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13 Microbial determinants 
of folivory in insects

Aileen Berasategui and Hassan Salem

13.1 Introduction

A centerpiece to ecosystem productivity, land plants are key drivers of energy conversion 
and carbon fixation (Zelitch 1975; Kroth 2015). As the primary photosynthetic 
organs of plants, the bulk of Earth’s carbon reservoirs are fixed and stored by leaves 
(Vogelman, Nishio, and Smith 1996). Abundant in energy-rich sugars, and endowed 
with a steady supply of essential nutrients, peptides, lipids, and cofactors, leaves share 
many features of a nutritionally balanced diet. Obligate folivory, however, evolved a 
limited number of times throughout the metazoan tree of life (McNab 1988; Chivers 
1989; Rand et al. 1990; Currano, Labandeira, and Wilf 2010).

Despite the extensive radiation of land plants across every major continent and 
the ubiquity of foliage as a seemingly accessible resource, most animals lack the 
metabolic and physiological adaptations necessary to subsist on leaves as a sole 
source of nutrition. First, and most prominently, animals largely lack the enzymatic 
circuitry necessary to maximize the dietary value of ingested foliage. The highly 
recalcitrant polysaccharides that define the fibrous features of leaves can only be 
hydrolyzed by a specific range of enzymes that are ancestrally encoded by plants and 
their specialized pathogens (Walton 1994; Kubicek, Starr, and Glass 2014). Towards 
accessing the nutritionally rich cytosol, folivores must first contend with the main 
structural polysaccharide components of the plant cell wall, despite generally lacking 
an endogenous repertoire of essential digestive enzymes. Second, leaves are typically 
enriched with a range of constitutive and induced plant secondary metabolites 
evolved to mitigate the incidence and impact of herbivory (Levin 1976; Stotz et al. 
2000; Wittstock and Gershenzon 2002). Ranging from terpenoids to alkaloids, 
these defensive compounds disrupt the integrity of the digestive epithelial lining 
of animals and compromise the functionality of neuronal networks when ingested. 
Finally, foliage can be transient, as with deciduous trees and shrubs spanning Earth’s 
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temperate and polar regions (Jackson 1967). The total abscission of leaves poses 
as a considerable hurdle for folivores during the winter season (Giron et al. 2007), 
necessitating the evolution of strategies to survive in the absence of a specialized 
diet for months on end. Towards mitigating these challenges, strikingly convergent 
adaptations arose in independent folivorous lineages, many of which are mediated 
through symbioses with metabolically dynamic microbial communities.

With the advent of sequencing technologies and metabolic modeling, coupled 
with the development of conceptual frameworks to study the functionality of the 
metaorganism (McFall-Ngai et  al. 2013), microbes are increasingly recognized 
as an essential source of adaptations for animals (Douglas 2015; Chomicki et al. 
2019). By contributing complementary metabolic profiles, symbioses can upgrade 
the phenotypic complexity of both partners (Moran 2007), spurring their radiation 
into novel ecological niches and triggering their diversification. Microbial symbionts 
are especially recognized for fueling their hosts’ specializations on nutritionally 
challenging diets (Douglas 2015). Sap-feeding invertebrates are consistently 
demonstrated to partner with symbionts that supplement the essential amino acids 
lacking in their diet (Hansen and Moran 2014; Baumann 2005). Haematophagous 
animals contend with the B-vitamin deficiency of their bloodmeals through nutritional 
partnerships with endosymbionts contributing these cofactors (Akman et al. 2002; 
Rio, Attardo, and Weiss 2016; Duron et al. 2018). Wood feeding is made possible 
through the digestive range of their lignocellulolytic symbionts across a number of 
metazoan taxa (Brune 2014; Brune and Dietrich 2015). Here, we argue that leaves 
constitute an equally specialized diet, necessitating innovations that extend well 
beyond the metabolic range of most animals. In outlining the convergent metabolic 
features of folivore microbiomes, we point towards the outsized role microbes play 
towards upgrading the dietary value of ingested leaves. Given the compositionally 
simple, experimentally tractable partnerships folivorous insects form with their 
microbial partners, we emphasize the unique suitability of these study systems 
to pursue hypothesis-driven research into the adaptive impact of symbiosis in its 
intersection with the evolution of leaf-feeding behavior (Figure 13.1).

13.2 Deconstructing the plant cell wall

Serving as the largest reservoir of organic carbon on Earth, plant cell walls are 
metabolically inaccessible to most animals (Rose 2003). Composed primarily 
of cellulose, hemicellulose, lignin, and pectin, these polysaccharides define the 
mechanical properties and endow the wall with its characteristic rigidity (Mohnen 
2008; Burton, Gidley, and Fincher 2010). Instrumental towards ensuring the 
structural integrity of the plant cell, the polysaccharidic matrix also contributes 
towards adhesion and signal transduction (Burton, Gidley, and Fincher 2010). As 
the foremost barrier separating the nutritionally rich cytosol from the extracellular 
matrix, the plant cell wall safeguards against intracellular infection by pathogens and 
parasites (Underwood 2012). For folivores, the benefits of degrading the plant cell 
wall are thus twofold: (1) an upgraded carbon economy by tapping into a recalcitrant 
source of energetically valuable sugars, and (2) mediating an efficient extraction of 
limiting nitrogenous content and lipids from the cytosol for a more balanced diet.
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Towards deconstructing the plant cell wall, a conserved battery of enzymes 
(e.g. glucoside hydrolases, polysaccharide lyases, etc.) are necessary to transform 
representative polysaccharidic sequences into simple sugars that can be metabolized 
throughout the digestive tract (Kubicek, Starr, and Glass 2014). Complementary to 
a range of endogenous digestive enzymes (Calderón-Cortés et al. 2012; McKenna 
et al. 2019), functional descriptions across a myriad of herbivore gut microbiomes 
also revealed the importance of the resident community in mediating plant biomass 
degradation (Martens et al. 2011; Engel, Martinson, and Moran 2012; Pope et al. 
2012; Patel et  al. 2014). In ruminants, relatively stable gut microbiomes serve 
as bioreactors for plant cell wall degradation and fermentation (Dai et al. 2015). 
Koalas and wombats—generalist and specialist herbivores, respectively—harbor 
highly convergent microbial communities enriched for the production of cellulases 
and xylanases to process a leafy diet (Shiffman et al. 2017). While the consistent 
annotation of carbohydrate-active enzymes may highlight the adaptive potential of 
gut microbiomes to their herbivorous hosts, assigning specific functions to individual 
taxa within these communities remains challenging given their complexity. As 
highlighted earlier, these limitations are less pronounced in the partnerships insects 
form with their symbionts (Douglas 2015). Stabilized through millions of years 
of coevolution between host and microbe, the symbioses that foliage-feeding ants 
and beetles engage in with microorganisms serve as some of the most streamlined 
partnerships both compositionally and functionally (Figure 13.2).

Leaf-cutting ants (Hymenoptera: Formicidae: Attini) are among the most prolific 
defoliators in tropical forests (Mueller et al. 2001; Wirth et al. 2003). Conspicuous 
and widespread in the New World tropics, members of the Attini tribe form 

FIGURE 13.1 Microbial contributions to insect folivory include the degradation of 
recalcitrant plant cell wall polysaccharides (e.g. pectin, cellulose, and hemicellulose), the 
avoidance of noxious secondary compounds, and the preservation of leaves as their ecological 
niche. Overcoming these obstacles allow folivores to exploit an otherwise imbalanced 
nutritional resource.
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enormous colonies that can host millions of workers and feature nests that subsist 
for decades (Wirth et al. 2003). Displaying a division of labor characteristic of other 
social insects, colonies host reproductively active queens, and differentially sized 
morphological worker castes divided to fulfill an array of specialized tasks (Weber 
1966; Currie and Stuart 2001). This includes defending the colony, clearing the nest 
of debris and waste, and foraging for freshly cut leaves (Currie and Stuart 2001). As 
individual colonies are capable of foraging hundreds of kilograms of leaves each 
year, leaf-cutting ants drastically alter forest ecosystems and drive nutrient cycling 
(Wirth et al. 2003). But at the center of the ants’ remarkable capacity to deconstruct 
massive amounts of plant biomass is a specialized, cultivated leucocoprineous 
fungus that the colony depends on for nutrition (Weber 1966; Mueller et al. 2001). 
A partnership dated at ∼60 million years old, attini ants and their cultivars have 
diversified rapidly since the origin of the symbiosis, totaling 220 known species 
(Mueller et al. 2001). Provisioning their cultivars with fresh leaves, the ants manage 
their fungiculure in ways that parallel human agricultural practices (Mueller 
et al. 2005). Here, the ants inoculate, manipulate and transplant their cultivars to 

FIGURE 13.2 Microbial symbionts of folivores mediate host plant use across a diversity 
of insect hosts. (a) Ca Stammera capleta (above) produces two pectinolytic enzymes that 
facilitate degradation of plant cell walls, making the cytosolic content available for its tortoise 
beetle hosts (below). (b) The fungal partner of leaf-cutting ants functions as an external 
digestive system, both degrading most types of recalcitrant sugars present in leaves, as well 
as detoxifying plant phenolics. (c) Bacteria in the oral secretions of the Colorado potato beetle 
deceive tomato plants into perceiving herbivore attack as microbial, diverting plant resources 
into mounting an incorrect defense strategy (credit Tavo Romann). (d) The velvet bean 
caterpillar seems to avoid plant protease inhibitors by associating with gut bacteria whose 
proteases are unaffected by plant inhibitors. (e) Gypsy moth caterpillars feeding on quaking 
aspen acquire a gut microbiome able to degrade their host plant salicinoids. (f) Wolbachia 
symbionts allow leaf miners to maintain a green island in yellowing leaves, preserving their 
food source despite a decaying environment (credit Dr. Susannah Lydon).
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maximize growth. Carefully tended and continuously manured through fecal fluids, 
the fungus is cultivated for several weeks ahead of harvesting the mature mycelium 
and its associated gongylidia (specialized nodules) (Mueller et al. 2005). Rich in 
nutrients, the gongylidia serve as vacuolized bundles that nourish the colony. Larval 
development depends entirely on consuming the cultivated fungus (Quinlan and 
Cherrett 1978), while adult workers supplement their cultivar meals with sugary 
extracts from floral nectaries and other plant juices (Murakami and Higashi 1997). 
Given the elemental role of the cultivar, attine ants transmit the fungus vertically 
through trophophoresy (Wirth et al. 2003). Acquiring inocula from their natal 
gardens, reproductive females transfer the fungal cultivar via specialized pockets 
towards establishing a starter culture (Mueller et al. 2005).

As the main food source for the colony, the cultivar’s primary function is to 
convert plant biomass into nutrients for the ants (Suen et al. 2010). Serving as an 
external digestive system, the central metabolic features of the fungal gardens within 
the nest functionally resemble the gut microbiomes of bovines and other folivorous 
ruminants (Suen et  al. 2010; Aylward et  al. 2015). Structurally differentiated 
into distinct strata, fresh foliar material is introduced only to the top layer ahead 
of stepwise degradation process that lasts for six weeks and concludes with the 
removal and expulsion of degraded biomass by worker ants into refuse dumps 
(Wirth et al. 2003). Throughout this process, the quantification of plant cell wall 
polysaccharides revealed marked reduction in cellulose, hemicellulose and pectin. 
Most prominently, cellulose content decreased by 30% following passage through 
the fungal garden (Suen et al. 2010). Genome annotation of cultivars isolated from 
Atta cephalotes and Acromyrmex echinatior identified 145 predicted plant biomass-
degrading enzymes, including 81 glycoside hydrolases, 6 polysaccharide lyases and 
nine carbohydrate esterases (Aylward et al. 2013). Complementary metaproteomic 
characterization predicted many of these enzymes hydrolyze the complete spectrum 
of polysaccharides that comprise the plant cell wall. Gene expression analyses 
of the cultivar revealed that genes encoding plant cell wall degrading enzymes 
reached their highest expression in the bottom section of the fungal garden (Grell 
et al. 2013). This is consistent with the observed physical transformation of plant 
substrates from green, leafy material on the top layer, to an amalgam of degraded 
biomass and mature fungal cells. Strikingly, many of these glycolytic enzymes are 
characterized in the fecal droplets the ants deposit to manure the garden throughout 
the cultivation process (Schiøtt et al. 2010). This suggests that the proteins survive 
the ants’ digestive system ahead of reapplication to fresh plant material, possibly as 
a secondary adaptation to prolong the deconstructive efficacy of enzymes within the 
gardens (Schiøtt et al. 2010).

While enormous colony sizes and a clear division of labor allows for leaf-cutting 
ants to engage in an ancient agricultural practice that culminates with outsourcing 
essential digestive processes to an external partner, other insects coopt microbial 
metabolic diversity by engaging in highly intimate nutritional symbioses. One clear 
example involves tortoise leaf beetles (Coleoptera: Chrysomelidae: Cassidinae) and 
their symbiont, Candidatus Stammera capleta (henceforth Stammera). With ∼3000 
described species arranged in 170 genera and 24 tribes, cassidines are an exceptionally 
diverse group of herbivorous beetles (Chaboo 2007). Despite their cosmopolitan 
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distribution, cassidines nonetheless diversified most rapidly in the tropics where their 
biogeography closely aligns with their host plants (Windsor 1987; Windsor, Riley, and 
Stockwell 1992; Morrison and Windsor 2018). Towards acquiring essential digestive 
enzymes to process a strictly folivorous diet, tortoise leaf beetles engage in a highly 
streamlined symbiosis with Stammera.

Localized extracellularly in symbiotic organs connected to the foregut, Stammera 
populations are maintained as monocultures resulting in low strain diversity across 
host populations (Salem et al. 2017). Strikingly, given the microbe’s localization, 
Stammera possesses a drastically reduced genome (0.27 Mb) that is largely dedicated 
to informational processing (transcription, translation), replication, and the production 
essential digestive enzymes. Encoded within Stammera’s limited metabolism are 
two pectinolytic enzymes, polygalacturonase and rhamnogalacturonan lyase (Salem 
et  al. 2017). The former is an endo-active glycoside hydrolase (family 28) that 
cleaves homogalacturonan, nature’s most abundant pectic class; while the latter is 
a polysaccharide lyase (family 4) that hydrolyzes the heteropolymeric backbone of 
pectin through a beta-elimination reaction (Salem et al. 2017). Collectively, both 
symbiont-derived enzymes are responsible for the insect’s pectinolytic phenotype, an 
essential adaptation given the high abundance of pectin in foliage (Burton, Gidley, 
and Fincher 2010) and the recalcitrant complexity of the polysaccharide (Mohnen 
2008). Consistent with the specialized role of Stammera, symbiont elimination 
diminishes the digestive capacity of cassidines, notably in relation to the two pectic 
classes (Salem et al. 2017). This corresponds with low larval survivorship and slow 
developmental times relative to symbiotic insects. Given the mutualistic impact of 
Stammera, female leaf beetles ensure a stable continuum of the symbiosis through 
strict vertical transmission by packaging the microbe into caplet-like structures 
deposited individually over the anterior pole of each egg. Upon hatching, emerging 
larva consume the caplets, and in the process, acquire their starting inoculum of a 
pectinase-producing partner.

In line with the assessment that Stammera possesses the smallest known genome 
of any extracellular microbe (Salem et al. 2017), transcriptional profiling revealed 
a tightly regulated and metabolically integrated symbiosis, expanding our view of 
the minimal metabolism required to sustain life outside of a host cell (Bauer et 
al. 2020). In contrast to endosymbionts with highly reduced genomes, Stammera 
does not utilize aerobic respiration for energy generation. Rather, energy production 
and the recovery of reducing equivalents are achieved through the oxidation of 
sugars to pyruvate via glycolysis, followed by the fermentation of pyruvate to lactate 
through the activity of lactate dehydrogenase (Bauer et al. 2020). Aerobic respiration 
is typically conserved in most nutritional endosymbionts since amino acid and 
vitamin biosynthesis relies on precursors produced through the citric acid cycle, 
tying respiratory energy generation with the mutualistic factors that underlie the 
host–symbiont partnership (McCutcheon and Moran 2012). But since Stammera’s 
mutualistic role does not lie in supplementing micronutrients, selection to maintain 
a complex respiratory apparatus is relaxed in favor of fermentative one. While less 
efficient in terms of ATP output per unit of glucose, the symbiont’s obligate reliance 
on fermentation for energy generation is unlikely to be costly given the host’s 
carbohydrate-rich diet. This is supported by the upregulation of sugar transport into 
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the symbiotic organ to fuel the minimal fermentative metabolism of an essential 
digestive symbiont (Bauer et al. 2020).

Broadscale genome sequencing of representative Stammera strains revealed 
that the differential distribution of symbiont-encoded pectinolytic enzymes 
can drastically shape the digestive physiology of Cassidinae beetles with direct 
implications on host plant use (Salem et  al. In press). Conserved across the 
Stammera pangenome is the ability to produce and supplement polygalacturonase, 
highlighting the homogalacturonan-targeting pectinase as a foundational enzyme 
for the stability of the symbiosis with cassidines. In contrast, the annotation of 
rhamnogalacturonan lyase is limited to a subset of Stammera strains, as is the 
ability to deconstruct the heteropolymeric sequence of pectin (Salem et  al. In 
press). Consistent with in silico predictions, beetles harboring Stammera encoding 
polygalacturonase and rhamnogalacturonan lyase display a greater pectinolytic 
range relative to cassidines whose symbionts only supplement the former of the 
two digestive enzymes (Salem et al. In press). Matching an ability to metabolize 
a greater diversity of universal plant polysaccharides, cassidines deploying both 
pectinases have radiated to exploit a wider range of host plants. In reconciling 
detailed records of life history traits with comparative genomics, transcriptomics 
and biochemical assays, the symbiosis between tortoise leaf beetles and Stammera 
serves as an example of how small changes to a symbiont’s metabolic range can 
drastically impact the phenotypic complexity and the adaptive potential of its 
metazoan host.

13.3 Symbiont-mediated evasion of plant defenses

Plants counter challenges from herbivores and pathogens through the production 
of noxious secondary metabolites; some are constitutively expressed (Wittstock 
and Gershenzon 2002) while others can be induced upon attack (Stotz et al. 2000). 
Enriched within leaves, plant toxins include metabolites as chemically diverse 
as alkaloids, cyanogenic glycosides, phenolics, terpenes, benzoxazinoids, and 
glucosinolates, among others (Fürstenberg-Hägg, Zagrobelny, and Bak 2013). Their 
mode of action remains elusive in many cases, but these compounds are often involved 
in the disruption of gut membranes, hindering metabolism and preventing normal 
molecular signaling, ion and nutrient transport, as well as triggering the interruption 
of hormone-controlled physiological processes (Mithöfer and Boland 2012). Thus, 
folivores are under a strong selective pressure to evolve strategies to overcome 
these compounds. While many of these adaptations are endogenously encoded in 
a folivore’s metabolic repertoire (Zhu-Salzman, Bi, and Liu 2005; Després, David, 
and Gallet 2007), it is now evident that microbial symbionts play a central role in 
mediating host plant use by interfering with and degrading plant chemical defenses.

Contingent on the nature of the attack, plants induce different defense responses. 
Following microbial infection, plants activate salicylic acid (SA)-dependent defenses, 
whereas herbivory induces jasmonic acid (JA) synthesis. Often, these pathways 
negatively cross talk. Towards feeding on tomato plant (Solanaceae) leaves, the 
Colorado potato beetle (Leptinotarsa decemlineata) secretes bacteria-containing 
saliva into the wound. Detecting the threat as microbial instead of herbivorous, the 
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plant mounts a defense response based on SA instead of JA. This deception benefits 
the insect, which avoids antiherbivore defenses and experiences higher larval growth 
(Chung et al. 2013). Among the several bacterial taxa present in the oral secretion, 
only three isolates, Pseudomonas, Enterobacter, and Stenotrophomonas, suppress 
JA-dependent defenses. In particular, among the different bacterial components in 
these three isolates, flagellin isolated from Pseudomonas, was identified as one of 
the effectors that downregulate JA synthesis (Chung et al. 2013). These strategies 
are conserved in other herbivorous insect lineages. For instance, Aster Yellows 
(AY) phytoplasmas, a plant pathogen, could be considered a facultative symbiont of 
its vector leafhopper Macrosteles quadrilineatus. AY excretes an effector protein 
(SAP11) that modulates host plant (Arabidopsis) defense responses, downregulating 
the production of JA-derived metabolites to the benefit of the insect, which experiences 
higher fecundity (Sugio et al. 2011).

While the aforementioned examples feature symbionts protecting their insect 
host against plant allelochemicals prior to their synthesis, most known examples 
involve protection against metabolites that have already been produced, either by 
symbiont-mediated avoidance or breakdown of these compounds. Upon herbivorous 
attack, soybean plants induce the production of protein inhibitors targeting folivore 
proteinases, consequently hindering insect digestion (Carlini and Grossi-de-Sá 
2002). Despite this, the velvet-bean caterpillar, Anticarsia gemmatalis, represents a 
major pest of soybeans. Antibiotic treatment of these insects disrupts its gut bacterial 
community and results in lower caterpillar growth and survival, suggesting a beneficial 
role of microbes. Subsequent enzymatic assays demonstrate that proteolytic and 
lipolytic activities are significantly affected by symbiont loss (Visôtto et al. 2009). 
Interestingly, some members of the gut microbiome are able to synthesize proteinases 
that are immune to soybean proteinase inhibitors (Pilon et al. 2013), suggesting that 
microbial proteases may serve as a secondary set of enzymes that mediate the insect 
host circumventing plant defenses.

The gypsy moth (Lymantria dispar), a generalist folivore and pest, is well known 
for population outbreaks that drastically alter forest ecosystems (Liebhold et al. 1994). 
Given its broad host plant range, L. dispar caterpillars tolerates an equally diverse 
assortment of plant secondary metabolites. The gypsy moth’s preferred host plant, 
the quaking aspen (Populus tremuloides), is rich in terpenes, phenolic glycosides 
(salicinoids), and tannins (Lindroth and St. Clair 2013). Earlier descriptions of 
L. dispar gut bacterial community found members of the Rhodococus genus; noted 
for their production of terpene-degrading enzymes (van der Vlugt-Bergmans and van 
der Werf 2001; Broderick et al. 2004). Salicinoids lower growth and development in 
gypsy moth caterpillars (Hemming and Lindroth 1995). While L. dispar has evolved 
some adaptations to overcome plant toxins, such as a highly alkaline midgut, and 
a battery of detoxification enzymes, these strategies can be overwhelmed by high 
concentrations of phenolic glycosides. However, gypsy moth larvae harbor gut 
bacterial communities that can degrade salicinoids, leading to increased larval growth 
following chemical challenges by the secondary metabolite (Mason, Couture, and 
Raffa 2014). As described in other lepidopterans, the gut microbiome composition in 
this species is largely shaped by the microbial community present in ingested leaves, 
whereas its structure is determined by insect physiology (Mason and Raffa 2014). 
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Accordingly, caterpillars harboring an aspen-derived community are better adapted 
to tolerate aspen-derived defenses than those harboring nonaspen associated bacteria 
(Mason, Couture, and Raffa 2014). It appears that the benefit of these gut symbionts to 
their insect hosts may be derived from their ability to defend themselves against plant 
secondary metabolites in their primary environment as leaf-associated microbes.

Among fungus-growing ants, the transition to folivory corresponded with the 
necessity to contend with a wide diversity of plant secondary metabolites (Berenbaum 
1988). Although leaf cutting ants can exploit nearly 75% of all plants present in the 
New World tropical forests, they avoid foraging on some species (Howard, Cazin, 
and Wiemer 1988), presumably those that contain toxins with detrimental effect 
to themselves and their symbiotic fungal partner (Seaman 1984). The metabolic 
repertoire of the fungal cultivar, which includes the ability to detoxify some plant 
toxins, may have been a key factor for leaf-cutting ants in becoming dominant 
folivores in the New World. Towards degrading phenols, the fungal cultivar of attini 
ants produces several phenol-oxidizing enzymes of the laccase family. One of them, 
LgLcc1 is highly expressed in the gongylidia and is ingested by ant workers, surviving 
digestion before being defecated on top of the garden. This mechanism ensures that 
laccase activity is highest in the garden top layers where new leaf material is being 
deposited and detoxification is most needed (De Fine Licht et al. 2013). Additionally, 
the presence of the laccase in the gut of foragers may aid in detoxifying phenolics ants 
may drink when cutting and chewing leaves to manure the fungal garden. Analyses of 
orthologous genes encoding this phenol-oxidizing enzyme demonstrate that LgLcc1 
has been selected for in gongylidia-producing fungal gardens. Consistent with this 
observation, laccase activity is highest in the nests of leaf-cutting ants than in their 
noncutting counterparts (De Fine Licht et al. 2013).

Microbial degradation of plant noxious compounds is not unique to folivorous 
insects. Folivorous vertebrates such as cows, sheep and rats, as well as birds, harbor 
bacterial communities with the ability to degrade plant secondary metabolites 
(García-Amado et al. 2007; Kohl and Dearing 2012; Kohl et al. 2016). Similarly, 
other herbivorous insects besides folivores also outsource some of their adaptations 
against plant toxins to microbial symbionts (Barr et al. 2010; Boone et al. 2013; 
Hammerbacher et al. 2013; Ceja-Navarro et al. 2015; Welte et al. 2016; Berasategui 
et  al. 2017). Thus, there is increasing evidence that symbiotic microbes can 
mediate host plant use through the manipulation, degradation and inactivation of 
plant defenses, and is possibly representative of a widespread occurance (Shen and 
Dowd 1990).

13.4 Niche preservation

Dietary specialization carries the risk of temporal instability. This is most evident in 
the challenges faced by folivores in their coevolution with deciduous plants, where 
resource quality and accessibility are directly influenced by seasonality and abiotic 
conditions (Giron et  al. 2007; Kaiser et  al. 2010; Gutzwiller et  al. 2015; Zhang 
et al. 2017). Despite a leaf’s inevitable developmental progression, from initiation 
to senescence (Bar and Ori 2014), numerous herbivorous lineages have nonetheless 
evolved strategies to stall that process to continue exploiting foliage nutritionally 
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well beyond seasonal fall. Endophagous herbivores, such leaf miners and insect 
gallers, can achieve this by stalling morphogenesis and coopting plant architecture 
to generate structures that buffer against environmental change, protect from natural 
enemies, and, ultimately, extend the lifespan of a dietary niche. By coopting their host 
plant’s metabolism, endophagous herbivores can actively trigger the differentiation of 
their microhabitat to shape its chemical composition and dietary value in situ. Among 
leaf-miners, this process is mediated by the bacterial symbiont, Wolbachia.

Responsible for their spectacular induction of “green islands” on yellowing leaves 
during autumn, the leaf-miner moth Phyllonorycter (Lepidoptera: Gracillariidae) 
is able to preserve a photosynthetically active patch embedded within an otherwise 
decaying leaf (Giron et al. 2007). Defined by elevated cytokinins, these patches 
reflect the continued maintenance of chlorophyll and the inhibited progression of 
senescence. Infection by Wolbachia directly impacts the ability of Phyllonorycter 
to induce green islands, since symbiont loss corresponds with the absence of the 
phenotype in yellowing leaves (Kaiser et al. 2010). Responding to a deteriorating 
ecological niche, aposymbiotic insects exhibit compensatory feeding and higher 
levels of mortality relative to Phyllonorycter infected by Wolbachia (Kaiser et al. 
2010). By mediating its host’s manipulation leaf tissues vis-à-vis cytokinin production, 
Wolbachia ensures that the insect’s access to sugar-rich, metabolically active habitat 
despite a rapidly decaying enviornment (Zhang et al. 2017). While symbiont-induced 
nutritional homeostasis is estimated to be widespread across the Gracillariidae, the 
identification of two separate Wolbachia strains suggests several independent origins 
of green-island induction within this insect family (Gutzwiller et al. 2015).

13.5 Conclusions

Symbiont acquisition and replacement are essential processes, coinciding with the 
integration of novel metabolic features and the ability to exploit previously inaccessible 
niches (Moran 2007). Among insects exploiting highly specialized diets, microbes 
serve as an important source of metabolites and supplements towards upgrading their 
hosts’ nutritional ecology. This is best documented in the evolutionary independent 
associations between sap-feeding hemipterans and nutritional endosymbionts that 
supplement the essential amino acids lacking in their diet (Bennett and Moran 2015). 
Similarly, convergent mutualistic factors are enriched in the primary endosymbionts 
of blood-feeding insects. Across ticks (Duron et al. 2018), bedbugs (Hosokawa et al. 
2010), and tsetse flies (Akman et al. 2002), haematophagy is made possible through 
symbiont-encoded B vitamin contributions to balance a diet that is highly deficient in 
these cofactors. This chapter outlines that leaf feeding poses an inherently different 
set of challenges for obligate folivores. Challenges largely countered by animals 
engaging in stable symbioses with microbes that contribute towards the degradation 
of complex polymers, detoxification of noxious compounds, and niche preservation. 
While many of the examples highlighted here feature taxonomically diverse 
microbes, the range of services endowed to the insect host are nonetheless conserved. 
Given that conservation, and the experimental tractability of insect symbioses to 
pursue novel and emerging questions within the field of microbiome research, we 
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emphasize the suitability of folivorous insects as dynamic study systems to illustrate 
the metaorganismal basis of adaptation in animals.
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