in NA plate at 37 °C for 24 h, were collected and
diluted with sterile saline to give five different suspensions. The first
solution (which contained the highest concentration of bacteria (10'?
CFU/mL or 2 x 10'° CFU/cockroach) was diluted 20 times to obtain an
ODggo 0.8, and the second solution (10'° CFU/mL or 2 x 10® CFU/
cockroach) was diluted ten times to obtain an ODggg 0.8. The dilutions
of the first and the second solutions were done to standardize the op-
tical density to obtain 0.8, but the nymphs were injected with the
concentrated solutions before being diluted. The third solution was
diluted to obtain an ODggo 0.8 (10° CFU/mL or 2 x 107 CFU/cock-
roach), the fourth solution was diluted to obtain an ODgyo 0.2 (108
CFU/mL or 2 x 10° CFU/cockroach), and the fifth solution was diluted
to obtain an ODggo 0.1 (107 CFU/mL or 2 x 10° CFU/cockroach).

Test and control nymphs were maintained at a minimum tempera-
ture of 19.3°C = 1.5 and a maximum temperature of 24.8 °C = 1.4
while minimum and maximum humidity were maintained at
42.8% *+ 9.7 and 59.9% = 12.9, respectively. The survival and molts
(number of adults formed) were recorded daily for 216 h post-injection.
Three independent tests were performed between July and August
2017.

2.3.2. Survival of nymphs injected with bacteria preserved on BHI
For the second set of survival tests, the same protocol for bacteria
preserved and maintained in NA was utilized. The test and control

nymphs were maintained at a minimum temperature of 21.4 °C + 1.2
and a maximum temperature of 25.0 °C = 1.6) and a minimum and
maximum humidity of 54.7% * 5.4 and 77.5% =+ 6.1 respectively. The
survival and molts (number of adults formed) were noted daily for
168 h post-injection and three independent tests were performed be-
tween August and October 2018.

2.4. Priming of cockroaches with S. aureus

Two priming suspensions of S. aureus were prepared: one preserved
on NA and the other on BHI broth. They were grown on NA plate at 37
°C for 24 h. The solutions were prepared according to the same protocol
described above. In the first week, two groups of nymphs of 15-30
nymphs were primed with 20 uL of saline or a bacterial suspension
(corresponding to ODggo 0.8, i.e., 10° CFU/ml or 2 x 10”7 CFU/cock-
roach). The sham nymphs (not infected) were called naive. Although,
after the first week, both groups (sham and infected) were injected with
20 uL of a more concentrated bacterial suspension (containing 102
CFU/ml or a total of 2 x 10'° CFU/cockroach).

Nymphs primed and challenged with the bacteria stored on NA were
maintained at a minimum temperature of 20.9 °C + 1.0 and a max-
imum temperature of 25.4 °C = 1.9, and a minimum and maximum
humidity of 45.6% * 10 and 65.9% = 11.78 respectively. The survival
and the number of adults formed were observed daily, until 528 h post-
injection. The test and replicates were performed in September 2017.

Nymphs primed and challenged with the bacteria stored on BHI
broth were maintained at a minimum temperature of 21.3 °C + 0.6, and
a maximum temperature of 23.8 °C £ 0.5 and the minimum and
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maximum humidity were maintained at 57.2% =+ 5.0 and 77.6% * 4.0
respectively. The survival and the number of adults were observed
daily, until 312 h post-injection. The test and replicates were performed
between September and October 2018.

2.5. Biochemical parameters

Biochemical tests were performed with nymphs injected with 101°
CFU/cockroach and 10”7 CFU/cockroach as described above. The S.
aureus used in the biochemical tests were stored on NA. Intact nymphs,
and those injected with sterile saline represented the negative controls.
The hemolymph and fat body were collected after 24 h, 48 h, and 72h
post-injection. The replicates at each of these periods (N = 7) represent
a pool of tissues from three nymphs. We did the collections of tissues in
August 2017.

The nymphs were anesthetized on ice for about 10 min, cleaned
with distilled water and the hemolymph was collected after removing
only one of the back legs. The hemolymph was collected in a microtube
and immediately stored at -10 °C. The abdomen was cut open with a
pair of surgical scissors, and a part of the fat body was carefully col-
lected, using a pair of forceps and stored at -10 °C.

Glucose, cholesterol, and protein levels were measured with Labtest
kits, according to the manufacturer's protocol, using 10 uL. of hemo-
lymph. Free amino acids were measured according to Spies [34], using
10 pL of hemolymph that was incubated with 1.5 mL of Ninhydrin 0.5%
(diluted in isopropyl alcohol) and 490 pL of distilled water, for 15 min
at 40 °C. The system was centrifuged at 1372 g for 10 min. After cen-
trifuge, the supernatant was measured spectrophotometrically at
570 nm. The protein concentration of the fat body was determined by
the method of Bradford [35], using 10 uL of the sample mixed with
40 L distilled H20 and 2.5 mL Coomassie Brilliant Blue reagent. The
system was centrifuged at 1372 g for 10 min, and the supernatant ob-
tained was measured at 595 nm.

Lipid peroxidation (TBARS) was measured according to Buege and
Aust [36]. The tissue samples were obtained by homogenizing the fat
body of the cockroaches in 20 mM phosphate buffer (pH 7.5) in a ratio
1:2 (mg fat body: ml buffer), 0.5 g of the fat body sample was homo-
genized in 1 mL phosphate buffer (20 mM, pH 7.5). 500 uL of homo-
genate was mixed with trichloroacetic acid (TCA 10%) and thiobarbi-
turic acid (TBA 0.67%) prepared in a water solvent. Samples were
heated at 100 °C for 30 min, cooled and then centrifuged at 1372 g for
10 min, and the supernatant was measured at 535nm. Data are ex-
pressed as nmol of malondialdehyde formed/mg of the fat body.

2.6. Measurement of bacterial burden in the hemolymph

For quantification of bacteria in the hemolymph, nymphs were in-
jected with 20ul of 10'® CFU/cockroach or 107 CFU/cockroach.
Bacteria were preserved on BHI broth and grown in NA as described
previously in this study. The hemolymph of each nymph was collected
after 24 h, 48h, 72h, and one-week post-injection. Here, 10 pL of the
hemolymph was serially diluted in 1% sterile saline and spread on NA
for 24 h at 37 °C. Sterility of the hemolymph from the control groups
was confirmed by spreading them on the plate without dilution, and no
growth was observed. The results are expressed in CFU/mL. The tests
were performed between March and May 2018.

2.7. Data analysis

Statistical tests were performed using GraphPad Prism 6. The sur-
vival data were analyzed using the Kaplan-Meier method, and com-
parisons between groups were made using the log-rank test. Fisher’s
exact probability test was applied to compare the percentages of adults
between intact, sham, and the other injected groups. Biochemical tests
and CFU determination with the hemolymph were tested for normality
D’Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov. Since the
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data had no normal distribution, Kruskal-Wallis test and Dunn’s mul-
tiple post hoc comparisons were used. In all cases, p < 0.05 was
considered significant. The data are expressed as mean + standard
error of the mean.

3. Results
3.1. N. cinerea is sensitive to bacterial conditions

Nymphs infected with different concentrations of S. aureus (2 x 105,
2 x 10%and 2 x 107 CFU/cockroach) maintained in NA did not present
significant changes in survival when compared to the sham and control
groups after one-week post-infection (Fig. 1A). In contrast, the treat-
ment with 2 x 10'® CFU/cockroach caused a significant decrease in
survival, which was evident from 96 to 216 h post-infection (Fig. 1A).
Fig. 1B shows the percentage of nymphs that became adults at the end
of the period of observation. New adults from the groups of nymphs
infected with 2 x 10® and 2 x 10'® CFU/cockroach presented different
phenotype after molting, which encompassed morphological alteration
in the wings and variation in pigmentation (Fig. 2). The adults of
control, sham, and other lower bacterial concentrations groups did not
present any abnormal phenotypes.

The survival curves of the second set of nymphs injected with
bacterial solutions (2 x 10® and 2 x 10'® CFU/cockroach), preserved
on BHI broth, showed an increase in mortality when compared to the
nymphs injected with bacterial solutions preserved on NA (Fig. 3A).
The infection with 2 x 10® CFU/cockroach killed 60% of the nymphs
after 72h post-infection (Fig. 3A). In this group, there were only
nymphs at the end of one week (Fig. 3B). The concentration 2 x 10'°
CFU/cockroach killed 80% of nymphs after 48 h, and after 96 h post-
infection, there was no survival (Fig. 3A-B). Here, one of the nymphs
molted to an adult; however, this adult did not survive.

It was possible to observe that the nymphs injected with the highest
concentration of bacteria (2 x 10*° CFU/cockroach), stored on both
culture mediums, displayed alterations in their behavior. The cock-
roaches avoided contact with each other, consumed less food, and re-
mained isolated until their death. Consequently, they did not aggregate
as the control and cockroaches injected with lower concentrations of
bacteria (authors observations).

3.2. Immunization of N. cinerea is affected by bacterial conditions

Priming test showed that the nymphs immunized with the 2 x 107
CFU/cockroach of S. aureus preserved on NA were able to tolerate a
second and stronger challenge (2 x 10'° CFU/cockroach) when com-
pared to the naive group (Fig. 1C). The sham group had a 60% decrease
in survival at 72h post-infection, whereas in the primed group with a
low quantity of bacteria the mortality decreased to 30%. After 15 days
of the second challenge, the survival of primed nymphs was higher
(40%, n = 32) than the naive group (11%, n = 9). At the end of this
experiment, the number of newly formed adults after molting was
significantly lower for the primed cockroaches, but the naive group had
more newly formed adults (Fig. 1D).

This protection did not occur in the nymphs primed with bacteria
preserved on BHI broth. It was possible to observe a delay in the
mortality of the primed group, although all the cockroaches died in one
week post-infection (Fig. 3C).

3.3. Changes in the metabolites of nymphs infected with S. aureus stored on
NA

The analysis done with hemolymph of the nymphs indicated that all
biochemical parameters tended to decrease in the nymphs infected with
the concentrations 2 x 107 and 2 x 10'® CFU/cockroach when com-
pared to the control nymphs. Free amino acid levels significantly de-
creased after 24 h and 72 h post-infection in the nymphs infected with
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Fig. 3. The sensitivity of N. cinerea after infection with S. aureus preserved on BHI broth. (A) Survival curves of nymphs infected with 2 X 10”7 CFU/cockroach
(N = 105 nymphs), 2 x 10® CFU/cockroach (N = 30 nymphs), 2 x 10'° CFU/cockroach (N = 75 nymphs), sham (N = 105 nymphs) or not injected (N = 60
nymphs). The Log-rank (Mantel-Cox) test indicates significant differences in the survival of groups infected with higher concentrations (p < 0.05). (B) Percentage of
nymphs and adults after 168 h (7 days) post-infection. The absolute number of cockroaches alive is inside the bars. Statistical differences (p < 0.05) were de-
termined by Fisher's exact test (letters). (C) Survival curves of N. cinerea primed with 2 x 107 CFU/cockroach (N = 75 nymphs) or sham (N = 75 nymphs). Primed
nymphs with bacteria were not protected when challenged with a higher concentration of the same bacteria (2 x 10'° CFU/cockroach) after one week. The Log-rank
(Mantel-Cox) test indicates that concentrations tested varied significantly in the survival of groups (p < 0.05). (D) Viable S. aureus in the hemolymph of nymphs
infected with 2 x 107 CFU/cockroach or 2 x 10'° CFU/cockroach was assessed by serial dilution and spread on the plate. The bacteria load was verified within the
first three days and on the 7th day post-infection. The sterility of the hemolymph of the sham and nymphs that were not injected were confirmed. Statistical
differences (p < 0.05) were determined by Kruskal-Wallis test (< 0,0001) and Dunn’s multiple comparisons post hoc test (letters). Data represent mean and
standard error of mean of nymphs infected with 2 X 10”: 24h (N = 19 nymphs), 48 h (N = 20 nymphs), 72h (N = 14 nymphs), and one week (N = 12 nymphs);

Bacterial solution 2 x 10'% 24 h (N = 17 nymphs), and 48h (N = 8 nymphs).

2 x 10'® CFU/cockroach, while the nymphs injected with 2 x 107
(Fig. 4A) showed a decrease in free amino acids only after 48 h post-
injection. The cholesterol and glucose levels decreased significantly in
the nymphs infected with 2 x 10'° CFU/cockroach along the time
(Fig. 4B-C). The total proteins in hemolymph were also considerably
reduced in the infected nymphs until 48 h post-infection (Fig. 4D). The
levels of proteins in the fat body significantly increased in the infected
groups when compared to the control during the first 24 h, and still
increased at 72h post-infection for the nymphs infected with 2 x 10”
(Fig. 5A). The malondialdehyde levels in the fat body were higher in the
infected groups until 48 h, when compared to control; however, this
was not statistically significant (Fig. 5B). There was no significant dif-
ference in the biochemical parameters assayed for using the hemo-
lymph and the fat body between the control and sham groups (data not
shown).

3.4. Determination of CFU in the hemolymph of nymphs infected with S.
aureus stored on BHI broth

The nymphs injected with 2 x 10”7 CFU/cockroach displayed a
significant decrease in the microbial content along the time. However,
those injected with 2 x 10'® CFU/cockroach had a significant increase
in CFU until death (Fig. 3D). After 48 h, some nymphs infected with the
highest concentration of bacteria started the decomposition of tissues
(with a bad smell), and the collection of hemolymph was compromised
due to decay.

4. Discussion

The present study demonstrated that thoracic injection of S. aureus
killed nymphs of N. cinerea depending on the bacteria culture medium
preservation, caused morphological abnormalities in newly formed
adults, decreased the levels of metabolites in the hemolymph, altered
the locomotion and social behaviors. The bacterial load in the hemo-
lymph of infected nymphs increased which could have resulted in the
mortality of the cockroaches that received the highest concentration
(2 x 10'° CFU/cockroach), or decreased in the cockroaches that re-
ceived 2 x 10”7 CFU/cockroach. Similar results were reported in silk-
worm larvae infected with S. aureus [7] and D. melanogaster infected
with S. pneumoniae [37]. According to literature, living S. aureus can
multiply locally and then gradually spread to the entire body of the
organism [6]. However, no significant alterations in survival were ob-
served in insect models that received dead S. aureus orally (1.9 X 10°
CFU) [38], injected into the thorax (108 and 10°~7 CFU) [7,39], ab-
domen (8 x 10° CFU) [14] and injected with exoproteins formed in the
log phase of growth [40] (Supplementary Table 2).

Nymphs primed with a sublethal concentration of bacteria (2 x 107
CFU/cockroach), preserved on NA, were protected against a second and
stronger challenge with the same bacteria (2 x 10'° CFU/cockroach)
administered one week later (Fig. 1C). Some plausible explanations on
how S. aureus—primed nymphs were protected from a stronger chal-
lenge are: 1) primed nymphs acquired the ability to recognize and kill
the bacteria faster than sham, increasing the survival; 2) primed
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parisons test (*). Data are representative of 7 samples (pool of 3 nymphs) for each time and treatment.
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Fig. 5. Levels of metabolites in the fat body of nymphs injected with two concentrations of S. aureus, stored on NA, 2 X 107 CFU/cockroach (N = 63 nymphs) and
2 x 10'° CFU/cockroach (N = 63 nymphs), or not injected (control or CN) (N = 63 nymphs). (A) Total proteins and (B) Malondialdehyde (MDA) were measured
after 24 h, 48 h, and 72 h post-infection. Statistical differences (p < 0.05) were determined by Kruskal-Wallis and Dunn's multiple comparisons test (*). Data are

representative of 7 samples (pool of 3 nymphs) for each time and treatment.

nymphs could be able to tolerate a higher load of S. aureus after a
second injection that was highly lethal to sham nymphs [41]; and, 3)
the presence of CFU in the hemolymph of nymphs, one week after the
injection of 2 X 107 CFU/cockroach (Fig. 3D), may indicate a persistent
production of immune effectors to combat the infection, contributing to
enhancing their survival. However, nymphs primed with S. aureus,
preserved on BHI broth (2 x 107 CFU/cockroach) or saline, and chal-
lenged with a second and stronger concentration (2 x 10'° CFU/
cockroach) after one week were not protected. We suggest that the
variation in the composition of bacterial preservation media could have
affected the metabolism of S. aureus, contributing to the up-regulation
or suppression of virulence genes expression, as observed in other
studies [42-46]. In this case, immune molecules produced by nymphs
after priming were not able to increase the tolerance. Further, the

combination of high quantities of bacteria and the virulence of S. aureus
led to a decrease in resistance, the ability to reduce the parasite load,
and consequently a reduction in the tolerance. Since the only difference
in the S. aureus-induced sepsis was the bacterial preservation medium,
N. cinerea appears to be sensitive to the variations in the bacteria me-
tabolism in both medium utilized.

The decrease in the metabolites (glucose, cholesterol, amino acids,
and proteins) in the hemolymph were similar in the infected groups
until 72 h post-infection. In opposite, Drosophila infected with S. aureus
had no alteration in glucose levels, and a significant increase in the
protein levels after 18 h, measured in the body [47]. The protein levels
in the hemolymph were also high for the B. mori between 6 h and 24 h
after the infection with S. aureus [48]. Although, the immune-metabolic
demand usually increases the catabolism of glucose, amino acid, and
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protein [49], which might lead to the depletion of the metabolites in
the hemolymph of the cockroaches. The fat body is the primary pro-
ducer of proteins [50], so the high levels of proteins in this tissue in-
dicate intensive protein synthesis, which could be essential to guarantee
the survival of the nymphs injected with the sublethal concentration of
bacteria. Of note, the catabolism of amino acids and proteins are es-
sential sources of substrates for carbohydrate synthesis and anti-
microbial peptides production, in the fat body [50,51].

The considerable decrease in cholesterol levels in the hemolymph of
infected groups can be related to cholesterol utilization by the host and
the bacteria. Insects do not synthesize cholesterol but obtain it from the
diet [52-55]. Several bacteria and pathogenic microorganisms also lack
cholesterol synthesis, and they are cholesterol-host-dependent [56].
Besides, the nymphs infected with the highest concentration of S. aureus
had a reduction in food consumption (personal observation), which
could have contributed to the decrease in glucose and cholesterol
availability.

Cholesterol is involved in the synthesis of several hormones, espe-
cially those involved in the molting process, maintenance of the in-
tegrity of cell membranes and tissues of the entire organism [55]. The
malformation of newly formed adults may also be a consequence of the
decrease in cholesterol levels, deprivation of food and the metabolic
dysregulation, food deprivation led to reduced immune response and
lower activity of phenoloxidase (PO), in T. molitor [57]. The enzyme PO
participates in the production of melanin, a pigment substance used in
the immune response (encapsulation of pathogens), wound healing,
hardening of the cuticle, and exoskeletal pigmentation [58]. The in-
jection of high quantities of bacteria in the cockroaches, as well as the
possible production of virulence molecules by bacteria, could inhibit PO
activity, preventing the melanization [59], which might compromise
the integrity of the new cuticle synthesis.

The advance in ecdysis was observed in the crustacean Daphnia
magna [60] and Gammarus pulex [61], in response to the high risk of
infection caused by wounding, as an adaptation to different environ-
mental conditions. Here, we could not conclude a clear relation be-
tween infection and the number of new adults formed in the groups of
infected nymphs when compared to sham or not injected nymphs.

Immune response in insects against gram-positive bacteria involves
the classical signaling Toll pathway and NF-kB-induced systemic pro-
duction of antimicrobial peptides [19,47,62]. Humoral and cellular
mechanisms need to be explored in the cockroach N. cinerea. Genes
related to stress and detoxification in the head and the fat body of
cockroaches N. cinerea specimens were evaluated using a Tran-
scriptomic analysis developed by Segatto et al. [63]. The molecular
information about the transcriptome can be a powerful tool to identify
the expression of the immune elements in the cockroach.

5. Conclusion

Several issues about the immune response in insects remain un-
known. Most studies were conducted using holometabolous insects
(Diptera and Lepdoptera), but we try to explore the immune response of
the hemimetabolous cockroach Nauphoeta cinerea. In essence, we de-
monstrated that this cockroach is an attractive alternative for re-
searches in immunology. The characterization of molecular and cellular
mechanisms are necessary to underlie the mechanisms of host-pathogen
interaction, involved in bacterial infection.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Comparative Immunology, Microbiology and Infectious Diseases 66 (2019) 101343

Acknowledgements

This study was financed by Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior, Brasil, CAPES-PROEX (23038.004173/2019-
93;0493/2019;88882.182126,/2018-01), FINEP (CTINFRA), FAPERGS-
CAPES (082018 DOCFIX), FAPERGS-CNPQ (12/2014) PRONEX (16/
255100044994), CNPQ (INCT 465671/20144).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cimid.2019.101343.

References

[1] L.V.Kendall, J.R. Owiny, E.D. Dohm, K.J. Knapek, E.S. Lee, J.H. Kopanke, M. Fink,
S.A. Hansen, J.D. Ayers, Replacement, Refinement, and Reduction in Animal
Studies With Biohazardous Agents, (2019), pp. 1-18, https://doi.org/10.1093/ilar/
ily021.

Y.L. Hernéndez, D. Yero, J.M. Pinos-rodriguez, 1. Gibert, R. Zahorec, Animals de-

void of pulmonary system as infection models in the study of lung bacterial pa-

thogens, Alternative Methods 6 (2015) 1-19, https://doi.org/10.3389/fmicb.2015.

00038.

[3] D.A. Garsin, C.D. Sifri, E. Mylonakis, X. Qin, K.V. Singh, B.E. Murray,

S.B. Calderwood, F.M. Ausubel, A simple model host for identifying Gram-positive

virulence factors, Proc. Natl. Acad. Sci. 98 (2002) 10892-10897, https://doi.org/

10.1073/pnas.191378698.

C.D. Sifri, J. Begun, F.M. Ausubel, S.B. Calderwood, Caenorhabditis elegans as a

Model Host for Staphylococcus aureus, Infect. Immun. 71 (2003) 2208-2217,

https://doi.org/10.1128/1A1.71.4.2208.

[5] M.S. Dionne, D.S. Schneider, Models of infectious diseases in the fruit fly Drosophila
melanogaster, Dis. Model. Mech. 1 (2008) 43-49, https://doi.org/10.1242/dmm.
000307.

[6] S. Panayidou, E. Ioannidou, Y. Apidianakis, Human pathogenic bacteria, fungi, and

viruses in Drosophila, Virulence 5 (2014) 253-269, https://doi.org/10.4161/viru.

27524.

C. Kaito, N. Akimitsu, H. Watanabe, K. Sekimizu, Silkworm larvae as an animal

model of bacterial infection pathogenic to humans, Microb. Pathog. 32 (2002)

183-190, https://doi.org/10.1006/mpat.2002.0494.

C. Kaito, K. Kurokawa, Y. Matsumoto, Y. Terao, S. Kawabata, S. Hamada,

K. Sekimizu, Silkworm pathogenic bacteria infection model for identification of

novel virulence genes, Mol. Microbiol. 56 (2005) 934-944, https://doi.org/10.

1111/j.1365-2958.2005.04596.x.
[9] C. Kaito, K. Sekimizu, A silkworm model of pathogenic bacterial infection, Drug
Discov. Ther. 1 (2007) 89-93 http://www.ncbi.nlm.nih.gov/pubmed/22504393.

[10] S. Miyazaki, Y. Matsumoto, K. Sekimizu, C. Kaito, Evaluation of Staphylococcus
aureus virulence factors using a silkworm model, FEMS Microbiol. Lett. 326 (2012)
116-124, https://doi.org/10.1111/j.1574-6968.2011.02439.x.

[11] C.J.Y. Tsai, J.M.S. Loh, T. Proft, Galleria mellonella infection models for the study
of bacterial diseases and for antimicrobial drug testing, Virulence 7 (2016)
214-229, https://doi.org/10.1080/21505594.2015.1135289.

[12] T. Pereira, P. de Barros, L. Fugisaki, R. Rossoni, F. Ribeiro, R. de Menezes,

J. Junqueira, L. Scorzoni, Recent advances in the use of galleria mellonella model to
study immune responses against human pathogens, J. Fungi 4 (2018) 128, https://
doi.org/10.3390/j0f4040128.

[13] E.R. Haine, L.C. Pollitt, Y. Moret, M.T. Siva-Jothy, J. Rolff, Temporal patterns in
immune responses to a range of microbial insults (Tenebrio molitor), J. Insect
Physiol. 54 (2008) 10901097, https://doi.org/10.1016/j.jinsphys.2008.04.013.

[14] K. Ishii, H. Hamamoto, K. Sekimizu, Establishment of a bacterial infection model
using the European honeybee, Apis mellifera L, PLoS One 9 (2014) 1-6, https://doi.
org/10.1371/journal.pone.0089917.

[15] V. Fleming, E. Feil, A.K. Sewell, N. Day, A. Buckling, R.C. Massey, Agr interference
between clinical Staphylococcus aureus strains in an insect model of virulence, J.
Bacteriol. 188 (2006) 7686-7688, https://doi.org/10.1128/JB.00700-06.

[16] Y. Kochi, A. Miyashita, K. Tsuchiya, M. Mitsuyama, K. Sekimizu, C. Kaito, A human
pathogenic bacterial infection model using the two-spotted cricket, Gryllus bima-
culatus, FEMS Microbiol. Lett. 363 (2016) 1-10, https://doi.org/10.1093/femsle/
fnw163.

[17] J. Dhinaut, M. Chogne, Y. Moret, Inmune priming specificity within and across
generations reveals the range of pathogens affecting evolution of immunity in an
insect, J. Anim. Ecol. 87 (2018) 448-463, https://doi.org/10.1111/1365-2656.
12661.

[18] K. Kavanagh, E.P. Reeves, Exploiting the potential of insects for in vivo patho-
genicity testing of microbial pathogens, FEMS Microbiol. Rev. 28 (2004) 101-112,
https://doi.org/10.1016/j.femsre.2003.09.002.

[19] LM. Dubovskiy, N.A. Kryukova, V.V. Glupov, N.A. Ratcliffe, Encapsulation and
nodulation in insects, Inf. Syst. J. 13 (2016) 229-246.

[20] R.D. Karp, L.A. Rheins, Pergamon press Ltd. All rights reserved, Dev. Comp.
Immunol. 4 (1980) (1980) 629-639.

[21] L.A. Rheins, R.D. Karp, Effect of gender on the inducible humoral immune response
to honeybee venom in the American cockroach (Periplaneta americana), Dev.

[2

[4

[7

[8


https://doi.org/10.1016/j.cimid.2019.101343
https://doi.org/10.1093/ilar/ily021
https://doi.org/10.1093/ilar/ily021
https://doi.org/10.3389/fmicb.2015.00038
https://doi.org/10.3389/fmicb.2015.00038
https://doi.org/10.1073/pnas.191378698
https://doi.org/10.1073/pnas.191378698
https://doi.org/10.1128/IAI.71.4.2208
https://doi.org/10.1242/dmm.000307
https://doi.org/10.1242/dmm.000307
https://doi.org/10.4161/viru.27524
https://doi.org/10.4161/viru.27524
https://doi.org/10.1006/mpat.2002.0494
https://doi.org/10.1111/j.1365-2958.2005.04596.x
https://doi.org/10.1111/j.1365-2958.2005.04596.x
http://www.ncbi.nlm.nih.gov/pubmed/22504393
https://doi.org/10.1111/j.1574-6968.2011.02439.x
https://doi.org/10.1080/21505594.2015.1135289
https://doi.org/10.3390/jof4040128
https://doi.org/10.3390/jof4040128
https://doi.org/10.1016/j.jinsphys.2008.04.013
https://doi.org/10.1371/journal.pone.0089917
https://doi.org/10.1371/journal.pone.0089917
https://doi.org/10.1128/JB.00700-06
https://doi.org/10.1093/femsle/fnw163
https://doi.org/10.1093/femsle/fnw163
https://doi.org/10.1111/1365-2656.12661
https://doi.org/10.1111/1365-2656.12661
https://doi.org/10.1016/j.femsre.2003.09.002
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0095
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0095
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0100
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0100

J.M. Rossato, et al.

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
(371

[38]

[39]

[40]

[41]

[42]

Comp. Immunol. 9 (1985) 41-49, https://doi.org/10.1016/0145-305X(85)
90058-8.

A.M. Lackie, Cellular recognition of foreignness in 2 insect species, the american
cockroach and the Desert Locust, Immunology 36 (1979) 909-914.

D. Cooper, 1. Eleftherianos, Memory and specificity in the insect immune system:
current perspectives and future challenges, Front. Immunol. 8 (2017), https://doi.
org/10.3389/fimmu.2017.00539.

L. Masri, S. Cremer, Individual and social immunisation in insects, Trends Immunol.
35 (2014) 471-482, https://doi.org/10.1016/].it.2014.08.005.

J.F. Hillyer, HHS Public Access, (2017), pp. 102-118, https://doi.org/10.1016/j.
dci.2015.12.006.Insect.

D. Melillo, R. Marino, P. Italiani, D. Boraschi, Innate immune memory in in-
vertebrate metazoans: a critical appraisal, Front. Immunol. 9 (2018), https://doi.
org/10.3389/fimmu.2018.01915.

N.R. Rodrigues, D.G.C. Silva, A.P.P. Zemolin, D.F. Meinerz, L.C. Cruz, A.B. Pereira,
M.E.M. Nunes, J.B.T. Rocha, T. Posser, J.L. Franco, Is the lobster cockroach
Nauphoeta cinerea a valuable model for evaluating mercury induced oxidative
stress? Chemosphere 92 (2013) 1177-1182, https://doi.org/10.1016/j.
chemosphere.2013.01.084.

1.A. Adedara, D.B. Rosemberg, D.O. Souza, E.O. Farombi, M. Aschner, J.B.T. Rocha,
Neuroprotection of luteolin against methylmercury-induced toxicity in lobster
cockroach Nauphoeta cinerea, Environ. Toxicol. Pharmacol. 42 (2016) 243-251,
https://doi.org/10.1016/j.etap.2016.02.001.

1.A. Adedara, D.B. Rosemberg, D. de Souza, E.O. Farombi, M. Aschner, D.O. Souza,
J.B.T. Rocha, Neurobehavioral and biochemical changes in Nauphoeta cinerea
following dietary exposure to chlorpyrifos, Pestic. Biochem. Physiol. 130 (2016)
22-30, https://doi.org/10.1016/j.pestbp.2015.12.004.

C.A. Dal Belo, F.D.M. dos Santos, A.P. Zanatta, M. de Avila Heberle, R. Vaz Breda,
P.M. Pinto, D.S. dos Santos, T. Carrazoni, A.P.A. Perin, P.V. Rodrigues, C.G.M. de
Almeida, C.R. Carlini, J.C. da Costa, Central and peripheral neurotoxicity induced
by the Jack Bean Urease (JBU) in Nauphoeta cinerea cockroaches, Toxicology
368-369 (2016) 162-171, https://doi.org/10.1016/].tox.2016.09.007.

F.D. Avila, P.A. Nogara, M.M. Braga, B.C. Piccoli, J.B.T. da Rocha, Molecular
docking analysis of acetylcholinesterase corroborates the protective effect of pra-
lidoxime against chlorpyrifos-induced behavioral and neurochemical impairments
in Nauphoeta cinerea, Comput. Toxicol. 8 (2018) 25-33, https://doi.org/10.1016/
j.comtox.2018.07.003.

C. Simoni, R. De Céssia, G. De Lima, O. Olalekan, Y. Ogunbolude, A. Eliene,

J. Batista, T. Rocha, I. Rose, A. De Menezes, L. Marivando, A. Tsopmo, K. Erique,
J. Paul, Chemico-Biological Interactions Caffeine-supplemented diet modulates
oxidative stress markers and improves locomotor behavior in the lobster cockroach
Nauphoeta cinerea, Chem. Biol. Interact. 282 (2018) 77-84, https://doi.org/10.
1016/j.cbi.2018.01.011.

B.A. Afolabi, I.A. Adedara, D.O. Souza, J.B.T. Rocha, Dietary co-exposure to me-
thylmercury and monosodium glutamate disrupts cellular and behavioral responses
in the lobster cockroach, Nauphoeta cinerea model, Environ. Toxicol. Pharmacol.
64 (2018) 70-77, https://doi.org/10.1016/j.etap.2018.09.003.

J.R. Spies, Colorimetric procedures for amino acids, Methods Enzymol. 3 (1957)
467-477, https://doi.org/10.1016/50076-6879(57)03417-5.

M.M. Bradford, A rapid and sensitive method for quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248-254, https://doi.org/10.1016/0003-2697(76)90527-3.

J.A. Buege, Steven D. Aust, Thiobarbituric acid assay, Methods 78 (1981) 369-373.
L.N. Pham, M.S. Dionne, M. Shirasu-Hiza, D.S. Schneider, A specific primed im-
mune response in Drosophila is dependent on phagocytes, PLoS Pathog. 3 (2007),
https://doi.org/10.1371/journal.ppat.0030026.

A.J. Needham, M. Kibart, H. Crossley, P.W. Ingham, S.J. Foster, Drosophila mela-
nogaster as a model host for Staphylococcus aureus infection, Microbiology 150
(2004) 2347-2355, https://doi.org/10.1099/mic.0.27116-0.

A.P. Desbois, P.J. Coote, Wax moth larva (Galleria mellonella): an in vivo model for
assessing the efficacy of antistaphylococcal agents, J. Antimicrob. Chemother. 66
(2011) 1785-1790, https://doi.org/10.1093/jac/dkr198.

M.S. Hossain, H. Hamamoto, Y. Matsumoto, .M. Razanajatovo, J. Larranaga,

C. Kaito, H. Kasuga, K. Sekimizu, Use of silkworm larvae to study pathogenic
bacterial toxins, J. Biochem. 140 (2006) 439-444, https://doi.org/10.1093/jb/
mvjl71.

J.S. Ayres, D.S. Schneider, Tolerance of Infections, (2012), pp. 271-296, https://
doi.org/10.1146/annurev-immunol-020711-075030 ([s.d.]).

M. Liebeke, M. Lalk, Staphylococcus aureus metabolic response to changing

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

Comparative Immunology, Microbiology and Infectious Diseases 66 (2019) 101343

environmental conditions - A metabolomics perspective, Int. J. Med. Microbiol. 304
(2014) 222-229, https://doi.org/10.1016/§.ijmm.2013.11.017.

L. Rohmer, D. Hocquet, S.I. Miller, Are pathogenic bacteria just looking for food?
Metabolism and microbial pathogenesis, Nat. Protoc. 10 (2011) 168-170, https://
doi.org/10.1016/j.biotechadv.2011.08.021.Secreted.

S. Weiss, Z. Sun, E. Hammer, K. Surmann, M. Gutjahr, M. Depke, F. Schmidt,

R.L. Moritz, T.C. Meyer, L.M. Palma Medina, S. Michalik, T. Pribyl, M. Hecker,
S.L. Bader, D. Becher, H. Pfértner, U. Méder, U. Volker, U. Kusebauch,

P. Hildebrandt, A. Murr, M. Gesell Salazar, E.W. Deutsch, S. Hammerschmidt, A
global Staphylococcus aureus proteome resource applied to the in vivo character-
ization of host-pathogen interactions, Sci. Rep. 7 (2017) 1-16, https://doi.org/10.
1038/541598-017-10059-w.

T. Ketola, L. Mikonranta, J. Laakso, J. Mappes, Different food sources elicit fast
changes to bacterial virulence, Biol. Lett. 12 (2016) 2-5, https://doi.org/10.1098/
1rsbl.2015.0660.

G.A. Somerville, R.A. Proctor, At the crossroads of bacterial metabolism and viru-
lence factor synthesis in staphylococci, Microbiol. Mol. Biol. Rev. 73 (2009)
233-248, https://doi.org/10.1128/mmbr.00005-09.

AM. Kaynar, V. Bakalov, S.M. Laverde, A.LF. Cambriel, B.-H. Lee, A. Towheed,
A.D. Gregory, S.A.R. Webb, M.J. Palladino, F.A. Bozza, S.D. Shapiro, D.C. Angus,
Cost of surviving sepsis: a novel model of recovery from sepsis in Drosophila mel-
anogaster, Intensive Care Med. Exp. 4 (2016), https://doi.org/10.1186/540635-
016-0075-4.

Harinatha Reddy A, B. Venkatappa, Effect of Staphylococcus aureus infection on
biochemical and antioxidant activities of fifth instar silkworm larvae (Bombyx mori
L.), J. Bacteriol. Parasitol. 07 (2016), https://doi.org/10.4172/2155-9597.
1000286.

S. Penkov, 1. Mitroulis, G. Hajishengallis, T. Chavakis, Immunometabolic crosstalk:
an ancestral principle of trained immunity? Trends Immunol. 40 (2019) 1-11,
https://doi.org/10.1016/4.it.2018.11.002.

E.L. Arrese, J.L. Soulages, Insect fat body: energy, metabolism, and regulation, NIH
public access, Annu. Rev. Entomol. (2011) 207-225, https://doi.org/10.1146/
annurev-ento-112408-085356 INSECT.

S.P. Schmidt, E.G. Platzer, Changes in body tissues and hemolymph composition of
Culex pipiens in response to infection by Romanomermis culicivorax, J. Invertebr.
Pathol. 36 (1980) 240-254, https://doi.org/10.1016/0022-2011(80)90030-0.

A.J. Clark, K. Block, The absence of sterol synthesis in insects, J. Biol. Chem. 234
(1959) 2578-2582.

R.B. Clayton, The Utilization of sterols by insects, J. Lipid Res. 15 (1964) 3-19
http://www.jlr.org/content/5/1/3.short%5Cnhttp://www.ncbi.nlm.nih.gov/
pubmed/14173327.

S.T. Behmer, W. David Nes, Insect Sterol Nutrition and Physiology: A Global
Overview, (2003), https://doi.org/10.1016/50065-2806(03)31001-X.

F. Igarashi, M.H. Ogihara, M. Iga, H. Kataoka, Cholesterol internalization and me-
tabolism in insect prothoracic gland, a steroidogenic organ, via lipoproteins,
Steroids 134 (2018) 110-116, https://doi.org/10.1016/j.steroids.2018.01.012.
E.P. Caragata, E. Rancés, L.M. Hedges, A.W. Gofton, K.N. Johnson, S.L. O’Neill,
E.A. McGraw, Dietary cholesterol modulates pathogen blocking by wolbachia, PLoS
Pathog. 9 (2013) 1003459, , https://doi.org/10.1371/journal.ppat.1003459.
M.T. Siva-Jothy, J.J.W. Thompson, Short-term nutrient deprivation affects immune
function, Physiol. Entomol. 27 (2002) 206-212, https://doi.org/10.1046/j.1365-
3032.2002.00286.x.

J.P. Dudzic, S. Kondo, R. Ueda, C.M. Bergman, B. Lemaitre, Drosophila innate
immunity : regional and functional specialization of prophenoloxidases, BMC Biol.
(2015) 1-16, https://doi.org/10.1186/512915-015-0193-6.

L. Cerenius, B.L. Lee, K. So, The proPO-system : pros and cons for its role in in-
vertebrate immunity, Trends Immunol. (2008) 263-271, https://doi.org/10.1016/
j.it.2008.02.009.

D. Duneau, D. Ebert, The role of moulting in parasite defence, Proc. Biol. Sci. 2012
(2012) 3049-3054, https://doi.org/10.1098/rspb.2012.0407.

S.J. Plaistow, Y. Outreman, Y. Moret, T. Rigaud, Variation in the risk of being
wounded : an overlooked factor in studies of invertebrate immune function? Ecol.
Lett. 6 (2003) 489-494.

N. Buchon, N. Silverman, S. Cherry, Immunity in Drosophila melanogaster-from
microbial recognition to whole-organism physiology, Nat. Rev. Immunol. 14 (2014)
796-810, https://doi.org/10.1038/nri3763.

A.L.A. Segatto, J.F. Diesel, E.L.S. Loreto, J.B.T. da Rocha, De novo transcriptome
assembly of the lobster cockroach Nauphoeta cinerea (Blaberidae), Genet. Mol.
Biol. 41 (2018) 713-721.


https://doi.org/10.1016/0145-305X(85)90058-8
https://doi.org/10.1016/0145-305X(85)90058-8
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0110
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0110
https://doi.org/10.3389/fimmu.2017.00539
https://doi.org/10.3389/fimmu.2017.00539
https://doi.org/10.1016/j.it.2014.08.005
https://doi.org/10.1016/j.dci.2015.12.006.Insect
https://doi.org/10.1016/j.dci.2015.12.006.Insect
https://doi.org/10.3389/fimmu.2018.01915
https://doi.org/10.3389/fimmu.2018.01915
https://doi.org/10.1016/j.chemosphere.2013.01.084
https://doi.org/10.1016/j.chemosphere.2013.01.084
https://doi.org/10.1016/j.etap.2016.02.001
https://doi.org/10.1016/j.pestbp.2015.12.004
https://doi.org/10.1016/j.tox.2016.09.007
https://doi.org/10.1016/j.comtox.2018.07.003
https://doi.org/10.1016/j.comtox.2018.07.003
https://doi.org/10.1016/j.cbi.2018.01.011
https://doi.org/10.1016/j.cbi.2018.01.011
https://doi.org/10.1016/j.etap.2018.09.003
https://doi.org/10.1016/S0076-6879(57)03417-5
https://doi.org/10.1016/0003-2697(76)90527-3
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0180
https://doi.org/10.1371/journal.ppat.0030026
https://doi.org/10.1099/mic.0.27116-0
https://doi.org/10.1093/jac/dkr198
https://doi.org/10.1093/jb/mvj171
https://doi.org/10.1093/jb/mvj171
https://doi.org/10.1146/annurev-immunol-020711-075030
https://doi.org/10.1146/annurev-immunol-020711-075030
https://doi.org/10.1016/j.ijmm.2013.11.017
https://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
https://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
https://doi.org/10.1038/s41598-017-10059-w
https://doi.org/10.1038/s41598-017-10059-w
https://doi.org/10.1098/rsbl.2015.0660
https://doi.org/10.1098/rsbl.2015.0660
https://doi.org/10.1128/mmbr.00005-09
https://doi.org/10.1186/s40635-016-0075-4
https://doi.org/10.1186/s40635-016-0075-4
https://doi.org/10.4172/2155-9597.1000286
https://doi.org/10.4172/2155-9597.1000286
https://doi.org/10.1016/j.it.2018.11.002
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1016/0022-2011(80)90030-0
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0260
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0260
http://www.jlr.org/content/5/1/3.short%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/14173327
http://www.jlr.org/content/5/1/3.short%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/14173327
https://doi.org/10.1016/S0065-2806(03)31001-X
https://doi.org/10.1016/j.steroids.2018.01.012
https://doi.org/10.1371/journal.ppat.1003459
https://doi.org/10.1046/j.1365-3032.2002.00286.x
https://doi.org/10.1046/j.1365-3032.2002.00286.x
https://doi.org/10.1186/s12915-015-0193-6
https://doi.org/10.1016/j.it.2008.02.009
https://doi.org/10.1016/j.it.2008.02.009
https://doi.org/10.1098/rspb.2012.0407
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0305
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0305
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0305
https://doi.org/10.1038/nri3763
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0315
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0315
http://refhub.elsevier.com/S0147-9571(19)30140-7/sbref0315

	Staphylococcus aureus-induced sepsis in the lobster cockroach Nauphoeta cinerea
	Introduction
	Material and methods
	Cockroach husbandry
	Bacterial preparation
	Survival assay
	Survival of nymphs injected with bacteria preserved on Nutrient agar
	Survival of nymphs injected with bacteria preserved on BHI

	Priming of cockroaches with S. aureus
	Biochemical parameters
	Measurement of bacterial burden in the hemolymph
	Data analysis

	Results
	N. cinerea is sensitive to bacterial conditions
	Immunization of N. cinerea is affected by bacterial conditions
	Changes in the metabolites of nymphs infected with S. aureus stored on NA
	Determination of CFU in the hemolymph of nymphs infected with S. aureus stored on BHI broth

	Discussion
	Conclusion
	mk:H1_19
	Acknowledgements
	Supplementary data
	References




