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Abstract

Nutrition is vital to health and the availability @sources has long been acknowledged as a key
factor in the ability to fight off parasites, av@sting in the immune system is costly. Resouress h
typically been considered as something of a “bla@k’, with the quantity of available food being
used as a proxy for resource limitation. Howewveodfis a complex mixture of macro- and
micronutrients, the precise balance of which deftgeman animal’s fithess. Here we use a state-
space modelling approach, the Geometric Framevasrkl@itrition (GFN), to assess for the first
time, how the balance and amount of nutrients &ffan animal’s ability to mount an immune
response to a pathogenic infection.

Spodoptera littoralis caterpillars were assigned to one of 20 dietswhaed in the ratio of
macronutrients (protein and carbohydrate) and ttadorie content to cover a large region of nutrien
space. Caterpillars were then handled or injectéu either live or deaXenorhabdus nematophila
bacterial cells. The expression of nine genes (Bume, 4 non-immune) was measured 20 h post
immune challenge. For two of the immune genes (BROLysozyme) we also measured the
relevant functional immune response in the haemplyrsene expression and functional immune
responses were then mapped against nutritiondenta

The expression of all immune genes was up-regulatedjection with dead bacteria, but only those
in the IMD pathway (Moricin and Relish) were sulnsially up-regulated by both dead and live
bacterial challenge. Functional immune responsaeased with the protein content of the diet but
the expression of immune genes was much less pabtéc

Our results indicate that diet does play an impuntale in the ability of an animal to mount an
adequate immune response, with the availabiliggrotein being the most important predictor of the
functional (physiological) immune response. Impottig however, immune gene expression
responds quite differently to functional immunitydawe would caution against using gene
expression as a proxy for immune investment, ssuiblikely to be reliable indicator of the immune

response, except under specific dietary conditions.
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Introduction

It has long been recognised the role that “goodtian” plays in human health, with both under-
nutrition and obesity resulting in disease (Mokeadl., 2001; Muller and Krawinkel, 2005; Samartin
and Chandra, 2001). Poor nutrition can also imgrectesponse to parasites, with evidence for both
energy and protein deficits reducing the abilitfight infection (Kuvibidila et al., 1993) (Field al.,
2002) (Cunningham-Rundles et al., 2005). Studies saown that starvation can compromise
immune capability across a broad range of host famaexample, laboratory mice were found to
have fewer T cells in the spleen and thymus dustagvation, with numbers recovering once feeding
was reinstated (Wing et al., 1988). Furthermaonjection withListeria monocytogenes during
starvation reduced the ability of the mice to depedntibodies against this bacterium (Wing et al.,
1988). Food restriction, rather than starvationttawve similar effects. Food-restricted Yellow-ledge
gulls, Larus cachinnans, were found to have reduced cell-mediated immuiitgnso-Alvarez and
Tella, 2001) and mice on a long-term calorie-retd diet were found to die more rapidly from
sepsis after gut puncture than thosedetibitum (Alonso-Alvarez and Tella, 2001). Comparable
responses have been shown in invertebrates; burabkedied more rapidly during starvation if their
immune systems were stimulated by artificial paessisuggesting that mounting an immune response
is energetically costly (Moret and Schmid-Hemp@D®). Similarly, starved bumble bees were more
likely to die from a gut parasit€rithida bombi, than hosts with adequate nutrition (Brown et al.,

2000).

However, nutrition is much more complex than simgplgource of energy, being a vital mixture of
macro- (carbohydrates, fats and proteins) and mamatgents (vitamins and minerals), the amount and

balance of which determine an animal’s fitness (Siom et al., 2004). Several studies have examined



76  how shifting the balance of macronutrients in tre dffects immune responses and the outcome of
77  infection, without restricting the availability ohlories (Graham et al., 2014; Lee et al., 2006é0
78 etal., 2011; Povey et al., 2009; Povey et al. A220For example, caterpillars of the armyworms,

79  Spodoptera littoralis and Spodoptera exempta, show improved immune responses and markedly

80 higher survival after viral infection (Lee et &006; Povey et al., 2014) and bacterial infection

81 (Povey et al., 2009) when their diet is heavilytpio-biased. Furthermore, when given the

82  opportunity, infected caterpillars will “self-meei@” with protein, significantly improving their

83 chances of survival (Lee et al., 2006; Povey e8I09; Povey et al., 2014) .

84  The studies above strongly suggest that it is dluece of the energy in the diet that is key to the

85 response to parasites, rather than the availabilignergyper se. However, neither food restriction,
86  nor the manipulation of macronutrient balance alcanre determine the relative importance of either
87  on host-parasite interactions. To address propleelyole of nutrient availability on immunity, both
88 the balance of nutrients in the diet and their ¢jtianeed to be simultaneously manipulated. The
89  Geometric Framework for Nutrition (GFN) is a stafce model that allows the association of

90 particular nutrient intakes with outcomes of ingr&Simpson and Raubenheimer, 1995), for example,
91 immunity (Ponton et al., 2011; Ponton et al., 20¥8ith the GFN, animals are restricted to diets in
92  which both the balance and availability of nutreate manipulated, forcing intakes over a wide

93 region of nutrient space, encompassing both ovet-uader-nutrition, and thereby allowing the

94  additive and interactive effects of specific nuitieon traits of interest to be modelled (Simpsa a

95 Raubenheimer, 1995).

96 The GFN approach has highlighted that the fundaahdife-history trade-off between fecundity and
97 longevity is mediated by nutrients across taxah Wihgevity generally peaking at low-protein, high-
98 carbohydrate ratios, whilst fecundity tends to pagikuch higher relative protein intakes; as saoh,
99 diet can maximize both trait®fosophila: (Lee et al., 2008); (Jensen et al., 2015); Fieickets:
100 (Maklakov et al., 2008); Queensland Fruit fly; (Ban et al., 2009); Mice: (Solon-Biet et al., 2015))
101  Similarly, using the GFN, it was found that diffetémmune responses peak in different regions of

102 nutrient space, thereby indicating a nutrient-miedidarade-off within the immune system, and, as for
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fecundity and longevity, no single diet could maienmultiple immune responses (Cotter et al.,
2011b). In a recent study, mice were restrictenhi® of 25 diets varying in their ratio of proteifets
and carbohydrates and energy density, and theatérimmune capacity was measured. It was shown
that the balance of T cells indicative of healtlggiag was achieved on a low protein:NPE diet (non-
protein energy i.e. carbohydrate plus fat), irrespe of calorie intake (Le Couteur et al., 2015).
However, this powerful approach has not yet bekenao assess an animal’'s immune response to a

pathogenic challenge.

Insects have a comparatively simple yet effectmmune system that has numerous parallels to the
innate immune response of vertebrates Vilmos, 88 3; Leulier, 2008 #47751; Wiesner, 2010
#77972} . It comprises cellular and humoral compug¢hat work together to fight invading
pathogens. Hemocytes show phagocytic activity aganmcroparasites, much like vertebrate
macrophages, and can respond to macroparasitesrbing a multi-layered envelope around the
invader, in a process called encapsulation, whiicdubsequently melanised via the action of the
phenoloxidase (PO) enzyme (Gupta, 1991). Phendasgiik stored in hemocytes in the form of an
inactive precursor, Pro-phenoloxidase (PPO), whidttivated upon detection of non-self
(Gonzalez-Santoyo and Cordoba-Aguilar, 2012). Téi®gnition occurs via the detection of
pathogen-associated molecular patterns (PAMPSs) asitihe peptidoglycan or the lipopolysaccharide
components of fungal and bacterial cell walls. Dete stimulates either thEoll (fungi and gram-
positive bacteria) dmd pathways (Gram-negative bacteria), via hgastern recognition receptors
(PRRs) that result in the bespoke production aha@atobial peptides and the upregulation of
constitutive lysozymes, which form the humoral comgnt of the response (Ligoxygakis, 2013;

Wiesner and Vilcinskas, 2010).

The strength of the immune response can be meassirggi standard functional assays of
antimicrobial activity or PPO activity in the haelyroph, and the strength of the encapsulation
response or phagocytosis can be measured agaitisesy parasites injected into the haemocoel (see
(Wilson and Cotter, 2013) and references therdingse functional responses have been shown to be

indicative of the ability of the animal to fightfqdarasites (e.g. (Lee et al., 2006; Paskewitz and
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Riehle, 1994; Povey et al., 2009) and so are alguadaningful measures of immune investment.

However, gene expression is also often used asxy for investment in specific traits, e.g. immuynit
(Freitak et al., 2007; Jackson et al., 2011; Woastnet al., 2017), but few of these studies conside
how well the expression of the gene of interestligte the functional response under the conditions

in which they are tested.

There has been a great deal of research examioimgvell gene transcripts relate to protein
abundance across individual genes, but with coratiag findings (Liu et al., 2016). This is not
surprising as there are numerous steps betweenegenession and the production of the protein, all
of which can change the relationship between tlee vcell culture, under steady-state conditions,
MRNA transcripts correlate well with protein abunda, typically explaining between 40 and 80% of
the variation (Edfors et al., 2016; Jovanovic et2015; Liu et al., 2016). However, multiple fasto
can affect this relationship. Upregulation of gempression in response to a perturbation is exgecte
to change the abundance of proteins concordanttythlere can be a delay in this process, such that
there is a time lag between mRNA levels and prabimdance, the length of which may differ
between genes (Gedeon and Bokes, 2012; Jovanaadic 2015). Some genes are constitutively
transcribed and translation of the protein occutg when the correct conditions are met, known as
“translation on demand” (Hinnebusch and Natara2892), meaning that there is no correlation
between mRNA and protein levels most of the tinee fajority of ecological studies consider gene
expression in whole animals, which are hugely nvaréable than cell cultures, and so we can expect
the relationship between gene expression and pralrindance to be further weakened in natural
systems. One aspect of variation in whole aninsalse availability of resources. Protein productio
is costly, consuming ~50% of the ATP in growing steeells (Warner, 1999), so we can expect the
availability of energy and amino acids to affea #peed and efficacy of translation (Liu et al1&0
This means that the relationship between the esjoresf a gene and its protein is likely to change
with the resource levels of the animal. To our kiealge, there are no studies comparing how the

MRNA-protein relationship changes across nutripats.
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Here we address this gap using a model inSpotjoptera littoralis, (Lepidoptera: Noctuidae), a
generalist herbivore. We take a GFN approach,icésty caterpillars to diets that vary in their P:C
ratio and energy content, thereby covering a laegen of nutrient space. We then challenge the
immune system by injecting caterpillars with livedead bacteria, and measure the expression of 9
genes (5 immune, 4 non-immune), and 3 functionalume responses, which are transcribed by two
of the immune genes (PPO and lysozyme) in the hanpdi, thus allowing us to associate gene
expression and functional immune responses toamitmtake, and importantly, to assess how well
gene expression predicts the immune response wadlgifissociated with those genes under different

dietary conditions.

Material and methods

Host and pathogen cultures

The Spodoptera littoralis culture was established from eggs collected néaxahdria in Egypt in

2011. The colony was reared using single pair rgatwmith around 150 pairs established each
generation. Following mating of unrelated adult nspeggs were laid within 2 days with larvae
hatching after a further 3 daySpodoptera littoralis spend approximately 2 weeks in the larval stage,
about 7 days of which are spent in the 5th andrétiars. Larvae were reared individually from the
2nd instar on a semi-artificial wheat germ-based (Reeson et al., 1998) in 25 ml polypots ungl th
final larval instar (6th), at which point they warsed in the experiments as described below. Iasect

were maintained at 27°C under a 12:12 light: déubtp regime.

Bacteria were originally supplied by the laboratofyGivaudan and colleagues (Montpellier
University, FranceXenorhabdus nematophila F1D3 GFP labelled, see (Sicard et al., 2004)). Rure
nematophila F1D3 stocks were stored at -20°C in Eppendorfaybé0ul of X. nematophila F1D3 in
nutrient broth with 50@l of glycerol). Vortexing ensured that &l nematophila F1D3 cells were
coated in glycerol. To revive the stocks for u€¥) dl was added to 10 ml nutrient broth, and

incubated at 28°C for up to 48 h (generally stdwkd grown sufficiently after 24 hrs). On the day of
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experimental bacterial challenge, a sub-culturthefstock was carried out, with 1 ml of the origina
stock added to 10 ml of nutrient broth and placed shaker-incubator for approximately 4 h. This
ensured that the bacteria were in log phase miohallenge. Following the sub-culture, a 1 ml
sample was checked for purity under the microsdxyypeoking for non-fluorescent cells, which
would indicate contamination. The clean sample tives used to produce a serial dilution in nutrient
broth from which the total cell count was deternlimgth fluorescence microscopy, using a
haemocytometer with improved Neubauer ruling. fdreaining culture was diluted with nutrient
broth to the appropriate concentration requiredterbacterial challenge. The heat-killed treatment

group was established by autoclaving the bacteri&® min at 12%C.

Diet manipulation

The aim of the experiments was to tease apartiperitance of relative and absolute nutrient effects
on immune gene expression and immune protein gctiMherefore, larvae were fed on one of 20
chemically-defined diets that varied in both thetemn to carbohydrate (P:C) ratio and calorie dgnsi
based on (Simpson and Abisgold, 1985) (Table 1is dbmprised five P:C ratios (5:1, 2:1, 1:1, 1:2,
1:5) and four calorie densities (326, 612, 756 Bht? kJ/100g diet; the remainder of the diet
comprising indigestible cellulose (See Table Silirftermation about the specific ingredients forkeac
diet). Thus, the 20 diets could be described vatpect to the absolute amount of proteins or
carbohydrates, by their sum (calorie density),Hgyrtratio (P:C) or by their interaction (P*C). In
addition, the absolute amounts of food eaten byaitvae on each diet were recorded so the absolute
amount of protein or carbohydrate eaten as oppisachounts offered could also be used. We were
therefore able to define 30 alternative modelgi&scribing the relationship between the trait of
interest (e.g. Toll expression), and host diet (@4d). These were then compared using an
information theoretic approach by comparfg,. values and other model metrics (Burnham and

Anderson, 2003; Whittingham et al., 2006).

Bacterial challenge
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Xenorhabdus nematophila is a highly pathogeniGram-negative bacterium. In the wild, this species
relies on the entomopathogenic nemat8@amernema car pocapsae, which vectors<. nematophila, to

gain access to an insect host, where it rapidlytipligéls, generally causing death within 24-48 hours
(Georgis et al., 2006; Herbert and Goodrich-Bl20Q7). However, in the lab we can circumvent the
requirement for the nematode by injectdghematophila directly into the insect haemocoel (Herbert

and Goodrich-Blair, 2007).

Experiment 1: Within 24 h of moulting to the 6th instar, 400Mae were divided into 20 groups (n =
20 per group), placed individually into 90 mm diaerePetri dishes and provided with ~1.5 g of one
of the 20 chemically-defined diets (Table 1). Witkiach diet, 10 larvae were allocated to the cbntro
group and 10 were assigned to the bacteria-cha&tegmpup. Following 24 h feeding on the assigned
diets (at time, t = 0), 200 larvae were handled tteplaced on their diet (control) whilst 200 lava
were injected with 5 ul of a heat killed LD50 dageX. nematophila (averaging 127X. nematophila
cells per ml nutrient broth) using a microinjecPump 11 Elite Nanomite) fitted with a Hamilton
syringe (gauge = 0.5mm). The syringe was sterilisexthanol prior to use and the challenge was
applied to the left anterior proleg. Every 24 htoy2 h (i.e. 48 h post infection), larvae were
transferred individually to clean 90 mm Petri disleentaining 1.5 - 1.8 g of their assigned
chemically-defined diet. 96 h after moulting int6,lthe larvae had either pupated or were placed on
semi-artificial diet until death or pupation. Tha@unt of food eaten each day was determined by
weighing the wet mass of the chemically-defined dievided each day to the caterpillars, as well as
weighing uneaten control diets each day (3 cowligils per diet). The uneaten diet and control diet
were then dried to a constant mass (for approx)72llowing the consumption per larva to be

estimated.

Experiment 2: The set up for this experiment was identical xpé&iment 1, except that each of the
400 larvae was injected with 5 pl of either a Heted (control) or live LD50 dose of. nematophila

(averaging 127X. nematophila cells per ml nutrient broth).

Hemolymph sampling
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Following challenge, hemolymph samples were obthfnam all caterpillars at 20 h post infection.
Hemolymph samples were obtained by piercing thieleuext to the first proleg near the head with a
sterile needle and allowing released hemolympHededddirectly into an Eppendorf tube.

Immediately following hemolymph sampling, 30 plfedsh hemolymph was added to a sterile ice-
cooled Eppendorf containing 350 pl of lysis buffeL.T + Beta mercaptoethanol — 100:1) for later
RNA extraction and gPCR analysis (Expts 1 and Bg femainder of the hemolymph extracted was
stored in a separate Eppendorf for further immuasaygs (Expt 2 only). All hemolymph samples were

stored at -80°C prior to processing.

Gene expression (Expts 1 and 2)

RNA was extracted from hemolymph samples using €idgNeasy mini kit following the
manufacturers instructions with a final elutionwole of 40 pl. Extracts were quantified using the
Nanodrop 2000 and diluted to 0.5 pg/ul for cDNAtbsis. Prior to cDNA synthesis a genomic
DNA elimination step was carried out by combinirgypl RNA (0.5 pg total RNA) plus 2 pul DNA
wipeout solution and incubating at 42 °C for 2 nuDNA synthesis was carried out using Qiagen
Quantitect Reverse Transcription kit in a finalatgan volume of 20 pl following the manufacturer’s
instructions, cDNA synthesis was carried out fom3d@ at 42 °C followed by 3 min incubation at 95

°C and stored at -20 °C. cDNA was diluted 1:5 fee as a qPCR template.

Primers and probes were synthesised by Primer Desid gPCR was performed in a reaction
volume of 10 ul with 1x Tagman FAST Universal PCR3tr mix (Thermo Fisher), 0.25 uM of each
primer, 0.3 UM probe and 2 ul of a 1:5 dilutionrcBNA. gPCR was carried on the ABI 7500 FAST,
cycling parameters included an initial denaturaaof5 °C for 20 sec followed by 40 cycles of

denaturation at 95 °C, 3 sec and annealing at G0r°80 sec. All PCRs were run in duplicate.

We selected five immune genes, three from theifrotiune pathway: Toll, Prophenoloxidae (PPO),
which is the precursor of the phenoloxidase enz{®), responsible for production of melanin
during the encapsulation response, and lysozymiehvgiioduces the antimicrobial lysozyme

enzyme, active against Gram positive bacteria. Mt selected two genes from the IMD immune
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pathway, Moricin, which produces the AMP Moricictige against Gram positive and negative
bacteria, and Relish, which activates transcriptbAMP genes (Ligoxygakis, 2013; Wiesner and
Vilcinskas, 2010). We also selected three non-imengenes, Tubulin, a component of the
cytoskeleton responsible for organelle and chrommagonovement. Armadillo (b-catenin), which
facilitates protein-protein interactions and EF1 esongation factor facilitates protein synthesis.
These genes were selected, due to robust amplificdtom a pool of potential endogenous controls
that were tested in pilot studies. We also selegtgtpbhorin, which is primarily characterised as a
storage protein (Telfer and Kunkel, 1991), howeitds, up-regulated in response to bacterial
infection and also in response to non-pathogerstebia in the diet ofrichoplusia ni caterpillars

(Freitak et al., 2007) and so we did not have priai expectation as to its behaviour in this spec

Lysozyme assays (Expt 2 only)

Bacterial agar plates were used to determine &ditvity. These were made by mixing 1.5% water
agar and 1.5% freeze-driétl crococcus luteus (Merck: M3770) potassium phosphate buffer in a 2:1
ratio. 10 ml plates of the resulting solution wpoeired and 2 mm diameter holes punched in each
plate. Each hole filled with 1 ml of ethanol satechwith phenylthiourea (PTU), in order to prevent
melanisation of the samples. The ethanol evapgragang the PTU in the hole. Following
defrosting and vortexing of the stored hemolymg@ithewell was the filled with 1pl of hemolymph,
with two technical replicates per sample. The glatere incubated at 30°C for 24 h, and the clear
zones around the samples were measured usingl d@itpers. Lytic activity (mg/ml) was then
calculated from a serial dilution of a hen egg eiyjisozyme (Merck: 62971; Standard series 0.01,

0.05, 0.1, 0.5, 1 and 2 mg per ml in water).

Phenoloxidase assays (Expt 2 only)

Following defrosting of the hemolymph samples, 10fihemolymph was added to 450 ul of
NaCac buffer (1.6g NaCac and 0.556g Gad€kterile distilled water). The solution was thefitsp

into two Eppendorfs (each containing 225 ul), idesrto carry out assays for both proPO and PO.
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To one Eppendorf, 25 pl of NaCac buffer was ad@d §ssay), and to the other, 25 pl of 20 mg
per ml chymotrypsin in NaCac buffer was added (Qr@Rtivated). The samples were vortexed
and incubated at 25 °C for 1 h. 90 ul of each smuvas placed in a well of a 96-well microplate
with 90 pl of 10 mM dopamine as a substrate. Twbnéal replicates were carried out per
sample. Readings were taken every 15 secs for A8 ani490 nm and 25 °C using a Tecan infinite
m200pro plate reader with Magellan software (V7.Bhis range accounted for the linear stage of
the reaction. The maximum rate of reaction wan tieed as an approximation of PO and proPO
level. While many researchers still use L-dopa sslstrate for PO reactions, for insect POs,
dopamine is the preferred substrate over L-dopa.tite natural substrate for insects, it is more
soluble than L-dopa and unlike L-dopa, is not stije spontaneous darkening (Sugumaran,

2002).

Statistical analyses

Gene expression

All statistical analyses were conducted usingRIstatistical package version 3.2.2 (R Core Team,
2018). Gene expression data were normalised usDigMA-Gene (Heckmann et al., 2011), a data
driven approach that normalises gene expressiativelto other genes in the dataset rather than to
specifically identified reference genes. It is jzatarly suited to data sets with limited numbefs o
assayed genes. Normalised gene expression datahgerstandardized using the mean (i) and
standard deviatiors] of each trait (Z = (X- pJo) prior to analysis. The two experiments, run at
different times, had only one treatment in comn{@r; handled vs heat-killed bacteria, 2- heat-ille
vs live bacteria). For ease of interpretation, vemigd to analyse both experiments in a single model
To test the validity of this approach, we first quared the gene expression, physiological immune
response data and the data for the total amounbdfconsumed across both experiments for the
heat-killed treatment only. There was no signiftadifference between any of the measures across

experiments, with the exception of the total amafribod eaten, and expression of the Moricin gene.



311 Therefore, all data were analysed in a single madigh the exception of those two response

312 variables, where data from the two experiments \aaedysed separately.

313 Data were analysed for each gene separately usggy Imixed-effects models in the packalgast

314 (Bates et al., 2015) anther Test (Kuznetsova et al., 2017). For each gene, the fhatehe samples
315 were run on was included as a random effect. Apasimon was made of 90 candidate models for
316 each gene, which comprised 30 models coveringrdiffecombinations of dietary attributes (Table
317  3), either alone, with bacterial treatments addedith bacterial treatment interacting with theteig
318 traits. AIC values were corrected for finite samgilees (AIG) to establish the most parsimonious
319 models including likely nutritional attributes dirng the observed data. Al@alues andikaike

320 weights were estimated using tihuMin packaggBarta, 2018). The relative weight of evidence in
321 favour of one model over another (evidence rati@dtermined by dividing thikaike weight of one
322 model by another (Burnham and Anderson, 2003)atihn&ase, the residuals from the best model
323  were visually inspected for deviations from norityalGene expression for Lysozyme, Arylophorin,
324 PPO, EF1 and Tubulin were Tukey transformed poaeainalysis using the packagempanion

325 (Mangiafico, 2017). For visualisation of the effeof the immune challenge treatment and diet on
326 gene expression (Figures 2-5), residuals from thienmodel, containing just the random plate effect
327 (Model 1, Table 3), were plotted as thin platersgdi using the packagelds (Nychka et al., 2017).
328 Food consumption data were analysed in the samew/éye gene expression data, with experiment
329 included as a random effect.

330

331 Physiological immune responses

332 The same approach was taken for the physiologiwaune measurements, lysozyme, PPO and PO
333 activity, except for these variables, standarddirfexed effects models were run as data were

334  collected in a single experiment. The same seOohBdels as described above were fitted, with the
335 addition of 180 extra models that included the tadeliand interactive effects of the expressiorhef t
336 relevant gene, after correction for the plate tiglariation (residuals from the null model comitag
337 the random effect of plate only) — the lysozymeegtan lysozyme activity and the PPO gene for PPO

338 and PO activity.
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Survival

Time to death was analysed for experiment 2, wizevae were injected with dead or live bacteria
only. Data were analysed using Cox’s proportioraland models in the package (Therneau, 2015).
The same sets of models as described above wes (fltable 3), with the addition of 120 extra
models that included the additive and interactifects of Moricin gene expression, after correction
for the plate to plate variation (residuals frora thull model containing the random effect of plate
only). For visualisation of the effects of the immeuchallenge treatment on survival (dead vs live
bacteria), predicted curves for low and high leaIMoricin gene expression were generated using
the packag&urvminer (Kassambara and Kosinski, 2018) using ggplot2 Khaem, 2016.). The
effects of diet on time to death were plotted &s piate splines using the packé&g@ds (Nychka et

al., 2017).

Results
How does consumption vary across diets and bactetiehallenge treatments?

The total amount of food consumed varied acrossligis. For experiment 1, comparing handled
caterpillars versus those injected with heat-kilbbadteria, the best model predicting consumptios wa
model 30 (Pe*Ce+Pe2+Ce2), but this was indistirtalite from the same model that included the

additive effects of treatment (Treatment+ Pe*Ce+#@x2, delta=1.34).

For experiment 2, comparing dead and live bacterjattions, the best model predicting
consumption was model 20 (Co*R+B®&?), but as for the handled versus dead treatments in
experiment 1, this model was indistinguishable ftbomsame model that included the additive effects

of treatment (Treatment+Co*R+&eR?, delta=0.51).

For all treatment groups, it can be seen that copsion tended to increase as the calorie density of
the diet decreased (Figure 1a,b,d,e), suggestaidabd dilution constrained caterpillars from lggin
able to take in sufficient nutrients, as expecsedl that on the more calorie-dense diets caterpilla

over-consumed nutrients. However, this increadetal consumption was more extreme on the high-
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protein than on the low-protein diets, suggestivag taterpillars were willing to overeat protein to

gain limiting carbohydrates.

Overall consumption tended to decrease with trettmdead-bacteria treated caterpillars ate less
than handled, and live-bacteria treated caterpibiée less than dead-bacteria treated (Figure tha vs
and d vs e). However, inspection of the intakeyarf&igures 1c,e), suggests that consumption was

most reduced in both dead and live bacteria treayan the highest protein diets.

How does immune gene expression vary across dietgdabacterial challenge treatments?

For the immune genes (Toll, PPO, Lysozyme, Mor&id Relish), injection with dead bacteria
resulted in up-regulation of gene expression ngdatd handled caterpillars (Figure 2). In contrast,
injection with live bacteria either did not up-régjie gene expression relative to controls (TollOPP
and Lysozyme), or did not up-regulate it as strgiilyloricin and Relish) (Figure 2). For the non-
immune genes (Arylophorin, EF1, Armadillo and Tub)lthe variation in expression levels was
lower; for Arylophorin, EF1 and Armadillo, live bigeia triggered the down-regulation of gene
expression relative to handled caterpillars, wiiiiste was no effect for Tubulin (Figure 2). For
Arylophorin, Armadillo and Tubulin, injection withead bacteria up-regulated gene expression
relative to handled caterpillars but there wasffecefor EF1 (Figure 2). The best supported model
for every gene tested was model 30, with the biatteeatment interacting with the amount of
protein and carbohydrate eaten (Treatment*(Pe*CeHE®)). However, although the fit of these
models was generally good & 0.26-0.86), with the exception of Moricin, thmaunt of variation
explained by the fixed part of the model was very (* < 0.12; Table 4; Figures 3-5). This means
that the majority of the variation in gene expressias caused by variation across plates. For
Moricin, when comparing the handled and dead treats) 74% of the variation explained by the
model was explained by the fixed terms due to thesive up-regulation of Moricin in the dead-
bacteria injected larvae (Figures 2, 3a,b). Thiedihce between the dead and live treatment groups

was much smaller and comparable to the other imrgenes (Table 4, Figures 3c,d)



391 Variation in the expression of all of the genes wgglained by main and interactive effects of the

392 amount of protein and carbohydrate eaten, andéndotion with the bacterial treatment, suggesting
393 that the response to diet for each gene differeasadreatments. A visualisation of these response
394 surfaces (Figures 3-5) shows that, for the immuareeg, whilst there is general up-regulation between
395 handled and dead bacterial challenges, the resgonisees are fairly flat, i.e. diet does not ekpla

396 much variation in gene expression. However, follitheechallenge, expression tends to peak at

397 moderate protein but high carbohydrate intake, Wharesponds to the highest intakes on the 33%
398 protein diet for Toll, PPO, Lysozyme and Relishd @am the 17% protein diet for Moricin (Figures

399  3,4). In contrast, the non-immune genes (ArylphdeRl, Armadillo and Tubulin), show a

400 consistently weak response to the dietary manijpuatvith much flatter surfaces on average than

401 those shown by the immune genes (compare Figuiéhdgure 5).

402

403 Does immune gene expression predict physiologicahinune responses?

404  For the Lysozyme and PPO genes, we simultaneoushguned functional lytic and PPO (and PO)
405 activity in the hemolymph, allowing us to determhmewv well gene expression predicts the functional
406 immune response. We had lytic and PO data onli£xperiment 2, where larvae were challenged

407  with live or dead bacteria.

408 For PPO activity, AICc could not discriminate betmeseveral of the diet models, with seven being
409 equally well supported (delta < 2; Table 5). Ofstaenodels, the top six contained protein and protei
410 squared with additive or interactive effects ofteaal treatment or gene expression (Table 5) tik@r
411  models that included treatment, the estimates shatWPPO activity was increased with live bacterial
412  infection. For PO activity, AICc could not discrinaite between 11 different models (delta < 2; Table
413  6). However, the top three models were the sanfier&PO, with protein plus protein squared with
414  additive or interactive effects of PPO gene expoas©nly two of the models contained treatment
415 effects and both in interaction with diet composefRor Iytic activity in the hemolymph, three

416 models were equally well supported, all of whiclnteéned Lysozyme gene expression interacting
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with dietary components, which were either protaid protein squared, as for PO and PPO, or the
P:C ratio (Table 7); none of the models contaimedtment, suggesting that lysozyme activity is up-
regulated in response to the presence of bactedimat whether they are alive or dead. As for gene

expression, the overall explanatory power of thel@®was quite low, {& 0.12; Tables 5-7).

For ease of comparison, all 3 physiological immtrags were plotted against the protein content of
the diet, as this model was common to all threstrand the expression of the relevant gene, which
featured in the majority of the selected modeld(@a5-7). The effect of treatment was excludeid as
did not feature in the majority of the models. Each trait, activity in the hemolymph tended to
increase with gene expression, as we might expatthis was strongly moderated by the protein
content of the diet (Figure 6). For PO and PPQréigtion low protein diets enzyme activity was low
and there was little correspondence between ggmression and the physiological response, but as
the protein content of the diet increased, thigtimhship became more linear (Figure 6a,b). Fat Iyt
activity the pattern was different in that enzynoé\aty increased strongly with the protein andsles
strongly with lysozyme gene expression up to adét protein, thereafter there was consistently

high lytic activity across all levels of gene exgsi®n (Figure 6c¢).

Does immune gene expression predict survival?

Survival was reduced in the live bacterial treathygoup relative to those injected with dead baater
(Hazard ratios 1.25-1.31 for models without treattmeteractions, Table 3), however, this effect was
moderated by Moricin expression (Figure 7 a,b}hindead-bacteria treatment group, Moricin did not
explain time to death, but in the live-bacteriatrneent group, larvae with high levels of Moricin
expression had an increased risk of death reladitleose with low expression (Figure 7 a,b; Hazard
ratios 1.20-1.24 for models without GE interactiohable 3). Of the top 5 models, 4 included the
additive and interactive effects of protein ancboawydrate eaten as well as their squared termdgTab
3). To visualise the effects of diet on survival metted thin-plate splines for time to death aghin

the amount of protein and carbohydrate consumeel patterns differ between dead and live bacterial



443 treatments. Time to death is overall shorter inlithetreatment (note the shift of colour towards
444  orange and blue). However, whilst time to deathfiscted by both protein and carbohydrate

445  consumption in the dead treatment, with peak sahan high protein/low carbohydrate and vice
446  versa, in the live treatment, time to death apptabe solely explained by protein availability {®@o
447  the near-vertical contours). Low-protein diets heslin the most rapid deaths and high-proteinsdiet

448 extended the time to death.

449

450 Discussion

451  Previous work has shown that immune responseseairdngly affected by the amount and/or

452  balance of nutrients in the diet e.g. (Fernandes. €1976; Ingram et al., 1995; Kristan, 2008; Le

453 Couteur et al., 2015; Lee et al., 2006; Nayak .e28l09; Povey et al., 2009; Ritz and Gardner, 2006
454  Wallace et al., 1999; White et al., 2017). Howeweost of these studies covered only a relatively
455  small region of nutrient space (Fernandes et @r6lingram et al., 1995; Lee et al., 2006; Naytak e
456 al., 2009; Povey et al., 2009; Ritz and Gardned620Vhite et al., 2017) and/or only tested innate
457  responses (e.g.(Fernandes et al., 1976; Ingraim @085; Le Couteur et al., 2015; Lee et al., 2006
458 Nayak et al., 2009; Povey et al., 2009; White gt26117) or the response to an artificial pathogren
459 immune stimulant (Cotter et al., 2011b). Here werassed this gap by looking at both gene

460 expression, functional immune responses and surftexr both dead and live pathogen challenges
461 over a broad region of nutrient space. Our majadifigs are that whilst functional immune responses
462 (PPO, PO and lytic activity in the hemolymph) chauag expected in response to the dietary

463 manipulation, showing a clear elevation as theginatontent of the diet increases, gene expression
464  much less predictable (Figures 3,4). Despite thipression of the PPO and Lysozyme genes did
465 predict PPO/PO and Lysozyme activity in the hemalnbut this relationship was strongly

466 dependent on the amount of protein in the dietuileid), suggesting that using immune gene

467 expression as an indicator of the efficacy of thenune response may be reliable only under specific
468 dietary conditions. Furthermore, expression ofrtfzst responsive gene to infection (Moricin)

469 strongly modulated survival, with high levels ofpeassion resulting in reduced survival after
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bacterial infection, suggesting that expressiamrisarker of bacterial load or ‘sickness’ as oppdeed

an indication of a robust immune response.

Our dietary manipulation was successful in indu@atgrpillars to consume over a large region of
nutrient space, allowing us to independently asfeseffects of macronutrient composition and the
calorie content of the diet on immunity. There waglence for compensatory feeding; caterpillars
did not consume the same amount of every dietxpsaed, caterpillars ate more as the calorie
density of the food decreased (Figure 1), buttarged across diets, such that consumption was
highest on the high protein diets, suggesting¢htdrpillars were willing to over-eat protein targa
limiting carbohydrates. However, as has been fonmptevious studies (Adamo, 1998; Adamo et al.,
2007; Exton, 1997; Lennie, 1999; Povey et al., 2044 found some evidence for illness-induced
anorexia. Caterpillars injected with lie nematophila showed suppressed food consumption across
all diets (Figure 1le — note the shift of colounwaods oranges and blues). Interestingly, injectiith
deadX. nematophila did not induce this response, which suggestsitighot the triggering of an
immune response that causes this change in conismnptit the presence of an actively replicating
pathogen. This reduction in consumption was alssistent across diets, with infected caterpillars,

on average, consuming just 77% of the food consumydtkalthy caterpillars (Figure 1c).

In insects, two major pathways are triggered ipoese to microbial infection; typically, genesiiet
Toll pathway respond to infection by fungi and Grpasitive bacteria, whilst genes in the IMD
pathway respond to Gram-negative bacteria (Brokletial., 2009). Moricin and Lysozyme are
triggered by Toll in Lepidoptera (e.g. (Zhong et aD16), but Moricin has also been shown to
respond to Gram-negative bacteria and so may al$adgered by IMD (Hara and Yamakawa,

1995). Of the 5 immune genes we tested, only tHe gdnes, Moricin and Relish, were significantly
up-regulated in response to infection with bothddaad live bacteria. For the Toll genes (Toll, PPO
and Lysozyme), gene expression was up-regulatetbag bacteria but not by live bacteria (Figure 2).
However, even for Moricin and Relish, up-regulatwais much stronger in response to dead than live
bacteria. This may reflect a general down-regutatibgene expression during an active infection, as

the non-immune genes typically show reduced gepeegsion in response to the live infection
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compared to the controls. This may be driven byilthess-induced anorexia, with reduced
consumption resulting in lower metabolic activitydaconsequently lower gene expression. However,
there is evidence that nematophila can inhibit Cecropin, Attacin and Lysozyme genpresgsion (Ji
and Kim, 2004; Park et al., 2007). It may be thather than specifically inhibiting AMP gene

expressionX. nematophila inhibits the expression of all genes.

As Moricin was most strongly up-regulated in resgmto infection, we tested how its expression
correlated with time to death in challenged catlemsi (dead vs live injection, Expt 2 only). Whilst
Moricin expression had negligible effects on suaVim the dead bacterial treatment, high levels of
expression were indicative of amcreased risk of death after live infection. Thus, high egpsion

levels were not a good indicator of immune capadbityt rather signalled heavy bacterial loads or low
tolerance. Distinguishing between these hypothesesd require data on bacterial loads at different
time points after infection. Survival was also agly affected by diet, with the longest survivahéis
occurring on the highest protein diets after liasteria infection. High-protein diets have been
implicated in increased survival after viral infiect in this species (Lee et al., 2006) and aftéreei
bacterial or viral infection in the congen8ppdoptera exempta (Povey et al., 2009; Povey et al.,
2014). However, none of these diets are assoaithdhe highest gene expression for any immune
gene, suggesting that high-protein diets may rethe®urden of infection via mechanisms other than

improving the immune response.

X. nematophila is a Gram-negative bacterium, and is clearly &rgwy Moricin and Relish expression,
but as Toll is only marginally up-regulated in respe, it is probably the IMD pathway that is
controlling this response. Another possible expiangor why live bacteria appear to trigger a dewn
regulation of gene expression is that our sampitogocol (20 h post-challenge) did not allow us to
catch peak expression levels (note that bacterdald tend to peak @& littoralis at around 24h).
Expression of lysozyme and PPO in the Glanvill@lfry butterfly was not up-regulated 24 h after
injection withM. luteus cells (Woestmann et al., 2017) , whilst in th&wdrm, up-regulation of
lysozyme in response to fungal infection occurrethio peaks, from 9-18 h, and then between 30 and

48 h (Hou et al., 2014) . This may be a fungal-ggeesponse, or it might mean that we would have
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seen higher gene expression had we assayed oegteared time period. It is also possible that the
timing of gene expression peaks earlier after igther than dead bacterial injection, further &tsid
would be required to elucidate the time courseenfegexpression for the different genes to be certai
of this. However, as non-immune genes also appefatlow the same pattern, reduced expression in
response to live vs dead bacteria, the hypothleatdrifection results in down-regulation of gene

expression in general is a reasonable assumption.

Arylphorin is primarily characterised as a storpgatein (Telfer and Kunkel, 1991), however, it is
up-regulated in response to bacterial infectionasd in response to non-pathogenic bacteria in the
diet of Trichoplusia ni caterpillars (Freitak et al., 2007). It has beleoven to bind to fungal conidia in
Galleria mellonella hemolymph, potentially working in coordination wigntimicrobial peptides
(Fallon et al., 2011). The lack of up-regulatioménmay be due to the use of a Gram-negative
bacterial challenge; the up-regulationilimi was in response to a mixturetfcoli (G-ve) and
Micrococcus luteus (G+ve), so it is not clear if both or just onetloé bacteria caused the response.
Another possibility is that Arylphorin levels arkemdy expressed at maximal levels and cannot be
further up-regulated. If. ni caterpillars, Arylphorin is the most abundant pnotin the hemolymph
during the final instar (Kunkel et al. 1990). l&véls are known to increase throughout the finsthin

in Soodoptera litura (Yoshiga et al., 1997), and the point at which gexgression was measured here
was 48-72 h into the final instar, which is sholibfore pupation. The pattern of gene regulation fo
Arylphorin looks more like that shown by the norailine genes, with little or no up-regulation in
response to dead bacteria and down-regulatiorsjporese to live bacteria. Further studies would be

required to assess the role of Arylphorin as atmgtammune gene in this species.

For two of the immune genes, PPO and Lysozyme, &re able to simultaneously measure the
activity of the relevant protein in the hemolympghaameasure of the functional immune response.
Thus, we were able to assess how well gene expregeedicts functional immune activity and
whether this relationship changes with the dieteHe/e found that for each functional immune
response, PPO activity, PO activity and lysozymevidly, expression of the relevant gene does

predict the response, but only at certain intakgsatein (Figure 6). For example, PPO and PO
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activity increase linearly with the expressiontod PPO gene, but only above ~30% dietary protein
(Figure 6). This suggests that the availabilitgigitary protein limits the translation of PPO mRNA
into PPO protein, and the activation of PPO into PQontrast, the expression of the gene is not
limited by protein availability, and so gene exggien can be high when dietary protein is low, bbut i
is ineffective as it does not result in a compagdbhctional immune response. The lytic response is
also affected by dietary protein, however, in ttdse, the relationship between gene expression and
lytic activity is consistently weak and above 4586tpin maximal lytic activity is achieved at low
gene expression, and increased expression do@spratve the response. As for PPO, this suggests

that protein limits the translation of lysozymetombout 45% protein.

These results are not surprising when you considecosts associated with the production of protein
It is estimated that only 10% of the energetic £a$tprotein production are spent on transcription;
translation is much more energetically expensiweraties on the availability of amino acids to bluil
the relevant protein (Warner, 1999). It is likelyerefore, that whilst transcription of immune gene
might still be up-regulated in response to infattimder low protein conditions, the translatiorhef
protein might be reduced, impairing the correlatetween mRNA and protein abundance. It is also
possible that gene expression would be a bettdigioe of the functional response at different time
points, if there is a lag between gene expressidrpaotein translation. Again, this would require
further investigation. However, given the much sger relationship between the physiological
immune responses and protein availability, it si#iéms likely that the relationship between the two
will differ across diets. Our results suggest twition should be used when interpreting gene
expression as a measure of “investment” into dquéar trait, or as a measure of the strength of a
particular immune response. It is surprisingly camnn ecological studies for gene expression to be
used in this way without any attempt to correla éxpression of a gene with the production of the
functional protein (Zylberberg, 2019). If dietamofein levels are limiting, then gene expressioy ma
be a poor indicator of the immune capacity of amah Here we have tested this just with immune

genes for which we have good functional assaybe#fttive protein, but it seems likely that this
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would also be true of other classes of genes, Ficlwgene expression is routinely used as an

indicator of an organism’s investment.

In summary, as expected, immune challenge withea@iram-negative bacterium up-regulated
immune genes in the IMD pathway, though all immgaees were up-regulated to a certain extent by
the challenge with dead bacteria. While functiamahune responses (PO, PPO and Lysozyme)
typically improved with the protein content of ttiet, gene expression varied non-linearly with diet
composition. However, the expression of PPO andiyme genes predicted PPO/PO and Lysozyme
activity, but only when the availability of dietapyotein was not limiting, suggesting that usingee
expression as an indicator of investment in a isainlikely to be reliable, unless its relationstiith

diet is known.
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Tables

Table 1. Nutritional composition of the 20 chemicdy-defined diets

Diet Protein  Carbs Fats Cellulose  Micro- Energy Ratio P:C
nutrients
(9/200g (9/100g (g/100g (g/100g (g/200g  (kJ/100g (%)
diet) diet) diet) diet) diet) diet)

1 10.5 52.5 11 33.0 3.0 1112 0.17 1:5
2 7.0 35.0 1.1 54.0 3.0 756 0.17 1:5
3 5.6 28.0 1.1 62.4 3.0 612 0.17 1:5
4 2.8 14.0 11 79.2 3.0 326 0.17 1:5
5 21.0 42.0 11 33.0 3.0 1112 0.33 1:2
6 14.0 28.0 11 54.0 3.0 756 0.33 1:2
7 11.2 22.4 1.1 62.4 3.0 612 0.33 1:2
8 5.6 11.2 1.1 79.2 3.0 326 0.33 1:2
9 31.5 31.5 11 33.0 3.0 1112 0.50 11
10 21.0 21.0 11 54.0 3.0 756 0.50 11
11 16.8 16.8 11 62.4 3.0 612 0.50 11
12 8.4 8.4 1.1 79.2 3.0 326 0.50 1:1
13 42.0 21.0 11 33.0 3.0 1112 0.67 2:1
14 28.0 14.0 11 54.0 3.0 756 0.67 2:1
15 22.4 11.2 1.1 62.4 3.0 612 0.67 2:1
16 11.2 5.6 1.1 79.2 3.0 326 0.67 2:1
17 52.5 10.5 1.1 33.0 3.0 1112 0.83 5:1
18 35.0 7.0 1.1 54.0 3.0 756 0.83 5:1
19 28.0 5.6 1.1 62.4 3.0 612 0.83 5:1
20 14.0 2.8 11 79.2 3.0 326 0.83 5:1

See Table S1 for information about the specificedgents for each diet



817

818 Table 2: Primer and probe sequences used for the R analysis of immune gene expression

Gene Primers (8- 3 Probe (B8 - 3) Amplicon Efficiencies
sizes (bp)

Toll FOR: VIC- 76 93.8%
AATGCTCGTGTTATCATGATC CTGGACCACCACTA
AAA ACGTCGTCGATTG-
REV: TAMRA
CGTGATCGTAGCCAGCGTTT

PPO FOR: VIC- 67 97.4%
GCTGTGTTGCCGCAGAATG CCGCGTATCCCGATC
REV: ATCATCCC-TAMRA
AAATCCGTGGCGGTGTAGTC

Lysozyme FOR: VIC- 76 96.6%

TGTGCACAAATGCTGTTGGA  ACATCACCCTAGCTT
REV:CGAACTTGTGACGTTTGT CTCAGTGCGCC-

AGATCTTC TAMRA

Relish FOR: 6FAM - 82 95.3%
TCAACATAACAACACGGAGG CCCACAAATTACTTG
AA AAGATGAACAGGAC
REV: CC-TAMRA
ATCAGGTACTAGGCAACTCAT
ATC

Moricin FOR: VIC- 77 91.4%

GGCGCAGCGATTGGTAAA TCTCCGGGCGATTAA
REV:GGTTTGAAGAAGGAATA CATAGCCAGC-

GACATCATG TAMRA

EF1 FOR: 6FAM - 94 94.0%
TCAAGAACATGATCACTGGAA CCAGGCCGATTGCG
CCT CCGT-TAMRA
REV: CCAGCGGCGACAATGAG

Arylphorin FOR: VIC- 112 96.7%
CGTCAGATGCAGTCTTTAAGA AATACCACGCCAAT
TCTTC GGCTATCCGGTT-
REV: TAMRA
TGCACGAACCAGTCCAGTTC

Armadillo FOR: 6FAM- 70 92.8%
TGCACCAGCTGTCCAAGAAG AAGCTTCTCGCCATG
REV: CTATTATGAACTCGC
AAAGCGGCAACCATTTGC -TAMRA

Tubulin FOR: 6FAM- 81 100%
CGTGGAGCCCTACAACTCTAT ACCACCCACACCAC
CC CCTTGAGCAC-
REV: TAMRA
GCCTCGTTGTCGACCATGA

819
820

821



822
823 Table 3: Terms included in each of the basic modetescribing different attributes of the diet or

824  the amount of protein or carbohydrate consumed.

Terms included in model

Model P C P C*! Co R Cd R?° Pe Ce P& C¢é

©O~NOUIAWNE
XX X X X X X X
*  *
XXX XX XXX
X

X X

[EnY
(o]
X X X X X

X X

X X

X XXX x

X
X
X
X

N

[%s)
XX X X X X
X X X X

825

826 The table shows the terms included in each of €hea3ic models covering the different dietary
827 attributes. These models were also run includiegttnent as an additive or interactive effect, gjvin
828 90 models in totalP (protein) =grams of protein offere@,(carbohydrate) = grams of carbohydrate
829 offered,Co (concentration) = percentage of the diet that awsap digestible nutrients (17%, 34%,
830 42%, 63%)R (ratio) = percentage of protein in the digestidenponent of the diet (17%, 50% or
831 83%);Pe(protein eaten) =grams of protein eat€e(carbohydrate eaten) = grams of carbohydrate
832 eaten. For Pe and Ce this was calculated oveirdiel8 hours. Asterisks indicate interactions

833 between terms (e.g. Models 10 and 11 include tteedantion between protein and carbohydrate
834  offered). Each of variables was also included sguared term (e.§?). These 30 models were

835 modified by including additive or interactive efte®f treatment (base 90 models for all analyses).
836  For the physiological traits and survival, the b88enodels were modified with the additive or

837 interactive effects of expression of the relevameas (180 models).

838
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Table 4: The best model selected by AICc to explaivariation in gene expression across the diet

and bacterial treatments.

Gene Best Model  Rfixed R? both
Toll Treat*30 0.059 0.717

PPO Treat*30 0.035 0.715
Lysozyme Treat*30 0.104 0.736
Relish Treat*30 0.120 0.378
Moricin (1) Treat*30 0.741 0.741
Moricin (2) Treat*30 0.097 0.264
Arylphorin Treat*30 0.089 0.275
EF1 Treat*30 0.023 0.862
Armadillo Treat*30 0.034 0.696
Tubulin Treat*30 0.040 0.855

Table 5: The best models selected by AlCc to exptavariation in PPO activity in the

haemolymph. GE represents gene expression for thé°® gene. Treat represents the immune

challenge treatment.

Model df Log Likelihood AlCc delta weight R?

3 4 -432.120 872.4 0.00 0.078 0.093
GE+3 5 -431.259 872.7 0.34 0.066 0.098
GE*3 7 -429.321 873.0 0.64 0.057 0.109
Treat+3 5 -431.737 873.7 1.30 0.041 0.095
Treat+GE*3 8 -428.617 873.7 1.34 0.040 0.113
Treat+GE+3 6 -430.716 873.7 1.34 0.040 0.101
7 5 -431.938 874.1 1.70 0.033 0.094
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Table 6: The best models selected by AlCc to exptavariation in PO activity in the
haemolymph. GE represents gene expression for thé’® gene. Treat represents the immune

challenge treatment.

Model df Log Likelihood AlCc delta weight R?

GE*3 7 -425.954 866.3 0.00 0.062 0.092

GE+3 5 -428.058 866.3 0.04 0.061 0.080
3 4 -429.363 866.9 0.58 0.047 0.072

GE+16 5 -428.350 866.9 0.62 0.046 0.078
GE+9 7 -426.378 867.1 0.85 0.041 0.090
16 4 -429.513 867.2 0.88 0.040 0.071

GE+Treat*17 10 -423.239 867.2 0.93 0.035 0.108
Treat*17 9 -424.471 867.5 1.26 0.033 0.100
GE+17 6 -427.775 867.8 1.55 0.029 0.081
GE+10 8 -425.777 868.0 1.75 0.026 0.093
GE+19 6 -427.887 868.0 1.77 0.026 0.081

Table 7: The best models selected by AlCc to explavariation in lytic activity in the

haemolymph. GE represents gene expression for thgsbzyme gene.

Model df Log Likelihood AlCc delta weight R?

GE*15 7 647.521 -1280.7 0.00 0.208 0.072
GE*18 9 649.465 -1280.3 0.34 0.176 0.080
GE*3 5 644.526 -1278.9 1.82 0.084 0.051




858 Table 8: The best models selected by AICc to exptaivariation in survival after bacterial (dead

859 or live) injection. GE represents gene expressiowf the Moricin gene.

Model df  Log Likelihood AlCc delta weight R’
Treat+GE*30 12 -1662.917 3350.8 0.00 0.139 0.127
Treat*GE*30 23 -1650.823 3351.1 0.30 0.120 0.186
Treat+GE+30 7 -1668.715 3351.8 0.99 0.085 0.098
Treat+GE+20 7 -1668.864 3352.1 1.29 0.073 0.097
GE*30 11 -1664.796 3352.4 1.61 0.062 0.118
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Figure legends

Figure 1 — The total amount of food eaten by cateillars that were either (a) handled or (b)

injected with dead bacteria (Experiment 1) or (d) mjected with dead bacteria versus (e) live

bacteria (Experiment 2). Blue colours indicate lonconsumption and red colours high

consumption. Colours are standardised within eachx@eriment and are not comparable across

experiments. Numbers on the contour lines indicate values for consumption. Intake arrays

indicating total consumption across the diets aret®wn separately for (c) experiment 1 and (d)

experiment 2.
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Figure 2 — Mean gene expression (+/- SE) for eachtbe immune genes and non-immune genes
in response to immune challenge treatment, relativio the ‘handled’ controls. Genes are
grouped by immune pathway Toll (blue zone: Toll, PB, Lysozyme and Moricin), IMD (pink
zone: Moricin and Relish [11] [12] ) or classifiedas non-immune genes (grey zone; Arylophorin,
EF1, Armadillo and Tubulin). The black dashed linerepresents gene expression in the handled
group. Residuals from the model accounting for theandom effects of ‘plate’ are plotted against

treatment. All models were re-run on untransformeddata for ease of visualisation.
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Figure 3 — Variation in Moricin expression across tts in haemolymph of caterpillars subject to
different immune challenge treatments, (a) handlednly, (b) injected with dead bacteria (Expt
1), (c) injected with dead bacteria (Expt 2) and (Hinjected with live bacteria. Blue colours
indicate low gene expression and red colours higlege expression. Colours are standardised

within each experiment and are not comparable acr@sexperiments.
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Figure 4 — Variation in immune gene expression aces diets in haemolymph of caterpillars
subject to different immune challenge treatments,g-c) Toll, (d-f) PPO, (g-i) Lysozyme and (j-I)
Relish. All figures in the first column are for the handled treatment, column 2 includes those
injected with dead bacteria and column 3, those igjcted with live bacteria. Blue colours

indicate low gene expression and red colours higlege expression.
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Figure 5 — Variation in non-immune gene expressioacross diets in haemolymph of caterpillars
subject to different immune challenge treatments,&-c) Arylophorin, (d-f) EF1, (g-i) Armadillo
and (j-I) Tubulin. All figures in the first column are for the handled treatment, column 2
includes those injected with dead bacteria and coilan 3, those injected with live bacteria. Blue

colours indicate low gene expression and red colasihigh gene expression.
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Figure 6 — Physiological immune responses vary witthe protein content of the diet and the
expression of the relevant gene. (a) PPO and (b) Rativity in the haemolymph in response to
PPO gene expression and (c) lysozyme activity ingthaemolymph in response to lysozyme gene

expression. Blue colours indicate low activity anded colours high activity.
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920 Figure 7 —=Survival for larvae injected with eitherdead (a,c) or live (b,d)X. nematophila

921 bacteria. Predicted survival curves (a,b) are plotd for model Treat*GE*30. Protein eaten and
922 carbohydrate eaten were set at mean values for eacbefficient and Moricin gene expression
923 was set as either low (lower quartile) or high (uper quartile). To visualise the effects of diet on
924  survival, time to death (c,d) is plotted as thin @te splines against the amount of protein and
925 carbohydrate consumed. Blue colours indicate a shotime to death and red colours a slow time

926 to death.
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Highlights

* High protein diets improved survival after live bacterial infection

* Injection with dead bacteria increased expression of Toll and IMD immune genes.
* Injection with live bacteria inhibited immune gene expression (GE).

* The ratio and concentration of macronutrients in the diet affected GE.

* GE only predicted functional immune activity at high levels of dietary protein.



