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Abstract

Until recently, it was assumed that insects lack immune memory since they do not have vertebrate-

like specialized memory cells. Therefore, their most well studied evolutionary response against 

pathogens was increased basal immunity. However, growing evidence suggests that many insects 

also exhibit a form of immune memory (immune priming), where prior exposure to a low 

dose of infection confers protection against subsequent infection by the same pathogen that 

acts both within and across generations. Most strikingly, they can rapidly evolve as a highly 

parallel and mutually exclusive strategy from basal immunity, under different selective conditions 

and with divergent evolutionary trade-offs. However, the relative importance of priming as an 

optimal immune strategy also has contradictions, primarily because supporting mechanisms are 

still unclear. In this review, we adopt a comparative approach to highlight several emerging 

evolutionary, ecological and mechanistic features of priming vs basal immune responses that 

warrant immediate attention for future research.
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1 Introduction

In recent decades, the discovery of immune memory-like responses in insects, where 

previous sublethal exposure to a pathogen confers subsequent protection against the 

same pathogen (i.e., immune priming), remains as one of the most important conceptual 

advancements in invertebrate immunology. The phenomenon was initially puzzling because 

insects apparently lack the legacy of immune cells or antibodies functionally equivalent 

to vertebrate lymphocytes (B and T-memory cells; components of adaptive immunity) 
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that form the mechanistic basis of immune memory. Therefore, the most well studied 

evolutionary response against a virulent pathogen in insects was their increased basal 

immune function activated upon live pathogen exposure (Rolff and Siva-Jothy, 2003; Corby-

Harris and Promislow, 2008). However, the long-standing notion is now replaced by a large 

number of evidence for diverse insect priming forms where their effects are detected within 

the same developmental stage, across life stages, or even to offspring (Contreras-Garduño 

et al., 2016; Khan et al., 2016; Tetreau et al., 2019; Sheehan et al., 2020). They are 

abundantly found in a wide range of insects species as diverse as dipterans (Pham et 

al., 2007; Ramirez et al., 2015), coleopterans (Khan et al., 2019), lepidopterans (Fallon 

et al., 2015), hymenopterans (Sadd and Schmid-Hempel, 2006) and arachnids (Galvez et 

al., 2020). Recent studies document the widespread presence of priming in wild-caught 

insect populations as well, providing the much-needed boost to justify its natural relevance 

(Tate and Graham, 2015; Khan et al., 2016). Mathematical models have also proposed that 

immune priming or memory-like responses have large impacts in reducing the infection 

severity and disease spread in a population (Tate and Rudolf, 2012; Best et al., 2013; Tate, 

2016), clearly highlighting their adaptive roles. Priming has thus rapidly emerged as a highly 

efficient immune strategy in insects. Incidentally, it also implies that although vertebrate 

immune memory is achieved using mechanistically distinct immune responses (Netea et al., 

2020), it is perhaps functionally not as unique as traditionally believed.

2 Evolving Immune Priming: Where, When And How?

Despite the surge of phenomenological evidence, the evolutionary basis of priming remained 

obscured until recently (Khan et al., 2017a). It was unclear whether selective parameters 

underlying the evolution of priming and their potential evolutionary trade-offs were different 

from basal immune responses (which functions without any prior exposure to pathogens). 

Also, we lack estimates of how much genetic variation exists for priming in natural 

populations (Khan et al., 2016), thereby restricting our ability to predict its evolvability. 

Unlike basal immunity which positively correlates with infection prevalence and strength of 

pathogen pressure (Linhart and Grant, 1996; Reznick and Ghalambor, 2001; Corby-Harris 

and Promislow, 2008; Mayer et al., 2015), it was unclear whether the same parameters play 

a similar role for priming as well. Wild populations inhabiting pathogen-rich environments 

certainly have a higher risk of reinfection by the same pathogen (see Corby-Harris and 

Promislow, 2008), but the link between the strength of priming and infection severity was 

not very clear. This was confirmed very recently in wild-caught flour beetle populations, 

where benefits of priming in natural populations were determined by the infection severity, 

with increased pathogen susceptibility imposing selection for stronger priming response 

(Khan et al., 2019). While these results could establish the ubiquitous role of pathogen 

pressure behind both priming and basal immunity, a source of major confusion is— how 

does then pathogen selection distinguish the evolutionary trajectory between priming vs 

basal immunity? From an evolutionary perspective, this certainly needs to be clarified before 

we can analyse the relative importance of priming vs stronger basal immunity as effective 

immune function in insects.

While experiments were lacking, a general mathematical model was able to offer some 

critical insights (Mayer et al., 2015). Although not specific to insects, this model, for 
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the first time, brought more detailed features of the pathogenic environment such as 

frequency and duration of exposure at the forefront. It was also coupled with critical 

analyses of relative costs vs benefits of different immune functions to explain why 

organisms evolve divergent immune strategies. For example, when pathogen exposure is 

relatively rare, inducible immune responses can be adaptively favoured to minimise the 

costs of constitutively expressed innate immunity, suggesting complex interactions between 

pathogenic conditions, pathogen exposure statistics and fitness effects of counteractive 

immune components behind evolving optimal immune responses (Mayer et al. 2015). The 

first experimental evidence came from Khan and co-workers where they manipulated the 

frequency of pathogen exposure (e.g., once vs twice every generation) in flour beetle 

Tribolium castaneum populations evolving against a lethal dose of their natural pathogen 

Bacillus thuringiensis (Khan et al., 2017a). Within 14 generations of experimental evolution, 

they found populations that were exposed to a single large dose of infection every generation 

evolves both within- and across-generation priming (Khan et al. 2017a; Prakash et al. 

2019). In contrast, populations that were exposed repeatedly to the same pathogen (Khan 

et al., 2017a; Prakash et al., 2019), evolved inherently higher post-infection survival, 

with no additional effects of priming (henceforth, basal infection response). Although the 

study implicitly assumes that the observed higher post-infection survival was achieved by 

increasing the basal immune function or resistance, but this causal link has not yet been 

established (also see the discussion later). Interestingly, these results on evolving immune 

strategies in insect models as a function of pathogen exposure statistics also closely mirrored 

the predictions of Mayer et al., (2015), with strong implications for the general evolution of 

immune responses.

Two years later, another flour beetle study by Ferro and co-workers also reported the 

evolution of priming against B. thuringiensis, using a different experimental set-up from 

Khan et al. (2017a). Instead of using one pathogenic strain, they used combinations of 

different bacteria and B. thuringiensis strains to prime and infect beetles for 14 generations. 

However, priming only evolved against a focal B. thuringiensis strain that primed and 

infected beetles at every three generations (e.g., generation 1, 4, 7 and so on) (Ferro et al., 

2019), suggesting that the selection for priming against B. thuringiensis doesn’t have to be 

continuous across generations. Interestingly, the selective conditions for evolving inherently 

high basal infection response remained comparable between Ferro et al. (2019) and Khan 

et al. (2017a)— i.e., in both the studies, beetles evolving high basal infection response was 

exposed to the focal B. thuringiensis antigen twice (priming followed by the live infection) 

at every generation. Hence, despite some differences in experimental designs, comparable 

results from separate studies with independently evolving beetle populations unequivocally 

supported the role of lower pathogen exposure frequency in priming evolution, whereas 

basal immune function increasing survival is favoured in populations exposed to the same 

pathogen more frequently (Khan et al., 2017a; Ferro et al., 2019). Most importantly, 

these two studies established priming as a rapidly evolving independent strategy from 

basal infection responses, ending all the prior speculations on whether they have distinct 

evolutionary origins. However, it is important to note that since both studies addressed 

the evolution of priming in flour beetles, more studies are thus needed to verify whether 

similar selective conditions are also relevant for other insect species. Till then, they 
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can serve as important benchmarks for future studies, presenting exciting possibilities of 

several previously unknown comparative features of priming vs basal immunity or infection 

responses. Below, we outline how our current understanding based on these studies might 

provide the impetus for further research on insect immune priming, integrating evolutionary, 

ecological and mechanistic insights.

3 Emerging Features Of Priming

While recent data clearly state the adaptive significance of priming independently of basal 

infection responses, they also attract a new level of complications vis-à-vis diverse fitness 

effects, unexpected evolutionary trade-offs and intertwined mechanisms. For example, it is 

surprising that evolution of priming does not increase the basal infection response in flour 

beetles at all (Khan et al., 2017a)—i.e., without a primary antigen exposure, beetles evolving 

priming can still be highly susceptible to infection, suggesting an intrinsic difference in 

how priming vs basal immunity might respond to infections. However, one of the most 

striking features of these results is the consistently higher survival benefits of increased basal 

infection response relative to priming (i.e., 85% vs 50% survival after pathogen exposure), 

raising further questions on the actual adaptive potential of these diverse responses. Most 

importantly, if evolving better basal infection response and immunity can confer more 

survival benefit, it is surprising that why it does not evolve in all the populations facing 

the pathogen pressure? One plausible explanation for this observation could be that basal 

infection response is also associated with other fitness costs, but contrary to much of our 

expectation, later experiments revealed that evolving basal infection response is consistently 

beneficial for multiple reasons. For example, these beetles have increased reproduction and 

longer lifespan (Prakash et al., 2019). They also seem to have better body condition as they 

have extended lifespan under starvation as well (Prakash et al., 2019). Also, these results 

might strongly contradict the traditional view of evolving immunity-fitness trade-offs, but 

lack of any measurable fitness costs has been experimentally proven in other studies as well 

(see Ye et al., 2009; Ma et al., 2012).

In contrast, both maintenance and activation of evolved priming can impose diverse suits 

of fitness costs such as reduced offspring survival, developmental time and reproduction 

(Ferro et al., 2019; Prakash et al., 2019). These results also corroborate outcomes from other 

single-generation experiments, where inducing priming responses can directly reduce the 

reproductive fitness in flour beetles (Contreras-Garduño et al., 2014), mosquitoes (Ramirez 

et al., 2015) and wax moth (Trauer and Hilker, 2013) or delayed development in mealworm 

beetles (Zanchi et al., 2011). Together, these pervasive costs might constrain the survival 

benefits of priming responses at a much lower level than consistently beneficial basal 

infection responses. Yet, it remains a mystery why putative alleles for basal immunity 

and infection response either did not arise or failed to outcompete priming alleles in 

all populations (Khan et al., 2019b; Ferro et al., 2019). Can the answer be hidden 

underneath mechanistic constraints? Possibly, selective conditions favouring the evolution of 

priming (e.g., lower pathogen exposure frequency, Khan et al. 2017a) could somehow also 

produce inhibitory signals that mechanistically preclude the alleles for more beneficial basal 

infection response to appear and fix in host populations. As more experiments combining 

both organismal and molecular insights will be needed to test these possibilities, we first 
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need to pinpoint various distinctive features of priming that separate its effects from basal 

immunity and infection responses. To facilitate these initiatives, below, we have combined 

recent evolutionary as well as mechanistic studies to synthesise a few emerging features of 

insect immunity in the context of priming vs basal immunity, warranting special attention—

3.1 Multifaceted insect immune responses: where and how?

Insects are widely known to possess a robust immune system against infection that includes 

both cellular and humoral components (Hoffman, 2003; Stofanko et al., 2010, Buchon et 

al., 2014; Parsons et al., 2016; Hanson et al., 2019). While some of them are inducible and 

slow-acting against persistent infections such as anti-microbial peptides (henceforth AMPs), 

there are also components such as enzymatic cascades of phenoloxidase (henceforth PO) 

and melanisation responses that are constitutively expressed and can act rapidly (Haine et 

al., 2008). However, despite knowing how they might broadly function, assigning immune 

responses distinctly to priming vs basal immunity and their fitness consequences is not 

straightforward. It can be more complicated if a relatively limited repertoire of immune 

cells is stretched into playing diverse roles across species and pathogens. For example, 

while fast-acting PO is required to control the pathogen growth and increase survival 

in Drosophila melanogaster during Salmonella typhimurium and Listeria monocytogenes 
infections (Ayres and Schneider, 2008), it is not needed against Providencia rettgeri infection 

(Duneau et al., 2017). The same PO activity is also cytotoxic to Drosophila cell lines (Zhao 

et al., 2011) and highly immunopathological in the mealworm beetle Tenebrio molitor, 
causing a drastic reduction in beetle lifespan by damaging key organs such as Malpighian 

tubules (Khan et al., 2017b). It becomes even more intriguing when fast-acting nonspecific 

PO activity (Khan et al. 2017b) can also partake in evolving pathogen-specific priming 

(Ferro et al., 2019), a response that can be selected independently of basal immunity and 

infection responses. Together, these results underscore the astounding level of functional 

complexity of molecules involved in a so-called simple insect immune system. More 

recently, another interesting example emerged from fruit flies, where traditionally known 

cytotoxic reactive oxygen species (Lennicke and Cocheme, 2020) such as H2O2 produced by 

Toll-and JAK/STAT pathway activation & damage associated signalling molecules (Draper) 

in haemocytes could signal the priming of haemocytes against future infections (Chakrabarti 

and Visweswariah, 2020). The absence of ROS response in haemocytes leads to loss of 

priming, indicating its causal role in training innate immunity. Although this study only used 

a single pathogen Enterococcus faecalis, it exemplifies how immune effectors should be 

analysed using the diverse lens of their functionalities.

In general, exploring candidate genes and molecules for priming vs basal immunity should 

be integrated with their functional verifications and phenotypic effects (a graphical summary 

of some of the currently discussed mechanisms of immune priming across species is 

provided in Fig. 1). For example, the only study that tracked mechanisms underlying the 

evolution of priming, using flour beetle populations infected with B. thuringiensis, found a 

positive correlation with the overactivity of dopa decarboxylase (ddc), a gene involved in PO 

response (Ferro et al., 2019). AMPs such as attacins, defensins and coleoptericin were also 

upregulated, but priming was more consistently associated with higher expression of ddc, 

possibly indicating higher importance of PO response than AMPs. This is corroborated 
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by other single-generation or short-term studies as well, including higher PO activity 

in primed greater wax moths Galleria mellonella (Vertyporokh and Wojda, 2020), or 

a transgenerational study in flour beetles where paternal priming can cause a dramatic 

increase of haemolymph PO activity in their offspring (Roth et al., 2010; Eggert et al., 

2014). However, the fitness benefits of priming responses that are critically dependent on 

PO activity (Nappi and Ottaviani, 2000; Khan et al., 2017b) should also be interpreted with 

caution. This is because the net fitness gain can be constrained by an upper limit to reduce 

the immunopathological costs of highly activated PO (Khan et al., 2017b). This perhaps also 

indicate a mechanistic reason why evolved priming has lower survival benefits against a 

lethal infection relative to evolved basal infection response (see Khan et al., 2017a). It could 

have been interesting to analyse such mechanistic changes in beetle populations parallelly 

evolving stronger basal immunity and infection responses as well, but unfortunately such a 

comparative is missing.

Finally, there are also exciting possibilities of intimate cross-talk between the immune 

system and other physiological processes such as metabolic changes which may influence 

the host’s evolutionary response against pathogen attacks. Indeed, in addition to traditional 

immune effectors, a recent experiment using flour beetles found a tight correlation 

between downregulated metabolism-associated genes such as hexokinase type 2 and 

sedoheptulokinase with increased priming (Ferro et al., 2019). These results draw close 

comparisons with the metabolic basis of macrophage polarisation (Kelly and O’Neill, 2015) 

and trained immunity in vertebrates (Cheng et al., 2014). More recently, another study 

analysing transcriptome from the midgut of primed mosquitoes Anopheles albimanus also 

reported upregulated genes related to metabolic activity, including trehalose transporter, 

GDP-D-glucose phosphorylase and fatty acid hydroxylase (Maya-Maldonado et al., 2021), 

suggesting the importance of metabolic variations in priming across species. In addition, 

several mutations in mitochondrial DNA are also emerging as key mediators of both 

humoral and cellular immunity in insects (Riley and Tait, 2020; Salminen and Vale, 2020). 

In Drosophila, a rapid metabolic switch explicitly triggers anabolic lipid metabolism to 

favour more phospholipid synthesis and endoplasmic reticulum expansion to compensate for 

the increasing demand for antimicrobial peptide synthesis to neutralize pathogens (Martinez 

et al., 2020). Based on these results, it thus appears that future studies might open up 

new avenues to explore whether and how energetics explain the divergent mechanisms of 

evolving priming vs basal infection response (Fig. 1).

3.2 Role of competing immune strategies: Tolerance vs resistance

Although most studies on pathogen defence primarily focus on the mechanisms that hosts 

employ to resist infection, recent experiments also provide ample evidence for tolerance to 

pathogenic infections— i.e., hosts can coexist with pathogens and withstand their negative 

fitness effects by reducing pathogen- or immune-mediated damage (McCarville and Ayres, 

2018; Råberg et al., 2007; Råberg et al., 2009; Schneider and Ayres, 2008; Medzhitov et al., 

2012; Seal et al., 2021). Theoretical models suggest that tolerance is consistently beneficial 

and hence, can reduce the levels of genetic variation by rapidly fixing tolerance-related 

alleles in the population under directional selection (Miller et al., 2005; Roy and Kirchner, 

2000). In contrast, pathogen resistance and clearance by immune responses which typically 
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reduces pathogen fitness, often involve costly immune activation and life-history trade-offs 

(Khan et al., 2017b). Consequently, resistance trait might converge to an intermediate 

optimum under stabilizing selection (Råberg, 2014). Besides, it might also have features 

of balancing selection, maintaining highly polymorphic infection outcomes within the 

population (Lefèvre et al., 2011; Råberg, 2014). However, despite these distinct evolutionary 

trajectories of pathogen resistance vs tolerance, their relevance to diverse forms of insect 

immunity and infection responses has never been analysed systematically— e.g., how does 

the choice between immune strategies (i.e., resistance vs tolerance) affect the evolution of 

priming relative to basal infection responses (see Fig. 2 for the conceptual link)? Previous 

studies suggest that the link between priming and tolerance can be species-specific. For 

instance, in fruit flies, larval priming with the Drosophila C virus increases tolerance to 

subsequent exposure of adults with the same virus (Mondotte et al., 2018), and also to 

their progeny (Mondotte et al., 2020). In contrast, transgenerational priming of crustacean 

Daphnia magna (Little et al., 2003) increases antibacterial activity to inhibit the growth of 

Pasteuria ramosa in their offspring. More recently, flour beetles primed with B. thuringiensis 
also exhibit enhanced survival by suppressing the pathogen burden (Khan et al., 2019), 

suggesting a form of pathogen resistance. Such priming-induced pathogen clearance in flour 

beetles may be mediated via reactive and cytotoxic PO response (Zhao et al., 2011; Khan 

et al., 2017b; Ferro et al., 2019), increasing the overall physiological costs associated with 

priming (Ferro et al., 2019; Prakash et al., 2019). Perhaps, it also offers more detailed and 

composite (evolutionary & mechanistic) explanation for why priming, as described in Khan 

et al. (2017a), has limited fitness gain. If priming indeed relies on immunopathological PO 

responses (Zhao et al., 2011) to resist pathogen growth, priming allele (increasing pathogen 

resistance; Khan et al., 2019) can only evolve an intermediate trait value under stabilising 

selection (also see above, Miller et al., 2005; Roy and Kirchner, 2000) and is unlikely to be 

fixed in the population due to fitness constraints.

On the contrary, evolution under frequent exposure to pathogens, as reported in Khan et 

al., (2017a) and Ferro et al., (2019), might hint at a tolerance-like response to infections. 

Notably, both the studies interpreted the improved basal infection response primarily as 

resistance, but ~85% post-infection survival (Khan et al., 2017a), coupled with increased 

reproduction, better body condition and no other fitness costs (Khan et al., 2019) perhaps 

warrants an alternative explanation. For example, the rapid increase from 50% to ~85% 

post-infection survival within <5 generations (see Khan et al., 2017a) can also be achieved 

by the rapid spread of tolerance alleles under directional selection (Miller et al., 2005), 

increasing the survival by reducing the cost of infection or immune responses, rather than 

by employing efficient pathogen killing mechanisms (Ayres and Schneider, 2012). Future 

experiments directly estimating changes in fitness with increasing immune function or 

pathogen clearance (slope of fitness-by-pathogen load curve, see Fig. 2II) might resolve the 

ambiguity here.

Also, it remains to be seen what happens when immune strategies (i.e., pathogen clearance 

vs infection tolerance) are swapped across priming vs basal infection responses— e.g., if 

priming evolution is mediated by increased tolerance (see Mondotte et al., 2018; for fruit 

flies against viral infections), does it increase fitness more than basal immunity (compare 

with Khan et al., 2017a)? Certainly, more studies are needed to understand whether or to 
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what extent fitness trajectories of priming vs basal immunity and infection responses across 

diverse insect host-pathogen systems depend on the choice of immune strategies. They will 

also serve as critical resources for mechanistic studies where the role of transcriptionally and 

translationally active molecules and pathways can be analysed and compared across diverse 

host-pathogen systems to impart a deeper understanding of dynamic immune strategies and 

molecular mechanisms therein.

We also speculate that the regulators of major insect immune responses (e.g., IMD, Toll or 

JAK/STAT pathway; Kuraishi et al., 2013; Kojour et al., 2020; Frank and Schmid-Hempel, 

2019) might hold the key for understanding the relative impacts of resistance vs tolerance, 

thereby influencing the outcome of basal infection response vs priming. For instance, in fruit 

flies, G9a (an epigenetic negative regulator of the damage sensing JAK/STAT pathway) has 

been previously identified as being an important molecule in reducing immunopathology 

by tolerating Drosophila C Virus infections (Merkling et al., 2015; Gupta and vale, 2017). 

Recently, a negative regulator PGRP-LB (peptidoglycan recognition protein LB) from the 

IMD pathway has also been identified as a key candidate during transgenerational immune 

priming in Drosophila against parasitoid wasps (Leptopilina heterotoma and L. victoriae) 

(Bozler et al., 2020)— global downregulation of PGRP-LB is necessary to increase 

lamellocytes for pathogen clearance in the offspring. In another instance, the absence of 

PGRP-LB renders flies more resistant to Eschericia coli, whereas its normal activation leads 

to greater tolerance (Vincent and Dionne, 2021). Overall, we have just begun to uncover the 

potential role of tolerance via various insect immune regulation in infection outcomes. We 

certainly need more experiments to explore how targeted modulation of various receptors, 

signal transduction and immune effectors can be combined with functional characterization 

and phenotypic response across insect species. They might offer important clues about 

how negative feedback mechanisms can evolve to support diverse priming types vs basal 

infection response and immunity (Khan et al., 2017a; Ferro et al., 2019). Lastly, another 

indirect possibility, though not mutually exclusive, is that selection acts on the composition 

and function of the host-associated microbiota which functions as a signalling hub to 

regulate pathways underlying inflammatory responses (Thaiss et al., 2016) (also see Fig. 

1). This may significantly contribute to maintaining tolerance, reducing the damage caused 

by inflammatory responses. Such a balanced immunity-microbiota alliance is also known 

to reduce oxidative damage to DNA and its repair machinery, whereas an imbalance leads 

to the development of health hazards in humans (Ray and Kidane, 2016; Belkaid and 

Hand, 2014). Based on these facts, future studies should also explore whether and how 

the microbiome might evolve in insects under pathogenic conditions to act as an additional 

regulatory switch between immune strategies, subsequently influencing priming vs basal 

infection responses (also see Rodrigues et al., 2010; Futo et al., 2017).

3.3 Remarkable specificity of priming: Why and how?

One of the most striking features of insect priming is their ability to differentiate between 

strains of the same pathogen (Roth et al., 2009; Wu et al., 2015; Futo et al., 2017), revealing 

an unexpectedly high degree of specificity, a feature that is previously thought to be an 

exclusive feature of vertebrate adaptive immunity. Recent flour beetle studies have not only 

reported phenomenological evidence of such exquisite specificity (Roth et al., 2009; Khan 
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et al., 2016), rather they could also experimentally evolve priming response specific to a 

single B. thuringiensis strain that was used to infect beetles across generations (Khan et 

al., 2017a). In contrast, priming with another strain of the same pathogen could not confer 

any survival advantage in the evolved beetles (Khan et al., 2017a). More recently, the 

evolution of specific priming is corroborated by another study where priming could evolve 

only against the most virulent B. thuringiensis strain, whereas other less virulent strains 

or non-natural pathogens failed to evoke sufficient selection pressure (Ferro et al., 2019). 

While these results indicate that priming evolution is perhaps effective only against natural 

pathogens, they also suggest that even within natural pathogens, priming response might 

be strongly contingent upon their strain information which actually imposed the selection 

pressure.

How do insects mechanistically exercise such specific priming responses? Until recently, 

the answer to this question has been conceptually challenging because of our incomplete 

understanding of insect immunity. A longstanding notion was that insect immunity has 

limited ability to distinguish between specific pathogens (Cooper and Eleftherianos, 2017). 

Antimicrobial peptides (AMPs), the closest candidate for imparting specific immunity in 

insects, was known only to differentiate between broadly classified microbial families 

such as Gram-positive vs. Gram-negative bacteria or fungi, but functional distinctions 

between individual AMPs and their specific effects on pathogens were largely overlooked 

(Rolff and Schmid-Hempel, 2016; Unckless and Lazzaro, 2016). Newer evidence, however, 

contradicts this conservative view (Unckless et al., 2016; Hanson et al., 2019), by revealing 

an unexpectedly high degree of non-redundancy and specificity: Even a single AMP can be 

wholly responsible to prevent infections caused by a specific pathogen. For example, in flies, 

AMPs Diptericins or Drosocin alone can confer complete protection against Providencia 
rettgeri or Enterobacter cloacae infection respectively (Hanson et al., 2019). Although 

experiments are lacking, such targeted AMP actions might have a role in specific priming 

too.

In recent years, several other candidates/ immune genes have also been implicated in 

pathogen-specific priming. For example, increased phagocytosis (Pham et al., 2007; Weavers 

et al., 2016) or blood cell differentiation into granulocytes (Rodrigues et al., 2010) plays 

a role during pathogen-specific immune priming in fruit flies and mosquito Anopheles 
gambiae respectively. Flour beetles that experimentally evolved specific priming have 

increased dopa-decarboxylase gene expression which in addition to activating the PO 

response, can also promote nodulation and phagocytosis (Ferro et al., 2019; Sideri et 

al., 2008), although the causal link is not yet tested. Fruit flies can also use an RNA 

interference pathway to produce virus-specific priming responses, using information from 

the remnants of viral DNA (Mondotte et al., 2018, 2020; also see Maori et al., 2007 for 

honeybee Apis melifera). Taken together, these examples can collectively explain pathogen-

specific responses in diverse insect species, but the mechanisms underlying the evolution 

of astonishing strain-specific priming still remains unknown. For instance, it is unclear 

how nonspecific insect immune responses such as increased PO activity (Cerenius and 

Söderhäll, 2004), which has been previously implicated in evolving specific priming (Ferro 

et al., 2019), can mechanistically differentiate between multiple B. thuringiensis strains in 

flour beetles (Khan et al., 2017a). Thus, future studies might also expand their horizon by 
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exploring (i) the production of receptor diversity via alternative splicing of Down syndrome 

cell adhesion molecule (Dscam) to discriminate between different pathogen strains (Kurtz 

and Armitage, 2006; Armitage et al., 2015), or mechanisms equivalent to (ii) functional 

reprogramming of vertebrate myeloid cells or (iii) cytolytic innate immune effectors such 

as natural killer cells which can produce long-lasting and antigen-specific immune memory 

independent of B- and T cells (see O’Leary et al., 2006; Vivier et al., 2011; Netea et 

al., 2020). Moreover, recent studies suggest the role of genes involved in the epigenetic 

reprogramming of immune cells such as histone H3 gene that are upregulated during the 

evolution of specific priming responses (Ferro et al., 2019; also see Netea et al., 2020). 

It is quite possible that plasticity in immune responses evolve due to quantitative (rather 

than qualitative) changes in gene expression patterns and downstream pathways, regulated 

via epigenetic processes (Morandini et al., 2016), to produce nuanced differences in both 

pathogen- and strain-specific responses. In fact, epigenetic mechanisms such as DNA 

methylation, histone acetylation and microRNA expression can be particularly relevant for 

the transgenerational effects of paternal priming (Vilcinskas, 2021).

Finally, another striking feature is that the same insect populations that evolve strain-specific 

priming can also favour the evolution of generalized protection against multiple Bt strains 

under more frequent antigen exposure (in flour beetles, Khan et al., 2017a), suggesting 

an added level of functional complexity of insect immunity vis-à-vis specificity vs non-

specificity. While further work is needed to understand how they can be mechanistically 

supported in such situations, distinctions perhaps reside in what immune strategies they 

choose to evolve. For example, if priming is achieved via pathogen resistance (Khan et al., 

2019), it might favour specific modulation of immune responses that are just sufficient to 

clear infections, minimising the cost of general immune activation as much as possible. 

In contrast, increased basal infection response by plausible evolution of tolerance under 

frequent antigen exposure might also improve the overall body condition (Khan et al., 

2017a), with reduced inflammation or more investment in antioxidant mechanisms to 

compensate immune-mediated cytotoxicity (Ha et al., 2005). The overall physiological 

effects of such tolerance response are thus more likely to be generalised and non-specific 

across pathogens and their strains.

3.4 Priming against multiple infections

Under natural conditions, hosts are frequently exposed to infections caused by multiple 

pathogens, ranging from close-related strains and pathogens to very diverse phyla, imposing 

complex selection pressure on their immune systems (Tate, 2019). In such cases, spatial and 

temporal constraints on immune system development, maturation or expression might play 

critical roles in disease outcomes (Tate and Graham, 2015). Previous infections might leave 

an immunological imprint and create a historical contingency upon the second pathogen, 

as found in lab mice where infection with nematodes increases resistance against later 

infections caused by Plasmodium parasites (Griffiths et al., 2015). By contrast, co-infection 

with gut protozoa (Gregarine sp.) and B. thuringiensis in flour beetles can severely 

curtail their progeny survival against B. thuringiensis infection (Tate and Graham, 2015). 

Depending on pathogen species, coinfection might also induce myriad effects on host 

immunity. One possibility is that it can activate shared immune pathways against pathogens, 
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exemplified by Plasmodium parasites coexisting with several bacterial species inside the 

mosquito midgut (Pumpuni et al., 1996; Contreras-Garduño et al., 2015). Alternatively, 

coinfection can also lead to the expansion of immune repertoires catering to divergent 

immunological pursuits against invading pathogens, increasing the overall costs of immune 

activation (Viney and Graham, 2013). Tentative situations in insects might arise when they 

might need activation of both (i) IMD and Toll pathways against co-infecting Gram-negative 

and -positive bacteria (Lemaitre and Hoffmann, 2007); or (ii) rapid-acting PO vs inducible 

AMPs against fast- and slow-growing pathogens (Haine et al., 2008).

How do such mixed pathogenic environments affect the evolution of priming? Although 

direct experiments are lacking, answer to this question also has strong implications for 

evaluating the natural relevance of previously reported strain-specific priming evolution in 

flour beetles (Khan et al., 2017a). It is unclear whether and how such strain-specificity is 

affordable in the wild particularly when there is a high chance of experiencing multiple 

co-infecting B. thuringiensis strains (Abdel-Razek et al., 1999). Unless there is a large 

difference in virulence between strains, it is perhaps more favourable to evolve responses 

against the pathogen itself, disregarding its strain identity. The closest evidence for the 

evolution of priming under coinfection comes from Ferro et al., (2019), where selection 

treatments consisted of either exposing beetle to the same type of bacterium for both priming 

and challenge (specific treatment) or different ones (unspecific selection treatment) every 

generation. Although the study design does not include simultaneous infections by different 

pathogens, thereby limiting their direct interactions, it tests (a) the effects of selection for 

vs. against the ability to mount specific priming responses (b) mimics the effects of mixed 

pathogen selection in natural conditions where specific adaptation to one particular pathogen 

might not be an optimal strategy for protection against the next set of pathogens. Despite 

experiencing mixed selection by multiple pathogen species (Pseudomonas fluorescens, 

Lactococcus lactis, and 4 strains of B. thuringiensis) for 14 generations, priming could 

evolve only against the most virulent strain of B. thuringiensis (i.e., DSM 2046; also used 

in Khan et al., 2017a), reemphasizing how the strength of priming selection might be most 

strongly determined by the virulence level of specific strains of a natural pathogen (see 

Khan et al., 2019). However, more studies are needed to test situations where multiple 

natural pathogenic strains with comparable virulence (e.g., B. thuringiensis strain DSM 

2046 vs MTCC 6905 described in Khan et al., 2017a; also see Bose and Schulte, 2014) 

are coinfecting and how the level of priming specificity might be modulated. Perhaps, such 

conflicting situations between strains might prevent the evolution of strain-specific priming.

4 Summary And Future Perspectives

In closing, we want to highlight that recent studies established different immune priming 

types as distinct strategies in insects, separate from basal immunity and infection response, 

indicating an unprecedented level of functional diversity of their immune functions (Khan 

et al., 2019, Ferro et al., 2019). However, in-depth analyses of their selective conditions, 

fitness effects and various life-history trade-offs are posing several open questions that are 

paradoxical. For example, a stronger basal infection response is consistently beneficial than 

priming. Both, early survival vs reproductive costs of priming can constrain its evolution, 

much more so than resistance and yet, it evolves in many populations as a mutually 
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exclusive parallel strategy. It is puzzling what prevents alleles responsible for evolving 

consistently beneficial basal infection response from sweeping across all the populations? 

Can certain selective conditions demarcate the non-overlapping evolutionary as well as 

mechanistic space for these divergent responses? Evolutionarily, it is perhaps expected, 

because, in both the studies that successfully evolved priming (Khan et al., 2017a, Ferro 

et al., 2019), there is a clear connection between pathogen exposure statistics and evolved 

infection responses (Mayer et al., 2015). However, the underlying mechanistic constraints 

that might prevent the evolution of more beneficial basal immunity or infection responses 

during the low frequency of pathogen exposure are unknown. Certainly, the first hurdle 

here is to ascertain how evolved priming and basal infection response are linked to the 

host immune strategies— e.g., do they increase pathogen resistance by activating immunity 

or show tolerance to reduce the fitness costs of infection and immunity or both? This 

might not only reflect in their relative fitness impacts but also determine the evolution 

of the underlying immune mechanisms (see Miller et al., 2005). Finally, do they involve 

different or overlapping sets of immune pathways? If so, how are the cross-talks mediated? 

At present, although there are multiple immune mechanisms known to influence immune 

priming in several insect models (reviewed in Milutinović et al., 2016; Contreras-Garduño 

et al., 2016), there is a lack of consensus on how these diverse mechanisms might explain 

the adaptive potential of priming relative to basal immunity and infection response across 

species. In this perspective, while we have highlighted the importance of considering the 

role of remarkable diversity and flexibility of insect innate immune adaptation against 

infections, we suggest that future studies should also carefully identify the source of 

diverse complexities in characterizing modalities of these immune responses, such as 

various regulatory networks underlying immune strategies; the metabolic basis; the role 

of epigenetic reprogramming and finally, plausible immune modulations by host-associated 

microbiota. Such a multifaceted approach is needed to identify and validate various potential 

trade-offs between immune components and constraints underlying immune strategies that 

are responsible for mutually exclusive evolutionary space of basal infection response vs 

priming. It is also required to demystify the emergent properties of insect immunity such 

as strain-specificity which appears counterintuitive without a functional adaptive immune 

system.

Finally, we note that our understanding of directly evolving priming in insect populations is 

limited to only a few studies on flour beetles (Khan et al., 2017a; Ferro et al., 2019; Prakash 

et al., 2019). While they certainly represent the first steps uncovering the evolutionary basis 

of diverse immune strategies in response to selection imposed by the same pathogen, more 

studies are required to test repeatability in other insects too and perhaps, also adjust with 

their hypotheses on how underlying mechanisms might change. For example, are the fitness 

benefits of priming always lower than basal immunity and infection response? It may not 

be true in a species like Drosophila where, unlike in beetles (Khan et al., 2019), priming 

increases tolerance against viral infections (Mondotte et al., 2018) and hence, can be fixed 

in a population more rapidly than basal response (Miller et al., 2005). We also want to 

end by emphasising that an integrated evolutionary understanding of divergent immunity 

and infection outcomes as well as decoding the underlying mechanistic basis are not any 

more insect-specific problems. By all means, this is a pressing issue in higher animals as 
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well where the evolution of diverse immune types and respective fitness landscapes lack 

thorough experimental validation (Mayer et al., 2015; Netea et al., 2020). We suggest that 

insects, owing to their rapidly emerging complex immune forms and functions analogous to 

vertebrate immunity, can be a powerful system to model the evolution and mechanistic basis 

of divergent animal immune responses.
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Figure 1. A brief summary of known (1-3) vs proposed (4-7) priming mechanisms from recent 
studies
(1) Humoral response: (a) Activation of IMD- (immune deficiency), Toll- (TLR-like 

receptor), and JAK/STAT (Janus kinase signal transducer and activator of transcription) 

signalling pathways leading to synthesis & production of inducible AMPs (Sheehan et al., 

2020) such as Attacins, Defensins & Coleoptericins in flour beetles (Greenwood et al., 2017; 

Ferro et al., 2019); Cecropins in fruit flies (Chakrabarti and Visweswariah, 2020); Cecropin, 

Attacin, Gloverin, Moricin & Lysozyme in silkworms (Yi et al., 2019); Gallerimycin & 

Galiomicin in wax-moths (Bergin et al., 2006); Cecropin in tobacco moths (Roesel et 
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al., 2020) (b) Upregulated PGRP-SC (peptidoglycan recognition proteins - receptor for 

IMD pathway) and GNBPs (gram-negative binding proteins - receptor for Toll-pathway) 

in flour beetles (Ferro et al., 2019); Downregulated PGRP-LB (negative regulator of IMD-

pathway) in fruit flies (Bozler et al., 2019) (c) Phenoloxidase (PO) response: Increased 

PO activity in flour beetles and mealworm beetles (Tetreau et al., 2019); Increased DDC 

(dopa-decarboxylase – a gene involved in PO cascade) in flour beetles (Ferro et al., 2019). 

(d) RNAi-pathway mediated specific priming against viral pathogens in fruit flies (Mondotte 

et al., 2018). (2) Cellular immunity: Increased phagocytosis activity (Pham et al., 2007; 

Weavers et al., 2016) and production of lamellocytes (Bozler et al., 2019) in fruit flies; 

Haemocyte differentiation induced by lipoxin (a lipid carrier) in mosquitoes (Rodrigues 

et al., 2010; Ramirez et al., 2015). (3) Down syndrome cell adhesion molecule (Dscam): 

Suspected role in specific immunity of flour beetles, fruit flies and other insects (Armitage 

et al., 2015); Acts as receptor during phagocytosis in crabs (Li et al., 2018); Upregulated 

in primed silkworms (Yi et al., 2019). (4) Epithelial response: Activation of haemocytes 

via intracellular accumulation of H2O2 (hydrogen peroxide) produced by DUOX (Reactive 

oxygen species producing dual-oxidase) through Toll & JAK/STAT pathway activation & 

Draper (damage associated signal molecules) in fruit flies (Chakrabarti and Visweswariah, 

2020) (5) Metabolism and energetics: Downregulated metabolism-associated genes - 

hexokinase type 2 and sedoheptulokinase in flour beetles (Ferro et al., 2019); Upregulated 

trehalose transporter, GDP-D-glucose phosphorylase in mosquito Anopheles. albimanus 
(Maya-Maldonado et al., 2021) (6) Host-associated microbiota: Loss of priming in flour 

beetles (Futo et al., 2017) and Anopheles. gambiae mosquitoes (Rodrigues et al., 2010) after 

depleting microbiota. (7) Epigenetic mechanisms and reprogramming: Upregulated histone 

H3 gene, RNA polymerase II (transcription subunit 15) & exosome complex exonuclease 

(RRP6-like) (Ferro et al., 2019); Upregulated lncRNAs (long non-coding RNAs – necessary 

for regulating- metabolic, immune signalling and epigenetic processes (Ali et al., 2019) in 

flour beetles.
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Figure 2. 
A diagrammatic representation linking (I) hosts ability to either resist pathogen growth, 

by immune activation, or (II) tolerate pathogen burden, by reducing the fitness costs of 

infection or immune activation without directly reducing the pathogen numbers to (III) the 

outcome of immune priming (i.e., post-infection survival benefits after priming relative to 

unprimed controls) or basal infection response (i.e., survival response to infection without 

prior priming relative to uninfected control). At the mechanistic level, a complex interplay 

between immune pathways & molecules, host metabolism, epigenetic reprogramming and 
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host-associated microbiota might be collectively responsible for evolving priming vs basal 

immunity and infection responses. Figures on tolerance and resistance are adapted from 

Råberg et al., 2007.
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