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Abstract

Many taxa exhibit plastic immune responses initiated after primary microbial exposure that 

provide increased protection against disease-induced mortality and the fitness costs of infection. In 

several arthropod species, this protection can even be passed from parents to offspring through a 

phenomenon called trans-generational immune priming. Here, we first demonstrate that trans-

generational priming is a repeatable phenomenon in flour beetles (Tribolium castaneum) primed 

and infected with Bacillus thuringiensis (Bt). We then quantify the within-host dynamics of 

microbes and host physiological responses in infected offspring from primed and unprimed 

mothers by monitoring bacterial density and using mRNA-seq to profile host gene expression, 

respectively, over the acute infection period. We find that priming increases inducible resistance 

against Bt around a critical temporal juncture where host septicemic trajectories, and consequently 

survival, may be determined in unprimed individuals. Our results identify a highly differentially 

expressed biomarker of priming, containing an EIF4-e domain, in uninfected individuals, as well 

as several other candidate genes. Moreover, the induction and decay dynamics of gene expression 

over time suggest a metabolic shift in primed individuals. The identified bacterial and gene 

expression dynamics are likely to influence patterns of bacterial fitness and disease transmission in 

natural populations.
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Introduction

The ability to respond to fluctuating environments through phenotypic plasticity allows 

organisms to balance the trade-offs of expressing traits that might confer unequal fitness in 

different environments. Immunity is a trait that benefits from plastic patterns of expression 

because immune responses exert energetic (Povey et al. 2009), immunopathological (Sadd & 

Siva-Jothy 2006), and multiple-fronts (Sadd & Schmid-Hempel 2009; Tate & Graham 2015) 

costs that decrease organismal fitness in the absence of infection (Contreras-Garduño et al. 
2014). Despite lacking a traditional adaptive immune system based on somatic 

recombination, arthropods from many taxa are able to plastically increase their immune 

response upon re-exposure to previously encountered microbes and parasites (Hernández 

López et al. 2014; Little et al. 2003; Milutinović et al. 2013; Pham et al. 2007; Roth & Kurtz 

2009; Roth et al. 2009; Sadd & Schmid-Hempel 2007; Zanchi et al. 2012). This 

phenomenon, termed “immune priming,” increases the odds of surviving infection, although 

relatively little is known about the underlying temporal dynamics of the primed response. 

Immune priming can even be passed trans-generationally from parents to offspring (Roth et 
al. 2010).

Trans-generational immune priming can spring from both maternal and paternal sources, 

although the immunological and fitness consequences of priming for the offspring may 

differ based on parental sex (Roth et al. 2010; Zanchi et al. 2011). A recent study in the 

honeybee Apis millifera suggests that bacteria-challenged mothers import bacterial 

fragments bound to the ubiquitous egg yolk protein vitellogenin (Salmela et al. 2015) into 

eggs, providing a means for offspring to sample and respond to specific challenges in the 

maternal environment. Indeed, eggs from bacteria-challenged mothers exhibit increased 

antibacterial activity in the beetle Tenebrio molitor (Zanchi et al. 2012) and in bumblebees 

(Sadd & Schmid-Hempel 2007), although it is not clear whether these antimicrobial proteins 

were produced maternally or zygotically. Moreover, there is conflicting evidence as to the 

protective mechanism of priming once these eggs hatch and the larvae develop, with some 

studies showing a continued concentration of antimicrobial peptides (Barribeau et al. 2016; 

Sadd & Schmid-Hempel 2007), some suggesting a differentiated cellular response 

(Hernández López et al. 2014), and some implicating an inducible transcriptional program 

(Trauer-Kizilelma & Hilker 2015). However, studies on trans-generational priming, to date, 

have not explored the importance of feedbacks between bacterial load and immune 

responses, and most (but see (Barribeau et al. 2016)) only assay targets previously identified 

as important in the unprimed immune response against infection.

To understand how trans-generational priming gives rise to the post-infection survival 

advantage, we believe that it is important to consider the temporal dynamics of both 

bacterial growth and the full primed physiological response (Graham et al. 2011) in the 

offspring during acute infection. From a gene regulation perspective, priming may manifest 

as a change in constitutive levels of gene expression, wherein a primed individual may 

produce more or less, respectively, of a beneficial or detrimental transcript before infection 

(Barribeau et al. 2016). Priming may also manifest as an altered rate of change in gene 

expression over time, as we might expect if primed individuals are able to jump-start 

pathogen recognition, signaling and effector machinery more quickly than their unprimed 
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counterparts upon detection of infection. Finally, priming may manifest as a change in the 

integral of gene expression over time, as we would expect if the overall magnitude of gene 

expression, or increase or decrease in negative regulation, produces an increase in resistance 

or tolerance (Ayres & Schneider 2012) to infection relative to unprimed insects.

To address these hypotheses, we performed multiple trans-generational immune priming 

experiments, differing in offspring disease-induced mortality rates, using an insect host 

(Tribolium castaneum) and a bacterial pathogen (Bacillus thuringiensis serovar Berliner) that 

induces rapid septicemia when introduced directly into the insect hemocoel. To characterize 

the within-host dynamics of bacterial growth preceding disease-induced mortality, we 

measured bacterial density across time in the infected larval offspring of primed and 

unprimed mothers. To characterize and quantify gene expression profiles across priming 

status and experiment and in correlation to bacterial load and time, we then used next-

generation mRNA sequencing. Here, we present the results of these analyses, identify 

candidate genes and pathways that differentiate primed larvae from their unprimed cohorts, 

and provide evidence for the repeatability of priming in this system. We discuss the 

implications of our results for the temporal dynamics of host-pathogen interactions, host 

survival, and pathogen fitness.

Methods

Beetle and bacteria sources and rearing conditions

We obtained T. castaneum beetles from the Carolina Biological Supply (#144356). For these 

experiments we used three beetle lines that were confirmed uninfected with common stock 

parasites (mites and protozoa) or sources of unexplained mortality for at least five 

generations, and crossed 20 from each line into a single colony two generations before the 

beginning of the experiment. All beetle stocks were maintained in All-Purpose Gold Medal 

Flour supplemented with 5% baker’s yeast in a 30°C incubator in the dark.

To prepare B. thuringiensis (ATCC 10792/DSM 2046 as used in (Roth et al. 2010)) for 

experiments, we started a 30°C overnight culture in nutrient broth from a −80 °C Bt stock in 

glycerol. When the culture optical density reached 1.0 at 600nm we centrifuged the desired 

volume of culture at 16,000×g for 3 minutes and discarded the supernatant. We re-suspended 

the pellet in 1mL insect saline (pH 7.4) and then either heat-killed the bacteria at 95 °C for 

ten minutes (for maternal injections) (Roth et al. 2009) or else proceeded with live bacteria 

(for larval offspring infections).

Trans-generational immune priming

To create the parental generation for each trans-generational priming experiment, we 

collected fully mature adult beetles from the T. castaneum stock colony described above and 

divided them randomly into breeding groups, with 15–18 adults per group (Fig. S1). Adults 

were allowed to lay eggs for four days. When offspring reached the pupal stage, we divided 

them by sex and breeding group. We considered the adult population mature and ready to 

reproduce when 90% of adults were ten days post eclosion, and we excluded from the 

experiment any under-developed adults at that time. We then randomly assigned females to 
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three maternal treatment groups (30/group): Naïve unprimed treatment, sterile saline 

wounding treatment (hereafter “saline control”), or heat-killed B. thuringensis priming 

treatment.

We placed female beetles from all treatment groups on ice. Females in the saline and primed 

treatments received a jab between the pronotum and occiput at an angle nearly parallel to the 

anteroposterior axis (to prevent puncturing the gut) with an ultra-thin needle (0.10×12mm) 

dipped in sterile saline or heat-killed bacteria solution (2×10^8 CFU/mL, or about 100–200 

vegetative cells per challenge estimated by rinsing and plating needle contents from non-

heat-killed aliquots). Females were allowed to recover in individual wells of 96-well plates 

overnight and then placed in individual glass vials with about 2mL of loosely packed flour/

yeast mixture. Post-treatment maternal mortality in saline control and primed treatments did 

not differ significantly from naïve and was less than 5% for each experiment. We paired a 

naïve male from a different breeding group with each female and allowed the pair to lay 

eggs for five days.

For experiment one, conducted in Feb. 2012, we collected 210 approximately 16 day old 

larvae randomly from breeding pairs across each treatment (630 total larvae, Fig. S1). We 

infected 60 mid-instar larvae per maternal treatment with a needle dipped in live B. 
thuringiensis solution (5×10^7 CFU/mL, or an estimated 15 cells/larva (Fig. S2)) while 

another 40/treatment were left unchallenged. Offspring of unprimed mothers are hereafter 

referred to as unprimed hosts, while offspring of saline control and Bt-primed mothers are 

referred to as “saline” and “primed” hosts, respectively. All subjects were maintained in 

individual wells of 96 well plates. These groups were monitored for survival and 

development (time to pupation and time to adulthood) for 30 days, replacing flour 

periodically. After confirming a statistically significant difference in survival at 24 hours 

post infection among infected groups (to verify the primed phenotype), we divided the 

remaining 110 unmanipulated larvae into time point groups by treatment (N = 10/treatment 

for t = 0, 2, and 6 hours, and N = 25/treatment for t = 12 and 24 hours and an extra group in 

case of higher than anticipated mortality) and infected all but the t = 0 groups with a needle 

dipped in live B. thuringiensis solution (5×10^7 CFU/mL). We recorded the time of 

infection of each group, and the individual beetles from each group (N = 7–10/treatment/

time point) that were still clearly alive (i.e., active, responsive to touch, and normally 

colored) were flash frozen in liquid nitrogen within 2 minutes of the desired sampling hour 

before storage at −80 °C. We froze the unchallenged t = 0 beetles at the same time as the 

challenged t = 6 beetles to control for circadian effects. During the t = 12 time point, we also 

froze three larvae from each treatment that were clearly moribund (unresponsive to touch 

and stiff but not yet systemically melanized).

Experiment two (July 2013) was set up the same way as experiment one (Fig. S1) and was 

performed with the larval cohorts of beetles that showed the primed survival phenotype in 

the adult stage (same group as in the lab T. castaneum experiment in (Tate & Graham 

2015)). 85 larvae per treatment were challenged with around 15 CFUs of bacteria as in the 

previous experiment. 25 larvae per treatment were sacrificed at t = 0, 2, 6, and 8 hours post 

infection (four per time point), while 60 were monitored for survival.
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Collection of mRNA and creation of cDNA

For both experiments, we homogenized whole frozen larvae with a mortar and pestle on ice 

before proceeding with RNA extraction as per manufacturer’s recommended protocol using 

RNeasy Microarray mini-kits and the Qiashredder (Qiagen) to remove excess chitinous 

tissue prior to the chloroform step. This method resulted in high yields (1.8–3.6µg total 

RNA/larva) of high quality RNA, as determined by the Agilent Bioanalyzer. For bacterial 

density estimation and qPCR validation, we eliminated remaining gDNA contamination 

using a heat-inactivated RNAse-free DNAse treatment (Qiagen) and reverse-transcribed the 

RNA into cDNA using the Quantitect Reverse Transcription kit (Qiagen) as per 

manufacturer’s instructions.

Measurement of bacterial load by qPCR

In order to design primers specific to B. thuringiensis rRNA, we followed a design protocol 

suggested by Alex Louie and David Schneider (pers. comm.), and then created a standard 

curve for the within-host quantification of Bt. Both protocols are outlined in the 

Supplementary Methods (Online Supporting Information).

To quantify Bt 16s with qPCR for both the standards and all time-series individuals, cDNA 

samples were first run with the Bt primers (Table S1) at an annealing temperature of 55°C 

and an extension temperature of 72°C as per manufacturer’s protocol (Sybr Select Master 

Mix, Applied Biosystems) and immediately followed by the quantification of reference gene 

RPL13a expression at the optimal 60°C annealing and extension temperature for those 

primers.

Statistical analysis of larval survival within experiments

To determine the impact of priming status on larval survival post infection for experiment 

one, we performed right-censored Cox proportional hazard regression analyses using the 

“survival” package in R (Therneau), with treatment as a main factor. We compared 

uninfected survival across treatments, infected survival across treatments, and survival of 

infected vs. uninfected individuals within treatments. The early-weighted distribution of 

mortality prompted us to perform a Chi-squared analysis comparing overall survival and 

death at 24 hours post infection across treatments, but as this yielded very similar results as 

the Cox regression, we dropped this analysis. While maternal ID was not retained for the 

larvae in experiment one, previous analysis (Tate and Graham 2015) suggests that maternal 

ID as a random effect explains little variance in survival and does not change inference on 

priming.

Statistical analysis of larval survival across experiments

Over the course of three years (2011 – 2013, Table S2), we had performed 22 other trans-

generational priming offspring survival assays from nine maternal challenge experiments for 

various purposes (e.g. (Tate & Graham 2015)) where we had recorded survival at 24 hours 

post infection, using similar priming and offspring infection methods but often with different 

disease-induced mortality rates (Fig. 1A). We decided to take advantage of this multi-

experiment data to investigate the average effect size of primed and saline wounding control 

offspring survival rates, relative to unprimed offspring. Therefore, we conducted a binomial 
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generalized linear mixed model analysis of 24 hour mortality with treatment as a main effect 

and offspring survival experiment as a random effect nested within maternal challenge 

experiment, using the lme4 package in R, to derive estimates for any survival advantage 

provided by priming and control treatments. While some experiments infected larval 

offspring and others used adult offspring (Table S2), this factor was not significant and did 

not improve model fit and was therefore dropped from the analysis.

Statistical analysis of differences in bacterial density across treatments and over time

Differences in log-transformed bacterial density across treatments, time, experiments, and 

their interactions were analyzed with factorial ANOVAs in R (formula = density ~ 

treatment*time*experiment, reduced for subsetted analyses as noted in text), followed by 

contrast tests (Tukey’s HSD) for a priori planned and post-hoc tests.

RNA-seq library preparation and sequencing

We selected three individual larval samples per treatment (primed and unprimed), time point 

(0, 2, 6, 8 (exp. 1.) or 12 (exp. 2) hours), and experiment (one and two, N = 48 total) that 

captured the range of bacterial loads within each treatment at each time point. For the 12 

hour time point, we chose to use samples from primed larvae that had high bacterial loads 

(as quantified by qPCR on the cDNA), but had survived to 12 hours, to investigate the 

apparent tolerance effect (see results). The RNA from these samples was inspected on the 

Agilent Bioanalyzer to ensure high quality, un-degraded RNA, and then mRNA-selected 

libraries were created from approximately 0.75 – 1ug total RNA using the Illumina Tru-Seq 

Sample Prep Kit v2 as per manufacturer’s instructions, except all reactions were scaled 

down by half. Library adapters contained one of 24 unique barcodes to facilitate 

multiplexing after library construction. After 13 PCR cycles and AMPure bead cleanup, 

cDNA libraries were quantified on the Qubit and analyzed on the Agilent Bioanalyzer for 

quality and consistency and then reduced into five pools based on non-overlapping barcodes. 

Each pool was run on a single lane of the Illumina HiSeq 2500 sequencer at the Princeton 

University Lewis Sigler Institute Genomics Core Facility to obtain approximately 130 

million reads (single end 65bp) per pool, and a range of 9–25 million reads per sample 

(Table S3).

RNA-seq data analysis

We processed raw reads using the Galaxy interface (Blankenberg et al. 2001; Giardine et al. 
2005; Goecks et al. 2010) through the Princeton Galaxy server. Reads were first subjected to 

FASTQC (Andrews 2010) quality filtering and trimming to exclude low quality reads and to 

determine sample barcodes for each read. The Galaxy Fastx-Toolkit (Gordon & Hannon 

2010) barcode splitter algorithm was used to sort reads by sample. Aided by the Tribolium 
castaneum gene annotation file (Richards & al. 2008) downloaded from the Ensembl 

Metazoa database, TopHat2 (Kim et al. 2013) was used to map raw reads to the genome 

(alignment statistics are presented in Table S3 and program settings are outlined in the 

Supplementary Methods (Online Supporting Information)). The python program HTseq-

count (Anders et al. 2014) was then used to assign and count mapped reads associated with 

gene features. Raw reads and processed count data files are available under accession 

GSE95387 of the NCBI GEO database (Edgar et al. 2002).
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HT-seq count data for each sample was imported into R (v. 3.0.1) (Team 2012) and 

transformed into a count table for use by the DESeq2 package (Love et al. 2014) (further 

details in Supplementary Methods (Online Supporting Information)). The linear models used 

to determine relationships between DESeq2 results and factors are included in the notes for 

Tables 2, S7, S8, and S9. Models include terms to capture variation in gene expression due 

to bacterial load and experiment, as preliminary analysis revealed that many genes were 

expressed proportionally to bacterial load rather than time. Our goal in implementing these 

models is to avoid confounding treatment and bacterial load effects, given that primed and 

unprimed individuals display different bacterial density dynamics. Because the t = 12 

bacterial density was especially high for some samples in experiment one, we also repeated 

a subset of analyses on experiment two data only to ensure that the results were not being 

driven by this time point even after statistically controlling for bacterial density. Gene lists 

were functionally annotated using the BioMART package (Durinck et al. 2005) and KEGG 

pathway analysis was performed on them using the GAGE (Luo et al. 2009) package. Only a 

subset of KEGG pathways are annotated for T. castaneum, however, and as disease pathways 

are among those excluded, this approach was used mostly for metabolic pathway analyses.

Validating RNA-seq with qPCR for a subset of immune genes

To confirm that the RNA-seq data correctly reflect gene expression patterns in the high-

mortality samples, we compared the temporal expression profiles to previous qPCR results 

from the same samples on several genes (Table S1) associated with immunological function, 

including the AMPs Coleoptericin-1 and Attacin-2 (Shrestha & Kim 2010). A description of 

qPCR methods and analysis can be found in the Supplementary Methods. The comparison 

of seven qPCR samples/time point and the three RNA-seq samples per time point for 

Coleoptericin-1 and Attacin −1 are shown in Fig. S3 and demonstrate the concordance 

between RNA-seq and qPCR results as well as the concordance between the subset of 

samples selected for RNA-seq and the entire set of samples.

For a gene of particular interest from the RNA-seq results (TC009881), we also used qPCR 

to assay expression from t = 0 and t = 2 post infection samples from experiment one, 

experiment two larvae, and experiment two adults (see (Tate & Graham 2015)), from 

unprimed, saline control, and primed individuals (N = 21/primed and unprimed treatments, 

11/saline treatment). In separate experiments using two different constructs, we attempted to 

knock down the expression of TC009881 using RNAi (Posnien et al. 2009)) but met with a 

fecundity loss phenotype and inefficient knockdown, respectively. We have included the 

details in the Supplementary Methods.

Results

Trans-generationally primed larvae are significantly more likely to survive than unprimed 
larvae

There are currently no descriptions or tests of repeatability within systems for invertebrate 

primed immunity, fueling controversy about the robustness and even existence of immune 

priming in invertebrates. Over the 24 survival experiments (including experiments one and 

two analyzed in depth in this study) performed on Bt-infected offspring from unprimed, 
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saline-injected, and Bt-primed mothers in our system, priming did not always result in a 

survival advantage for primed larvae (Fig. 1A). However, in a binomial generalized linear 

mixed model analysis with treatment as a main effect and offspring infection experiment as a 

random effect nested within maternal challenge experiment (Table S2), trans-generationally 

primed cohorts were significantly more likely to survive infection than unprimed cohorts, 

overall (Table S4, primed estimate relative to unprimed = −0.301, p < 0.001, while saline 

control cohorts showed no significant survival advantage (estimate relative to unprimed = 

−0.013, p = 0.85). Relative to saline control individuals, primed were also significantly more 

likely to survive (estimate = −0.288, p < 0.001).

Experiment one: Following infection with Bt (Figure 1B) (N = 175), primed larvae had a 

58% survival rate into adulthood while 33% of unprimed and 34% of offspring from saline-

injected mothers survived into adulthood. Primed larvae were significantly more likely to 

survive than unprimed larvae (Table S5, Cox proportional hazard regression, hazard ratio = 

0.49, p = 0.0052), but infected larvae from saline control mothers showed no significant 

survival advantage over unprimed larvae (hazard ratio = .96, p = 0.86). Given the equality of 

unprimed and saline control survival phenotypes, coupled with the heightened degree of 

immunogenic variability introduced by sterile wounding relative to both naïve and Bt 

injection treatments, we chose to focus subsequent comparisons on the difference between 

unprimed and primed treatments. There was no significant difference in uninfected offspring 

survival by maternal treatment (Table S5, Cox regression, primed:unprimed hazard ratio = 

1.28, p = 0.71; saline:unprimed hazard ratio = 1.026, p = 0.97), indicating that priming is not 

significantly costly to survival into adulthood in the absence of infection. All treatments 

were significantly more likely to die when infected, relative to their uninfected treatment 

cohorts (Table S5).

Experiment two: there was no (0%) larval mortality following Bt infection and thus 

differences between treatment groups could not be assessed. However, an uninfected cohort 

of these larvae subsequently challenged with Bt as adults showed a significant effect of 

maternal treatment (Tate & Graham 2015) (indicated in Fig. 3 in that study), with primed 

individuals once again significantly more likely to survive than unprimed individuals.

Temporal dynamics of microbe load in infected larvae differ between treatments

There was no significant main effect of experiment on bacterial density for the time points in 

common (t = 2 and 6, Table 1). In both experimental series, bacterial load increased rapidly 

from the initial 15 CFU dose so that by two hours post infection, larvae from all treatment 

groups averaged around 400 CFU/individual (Figure 1C, D). We have previously observed 

that log phase Bt doubles every 30–35 minutes in LB at 30°C (unpublished obs.), so this 

suggests the bacteria grow exponentially, and with no appreciable lag time, in the first two 

hours after infection. This bacterial load remained relatively stable through six hours for 

unprimed larvae, but decreased significantly at six hours post infection for primed larvae in 

comparison to both the previous primed time point and the unprimed time point cohort 

(Table S6).

Primed and unprimed individuals continued to show divergent Bt density dynamics later in 

the acute infection phase. By 8 hours (assayed in experiment two), unprimed individuals had 
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largely and significantly suppressed their bacterial load by an order of magnitude compared 

to two and six hours post infection, while primed larvae showed signs of continued increase 

in bacterial load, although not significantly different from two and six hours. By 12 hours 

(assayed in experiment one), all surviving unprimed larvae as well as a third of surviving 

primed larvae had suppressed their bacterial load to less than 100 CFU/individual. However, 

two thirds of the surviving primed larvae exhibited bacterial loads of 105 CFU/individual, 

and the primed group overall had a significantly higher bacterial load than any other living 

group at any other time point (Tukey’s HSD, all adjusted p values <= 0.001). The moribund 

larvae sampled at 12 hours had a significantly higher bacterial load (around 106 CFU/

individual) than any other treatment at any other time point except the 12 hour primed larvae 

(Tukey’s HSD, all p values <= 0.000001 except: primed moribund vs. primed 12 hours: 

log10 diff = 1.33, p = 0.33; unprimed moribund vs. primed 12 hours: log10 diff. = 2.17, p = 

0.0013). By 24 hours post infection, all but two surviving larvae still had detectable levels of 

Bt averaging around 102 CFU/individual, but there was no longer a significant difference 

among treatments (Tukey’s HSD, p = 0.91). Bacterial density patterns for offspring of 

saline-control mothers did not significantly differ from completely unprimed larvae and are 

not presented here.

Constitutive differences in gene expression between primed and unprimed individuals

15 genes were significantly differentially expressed (after FDR adjustment, p < 0.05) in 

uninfected primed individuals compared to unprimed individuals (Table S7). One gene in 

particular, TC009881, was over-expressed almost 7-fold in all primed individuals relative to 

unprimed individuals before infection, and an investigation across the entire time series 

revealed nearly non-overlapping expression distributions between primed and unprimed 

individuals (Figure 2A). We evaluated differences in expression using qPCR for t = 0 and t = 

2 larvae from experiments one and two and adults from experiment two, as well as saline 

control offspring from experiment one, to demonstrate that this bimodal expression pattern 

was robust across experiments and life stages (Fig. 3). Intriguingly, the saline group showed 

intermediate values for the expression of this gene. KEGG pathway enrichment of t = 0 data 

(Table 2) revealed significant differential expression between primed and unprimed 

individuals in pathways related to protein production and degradation, and oxidative 

phosphorylation.

Differential dynamics of gene expression across time for primed and unprimed individuals

TC009881, a transcript encoding an EIF4-e-like protein, is significantly upregulated in 

primed individuals prior to infection and is among a handful of genes (Table S8) that 

remained significant after FDR adjustment for the main effect of treatment across the entire 

dataset (Fig. 2A–C). Two of the other three genes that were significantly differentially 

expressed over all time points (TC008962 (Fig. 2B) and TC008957 (Fig. 2C)) co-localize 

with TC009881 on a 39 kb region of chromosome LG7. Other annotated genes in this region 

were not differentially expressed.

For the interaction of treatment and time, a gram-negative binding protein (GNBP) 

(TC011661) that is probably involved in microbial recognition and upstream signaling was 

significantly upregulated in primed individuals (Fig. 2D), but declined over time compared 
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to unprimed individuals. A handful of additional genes carried marginally significant p-

values (Fig. 2E & F; Table S8). Due to the small number of differentially expressed genes 

for treatment and treatment by time analyses, we did not pursue these modes with KEGG 

pathway analysis.

The interaction of treatment and quadratic time should capture differences in the integral of 

gene expression over time between primed and unprimed individuals. An analysis of 

differential gene expression for this term (Table S9) reveals high representation of 

components of the TCA cycle, oxidative phosphorylation, peroxisome, and protein and lipid 

metabolic processes. This pattern was formalized by KEGG pathway functional enrichment 

analysis in GAGE using log fold change values, corrected for standard error, from the 

DESeq2 output (Table 2). Oxidative phosphorylation and the TCA cycle are downregulated 

over time for both treatments, but less so for primed larvae. To ensure that these results were 

not being driven solely by the t = 12 high primed bacterial load (despite controlling for 

bacterial load in the statistical model), we visualized the most differentially expressed genes 

using experiment two data only (Fig. S4). These results supported the larger analysis, 

showing similar qualitative patterns over time.

Discussion

The T. castaneum response to microbial challenge is characterized by the dynamic 

regulation of physiological, immunological, and metabolic pathways. Previous studies have 

annotated putative immune genes in this species (Zou et al. 2007), identified a subset of 

these genes that are differentially expressed in response to microbial challenge (Altincicek et 
al. 2008; Yokoi et al. 2012), and even characterized differences in gene expression between 

oral and septic challenge with Bt (Behrens et al. 2014). However, relatively little is known 

about the finer scale temporal dynamics of gene expression in response to live infection in 

this or almost any other insect species, especially as it relates to the manifestation of 

immune priming and patterns of microbial density at the individual level. In this paper, we 

describe the differential dynamics of unprimed and primed T. castaneum larval gene 

expression during the acute phase of infection over two separate experimental series, one 

that produced no larval mortality and one that killed almost 65% of unprimed larvae. To our 

knowledge, this is the first study to describe systemic temporal gene expression patterns and 

identify a potential bio-marker transcript associated with trans-generational immune priming 

in beetles. Moreover, we provide a large-scale description of the repeatability of trans-

generational priming within a study system (Fig. 1A), assuaging concerns (Hauton & Smith 

2007; Reber & Chapuisat 2012) surrounding the existence, robustness, and experimental 

tractability of priming.

The temporal dynamics of bacterial density and gene expression distinguish primed larvae 
from unprimed larvae

How do primed larvae gain a survival advantage from the observed host-pathogen 

dynamics? If primed individuals were better able to resist infection primarily through an 

increased concentration of standing antimicrobial peptides (Barribeau et al. 2016; Sadd & 

Schmid-Hempel 2007; Zanchi et al. 2012) or more efficient nodule formation at the wound 
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site (Dunn & Drake 1983), then the bacterial load at two hours should be lower for primed 

larvae. Instead, the differences in pathogen load emerge at 6 hours (Fig. 1D) suggesting that 

primed individuals may mount a more efficient inducible immune response early (4–6 

hours) in the acute infection phase. This dynamic is consistent with observations of 

enhanced cellular immune responses in within-generation primed mosquitoes (Ramirez et al. 
2015; Rodrigues et al. 2010), woodlice (Roth & Kurtz 2009), and fruit flies (Pham et al. 
2007), as well as trans-generationally primed honeybees (Hernández López et al. 2014). In 

many of the within-generation priming studies, this early increase in primed resistance 

carries over to later time points, where primed individuals continue to sustain lower microbe 

loads at 24 hours (Pham et al. 2007) and even two weeks (Rodrigues et al. 2010) post 

challenge.

In our study, however, the increase in resistance is transient in primed larvae, where 

surviving primed larvae sustain increased bacterial loads from 8 to 12 hours while surviving 

unprimed larvae largely repress microbial burdens over the same period (Fig. 1C and D). 

Despite the average increase in bacterial loads, these primed larvae are very unlikely to be 

destined for death, as no larvae in any treatment died of infection in experiment two, and in 

experiment one, 95% of larvae that eventually died were clearly moribund by the 12 hour 

sampling time. These bacterial density patterns suggest that an early resistance advantage 

may subsequently promote the appearance of tolerance (Medzhitov et al. 2012) in primed 

larvae, whereas only sufficiently resistant unprimed larvae will survive infection with Bt.

There were surprisingly few differentially expressed genes with known immunological 

functions between treatments, either before or during infection, after controlling for 

differences in bacterial load that could confound the main effect of treatment (Tables S7–9). 

Possible exceptions include TC011661 (Fig. 2E), a probable GNBP gene (Gobert et al. 
2003) involved in microbial recognition, and TC007031 (Fig. 2F), a gene with a saposin B 

domain. In humans, saposin B facilitates the recognition of lipid antigens by NKT cells for 

lysosomal degradation (Yuan et al. 2007). Both these genes were differentially expressed 

between treatments interacting with time (Table S8). Notably, no antimicrobial peptides 

were differentially expressed between treatments before or during infection after controlling 

for microbe load (the two are positively correlated). This suggests that if AMPs play a role 

in immune priming in flour beetles as they might in bumblebees (Barribeau et al. 2016), they 

are not being differentially regulated at the transcriptional level. Since immunological 

pathways have not been annotated for T. castaneum in the KEGG database, and GO 

annotation is similarly under-annotated, we could not determine whether the lack of 

differential expression for individual immune genes might be hiding any subtle shift in 

aggregate pathway expression.

However, a new hypothesis arises from the KEGG enrichment analysis of uninfected 

differential expression between trans-generationally primed and unprimed larvae. These 

results contained a high prevalence of amino-acid and protein processing machinery and 

raise the question of whether more efficient translation and post-translational modifications 

may underlie a more robust and effective inducible response.
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TC009881, the most differentially expressed gene in primed individuals both before and 

during infection (Tables S7–8 and Figs. 2A and 3), contains an EIF4-e domain. Eukaryotic 

translation initiation factor 4E proteins are involved in stabilizing, shuttling, and selectively 

enhancing the translation of capped mRNAs (Rhoads 2009). Interestingly, they play a 

crucial role in regulating immune responses in Drosophila (Bernal & Kimbrell 2000) and 

mammals (Piccirillo et al. 2014). Moreover, an EIF4-e binding protein is significantly 

differentially expressed in murine macrophages trained (Cheng et al. 2014) against β-glucan, 

resulting in a post-infection survival advantage similar to invertebrate immune priming. 

While it is often assumed by transcriptomics studies that expressed transcripts are likely to 

become expressed proteins in proportion to their abundance, increasing evidence suggests 

that translational control is at least as important as transcriptional control in modulating the 

abundance of specific proteins (Khan et al. 2013; Piccirillo et al. 2014). EIF4-e is an 

important player in producing the immunological “translatome” by selectively favoring the 

translation of highly structured transcripts that would normally be inefficiently translated. 

Previous studies have implicated EIF4-e proteins in cell proliferation, macrophage 

phenotype differentiation, and the mTOR-mediated cellular response to hypoxia (Piccirillo 

et al. 2014; Rhoads 2009). It is possible that T. castaneum TC009881 plays a similar role in 

priming hemocyte polarization toward activated, pro-inflammatory phenotypes, and would 

be consistent with previous observations on the importance of cellular differentiation and 

increased activity for producing the primed resistance advantage (Pham et al. 2007; 

Rodrigues et al. 2010).

We attempted to knock down TC009881 in primed mothers to ascertain the functional 

significance of the differential expression, but the treatment resulted in a dearth of viable 

offspring, possibly due to pleiotropic effects of this gene on fecundity (Dinkova et al. 2005) 

or off-target effects (Online Supplementary Methods), and the knockdown effect wore off in 

the offspring by the time they became old enough to infect. Therefore, a more permanent 

manipulation like CRISPR-Cas9 may provide a way forward for future investigation into the 

function of this gene in the context of trans-generational priming. However, two other genes 

significantly differentially expressed between primed and unprimed individuals over the 

entire time series (Table S8) lie within a small region of ChLG7, suggesting that this region 

could be groomed for enhanced transcription through chromatin modification or some other 

epigenetic mechanism. Interestingly, offspring from saline-control mothers showed 

intermediate expression of TC009881 (Fig. 3), possibly reflecting a partial signal of 

environmental stress or contamination of the maternal wound site with bacteria from the 

cuticle. We would like to emphasize that while we consider TC009881 to be an interesting 

biomarker for distinguishing primed from unprimed individuals, this gene is still just a 

candidate for the causality between expression and primed protection since our attempts to 

functionally validate it were met with biological difficulty. However, these genes and 

chromosomal region do represent salient targets for future studies investigating the cellular 

processes underlying trans-generational immune priming.

Trans-generational immune priming and metabolism

A large proportion of differentially expressed genes from uninfected individuals and for the 

integral of expression over time (quadratic time by treatment analysis) after infection are 
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associated with metabolic functions. When we pursued this observation through KEGG 

pathway analysis, we found that differences between treatments were enriched for oxidative 

phosphorylation both before and during infection. In addition, components of the TCA cycle 

also showed differential induction and decay patterns between treatments over time. After 

infection, both primed and unprimed larvae show a quadratic down-regulation of oxidative 

phosphorylation and the TCA cycle (e.g. Fig. 2G–I and Table 2) over time. These expression 

patterns are in firm agreement with major patterns observed in Anopheles gambiae after 

sterile and gram-positive septic injury (Dimopoulos et al. 2002). In mitochondria, the TCA 

cycle processes nutrients to supply NADH and succinate to the oxidative phosphorylation 

cascade, which in turn produces ATP and oxygen free radicals. The down-regulation of 

oxidative phosphorylation is common in mammalian models of sepsis (Lee & Hüttemann 

2014), and is associated with poor outcomes due to the death of energy-starved cells 

(Bauerfeld et al. 2012) in key organs. It is not entirely clear why organisms suppress 

oxidative phosphorylation during infection, but it may be to prevent excessive pathology 

induced by free radicals, or to prevent microbes from acquiring the energy produced in this 

cascade (Lee & Hüttemann 2014). The insect phenoloxidase and melanization cascade 

responses generate high levels of reactive oxygen species (Kumar et al. 2003), and so 

downregulating oxidative phosphorylation may be a general counter-response to high ROS 

levels induced by infection. Finally, hypoxic conditions within the cell may also prevent the 

use of oxidative phosphorylation and force the cell to use glycolysis to fuel its metabolic 

needs (Pearce & Pearce 2013).

Our results suggest that primed larvae may be able to mitigate the metabolic dysfunction 

commonly observed during acute infection and provide more energy to fuel important 

physiological and immunological processes. Whether the shift in energy production comes 

at a cost of potentially harmful reactive oxygen species, increased microbial growth, or 

trade-offs with other life history traits like longevity is an interesting question that requires 

further study. However, it is worth noting that similar metabolic shifts are observed in β-

glucan-trained macrophages in mice (Cheng et al. 2014). These shifts are thought to increase 

the activation and metabolic endurance of the macrophages during the acute infection phase, 

increasing overall antimicrobial resistance. Our results invite further investigation into a 

potential metabolic homology between invertebrate immune priming and innate trained 

immunity in mammals.

Priming increases resistance, but could it also increase infection tolerance?

Our bacterial density data suggest that primed individuals could transiently tolerate elevated 

bacterial loads and still survive to a time point by which most others have died, while 

unprimed individuals succumbed to infection unless they succeeded in quickly resisting it. If 

priming increases the metabolic endurance or energy management strategies of host cells, 

then primed individuals may be able to avoid the catastrophic organ failure that precedes 

mortality during septic infections. This could lead to increased survival despite high 

bacterial burdens until later stage antimicrobial peptide responses can take effect (Johnston 

et al. 2013) and ultimately knock back microbial density to 24 hour post infection levels. 

Alternately, microbial burden measured at a single time point may give a misleading 

impression of infection tolerance. Surviving primed individuals at twelve hours may have 
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had to deal with high microbe burdens for less time than moribund individuals due to the 

resistance-induced delay in exponential microbial growth. Thus, the integral of microbe load 

over time may influence infection virulence in this system (Regoes et al. 2002). Potential 

causal links between infection resistance and point tolerance during the acute infection 

phase represent an interesting avenue for future investigation.

For a microbe like Bt that must kill its host in order to be transmitted (Garbutt et al. 2011; 

Raymond et al. 2010), priming could reduce microbial fitness through multiple avenues. By 

increasing survival, priming reduces the chance of any transmission, and even in primed 

individuals who do succumb, the microbe burden may be lower and reduce the force of 

infection. Thus, priming could interfere with the epidemic trajectories of entomopathogens 

and potentially place pressure on the evolution of microbial growth and virulence 

characteristics. The co-evolutionary implications of immune priming demand further 

theoretical and empirical study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Trans-generational priming increases offspring survival and alters bacterial density dynamics 

during the acute phase of Bt infection. Comparison of mortality rates for unprimed and 

primed or saline-control offspring infected with Bt for 24 offspring survival experiments, 

ordered by unprimed mortality rate (A). Unprimed versus primed mortality proportions are 

represented in pink, and unprimed versus saline control proportions are in gray. The black 

1:1 line represents an equal mortality rate for offspring of unprimed and treated mothers. 

Numbers correspond to the experiments further explored in this paper (experiments 1 and 2). 

For experiment one, from which half of the mRNA-seq data is derived, nearly all disease-

induced mortality occurred within the first 12 hours after infection with Bt (B), where 

primed individuals (dotted pink line) were significantly more likely to survive than unprimed 

(solid blue line) or saline-control (dashed gray line) individuals. For both experiment two 

(C) and experiment one (D), unprimed (blue) and primed (pink) larvae received an initial 

dose of around 15 vegetative Bt cells, which grew rapidly within the hemocoel in the first 
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two hours but plateaued until after six hours. By 12 hours post infection the larval survival 

fates became clear, as larvae destined for death appeared clearly moribund (D, “12-dead”) 

and had high bacterial loads. Horizontal bars indicate the mean for each treatment at each 

time point.
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Figure 2. 
Modes of differential expression between primed (light/pink) and unprimed (dark/blue) 

individuals across time, and examples of genes that show significant differential expression 

conforming to each mode. Gene expression patterns with different intercepts but monotonic 

slopes may be significant under the main effect of treatment in the generalized linear model 

fit of mRNA-seq count data by the DESeq2 program in R. For example, A. is TC009881, 

with an EIF4-e domain, B. is TC008962, an acyltransferase, and C. is TC008957, a protein 

kinase. Genes may have the same intercept but different rates of induction or decay, or have 

different intercepts but crossing slopes, and will be best fit by the interaction of treatment 

and time. The gene TC006824 (D., a POU transcription factor) demonstrates the interaction 

of time and treatment through nearly orthogonal expression patterns for each treatment over 

time, and the genes TC011661 (E., a GNBP-like osiris family gene) and TC007031 (F., 

saposin B domain) also show a treatment × time interaction pattern. Finally, genes that 

experience induction and decay will be best fit by a quadratic expression for time, such as 

TC011988 (G., mitochondrial succinate dehydrogenase) TC006519 (H., cytochrome C 

oxidase) and TC000972 (I., mitochondrial function). Experimental series have been 

combined for this analysis, and full gene lists for each mode appear in the supplementary 

tables (Supporting Information).
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Figure 3. 
A histogram of TC009881 expression by treatment showed nearly bimodal patterns of 

differential expression between primed (pink/light dotted line) and unprimed (solid dark 

line) individuals. All available cDNA samples from t = 0 and t = 2 hours post-infection 

experiment one larvae, experiment two larvae, and adult experiments were assayed for 

relative TC009881 expression via qPCR. Offspring from saline challenged mothers (dashed 

gray line) showed intermediate and bimodal expression of the gene. A log(relative 

expression) value closer to or greater than 0 indicates higher expression of TC009881. The y 

axis represents sample density.

Tate et al. Page 21

Mol Ecol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tate et al. Page 22

Ta
b

le
 1

C
om

pa
ri

so
n 

of
 b

ac
te

ri
al

 d
en

si
ty

 a
cr

os
s 

tim
e,

 tr
ea

tm
en

t, 
an

d 
ex

pe
ri

m
en

t

G
lo

ba
l M

od
el

: 
L

og
 (

B
ac

te
ri

al
 D

en
si

ty
) 

~
 T

im
e 

×
 T

re
at

m
en

t ×
 E

xp
., 

al
l d

at
a

D
.f.

Su
m

. S
q

M
ea

n 
Sq

.
F

 v
al

ue
p 

va
lu

e

T
im

e
5

12
6.

87
25

.3
74

54
.3

24
2.

00
E

-1
6

T
re

at
m

en
t

1
0.

21
0.

21
3

0.
45

6
0.

50
1

E
xp

er
im

en
t

1
0.

01
0.

01
3

0.
02

7
0.

87

T
im

e 
×

 T
re

at
m

en
t

5
26

.1
1

5.
22

2
11

.1
81

2.
96

E
-0

8

T
im

e 
×

 E
xp

.
2

1.
56

0.
78

1.
66

9
0.

19
5

T
re

at
m

en
t ×

 E
xp

.
1

0.
3

0.
29

8
0.

63
8

0.
42

7

Fu
ll 

in
te

ra
ct

io
n

2
0.

1
0.

05
1

0.
11

0.
89

6

R
es

id
ua

ls
83

38
.7

7
0.

46
7

E
ar

ly
 ti

m
e 

po
in

ts
 (t

 =
 2

 a
nd

 t 
= 

6)
: L

og
 (B

ac
t. 

D
en

si
ty

) ~
 T

im
e 

× 
Tr

ea
tm

en
t ×

 E
xp

D
.f

.
Su

m
. S

q
M

ea
n 

Sq
.

F 
va

lu
e

p 
va

lu
e

T
im

e
1

0.
02

2
0.

02
2

0.
07

2
0.

78
9

T
re

at
m

en
t

2
2.

96
6

1.
48

3
4.

96
6

0.
01

1

E
xp

er
im

en
t

1
0.

12
4

0.
12

4
0.

41
7

0.
52

2

T
im

e 
×

 T
re

at
m

en
t

2
0.

87
2

0.
43

6
1.

46
1

0.
24

2

T
im

e 
×

 E
xp

.
1

0.
91

3
0.

91
3

3.
05

9
0.

08
7

T
re

at
m

en
t ×

 E
xp

.
1

0.
35

0
0.

35
0

1.
17

3
0.

28
4

Fu
ll 

in
te

ra
ct

io
n

1
0.

05
1

0.
05

1
0.

17
0

0.
68

2

R
es

id
ua

ls
48

14
.3

35
0.

29
9

N
ot

es
: D

ue
 to

 th
e 

tr
i-

m
od

al
ity

 in
tr

od
uc

ed
 b

y 
t =

 0
 a

nd
 p

ri
m

ed
 t 

=
 1

2,
 d

at
a 

in
 th

e 
gl

ob
al

 m
od

el
 d

o 
no

t h
av

e 
a 

ga
us

si
an

 d
is

tr
ib

ut
io

n.
 D

at
a 

in
 th

e 
ea

rl
y 

in
fe

ct
io

n 
an

al
ys

is
 a

re
 n

or
m

al
ly

 d
is

tr
ib

ut
ed

. C
on

tr
as

t t
es

ts
 

ar
e 

pr
es

en
te

d 
in

 T
ab

le
 S

3.

Mol Ecol. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tate et al. Page 23

Ta
b

le
 2

K
E

G
G

 p
at

hw
ay

 e
nr

ic
hm

en
t o

f 
ge

ne
s 

di
ff

er
en

tia
lly

 e
xp

re
ss

ed
 b

et
w

ee
n 

pr
im

ed
 a

nd
 u

np
ri

m
ed

 in
di

vi
du

al
s 

be
fo

re
 a

nd
 d

ur
in

g 
th

e 
ac

ut
e 

in
fe

ct
io

n 
pe

ri
od

T
re

at
m

en
t, 

pr
io

r 
to

 in
fe

ct
io

n 
(t

=
0)

E
ns

em
bl

 I
D

K
E

G
G

 P
at

hw
ay

st
at

.m
ea

n
p 

va
l

ad
j.

 p
 v

al
se

t.
si

ze

tc
a0

30
10

R
ib

os
om

e
3.

53
0.

00
03

0.
01

90
11

1

tc
a0

01
90

O
xi

da
tiv

e 
ph

os
ph

or
yl

at
io

n
3.

30
0.

00
06

0.
01

90
93

tc
a0

41
41

Pr
ot

ei
n 

pr
oc

es
si

ng
 in

 e
nd

op
la

sm
ic

 r
et

ic
ul

um
3.

28
0.

00
06

0.
01

90
11

9

tc
a0

41
20

U
bi

qu
iti

n 
m

ed
ia

te
d 

pr
ot

eo
ly

si
s

3.
13

0.
00

11
0.

02
50

75

tc
a0

03
80

T
ry

pt
op

ha
n 

m
et

ab
ol

is
m

2.
93

0.
00

27
0.

05
11

23

tc
a0

02
80

V
al

in
e,

 le
uc

in
e 

an
d 

is
ol

eu
ci

ne
 d

eg
ra

da
tio

n
2.

59
0.

00
59

0.
09

32
35

tc
a0

00
71

Fa
tty

 a
ci

d 
de

gr
ad

at
io

n
2.

49
0.

00
80

0.
10

77
27

tc
a0

00
51

Fr
uc

to
se

 a
nd

 m
an

no
se

 m
et

ab
ol

is
m

2.
40

0.
01

03
0.

10
77

25

T
re

at
m

en
t ×

 T
im

e2 ,
 f

ul
l t

im
e 

se
ri

es

E
ns

em
bl

 I
D

K
E

G
G

 P
at

hw
ay

st
at

.m
ea

n
p 

va
l

ad
j.

 p
 v

al
se

t.
si

ze

tc
a0

01
90

O
xi

da
tiv

e 
ph

os
ph

or
yl

at
io

n
11

.0
3

1.
30

E
-2

1
1.

23
E

-1
9

93

tc
a0

02
80

V
al

in
e,

 le
uc

in
e 

an
d 

is
ol

eu
ci

ne
 d

eg
ra

da
tio

n
5.

11
1.

49
E

-0
6

7.
05

E
-0

5
35

tc
a0

00
20

C
itr

at
e 

cy
cl

e 
(T

C
A

 c
yc

le
)

3.
74

0.
00

02
0.

00
76

34

tc
a0

00
71

Fa
tty

 a
ci

d 
de

gr
ad

at
io

n
2.

95
0.

00
24

0.
04

48
27

tc
a0

41
46

Pe
ro

xi
so

m
e

2.
87

0.
00

24
0.

04
48

73

tc
a0

06
30

G
ly

ox
yl

at
e 

an
d 

di
ca

rb
ox

yl
at

e 
m

et
ab

ol
is

m
2.

85
0.

00
31

0.
04

48
30

tc
a0

03
10

Ly
si

ne
 d

eg
ra

da
tio

n
2.

83
0.

00
33

0.
04

48
29

tc
a0

06
50

B
ut

an
oa

te
 m

et
ab

ol
is

m
2.

88
0.

00
39

0.
04

61
15

tc
a0

30
13

R
N

A
 tr

an
sp

or
t

2.
52

0.
00

62
0.

06
02

96

tc
a0

06
20

Py
ru

va
te

 m
et

ab
ol

is
m

2.
58

0.
00

63
0.

06
02

30

tc
a0

02
60

G
ly

ci
ne

, s
er

in
e 

an
d 

th
re

on
in

e 
m

et
ab

ol
is

m
2.

52
0.

00
74

0.
06

42
31

tc
a0

00
62

Fa
tty

 a
ci

d 
el

on
ga

tio
n

2.
41

0.
01

13
0.

08
33

16

tc
a0

06
40

Pr
op

an
oa

te
 m

et
ab

ol
is

m
2.

41
0.

01
14

0.
08

33
17

tc
a0

00
10

G
ly

co
ly

si
s 

/ G
lu

co
ne

og
en

es
is

2.
13

0.
01

87
0.

12
67

33

N
ot

es
:F

ew
 g

en
es

 w
er

e 
re

tu
rn

ed
 a

s 
si

gn
if

ic
an

t o
r 

m
ar

gi
na

lly
 s

ig
ni

fi
ca

nt
 f

or
 th

e 
tr

ea
tm

en
t a

nd
 tr

ea
tm

en
t ×

 ti
m

e 
m

od
el

s 
an

d 
so

 th
e 

re
su

lts
 f

or
 th

os
e 

m
od

es
 w

er
e 

no
t e

nr
ic

he
d 

fo
r 

K
E

G
G

 p
at

hw
ay

s.
 F

ul
l m

od
el

 
fo

r 
D

E
Se

q2
: g

en
e 

ex
pr

es
si

on
 ~

 s
er

ie
s:

bt
lo

ad
 +

 p
ol

y(
tim

e,
 2

):
co

nd
iti

on
, w

hi
ch

 c
on

tr
ol

s 
fo

r 
th

e 
m

aj
or

 e
ff

ec
ts

 o
f 

ex
pe

ri
m

en
ta

l s
er

ie
s 

an
d 

ba
ct

er
ia

l l
oa

d 
to

 is
ol

at
e 

ge
ne

s 
th

at
 s

ho
w

 tr
ea

tm
en

t-
ba

se
d 

te
m

po
ra

l 
pa

tte
rn

s 
th

at
 a

re
 la

rg
el

y 
in

de
pe

nd
en

t o
f 

th
es

e 
co

nf
ou

nd
in

g 
va

ri
ab

le
s.

 K
E

G
G

 p
at

hw
ay

 a
na

ly
si

s 
w

as
 p

er
fo

rm
ed

 w
ith

 th
e 

fu
ll 

ge
ne

 r
es

ul
ts

 li
st

 u
si

ng
 th

e 
G

A
G

E
 p

ac
ka

ge
 in

 R
, a

nd
 e

m
pl

oy
in

g 
SE

-a
dj

us
te

d 

Mol Ecol. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tate et al. Page 24
lo

g2
fo

ld
ch

an
ge

 to
 r

ed
uc

e 
fa

ls
e 

po
si

tiv
es

 d
ri

ve
n 

by
 la

rg
e 

va
ri

an
ce

s 
or

 d
if

fe
re

nc
es

 in
 a

m
pl

itu
de

 a
cr

os
s 

te
m

po
ra

l p
at

te
rn

s.
 T

he
 s

ta
t.m

ea
n 

st
at

is
tic

 in
di

ca
te

s 
th

e 
m

ea
n 

of
 th

e 
ab

so
lu

te
 v

al
e 

of
 th

e 
m

ag
ni

tu
de

 o
f 

ge
ne

 s
et

 c
ha

ng
es

. P
 v

al
ue

s 
w

er
e 

ad
ju

st
ed

 f
or

 f
al

se
 d

is
co

ve
ry

 r
at

e 
us

in
g 

th
e 

B
en

ja
m

in
i &

 H
oc

hb
er

g 
m

et
ho

d.
 A

dj
us

te
d 

p 
va

lu
es

 <
 0

.0
5 

ar
e 

em
bo

ld
en

ed
.

Mol Ecol. Author manuscript; available in PMC 2018 July 01.


	Abstract
	Introduction
	Methods
	Beetle and bacteria sources and rearing conditions
	Trans-generational immune priming
	Collection of mRNA and creation of cDNA
	Measurement of bacterial load by qPCR
	Statistical analysis of larval survival within experiments
	Statistical analysis of larval survival across experiments
	Statistical analysis of differences in bacterial density across treatments and over time
	RNA-seq library preparation and sequencing
	RNA-seq data analysis
	Validating RNA-seq with qPCR for a subset of immune genes

	Results
	Trans-generationally primed larvae are significantly more likely to survive than unprimed larvae
	Temporal dynamics of microbe load in infected larvae differ between treatments
	Constitutive differences in gene expression between primed and unprimed individuals
	Differential dynamics of gene expression across time for primed and unprimed individuals

	Discussion
	The temporal dynamics of bacterial density and gene expression distinguish primed larvae from unprimed larvae
	Trans-generational immune priming and metabolism
	Priming increases resistance, but could it also increase infection tolerance?

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2

