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Abstract

Background: Host—pathogen interactions can lead to dramatic changes in host feeding behaviour. One aspect of
this includes self-medication, where infected individuals consume substances such as toxins or alter their macronutri-
ent consumption to enhance immune competence. Another widely adopted animal response to infection is illness-
induced anorexia, which is thought to assist host immunity directly or by limiting the nutritional resources available to
pathogens. Here, we recorded macronutrient preferences of the global pest cockroach, Blatta orientalis to investigate
how shifts in host macronutrient dietary preference and quantity of carbohydrate (C) and protein (P) interact with
immunity following bacterial infection.

Results: We find that B. orientalis avoids diets enriched for P under normal conditions, and that high P diets reduce
cockroach survival in the long term. However, following bacterial challenge, cockroaches significantly reduced their
overall nutrient intake, particularly of carbohydrates, and increased the relative ratio of protein (P:C) consumed.
Surprisingly, these behavioural shifts had a limited effect on cockroach immunity and survival, with minor changes
to immune protein abundance and antimicrobial activity between individuals placed on different diets, regardless of
infection status.

Conclusions: We show that cockroach feeding behaviour can be modulated by a pathogen, resulting in an illness-
induced anorexia-like feeding response and a shift from a C-enriched to a more P:C equal diet. However, our results
also indicate that such responses do not provide significant immune protection in B. orientalis, suggesting that the
host's dietary shift might also result from random rather than directed behaviour. The lack of an apparent benefit of
the shift in feeding behaviour highlights a possible reduced importance of diet in immune regulation in these inva-
sive animals, although further investigations employing pathogens with alternative infection strategies are warranted.
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Background

The animal immune system acts as a key interface
between host and symbiont ecology [74]. In addi-
!Institute of Biology, Freie Universitat Berlin, Schwendenerstr. 1, 14195 Berlin, tion to the immune system, behavioural mechanisms

Germany . . . . R
Full list of author information is available at the end of the article have attracted increasing attention for their ablllty to

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

*Correspondence: dino.mcmahon@fu-berlin.de



http://orcid.org/0000-0003-1119-5299
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12862-022-02007-8&domain=pdf

Sieksmeyer et al. BMC Ecology and Evolution (2022) 22:67

coordinate host responses to infection [78, 98]. Behaviour
is the primary means by which animals interact with the
biotic environment, and its importance for a wide range
of immune-related functions has recently witnessed a
resurgence in research interest.

Hosts can respond behaviourally before infection has
even taken place. This can include avoidance of pathogen
transmission areas (e.g., defecation sites) and deterrence
of disease vectors [30, 55]. Other prominent examples
include activities falling within the category of ‘social
immunity, which among insects can include pathogen
detection alarm behaviours [70]; grooming of conspecific
group members [68, 71]; removal [5] or even destruction
of infected individuals [17, 99]. Such mechanisms are
well documented in many social insect lineages, where
they contribute significantly to a number of prophylactic
mechanisms operating within societies [16, 73]. Other
prophylactic social behaviours include the collection of
secondary antimicrobial compounds to prevent micro-
bial growth in the nest environment [11, 77], in addition
to the direct use—typically via feeding—of antimicrobials
in both individual and transgenerational prophylaxis [18,
40, 47, 48, 53].

Once the infection has occurred, the first and principal
line of defence is the immune system. Here, behavioural
defensive adaptations can also play an important role
in regulating or augmenting the response to infection.
As with prophylaxis, the role of feeding behaviour has
increasingly been viewed as a key mechanism by which
animals can respond to infection [1]. Here, the selec-
tion of novel antimicrobial compounds, or the enrich-
ment of specific dietary elements can be employed as
therapeutic treatment against pathogens [18]. Fruit flies
use ethanol therapeutically as well as prophylactically to
combat parasitoid wasp infection [53] whereas parasitoid
fly-infected Grammia caterpillars mix pyrrolizidine alka-
loid-producing toxic plants into the normal diet to assist
parasitoid clearance, which comes at the expense of body
growth [80, 81, 85].

Infection-induced adaptive changes to feeding behav-
iour can also involve modifications to the quantity and
composition of macronutrients in the diet. Anorexia is
a well-documented response to infection in both ver-
tebrates [38, 44] and invertebrates [4, 7] and is thought
to assist hosts in limiting nutritional resources avail-
able to pathogens [43]. Anorexia may also help by
activating components of the immune system that are
enhanced under conditions of nutritional stress, such
as autophagy [95, 96]. In recent years, the balance of
macronutrients itself has been examined as a way for
animals to regulate the response to infection. In par-
ticular, the proportion of protein (P) has been shown
to be an important criterion in animal choice of diet
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following infection. In Spodoptera moths, larvae select
a diet enriched in P following infection with a general-
ist Gram-positive bacterium and a host-specific DNA
virus [45, 62, 63], leading to enhanced antimicrobial
activity in both cases. By contrast, diets enriched in
carbohydrate (C) were selected when Tenebrio beetles
and Grammia caterpillars were infected with a rat tape-
worm [61] and a parasitoid fly [50], respectively. In the
latter study, this behaviour was also associated with an
enhanced melanisation response.

The use of macronutrients by hosts to regulate immu-
nity could in principle apply to any animal that is not an
obligate food specialist. But less is known about the rela-
tionship between macronutrient diet choice and immu-
nity outside of holometabolous insects. Holometabolous
insects undergo complete metamorphosis consisting of
distinct larval, a pupal and an adult winged phase, which
are typically correlated with vastly different ecologies and
corresponding physiological, morphological and immu-
nological conditions [52]. By contrast, hemimetabol-
ous insects undergo progressive molts where each larval
instar closely resembles the adult [75]. Studies in both
locusts and crickets have identified significant correla-
tions between macronutrient intake and immune activ-
ity [66, 89], but these can result in contrasting effects on
host resistance to pathogen infection [25, 87], pointing
to a complex relationship between diet, immunity and
infection in Orthoptera [88].

Among cockroaches, nutritional studies in Nauphoeta
cinerea have found that, unlike other insects [36, 51],
both sexes prefer a diet enriched in C [8]. Some studies
on the invasive German cockroach, Blattella germanica,
suggest an apparent robustness to nutritional imbalance
and a rapid ability for recovery and dietary adaptation
[67, 76], although see [37]. This ability may be linked to
the fact that cockroaches harbour endosymbiotic bacte-
ria in the fat body that can assist in storing excess nitro-
gen during over-consumption of P, which can then be
redeployed when P is scarce [72]. Such traits make cock-
roaches an interesting target for research into the inter-
action between nutrition and immunity, but this topic
has hitherto received relatively little attention.

We tackled this by examining the interaction between
macronutrient feeding behaviour and immunity in the
omnivorous oriental cockroach, Blatta orientalis. We
investigated the macronutrient preferences of adult males
in response to a range of sublethal immune challenges,
before examining the impact of macronutrients on host
survival, immune resistance and finally, the expression
of the host’s proteome, which captures an additional
aspect of the host’s immune response to a pathogen. We
tested the hypothesis that B. orientalis males modulate
macronutrient consumption in response to infection
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by upregulating the relative intake of P, in turn lead-
ing to improved host survival and an enhanced immune
response.

Methods

Insects and bacteria

A breeding culture of sequential B. orientalis cohorts was
established at the Federal Institute for Materials Research
and Testing (BAM, Berlin, Germany) in June 2015, ini-
tially obtained from the collection at the Federal Envi-
ronment Agency, Berlin, Germany, which consists of a
mixed population of 4 independent genetic backgrounds
maintained for 50 generations. Each generation consists
of a minimum of 150 breeding pairs of cockroaches to
minimize the effects of inbreeding. Each experimental
cohort generation (comprising populations reared inde-
pendently) was maintained for approximately 190 days in
the dark at 26 °C and 50% humidity, from the day of egg-
laying until disposal of older adults. Prior to being placed
on experimental (artificial) diets, animals were reared on
a mixture of 77.0% dog biscuit powder, 19.2% oat flakes
and 3.8% brewer’s yeast and supplied with water ad libi-
tum and weekly with apple and carrot slices. All experi-
ments were conducted with adult males (2—3 weeks post
final molt) to minimise changes in physiology associated
with oogenesis. Each individual was used only once in
each experiment. For the food choice experiment and the
survival on enforced diets, individuals from 3 different
cohorts were used. The generalist Gram-negative bac-
terial pathogen Pseudomonas entomophila (strain L48;
DSM No. 28517) which is able to infect a variety of insect
orders [65, 94] was obtained from the Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell
Cultures. Bacteria were stored at — 70 °C until use in
experiments.

Artificial diets

The artificial diets used in this study are based on isoca-
loric diets, as described elsewhere [45, 63], which were
slightly modified to suit cockroach needs: namely, a dry-
ing step was introduced at the end of the diet preparation
as cockroaches were not able to eat wet food blocks. We
employed diets containing 35% C and 7% P or vice versa,
or an equal (E) diet containing 21% C and 21% P. The lat-
ter diet was selected for some assays because it resem-
bles the composition preferred by cockroaches infected
with a high sublethal dose of P entomophila (Fig. 1D)
The C portion consisted of sucrose while the P portion
consisted of casein, peptone and albumin from eggs in a
3:1:1 ratio. Remaining ingredients are listed in Additional
file 13: Table S1. Diet blocks of approximately 0.125
cm? in size were dried at 50 °C for 2 days before being
weighed and given to experimental cockroaches.
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Bacterial inoculation

About 200 pl of an overnight culture of P entomophila
was mixed in 10 ml fresh liquid medium (according to
DSMZ instructions) and incubated at 28 °C and 140 rpm
to an ODy, of 0.55, representing 1.5 x 108 CFUs per ml.
The desired concentrations of bacteria were subsequently
obtained by diluting bacteria in insect Ringer’s solution
(0.024 g calcium chloride, 0.021 g potassium chloride,
0.01 g sodium hydrogen carbonate, 0.45 g sodium chlo-
ride, 200 ml distilled water). Cockroaches were anaesthe-
tised with CO,, abdomens swabbed with 70% ethanol,
then injected with 2 pl of bacterial solution directly into
the hemocoel using a glass capillary needle inserted
between the 3rd and 4th abdominal segment. Suble-
thal infections (high: 5.8 x 10> CFUs/2 pl, low: 5.8 x 10
CFUs/2 pl) and lethal (4.0 x 10° CFUs/2 pl) doses were
determined in pre-experiment injection assays.

Diet choice following sublethal infection

From each of 3 cohorts, 40 B. orientalis males (120 in
total) were given free choice of macronutrients by plac-
ing them together with 1 block of known weight of each
P-rich and C-rich diet. Individuals were kept for 3 days
to accustom them to artificial diets, and to obtain a
baseline P:C ratio preference. Thereafter, food blocks
were collected, placed at 50 °C until completely dry,
and then their weight loss was determined, equating to
the amount eaten by the cockroach. Experimental cock-
roaches were assigned randomly to one of the following
sublethal treatments (40 per treatment): (1) High infec-
tion (injected 5.8 x 10° P entomophila CFUs); (2) Low
infection (injected 5.8 x 10> P entomophila CFUs); (3)
Wounding control (injected Ringer’s solution); (4) Unma-
nipulated control. Cockroaches were then placed on new
food blocks of both diets of known weight. The blocks
were replaced daily for 4 days and their loss of weight was
again determined after drying at 50 °C.

Survival on enforced diet

From each of 3 cohorts, 10 B. orientalis males were
placed on P-rich diet (35% P; 7% C) and another 10 were
placed on C-rich diet (7% P; 35% C). All individuals were
supplied with water ad libitum. Survival was checked
twice weekly; food blocks and water were changed once a
week over the period of 150 days.

Survival on enforced diet following lethal infection

Two hundred and seventy B. orientalis males were
assigned to one of the following treatments: (1) 150
individuals: Infection (injected 9.0 x 10° P entomophila
CFUs); (2) 60 individuals: Wounding control (injected
Ringer’s solution); (3) 60 individuals: Unmanipulated
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control. A third of the individuals from each treatment
were immediately randomly assigned to either a P- (35%
P; 7% C), C-enriched (7% P; 35% C) or a E (21% P; 21% C)
artificial diet and supplied with water ad libitum. Survival
of each individual was recorded every 2 h for 139 h with
overnight intervals of 8 h. The experiment was conducted
twice, and the data were combined for subsequent analy-
sis (N =540).

Hemolymph collection

Hemolymph for the bacterial growth inhibition assay
and proteomic analysis (below) was collected by cutting
the first two leg pairs of cockroaches that had been pre-
chilled on ice for 15 min. They were then placed head-
down into a spin-column (Sigma-Aldrich) in a 1.5 ml
tube containing approximately 10 pg propylthiouracil (to
inhibit phenol-oxidase activity), and centrifuged at 500 g
for up to 5 min or until at least 10 ul of hemolymph were
collected. The entire operation was carried out in a pre-
cooled centrifuge at 2 °C.

Bacteria growth inhibition assay

In an initial bacterial growth inhibition assay, 180 B.
orientalis males were equally assigned to the follow-
ing treatments: (1) bacteria challenge (injected 5.8 x 10°
P entomophila CFUs); (2) Wounding control (injected
Ringer’s solution); (3) Unmanipulated control. A third
of the individuals from each treatment was randomly
assigned to either a P- (35% P; 7% C), C-enriched (7% P;
35% C) or a E (21% P; 21% C) artificial diet and supplied
with water ad libitum. After 24 h the hemolymph of each
individual was collected as described in the hemolymph
collection section and the hemolymph from 5 individu-
als per treatment was pooled (resulting in 4 pools per
treatment). Pools were stored at -70 °C until needed. A
second bacteria growth inhibition assay was conducted
on a subset of treatments as an independent validation
of the first assay. Methods were identical, except 120 B.
orientalis males were challenged with bacteria (injected
5.8 x 10° P. entomophila CFUs), with half of the individu-
als being randomly assigned to either a P- (35% P; 7% C)
or C-enriched (7% P; 35% C) artificial diet, and hemo-
lymph each from 10 individuals being pooled per treat-
ment (resulting in 6 pools per treatment).

In both assays, bacterial growth inhibition of the cock-
roach hemolymph was measured using a plate reader
assay. First, 10 ul Mueller—Hinton broth were added to
each well of a 384-well polypropylene plate. Then 10 pl
hemolymph was loaded in the second and the ninth col-
umn of the plate. One of these wells contained the hemo-
lymph of one pool of animals (in total 36 wells loaded
with hemolymph). Four wells in the first column which
did not contain hemolymph (replaced with an equal
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amount of Mueller—Hinton broth) served as the negative
control. A five-step serial dilution of the hemolymph was
performed (with the last 10 ul being discarded) and 10 pl
P. entomophila in Mueller—Hinton broth with an ODg,
of 0.005 was added to each well containing hemolymph
as well as to another four wells in the ninth column not
containing hemolymph, which served as a positive con-
trol for unsuppressed bacterial growth. ODg,, was meas-
ured in a plate reader (BioTek) every 10 min for 16 h at
room temperature.

Proteomic analysis

We were unable to detect any significant effect of an
equal diet on hemolymph antimicrobial activity when
compared with other diets, regardless of infection treat-
ment (Fig. 3, Additional file 13: Table S6). Therefore, we
restricted our proteomic analysis to a comparison of the
most divergent bacterial-killing diets: P-rich vs. C-rich
following sublethal challenge. One hundred and twenty
B. orientalis males were immune-challenged by inject-
ing 2 pl Ringer’s solution containing 5.8 x 10° P. ento-
mophila CFUs. Half were assigned to the P- (35% P; 7%
C) and the other half to the C-enriched (7% P; 35% C)
artificial diet and supplied with water ad libitum. Twenty-
four hrs later the hemolymph of each individual was
collected as described in the hemolymph collection sec-
tion and stored at — 70 °C until needed. This time-point
matched the sampling point of the antibacterial assay and
was selected to coincide with the peak of infection. The
rationale being that for the dietary shift to be relevant
for immune activity it must take effect by this point. A
detailed description of protein sample preparation and
liquid chromatography-mass spectrometry and data pro-
cessing is described in Additional file 13. We employed
de novo transcriptome data from He et al. [32] to gener-
ate a peptide database for B. orientalis (Additional file 1:
Data sheet 1). Raw data were processed and annotated
as described elsewhere [31] (Additional file 13). For pro-
teomic analysis, protein identification and label-free
quantification was performed using MaxQuant (v1.6.0.1)
with Andromeda search engine [14, 15, 93]. Raw data
were matched against an in-house protein database of B.
orientalis created by de novo transcriptome sequencing
(see above). Trypsin was selected as enzyme allowing a
maximum of two missed cleavages. The minimum pep-
tide length was set to 7 amino acids and the false discov-
ery rate for peptide and protein identification was set to
0.01.

Statistical analysis

All statistical analyses were carried out in R v4.0.3 [64].
Testing for normality was performed using the ksnor-
mal function of the wrappedtools package v0.3.11 [10].
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P:C ratios, the amounts of P and C eaten as well as total
consumption differences between treatments for the
first day following infection were analysed using Bon-
ferroni-corrected Wilcoxon rank sum tests.

The food-choice data were analysed using a general-
ized linear mixed model (GLMM) with an underlying
beta family distribution. Analyses were run in the glm-
mADMB package v0.8.3.3 [23, 83] in conjunction with
the R2admb package v0.7.16.2 [7]. GLMMs examined
whether a response variable consisting of proportion of
P consumed (amount of P eaten divided by the amount
of total diet eaten) or proportion of C (amount of C
eaten divided by the amount of total diet eaten) was
influenced by treatment (high infection; low infection;
wounded; and unmanipulated) and day post infection
as well as an interaction between treatment and day.
Minimal adequate models were derived by stepwise-
model simplification and comparison via ANOVA.
Individual and cohort were treated as random effects to
account for multiple measurements and origin. Com-
parisons among treatment levels were carried out with
post-hoc Tukey tests using a Bonferroni correction,
using package multcomp v1.4-15 [34]. Five individuals
were removed prior to analysis due to the presence of
fungal growth on the artificial diet blocks.

The effect of treatment and diet on survival was ana-
lysed using Cox proportional hazard models with the
package coxme 2.2-16 [91]. Median survival time for
each treatment was calculated using the survminer
package v0.4.8 [41, 42]. Because control data in the sur-
vival on enforced diet following infection experiment
were right-censored, we uncensored one randomly
selected individual from each treatment, following
Tragust et al. [92]. Owing to the high number of com-
parisons between treatment levels in this experiment,
we conducted post-hoc Tukey tests with Bonferroni
or false discovery rate (FDR) corrections and report
the results of both methods. Bacterial growth inhibi-
tion data was only analyzed for the 1:4 hemolymph
dilution since undiluted and highly diluted treatments
were either preventing bacterial growth completely or
not at all using R package growthcurver 0.3.1 [86] using
default parameters. Empirical area under the curve
(eAUC) values were analyzed using t-tests in the R
package rstatix v0.6.0 [41, 42]. Due to the high number
of post hoc comparisons, pairwise t-tests were again
conducted with Bonferroni as well as FDR corrections.
As before, both sets of p-values are reported. In a sec-
ond analysis bacterial growth inhibition data were com-
bined for a subset of treatments (N =10 replicates per
treatment, P; ¢.cred VS- Cinfected) from two independent
assays, using a two-way ANOVA to examine the eAUC
value, with an interaction between treatment and assay.
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Results

Diet choice following sublethal infection

Individual cockroaches ate on average 0.58 mg P and
2.24 mg C under unmanipulated conditions, and this
remained stable throughout the experiment. Conversely,
in all manipulated groups, total food as well as P and
C consumption varied significantly over the course of
the experiment (Fig. 1A—-C). The total amount eaten
was reduced in all challenged treatments compared
to unmanipulated cockroaches on the first day post-
infection (p.i.), but did not differ significantly between
manipulated treatments (Wilcoxon rank sum test: high
vs. low: W=429, p>0.1; high vs. wounded: W =384.5,
p>0.1; high vs. unmanipulated: W=0, p<0.001; low
vs. wounded: W =413.5, p>0.1; low vs. unmanipulated:
W =0, p<0.001; wounded vs. unmanipulated: W =0,
p<0.001). This pattern was replicated in the consumption
of P on the first day p.i. (Wilcoxon rank sum test: high
vs. low: W=542.5, p>0.1; high vs. wounded: W =452,
p>0.1; high vs. unmanipulated: W =15, p<0.001; low
vs. wounded: W =388, p>0.1; low vs. unmanipulated:
W =12, p<0.001; wounded vs. unmanipulated: W =17,
p<0.001) and the consumption of C on the first day p.i.
(Wilcoxon rank sum test: high vs. low: W=2382.5, p>0.1;
high vs. wounded: W =334, p>0.1; high vs. unmanipu-
lated: W=0, p<0.001; low vs. wounded: W =413.5,
p>0.1; low vs. unmanipulated: W =0, p<0.001; wounded
vs. unmanipulated: W =0, p<0.001). However, by the
2nd day, consumption across all manipulated groups
began to recover, reaching pre-treatment levels by the
4th day p.i.

Before wounding or infection, cockroaches of all treat-
ments preferred a median P:C ratio of approximately
1:4.24 (Fig. 1A). The unmanipulated animals consumed
this ratio over the course of the experiment. By contrast,
highly infected individuals changed to a P:C ratio of
approximately 1.23:1 whereas low infected and wounded
cockroaches shifted to an intermediate ratio of 1:1.04
and 1:1.15 P:C on the first day p.i., respectively (Wil-
coxon rank sum test: high vs. low: W =595, p>0.1; high
vs. wounded: W =571, p>0.1; high vs. unmanipulated:
W =810, p<0.001; low vs. wounded: W =412.5, p>0.1;
low vs. unmanipulated: W =695.5, p <0.001; wounded vs.
unmanipulated: W=713.5, p<0.001). All manipulated
groups returned to baseline P:C ratios by day 4 p.i. (Addi-
tional file 2: Data sheet 2, Additional file 13: Table S2).

We then carried out GLMMs to explore food con-
sumption differences between treatments over the course
of the experiment. Final minimal GLMMs consisted of
the fixed terms treatment and day without an interaction
since the model with a treatment x day interaction did
not significantly improve the model (ANOVA for model
comparison, p>0.1). Cockroaches that were wounded
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differed significantly from unmanipulated cockroaches
in their consumed P proportion following treat-
ment (mean values on first day p.i. are given) (P propor-
tion chosen: 0.190 vs. 0.084, wounded vs. unmanipulated,
respectively: z=— 6.132 p<0.001), as did cockroaches
infected with a high (P proportion chosen: 0.228 vs.
0.084, high vs. unmanipulated respectively: z=— 13.062,
p<0.001) or low bacterial dose (P proportion chosen:
0.187 vs. 0.084, low vs. unmanipulated respectively:
z=— 5.332, p<0.001) (Additional file 13: Table S3, Fig.
S1). Cockroaches infected with a high bacterial dose also
consumed a higher proportion of P compared to indi-
viduals exposed to both a low bacterial dose (P propor-
tion chosen: 0.228 vs 0.187, high vs. low respectively:
z=— 6.258, p<0.001) or to wounding (P proportion
chosen: 0.228 vs. 0.190, high vs. wounded respectively:
z=— 4.786, p<0.001). However, individuals that were
wounded or were infected with a low bacterial dose did
not consume a significantly different proportion of P to
each other (P proportion chosen: 0.187 vs. 0.190, low vs.
wounded respectively: z=1.038, p=1.000). Concerning
the proportion of C, the pattern is the same (Additional
file 13: Table S3, Fig. S2).

Survival on enforced diet without infection

The median (50%) survival time for B. orientalis males
placed on a P-rich diet was 82 days, whereas the mortal-
ity of males placed on a C-rich diet did not exceed 30%
throughout the experiment (150 days) (Fig. 2A) (Addi-
tional file 3: Data sheet 3). By the end of the experiment
males restricted to P-rich diet showed a significantly
higher mortality (86.44%) compared to those on C-rich
diet (27.59%; Cox proportional hazard regression P vs.
C: Hazard ratio=5.73, z=5.974, p<0.001), although
an overt increase in mortality of males restricted to a
P-rich diet is only observable after approximately 40 days
(Fig. 2A).

Survival on enforced diet following infection

In our test of the effect of dietary composition on survival
following lethal infection, we found that cockroaches on
all diets began to die at 40 or 41 h after injection (Fig. 2B).
This included individuals on the E diet, that is the diet
which most closely resembled the ratio consumed by
cockroaches following sublethal infection. The median
survival time for infected B. orientalis males was 56, 57
and 68.5 h on P-rich, C-rich and E diets, but the effect
of diet on survival following infection was not signifi-
cant when the Bonferroni correction was implemented
(Cox proportional hazard regression: Pi creqd VS- Cinfected:
Hazard ratio=0.89, z=— 0.723, p=1.000; E, fecteq VS-
Cinfecteq: Hazard ratio=0.66, z=2.504, p=0.443; E, focted
vs Pirceq: Hazard ratio=0.73, z=1.765, p=1.000)

1
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Fig. 2 Kaplan-Meier survival curves of: A Unmanipulated B. orientalis
males restricted to P-rich (35% protein and 7% carbohydrate) or
C-rich (7% protein and 35% carbohydrate) diets. Survival data for
three independent cohorts (1-3) for P- and C-rich diets are given
in blue and red respectively, with mean population survival across
cohorts on each diet indicated by a thick bold line. Note the long
period at the beginning of the experiment where no clear survival
differences between diets are observable. B B. orientalis males
restricted to P-rich (35% protein and 7% carbohydrate) (blue line),
C-rich (7% protein and 35% carbohydrate) (red line, or E (21% protein
and 21% carbohydrate) (yellow line) diet following injection with
an LDs of P entomophila (infected), Ringer’s solution (wounded) or
unmanipulated (control)

(Additional file 4: Data sheet 4, Additional file 5: Data
sheet 5; Additional file 13: Table S4). These findings were
similar when using FDR, except that survival was sig-
nificantly higher in infected cockroaches exposed to an
E- vs. a C-diet (Hazard ratio=0.66, z=2.504, p=0.023)
(Additional file 13: Table S5). Only one control indi-
vidual (wounded, E-diet) died during the course of the
experiment.
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Bacteria growth inhibition assay

The inhibitory effect of male B. orientalis hemolymph
(N=4 per dilution per treatment) on bacterial growth
was not diet-dependent, either within or between treat-
ments (bacteria challenged, wounded or unmanipulated)
(Fig. 3) (Additional file 6: Data sheet 6, Additional file 7:
Data sheet 7). This was reflected in the non-significant
differences of the t-test in the suppression of bacterial
growth between all dietary pairwise comparisons, as
expressed by eAUC values (Pj rcred VS Cinfected: t=0.902,
df=3.212, p>0.1; E; fected VS: Cinfectea: t=0.081, df =5.491,
P>0.1; Eircred VS- Pinfectea: t=1.085, df=3.396, p>0.1;
Pyounded V8- Cuounded: t=0.494, df =3.420, p>0.1; E,inded
V8 Counded: t=— 0.471, df=4.845, p>0.1; E  ndeq VS-
Pyoundea: t=1.643, df=4.177, p>0.1; Pyanipulated VS-
C 0.332, df=4.362, p>0.1; E maniputated V-
C 0.144, df=5.175, p>0.1; E ymaniputated V-
P nmanipulated: £=0.066, df=3.612, p>0.1.) Some but not
all growth curves were significantly different to either
the negative or the positive control. No clear pattern was
observable between dietary treatments and controls,
except that when using a Bonferroni correction, only
hemolymph from cockroaches fed on P-diets (bacteria
challenged, wounded and unmanipulated), in addition to
the negative control, differed significantly from the posi-
tive control (Additional file 13: Table S6). Combining a
subset of these eAUC values with a supplementary anti-
bacterial assay of P . teq VS. Cinfectea (N=10 replicates
per treatment) yielded a similarly non-significant result
(two-way ANOVA, F=0.564, df=1, p>0.1) (Additional
file 8: Data sheet 8, Additional file 9: Data sheet 9, Addi-
tional file 13: Table S7, Fig. S3).

unmanipulated* t=

unmanipulated* t=

Proteomic analysis

Using LC—MS analysis in combination with label-free
quantification, 387 proteins were identified and quanti-
fied in the hemolymph of infected B. orientalis males
fed on a P-rich vs. a C-rich diet (N=6 per treatment)
(Additional file 10: Data sheet 10). Overall, apolipo-
phorin was the most abundant protein making up
approximately 70% of the whole hemolymph protein
content. Other highly abundant proteins were trans-
ferrin, gelsolin, heterochromatin-associated protein
MENT and an insulin-like growth factor-binding pro-
tein complex. We identified 17 proteins that showed
significant relative changes in abundance following
diet treatment (Fig. 4 and Additional file 13: Table S8).
Infected individuals on a C-rich diet were signifi-
cantly more abundant for hexokinase type II, which
is involved in carbohydrate metabolism (glycolysis)
[100], in addition to carbonyl reductase 1-like protein,
which is involved in NADPH-dependent reduction of
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Fig. 3 Impact of diet on B. orientalis hemolymph growth inhibition of

P entomophila in vitro (1:4 dilution). Immune-challenged individuals

on P-rich (P B), C-rich (C B) equal (E B) diet. Ringer’s solution injected

(wounded) individuals on P-rich (P R), C-rich (CR) or equal (E R) diet.

Control (unmanipulated) individuals on P-rich (P C), C-rich (C C) or

equal (E C) diet. A bacterial solution without hemolymph served

as the positive control and a solution containing only the growth

medium (Mueller Hinton) served as the negative control

active substrates including endogenous and xenobiotic
carbonyl compounds [33]. Additionally, tropomyo-
sin which is a calcium-dependent regulator of muscle
contraction [60], and acyl-CoA-binding protein, which
carries out lipid-binding transport and suppresses
glucose-induced insulin secretion [21, 57] were more
abundant. Furthermore, a L-galactose dehydrogenase-
like protein was more abundant but its function is not
known in insects. Conversely, infected individuals on a
P-rich diet were significantly enriched for alpha-amyl-
ase, which is involved in carbohydrate metabolism [90]
and proteasome subunit alpha type 3, which is involved
in protein degradation [69]. Additionally, enhanced lev-
els of hemolymph lipopolysaccharide-binding protein-
like proteins (2 isoforms), which bind carbohydrates
(foreign particles) [39] and extracellular superoxide
dismutase, which carries out superoxide metabolic
processing [22] were detected. Furthermore, greater
abundance of glutamine synthetase, a adenylate kinase
isoenzyme 1 and a hexamerin was detected. Glutamine
synthetase is involved in glutamate and glutamine
catabolism and biosynthesis [84] while adenylate kinase
isoenzyme 1 and hexamerin are associated with ATP
metabolism [24] and amino acid and energy storage,
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respectively [9]. Ankyrin 1 was also found to be more
abundant, although its function in insects remains
unclear.

Discussion

Under normal conditions, extensive P consumption
shortens the lifespan of many insects including ants, hon-
eybees and flies [13, 19, 20, 26, 46, 59], a finding that is
corroborated in our and other studies of cockroaches [28,
29]. Here, we find that male B. orientalis cockroaches
showed 45% higher mortality (Fig. 2A) when restricted to
a P- vs. a C-rich diet. One explanation for this consistent
observation across study organisms is that elevated lev-
els of P increase TOR signalling. TOR serves as a nutrient
sensor linked to macronutrient intake and metabolism,
causing a broad anabolic response that is life-shortening
over the long term (reviewed in [79]. Other explana-
tions could relate to the toxic effects of breaking down

nitrogenous products, and the enhanced production of
mitochondrial radical oxygen species, DNA and protein
oxidative modifications, membrane fatty acid compo-
sition and mitochondrial metabolism [79]. The higher
abundance of extracellular superoxide dismutase in
cockroach males fed on a P-rich diet (Fig. 4, Additional
file 13: Table S8) supports this explanation. Furthermore,
the overrepresentation of proteins participating in car-
bohydrate and protein metabolism in C- vs. P-rich diets,
respectively, demonstrate that the diets altered cockroach
physiology in the expected direction. For example, the
higher abundance of alpha-amylase in the hemolymph
of B. orientalis males feeding on P-rich diet shows these
individuals were metabolizing lower quantities of C.
Alpha-amylase is thought to be involved in the break-
down of glycogen, which is the major glucose storage
compound in animals. It is employed if not enough C is
present in the diet [54].
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Unsurprisingly, male cockroaches consumed low
amounts of P under normal conditions (1:4.24 P:C). This
is in line with the cockroach N. cinerea, where males
preferred a similarly C-skewed diet of 1:4.8 (P:C) [8].
Data also indicate that B. germanica typically prefers
a C-enriched diet, and the degree of C-skew appears to
be highly sex-dependent in this species [35, 37]. In our
study, the clear preference for C shifted significantly fol-
lowing infection. As with caterpillars [63], highly infected
male cockroaches increased the ratio of P consumed.
Furthermore, cockroaches appeared to adapt their feed-
ing behaviour to the severity of the immune challenge.
Lowly infected and wounded (Ringer-injected) individu-
als consumed an intermediate (approximately uniform)
P:C ratio and their food consumption returned to normal
sooner after challenge compared to highly infected indi-
viduals, which shifted to the most P-enriched diet and
displayed the longest delay in returning to normal dietary
consumption. It is interesting to note that the observed
feeding responses were transient across all challenge
treatments, with most individuals returning to a normal
dietary intake 72—96 h after injection. Transience is likely
correlated with the period of acute bacterial infection,
although wounding itself also elicited a similar response
to lowly infected individuals, suggesting a generalized
precautionary host response to challenge. Together, our
data indicate that B. orientalis males are able to quantita-
tively regulate their behavioural response to infection and
rapidly return to a normal feeding regime. Additionally,
our findings suggest host-driven adaptation as opposed
to pathogen manipulation because wounded individuals
also reduced their C intake. Wounding elicits a localized
immune response in insects [27], suggesting a form of
prophylactic behaviour since it is likely that microbes can
enter the hemolymph via damaged cuticle [82].

In contrast to Spodoptera exempta caterpillars and
other organisms which can modulate their immune
response with diet, changes in cockroach dietary con-
sumption following infection did not greatly influence
any of the immune parameters we measured. In cat-
erpillars, a shift from a C- to a P-biased diet following
Bacillus subtilis (Gram-positive) or baculovirus infec-
tion led to an increase of antibacterial and phenol-
oxidase activity and hemocyte density and resulted in
higher survival [62, 63]. By contrast, a switch to a pro-
tein enriched diet did not have a major influence on
male B. orientalis hemolymph antimicrobial activity or
survival, nor have a substantial impact on the synthe-
sis of induced immune-related proteins. We note, how-
ever, that two hemolymph lipopolysaccharide-binding
protein isoforms, which may play a role in pathogen
recognition by binding foreign particles [39] were more
abundant in the hemolymph of P-rich fed infected
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cockroaches. Furthermore, we observed some evidence
for reduced bacterial growth in hemolymph extracted
from P-fed cockroaches (compared to the positive con-
trol), suggesting that dietary protein may confer some
inhibitory effect on bacterial proliferation. However,
this effect was not observed with the E-diet (the die-
tary blend consumed by males following infection), nor
was this pattern consistently observed across post-hoc
methods. A final potential caveat to consider here is
that due to the use of phenylthiourea, this assay could
not measure PO activity directly. On the other hand, no
significant effect of diet was observed between any of
the challenge treatments, and although we found that
survival following infection was significantly higher in
cockroaches fed on an E- vs. a C-diet, this effect was
not consistent across correction methods, and was not
corroborated by other dietary comparisons, as might be
expected (e.g., E- vs. P-diet, or P- vs. C-diet).

Overall, our findings suggest that a shift to a protein
enriched diet could have a minor influence on B. ori-
entalis immunity, but that in general, the behavioural
changes adopted by this cockroach following direct
injection with P. entomophila are unable to substantially
alter infection outcome. However, the longer-term con-
sequences of P on B. orientalis immunity, including over
the course of development, remain to be investigated.
Entomopathogenic pathogens that act more slowly on
the host should also be examined in this context. Stud-
ies in Orthoptera indicate that an enforced P-rich diet
can enhance immune activity both over ontological time
and in the short term. However, the benefits of P for
host survival after infection are conflicting and appear to
depend significantly on host and pathogen identity [25,
87]. Graham et al. [25] found that locusts feeding on a
C-enriched diet were more resistant to fungal infection,
even though enforced consumption of P enhanced sev-
eral immune parameters, including antibacterial activity.
But this outcome may be due to the metabolic require-
ments of the pathogen in question [87]. A point here
is that dietary modulation during illness could still be
selected for even if it only helps against some pathogens.
With respect to host physiology, a recent study suggests
that a diet enriched in P may protect against infec-
tion simply via the modulation of hemolymph osmolar-
ity [97]. A hypothesis to explore here would be whether
natural variation in hemolymph osmolarity might explain
the relative (in) effectiveness of P dietary manipulation
in different insects following bacterial infection. Some
evidence shows that hemolymph osmolarity is higher
in cockroaches compared with other insects, including
lepidopterans, potentially as a result of different feed-
ing habits [56], although this requires further testing in a
broader spectrum of insect species. Similarly, it would be
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important to explore the feeding shifts of a greater diver-
sity of hemimetabolous groups, including cockroaches,
under challenge from a range of pathogenic microbes to
understand whether the patterns we observed in B. ori-
entalis are associated with specific adaptations such as
extreme omnivory and/or endosymbiosis.

Taken together, our results suggest that B. orienta-
lis males may not be able to effectively self-medicate
against P entomophila using macronutrients, but that
they do engage in a typical anorexia response, as has
been shown in macronutrient self-medication in cater-
pillars [4, 62, 63]. Illness-induced anorexia offsets physi-
ological trade-offs between launching immune responses
and food digestion. A previous study demonstrated that
crickets reduce their food intake, especially for lipids,
following infection with the bacterium Serratia marces-
cens [2]. High hemolymph lipid levels are associated with
decreased concentrations of monomeric apolipophorin
III, a lipid transporter, and higher susceptibility to S.
marcescens infection [3]. In other insects, anorexia can
have a direct impact on immunity. For example, in Dros-
ophila, starvation can modify AMP production and lead
to reduced melanisation [7].

The apparent lack of a link between macronutri-
ent dietary selection and male cockroach immunity is
unexpected. One possible explanation is that future
food availability and quality may be less predictable in
omnivorous pest organisms like cockroaches [67] and
therefore, a beneficial diet might not always be acces-
sible, therefore making such a link unreliable. A recent
genomic study reports major expansions of cockroach
gene families linked to chemoreception, detoxification
and innate immunity [49], indicating that adaptations in
these pathways permit cockroaches to thrive in unpre-
dictable, antigen-rich environments. Indeed, while cock-
roach survival was reduced on an enforced P-rich diet, a
negative effect could only be observed well over 40 days
after exposure, suggesting that although protein is gener-
ally avoided by B. orientalis adult males, its consumption
can be tolerated for long periods of time. Cockroaches
are known to tolerate high levels of P consumption [12]
and in such extreme omnivores, there could be an advan-
tage to reducing regulatory interactions between host
diet and immunity. This ability could be mediated by the
presence of the endosymbiont Blattabacterium, which
may also be able to help the host store and catalyze excess
nitrogen [58].

Conclusions

We find that B. orientalis males modulate their macronu-
trient feeding behaviour following infection by dramati-
cally reducing food intake and simultaneously reducing
carbohydrate over protein intake. We also show that a
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P-rich diet eventually leads to significantly reduced lifes-
pan, and that male cockroaches prefer a C-rich diet under
normal conditions. To our surprise, the observed behav-
ioural response to immune challenge did not substan-
tially influence the antimicrobial activity or proteomic
profile of host immunity. Our findings support the con-
cept of a generalized host-directed response to microbial
challenge in cockroaches based on anorexia and the limi-
tation of C intake. In this scenario, the observed change
to a more equal ratio of P:C may reflect a shift towards a
severely reduced baseline level of random feeding rather
than a directed shift towards a higher ratio of consumed
P, although this hypothesis requires additional test-
ing. Such a response may be beneficial to the host, but
perhaps primarily as a means of avoiding contaminated
food and reducing pathogen access to resources, rather
than facilitating crosstalk with the immune system. From
an evolutionary perspective, this could be the result of
adaptations to detoxification, endosymbiont-mediated
metabolism and innate immunity combining to enhance
cockroach survival in antigen-rich and nutritionally
diverse environments. Overall, our study highlights the
importance of understanding variation in natural diet,
physiology and ecology when exploring the link between
nutrition and animal immunity.
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