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Nitrogen is usually a restrictive nutrient that affects the growth and development of insects, especially of those living in low

nitrogen nutrient niches. In response to the low nitrogen stress, insects have gradually developed symbiont-based stress

response strategies—biological nitrogen fixation and nitrogenous waste recycling—to optimize dietary nitrogen intake.

Based on the above two patterns, atmospheric nitrogen or nitrogenous waste (e.g., uric acid, urea) is converted into

ammonia, which in turn is incorporated into the organism via the glutamine synthetase and glutamate synthase pathways.
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1. Application Cases of BNF Strategy in Insects

A recent review paper showed that potential diazotrophs widely exist in Coleoptera, Diptera, Hemiptera, Blattaria,

Hymenoptera, Lepidoptera, and Thysanoptera . Nitrogen fixation has been extensively studied and convincingly

demonstrated in cockroaches and termites. Besides this, BNF strategy can also be exploited by other insects for nitrogen

provisioning, mainly including the longhorned beetle (e.g., Anoplophora glabripennis, Prionoplus reticularis), the weevil

(e.g., Conorhynchus palumbus), the bark beetle (e.g., Dendroctonus rhizophagus, D. valens), the click beetle

(e.g., Agriotes obscurus, Selatosomus aeneus), the stag beetle (e.g., D. rectus), and the bess beetle (e.g., Odontotaenius
disjunctus) in Coleoptera; tephritid fruit flies (e.g., Ceratitis capitata, Bactrocera tryoni) in Diptera; the carmine cochineal

(e.g., Dactylopius coccus, D. opuntiae) in Hemiptera; and leaf-cutter ants (e.g., Acromyrmex echinatior, A. volcanus, A.
octospinosus) and sirex wood wasp (e.g., Sirex noctilio) in Hymenoptera.

BNF-related symbionts are not limited to the intestinal tract of insects. For instance, the carmine cochineal

endosymbiont Dactylopiibacterium attaches to the surface of host ovary for vertical transmission, and expresses

nitrogenase activity in host hemolymph and ovary . Furthermore, BNF reaction occurred in vitro, such as in the

immediate living environment of insects or insect-associated organisms, can also benefit to insect nitrogen budget. For

example, the tunnels of some xylophagous insects, the nests of termite, or the fungus gardens cultivated by leaf-cutter

ants fill with large quantities of frass and food residue, which act as preferred substrate for diazotrophs. Nitrogen nutrition

in frass and food residue fixed by diazotrophs can be consumed by insects directly .

2. Application Cases of NWR Strategy in Insects

Three alternative scenarios of symbiotic NWR, different in their patterns of amino acid synthesis using waste ammonia,

may be functional in the symbiosis between insects and symbionts : (A) Symbiont-mediated: Symbionts convert

nitrogenous waste compounds of insects into EAAs for host assimilation and absorption; (B) Mediated by host cell–

symbiont complex: Ammonia is firstly assimilated into non-essential amino acids (nEAAs, such as glutamine and

glutamate) by GS/GOGAT in insect cells. nEAAs are used as ammonia donors to synthesize EAAs in symbionts; (C) Host

cell-mediated: Ammonia is assimilated into glutamate by GS/GOGAT in insect cells. At the same time, intracellular

symbionts synthesize carbon skeleton of EAAs and secrete them into insect cells. EAAs are assembled in insect cells

catalyzed by transaminases. These NWR patterns could be employed by insects in Blattaria, Coleoptera, Diptera,

Hemiptera, and Hymenoptera for nitrogen provisioning (Table S1).

2.1. Blattaria

Nitrogenous wastes in cockroaches (e.g., Periplaneta americana, Blattella germanica) are stored in their fat bodies in the

form of uric acid. When dietary nitrogen is limited, endosymbiont Blattabacterium cuenoti inhabited in the fat bodies of

cockroaches synergizes with the host to degrade uric acid and assimilate the degradation products into EAAs. In this

process, cockroaches synthesize urate oxidase, allantoinase, and allantoicase, which are necessary for uric acid

degradation, and supply nEAAs to B. cuenoti. B. cuenoti recycles nitrogen from urea and ammonia into glutamate under
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the catalysis of urease and glutamate dehydrogenase, and then synthesizes all the EAAs, various vitamins, and other

required compounds for the host insect . During the evolution of cockroach to termite, B. cuenoti was gradually lost

from the fat body, and its metabolic functions were replaced by the symbiotic flora in termite hindgut. Therefore, uric acid

in termites (e.g., Reticulitermes flavipes) needs to be transferred to hindgut through malpighian tubules before it can be

degraded by gut symbionts . Mastotermes darwiniensis is the only lower termite that retains the endosymbiont B.
cuenoti. However, compared with B. cuenoti in cockroaches, the genome of B. cuenoti in M. darwiniensis is sharp

reduced, so it is speculated that uric acid degradation in M. darwiniensis should be co-mediated by B. cuenoti and hindgut

symbionts . Uricolytic strains, such as Clostridia, Enterobacteriaceae, also widely exist in the guts of Reticulitermes
speratus, Coptotermes formosanus, Neotermes koshunensis, Glyptotermes fuscus, Cryptotermes
domesticus, Hodotermopsis sjoestedti, O. formosanus, and Nasutitermes takasagoensis. It is estimated that an amount of

uric acid nitrogen equivalent to 30% of the total nitrogen in an average termite colony may be recycled or redistributed

annually through the action of gut uricolytic bacteria .

2.2. Coleoptera

The levels of uric acid in bark beetles (D. rhizophagus, D. valens) are significant different in whole eggs, larvae, and

adults (male and female). Among them, the highest uric acid content is detected in female adults, whose guts contain

various uricolytic bacteria, such as Pseudomonas fluorescens, Serratia proteamaculans, and Rahnella aquatilis . Urea-

hydrolyzing bacteria present in the egg surface and larval guts of Anoplophora glabripennis or the larval and adult guts

of Melolontha hippocastani can incorporate nitrogen from ingested urea back into the insect tissues .

2.3. Diptera

As mentioned above, adding urea or ammonia to artificial diets can significantly improve the female fecundity of olive fruit

fly and the larval biomass of black soldier fly. In addition, the bacterium Enterobacter agglomerans isolated from the

alimentary tract of the apple maggot fly, Rhagoletis pomonella, mediates purine (such as uric acid) degradation, and the

degradation products were significantly attractive to Anastrepha ludens and R. pomonella .

2.4. Hemiptera

Most plant sap-feeding hemipteran insects feed on diets with an extremely low or unbalanced nutrient content. Therefore,

many plant sap-sucking insects (such as psyllids, whiteflies, mealybugs, aphids, cicadas, spittlebugs, and sharpshooters)

rely on obligatory endosymbionts with much-reduced genome size to synthesize B vitamins, steroids, EAAs, and other

nutrients . The application of NWR strategy in hemipteran insects has been verified in shield bugs, brown

planthoppers, cochineal insects, aphids, and others. Erwinia-like bacteria, vertically transmitted through eggs, are widely

present in the midgut of stink bugs and they synthesize uricase, allantoinase, and allantoicase in the cecum

of Parastrachia japonensis to catalyze the degradation of uric acid. Uric acid is recycled for EAAs syntheses with the aid

of Erwinia-like bacteria, thereby leading to significant improvement of the survival rate of adults and nymphs . Different

from P. japonensis, Nilaparvata lugens on its own is capable of encoding partial uricolytic genes (e.g., uricase gene).

Under the synergistic action of N. lugens and yeast-like symbionts in the fat body, uric acid is finally degraded and

reutilized by insect-yeast association . The genome of endosymbiont Dactylopiibacterium mainly located in the

ovaries of the carmine cochineal insects (D. coccus, D. opuntiae) was sequenced, and the data showed that purine and

uric acid degrading genes were present in its genome . In addition, fungal species

(Rhodotorula, Cryptococcus, Trametes, Penicillium, Debaryomyces) associated with the carmine cochineal also exhibit

urate oxidase activity in uric acid metabolism . Acyrthosiphon pisum synergizes with the intracellular

bacterium Buchnera through the host cell-mediated mode to assimilate ammonia from bacteriocyte metabolism into EAAs

.

2.5. Hymenoptera

Current research on NWR strategies in Hymenoptera mainly focuses on Formicidae insects. Camponotus
compressus showed specific gustatory preferences for urea . The overall transcriptional activity of urease structural

gene ureC, urease accessory gene ureF, glutamine synthetase encoding gene glnA and arginase family encoding

gene speB in the obligate intracellular endosymbiont Blochmannia floridanus increase steadily with carpenter ants age,

which promotes the conversion of urea in chemically defined diets to all but arginine of the EAAs to the

genus Camponotus . Gene content within the gut microbiomes of 17 Cephalotes species showed that nearly all core

symbionts involve in the biosynthesis of EAAs and nEAAs, but only a subset encode pathways of NWR, such as

symbionts in Burkholderiales, Rhizobiales, and Opitutales. Burkholderiales mediate the degradation of purine, xanthine, or

uric acid into urea, while Rhizobiales and Opitutales catalyze the conversion of urea into ammonia . Similarly, gene
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function prediction in Bartonellaceae colonized in the midgut wall of Dolichoderus indicated that Bartonellaceae is capable

of mediating nitrogen recycling and biosynthesis of several vitamins and all EAAs .

It should be stressed here that some insects on its own is sufficient for nitrogenous waste compounds degradation. For

example, Aedes aegypti can efficiently incorporate ammonia into amino acids via GS/GOGAT cycle to reduce the toxicity

of high-concentration ammonium salts to cells . Urate oxidase encoding gene is actively expressed in the specific

developmental stages of Drosophila (D. melanogaster, D. pseudoobscura, and D. virilis), and their nitrogenous

metabolites are eventually excreted in the form of allantoin, allantoic acid, urea or ammonia . However, a recent

genomic investigation showed that the bacteria of the family Acetobacteraceae isolated from the guts of Drosophila fruit

flies also possess the genes responsible for uric acid degradation . Similar to D. melanogaster, the blowfly Lucilia
sericata express high levels of urate oxidase in the malpighian tubules that convert uric acid from the hemolymph into

allantoin that is excreted . The uric acid that accumulates in silkworm tissues is excreted as a nitrogen waste

product, but the genes of Bmwh3, BmABCG5, and Bm5′N encoded by silkworm are involved in uric acid metabolism .

Interestingly, urease in fresh mulberry leaves can directly pass through the gut wall of silkworm larvae into the hemolymph

without being digested. Urea in midgut or hemolymph catalyzed by urease to ammonia is utilized by silkworm larvae to

synthesize protein .
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