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Abstract

Previous studies suggest that some insects require dietary arginine because they cannot

synthesize this amino acid through the urea cycle. To determine whether this finding

applies to all insects and what its metabolic implications are, we analysed the conservation

of 20 genes involved in arginine biosynthesis and metabolism in the genomes of 150 spe-

cies from 11 taxonomic orders. Our results showed that no insect can synthesize arginine

via the urea cycle, as ornithine carbamoyltransferase is absent from all genomes analysed.

While we found losses in other genes encoding urea cycle enzymes, nitric oxide synthase

(NOS) was conserved across orders. However, the citrulline produced by NOS cannot be

converted back to arginine in several insects due to the loss of argininosuccinate synthase

and argininosuccinate lyase genes. Despite the inability to synthesize arginine, all insects

(except some Hemiptera) can degrade it to ornithine and urea, as the arginase (ARG) gene

is conserved across the orders analysed. For some Hemiptera that have lost ARG, we

investigated how these insects produce or metabolize ornithine. Our results show that the

genes for converting ornithine to glutamate, proline and putrescine are conserved across

orders. However, while all insects have enzymes to synthesize putrescine and spermidine,

some lack the ability to produce spermine due to the absence of the spermine synthase

gene. Taken together, our results show that the loss of the urea cycle has led to significant

changes in the pathways by which insects metabolize and recover arginine, which is partic-

ularly important for the diversification of hemipterans.
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INTRODUCTION

The nitrogen present in the amino acids is excreted mainly as ammonia,

urea or uric acid. In aquatic species, ammonia can be directly diluted in

the circulating water. In contrast, terrestrial animals require a pathway

to convert ammonia to other less toxic and less water-demanding

nitrogen compounds, such as urea, excreted by mammals and some

amphibians, and uric acid, excreted by birds, arthropods and some
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reptiles. In mammals, the urea cycle plays a crucial role in converting

toxic ammonia to urea that is subsequently excreted by the kidneys.

Arginine (Arg) is one of the most versatile amino acids in animal

cells, playing a key role in synthesizing several vital compounds (Wu &

Morris, 1998). In the urea cycle, Arg is directly converted into nitric

oxide (NO) and citrulline (Cit) through a reaction catalysed by

nitric oxide synthase (NOS) and into ornithine (Orn) and urea by the

action of arginase (ARG). Additionally, Arg can be regenerated from

Orn and Cit in most animals via the enzymes ornithine carbamoyl-

transferase (OTC), argininosuccinate synthetase (ASS) and arginino-

succinate lyase (ASL) (Figure 1). However, the complete urea cycle has

been lost in birds (Fernandes & Murakami, 2010) and insects

(Reddy & Campbell, 1969), likely due to their evolutionary shift

towards uricotelism. As a result, Arg has become an essential amino

acid for these animals, as they can utilize it but cannot synthesize it.

The loss of the urea cycle in insects was accompanied by the loss

of various genes throughout the evolutionary history of different line-

ages. In a comparative genomic analysis of 27 insect species, Panfilio

et al. (2019) found that genes encoding all urea cycle enzymes were

present only in four sampled Lepidoptera species because they did not

find the OTC gene in the remaining species. This result agrees with dif-

ferent studies that showed that in insects, Arg can be replaced by Cit

but not by Orn (Davis, 1962; Hinton, 1956; Reddy & Campbell, 1969).

Panfilio et al. (2019) also proposed that the inability to synthesize Arg

likely originated early in the Hemiptera lineage, followed by a conver-

gent loss of the ability to degrade this amino acid in both aphid and

Rhodnius lineages, potentially due to the low prevalence of Arg in their

diets. Moreover, according to the authors, some lineages also lost ASS

or ASL genes, meaning that these insects can still produce NO and Cit

from Arg but lose the capability of recovering Arg from Cit.

In the absence of a complete urea cycle and the inability to regener-

ate Arg from Cit after NO production, it is plausible to hypothesize that

the loss of ARG may have been advantageous for certain Hemiptera spe-

cies, preventing the degradation of this amino acid. However, without

ARG, how do these insects synthesize the Orn required for polyamine

biosynthesis? While proline (Pro) and glutamate (Glu) can be synthesized

through alternative pathways, putrescine in insects can only be produced

from Orn via the action of ornithine decarboxylase (ODC, EC: 4.1.1.17)

(Cayre et al., 1995). Consequently, in the absence of ARG, these insects

must either synthesize Orn from Glu or Pro or acquire it from external

sources to ensure the production of polyamines.

Orn is often described as being present in different organisms at

lower concentrations than Glu, Pro and Arg, probably due to the rapid

metabolic flux of nitrogen through this amino acid (Majumdar
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F I GU R E 1 Enzymes involved in the urea cycle. The enzymes and genes represented include ARG, arginase; ASL, argininosuccinate lyase;
ASS, argininosuccinate synthase; CPS, carbamoyl phosphate synthetase; NOS, nitric oxide synthase; OTC, ornithine carbamoyltransferase.
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et al., 2015). Knock-down of ODC severely impaired the survival, nitro-

gen metabolism, oviposition and fecundity of both sugar- and blood-

fed Aedes aegypti mosquitoes, demonstrating that polyamine homeo-

stasis is critical for the survival of these insects (Isoe et al., 2022).

Putrescine and other polyamines are small, organic cationic mole-

cules of two to four amine groups linked by methylene chains. In

mammals, polyamines are synthesized in all tissues through the decar-

boxylation of Orn, which can be sourced from the urea cycle, diet or

intestinal bacteria (Gerner & Meyskens, 2004). The decarboxylation of

Orn by ODC produces the diamine putrescine, which forms the tria-

mine spermidine and tetramine spermine by adding aminopropyl

groups. This aminopropylation process relies on methionine

metabolism, with aminopropyl groups supplied by decarboxylated S-

adenosylmethionine through the catalytic action of adenosylmethio-

nine decarboxylase (AMD, EC 4.1.1.50) (Wallace et al., 2003). Poly-

amines are critical in several physiological processes, including cell

growth, differentiation and programmed cell death. In insects, putres-

cine, spermidine and spermine are present throughout all develop-

mental stages of Musca domestica and Dysdercus koenigii (Joseph &

Baby, 1988). Moreover, putrescine has been shown to play an essen-

tial role in neuroblast division, acting as a transducer of juvenile hor-

mone signals in adult crickets (Cayre et al., 1997). In flies, ionotropic

chemosensory receptors mediate the attraction of Drosophila to

polyamine-rich diets, which can be beneficial and increase their repro-

ductive success (Hussain et al., 2016). Endogenous and exogenous

spermidine levels also induce autophagy in flies, increasing their lon-

gevity (Eisenberg et al., 2009). In light of this, we question whether

the loss of ARG in some Hemiptera species may have also impaired

their ability to synthesize or metabolize Orn, ultimately affecting their

capacity to produce polyamines.

To investigate the implications of the divergent loss of urea cycle

enzymes in insects, we analysed the presence of genes related to this

pathway in the genomes of 150 insect species and analysed their

expression profiles in the midgut and carcass tissues of nine model

species. Our findings reveal that none of the insect species studied

can produce all urea cycle enzymes and that several lineages have lost

the ability to regenerate Arg from Cit. Furthermore, we demonstrated

that despite the loss of ARG in some Hemiptera, all species within this

order retain the ability to metabolize Orn to synthesize polyamines,

Glu or Pro. This is possible because all the enzymes required for these

processes are present in their genomes, except spermine synthase

(SMS), which is absent in aphids. Together, our results demonstrate

that while several losses of urea cycle-related enzymes occurred

across different insect groups, these losses did not compromise the

ability of these insects to metabolize Orn and polyamines.

RESULTS

Taxonomic distribution and gene expression of the
enzymes involved in the urea cycle

The taxonomic distribution of the urea cycle enzymes among all

Arthropoda lineages was analysed. Figure 2 shows the distribution of

these enzymes among the 11 insect orders examined. Additionally,

the number of genes identified in each genome is detailed in Supple-

mentary Material 1, including genes absent from genome annotations

but predicted using the BITACORA software (Vizueta et al., 2020)

(Supplementary Material 2).

The formation of Cit from Orn and carbamoyl phosphate is pro-

moted by the enzyme ornithine carbamoyltransferase (OTC, EC num-

ber: 2.1.3.3, KO number: K00611). According to the KEGG

annotation, OTC homologous genes were found in the genomes of

6 Coleoptera, 25 Lepidoptera, 3 Hemiptera, 2 Thysanoptera, 1 Phthir-

aptera and 1 Odonata, as well as in 1 Collembola and 1 Thecostraca

species. However, while 96.1% of the sequences identified in KEGG

as OTC (KO: K00611) have both the active site residues D263 and

C303 (according to the OTC protein sequence of Bos taurus, available

in the UniProt database with the ID: Q9N1U7), all sequences from

Arthropoda species included in this KO do not have these residues at

these positions. In addition to D263 and C303, the positions R141, H168,

Q171, L304 and R330—described as part of the catalytic site of the

H. sapiens OTC gene (Shi et al., 2000)—and the positions S55, R57, T58,

R106, L128, H133, Q136, M236, S235 and R319, associated with the sub-

strate binding site of E. coli OTC (Langley et al., 2000), which are con-

served in bacteria, fungi, plants and other Metazoan species

(Supplementary Material 3), are also absent in these insect sequences.

Furthermore, besides the grouping in the same KEGG orthologous

group, a BLASTp search using the reference sequence from B. taurus

as a query and the arthropods putative OTC genes annotated in KEGG

as subjects, returned as the best hit a Frankliniella occidentalis

sequence (KEGG identifier: foc:113203376). However, this sequence

shares only 27.43% of the identity with the query. These results sug-

gest that Arthropoda sequences annotated as OTC in KEGG are

unlikely to act as such due to the absence of both active site residues,

which are highly conserved in OTC sequences from most taxonomic

groups. However, it is noteworthy that the tridimensional structure

predicted for Helicoverpa armigera putative OTC using AlphaFold2

(Jumper et al., 2021) suggests a possible shared ancestry

(Supplementary Material 4). Further studies are needed to understand

better whether these genes play another functional role. In addition,

according to the KEGG annotation, arthropods also do not have the

gene encoding carbamoyl-phosphate synthetase (CPS 1). Therefore,

the complete urea cycle is missing in all insects, including Lepidoptera.

The conversion of Cit to Arg involves two steps: the conversion

of Cit to argininosuccinate catalysed by ASS and the conversion of

argininosuccinate to Arg plus fumarate catalysed by ASL. The number

of ASS and ASL homologous genes found in each Insecta genome is

shown in Supplementary Material 1. Our results show that the

genomes of 92 insect species have both enzymes, 12 have only ASS,

3 have only ASL and 43 have neither. Among the insect taxonomic

orders, both genes were missing in the genome annotations of all spe-

cies of Odonata, Thysanoptera and Phthiraptera analysed. They were

also missing from the genomes of some of the Hymenoptera, Coleop-

tera, Diptera and Hemiptera species. Among these orders, Hemiptera

showed the most random distribution of these genes, with the Auche-

norryncha Nilaparvata lugens having both genes, the Heteroptera

Rhodnius prolixus having only ASS and the Sternorrhyncha species
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Aphis craccivora and Acyrthosiphon pisum having only ASL. Since these

two enzymes work together in this conversion, we tested the possibil-

ity of the R. prolixus ASS gene being a result of contamination of its

genome. For this, we searched for homologous sequences in the NCBI

database for the protein sequences of the two flanking proteins of

the putative ASS gene annotated in the R. prolixus scaffold KQ036543

using BLASTp and also tested the expression values of these three

genes in our RNA-seq analysis. Our results showed that this scaffold

is probably a sequence from a bacterium belonging to the

order Enterobacterales present in the middle portion of the midgut of

R. prolixus (Supplementary Material 5). Therefore, to test whether all

Hemiptera might have lost the ability to synthesize Arg from Cit, we

assessed the possibility of contamination in all ASS and ASL sequences

annotated in Hemiptera genomes. The Ac. pisum ASL sequence

(XP_029347774.1) and the genome scaffold for which this sequence

was annotated (NW_021764953.1), as well as the N. lugens ASS

(XP_039301184.1) and ASL (XP_039301185.1) sequences, both

annotated in the same genome scaffold (NW_024092249.1), were

removed from NCBI databases as possible contaminations. The Ap.

craccivora ASL sequence (KAF0746383.1) is still available in the NCBI,

but as for R. prolixus, all sequences from the scaffold containing the

suspicious sequence (VUJU01007234.1) have Enterobacterales

sequences as the best hit (Supplementary Material 6), showing that

this scaffold is probably also the result of a genome sequence contam-

ination. Thus, all Hemiptera probably lost their ability to form Arg

from Cit. To search if this contamination problem happened only in
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the Hemiptera genomes, and since both ASS and ASL are needed to

produce Arg, we tested the probability of genome contamination in all

insect genomes containing only one of these genes. Of the 14 organ-

isms analysed, two sequences have already been removed from NCBI

as possible contaminations, and 12 have insect sequences as the best

hits, so they are probably not a contamination (Supplementary Mate-

rial 7). Thus, for these species, only one gene is present, or the missing

gene is simply not annotated in this version of the species genome.

Arg can be converted to Orn by the action of ARG in the urea

cycle or to Cit and NO by the action of the NOS (Figure 1). At least

one ARG gene was conserved in all insect orders except Hemiptera. In

Hemiptera, a gene encoding for this enzyme was found only in the

species Apolygus lucorum (Heteroptera, Cimicomorpha, Miridae) and

Cimex lectularius (Heteroptera, Cimicomorpha, Cimicoidea). To verify if

ARG may be present in other Hemiptera not sampled in our genome

analysis, we performed a BLASTp search against the non-redundant

protein database from NCBI, using the sequences of these two Hemi-

ptera species as queries. We found protein sequences similar to them

in three other Hemiptera species, the Heteroptera Nesidiocoris tenuis

(Cimicomorpha, Miridae) and the Auchenorryncha species Homalo-

disca vitripennis and Macrosteles quadrilineatus (both, Cicadomorpha,

Cicadellidae) (Supplementary Material 8). Interestingly, the most

closely related species in our analysis, such as R. prolixus (Heteroptera,

Cimicomorpha, Reduvioidea) and the Auchenorrhyncha species Lao-

delphax striatellus and N. lugens (both, Fulgoromorpha; Fulgoroidea;

Delphacidae), lacked annotated ARG genes. This suggests that not all

species within the Heteroptera Cimicomorpha have lost ARG, and

despite its absence in the two Auchenorrhyncha Fulgoromorpha spe-

cies analysed, ARG is still present in at least two Cicadomorpha

species.

According to KEGG, there are two types of NOS in Arthropoda:

homologous to the brain (K13240) or inducible (K13241) human NOS

genes. However, the putative inducible NOS gene was annotated in

KEGG for only six Arthropoda species, the insect Bradysia coprophila

(Diptera), one Brachiopoda, three Arachnida and one Merostomata

species. Therefore, our results probably represent the number of

genes homologous to the Homo sapiens NOS that produce NO in the

brain and nervous system (K13240). This gene was found in

the genomes of species from all the insect taxonomic orders analysed

(Supplementary Material 1). In most orders, several species have only

one copy of this gene, but it is noticeable that all Lepidoptera species

have at least two copies of this gene. According to the Spodoptera fru-

giperda RNA-seq analysis, both genes were associated with higher

TPM levels in the carcass sample than in any midgut part of the larvae

analysed (Supplementary Material 9), which may indicate that these

genes are involved in NOS production in the nervous system of this

species.

Alternative paths to ornithine biosynthesis

Most Hemiptera species have lost the ability to synthesize Orn from

Arg. Therefore, we examined the available pathways to produce and

utilize Orn in this and other insect groups.

One way of synthesizing Orn is from Glu, using a pathway that has

aminoacylase (ACY) as the final step. This enzyme is present in all

insect groups. Nevertheless, according to KEGG, the enzymes involved

in synthesizing N-acetylornithine from Glu are absent in any arthropod

genome. So, this aminoacylase is likely involved in the hydrolysis of

other N-acetylated amino acids in acetate and free amino acids.

Orn can be synthesized from Glu through another pathway and

from Pro, as described in Figure 3. Orn production from Glu and Pro

involves the formation of L-glutamate 5-semialdehyde, which can be

interconverted to Orn by the action of the enzyme ornithine amino-

transferase (OAT). This enzyme was found in all insect orders analysed

(Supplementary Material 1), showing that even the Hemiptera species

that lost ARG can synthesize Orn from or convert it to Glu and Pro.

The irreversible synthesis of L-glutamate-5-semialdehyde from

Glu involves the conversion of Glu to L-glutamyl-P and of L-glutamyl-P

to L-glutamate-5-semialdehyde, catalysed by the enzyme Delta-1-pyr-

roline-5-carboxylate synthase (P5CS), a bifunctional enzyme that has

Glu kinase and ∂-Glutamyl-P reductase activities. This enzyme was

also found in the genome annotation of insects from all insect orders

analysed in this work (Supplementary Material 1). The synthesis of L-

glutamate from L-glutamate 5-semialdehyde can be produced by the

action of the enzyme Delta-1-pyrroline-5-carboxylate dehydrogenase

(P5CDH). This enzyme was also found in the genome annotation of

insects from all insect orders analysed in this work (Supplementary

Material 1). The enzymes involved in the interconversion of Glu to L-

glutamate 5-semialdehyde are present in the genomes of all insect

species analysed, and their importance may be because they are

essential in the interconversion of Glu and Pro. Consistent with this,

conservation in all analysed insect genomes was also found for the

pyrroline-5-carboxylate reductase (PYCR), which converts Pro to

1-pyrroline-5-carboxylate, and the proline dehydrogenase (PRODH),

which converts Pro to 1-pyrroline-5-carboxylate (Figure 2), likely due

to the critical role of proline in insect metabolism, particularly in

winged insects, where it serves as an energy substrate for flight

(Scaraffia & Wells, 2003; Teulier et al., 2016).

Taken together, our results show that besides the lack of ARG, all

Hemiptera species can potentially produce Orn from Glu or Pro and

use Orn to produce these two amino acids.

The role of ornithine in polyamine synthesis

Besides the possibility of its conversion to Glu or Pro, Orn can also

form polyamines (Figure 4). Orn can be converted to putrescine by

ODC. The gene encoding this enzyme was found in the genomes of

more than 90% of the analysed species from all insect orders, and in

several of them, multiple copies were found. For example, multiple

copies of ODC were found in the genomes of mosquitoes, some Cole-

optera, some Hymenoptera and the Orthoptera Schistocerca ameri-

cana (Supplementary Material 1).

The enzyme spermidine synthase (SRM, EC number: 2.5.1.16, KO

number: K00797), which catalyses the conversion of putrescine to

spermidine, is conserved in the genomes of at least 90% of the spe-

cies from all insect orders analysed (Supplementary Material 1).
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The last polyamine that can be formed in this pathway is sper-

mine, which is formed from spermidine by the enzyme SMS. This

enzyme is conserved in the genomes of at least 90% of the species

from all insect orders except Blattodea, Hemiptera and Coleoptera

(Figure 2). Our results showed that Hemiptera Sternorrhyncha, from

the infraorder Aphidomorpha, may not synthesize spermine but only

putrescine and spermidine.

Expression analysis of the genes involved in the
biosynthesis and metabolism of arginine and ornithine

To better understand the role of the analysed genes in insect metabo-

lism, we searched for their expression profiles in different digestive

tissues of insects from different taxonomic orders. For this, we used

previously obtained RNA-seq results from each tissue sampled for

adults of Periplaneta americana (Blattodea) and R. prolixus (Hemiptera),

and larvae of Tenebrio molitor (Coleoptera), Mu. domestica (Diptera)

and S. frugiperda (Lepidoptera) (Supplementary Materials 9–13). More-

over, we also used RNA-seq analysis conducted for different digestive

tissues and carcasses of adults of Abracris flavolineata (Orthoptera),

Mahanarva fimbriolata (Hemiptera, Auchenorrhyncha), Dysdercus peru-

vianus (Hemiptera, Heteroptera) and larvae of Dermestes maculatus

(Coleoptera), for which no genome was available (Supplementary

Materials 14–17).

To compare the RNA-seq results for all enzymes involved in the

incomplete urea cycle (Figure 1), we summed the TPM values for

genes encoding the same enzyme (Supplementary Material 18). We

Arginine

Ornithine

L-glutamate 5-semialdehyde 

H2O

ARG
Urea

NADPH + H+

P5CS
Phosphate + NADP+

L-glutamyl-P

Glutamate

ADP

P5CS
ATP

2-oxo carboxylate

OAT
L-amino acid

H2O + NAD+

2 H+ + NADH

P5CDH
1-pyrroline-5-carboxylate 

Proline

a quinol + H+

PRODH
a quinone

NADPH + 2H+

PYCR
NADP+

F I GU R E 3 Enzymes involved in the ornithine biosynthesis and metabolism. Arg, arginase; OAT, Ornithine aminotransferase; P5CDH, delta-
1-pyrroline-5-carboxylate dehydrogenase; P5CS, delta-1-pyrroline-5-carboxylate synthetase; PRODH, proline dehydrogenase; PYCR, pyrroline-
5-carboxylate reductase.

Ornithine

Putrescine

Spermidine

S-Adenosyl-
metioninamine

S-Adenosyl-
L-methionine

Cysteine and methionine
metabolism

CO2

CO2

S-methyl-5'-
thioadenosine

S-methyl-5'-
thioadenosine

Spermine

ODC

SRM

AMD

SMS

F I GU R E 4 Enzymes involved in polyamine biosynthesis. AMD,
adenosylmethionine decarboxylase; ODC, ornithine decarboxylase;
SMS, spermine synthase; SRM, spermidine synthase.
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had RNA-seq data for the Malpighian Tubules (MT) in only two

insects: P. americana and A. flavolineata. In both cases, this tissue

showed higher expression levels (TPM) in comparison to the remain-

ing body samples for one of the two genes involved in the conversion

of Cit to Arg, ASS in P. americana and ASL in A. flavolineata. For the

other insect species, we sampled the midgut, while all remaining body

parts (excluding heads, wings and legs) were categorized as ‘car-
casses’. Thus, in these species, MT was grouped with other carcass

tissues. All other species exhibited higher TPM values for ASS and ASL

in the carcass samples, which may also be related to the role of MT in

this enzyme production.

NOS genes had TPM values below 15 in all samples from

P. americana, R. prolixus, M. fimbriolata, M. domestica and S. frugiperda,

suggesting that this gene may be constitutively expressed at low

levels in these species in the experimental conditions used in our

work. However, it is noteworthy that NOS plays a significant role in

the midgut of larvae from different Coleoptera species, as high TPM

values were observed in the midgut samples of T. molitor and

D. maculatus. In D. maculatus, a high expression value was also

detected in the carcass sample. In contrast, in A. flavolineata, NOS

showed higher TPM values in the MT sample, a pattern not observed

in P. americana, where NOS was undetectable in this tissue. For

D. peruvianus, high NOS expression was observed in the carcass sam-

ple, which contrasts with the low expression levels found in the other

Hemiptera species analysed in our work (R. prolixus and

M. fimbriolata).

ARG genes exhibited higher TPM values in the carcass samples of

all insects, except for A. flavolineata, which showed negligible expres-

sion levels across all samples; the hemipteran species R. prolixus,

which lacks this gene; andM. fimbriolata, where ARG TPM values were

consistent across all tissue samples, with no significant differences

observed.

Since some Hemiptera species, such as R. prolixus, lack the ARG

gene, they are likely unable to synthesize Orn from Arg. To explore

whether alternative pathways for Orn biosynthesis exist in these

insects, we searched for genes involved in Orn production and metab-

olism within their genomes and our RNA-seq data. Our analysis of

R. prolixus revealed that OAT and ODC genes were expressed in all tis-

sues examined. Notably, ODC displayed TPM values at least 1.92

times higher than OAT across all tissues, especially in the carcass, in

which ODC’s TPM values were 5.66 times higher than the combined

TPM values of both OAT genes. These results suggest that Orn is

likely used for putrescine production under the experimental condi-

tions, potentially sourced from L-glutamate 5-semialdehyde or

through dietary or symbiotic origins. In D. peruvianus, ODC also

showed higher TPM values—more than 3.57 times that of OAT across

all tissues. In M. fimbriolata, TPM values for ODC were at least 1.38

times higher than OAT in all tissues.

In the adults of P. americana, among the genes involved in Orn

biosynthesis and metabolism analysed in our study (Figure 3), P5CDH

exhibited the highest TPM values across all sampled tissues, except in

the foregut and carcass, where ODC and OAT were the most highly

expressed genes, respectively (Supplementary Material 19). Similarly,

P5CDH was the most highly expressed gene in the Malpighian tubules

of adult A. flavolineata. However, in all other samples, P5CS showed

values equal to or higher than P5CDH, indicating that in these cases,

the conversion of Glu to Pro might hold equal or greater significance

compared to Glu biosynthesis through this pathway.

To analyse the conversion of Orn to polyamines, we compared

the TPM values of ODC, SRM, SMS and AMD in our RNA-seq data

(Supplementary Material 20). Among these genes, ODC had the high-

est TPM values across all tissues in P. americana, R. prolixus, T. molitor,

A. flavolineata, D. maculatus, D. peruvianus and M. fimbriolata. In Mu.

domestica larvae, ODC was also the most expressed gene in the third

portion of the posterior midgut (PM3) and the carcass (CAR). How-

ever, all four genes, including ODC, showed low expression levels in

the remaining samples. In S. frugiperda larvae, ODC was the most

highly expressed gene in all midgut portions, but in the carcass, AMD

had a TPM value 1.94 times higher than ODC. Together, these results

highlight the significance of putrescine biosynthesis from Orn in all

the insects analysed.

DISCUSSION

The urea cycle is absent in arthropods

Analysing the genomes of 27 insect species, Panfilio et al. (2019)

found that only the Lepidoptera species had all genes involved in the

urea cycle in their genome. However, when we searched the KEGG

database for the ornithine transcarbamoylase (OTC) sequences, we

found sequences from 40 Arthropoda species, including sequences

from 25 Lepidoptera species, but none of them had the catalytic site

described for OTC. Consistent with this finding, OTC activity was not

detected in the fat body of the cockroach Blaberys cranifera and the

silkmoth Hyalophora gloveri (Reddy & Campbell, 1977). Thus, we

believe that none of the Arthropoda species have the complete urea

cycle since they also lack the CPS 1 gene in their genomes, which

would impair the synthesis of the carbamoyl-phosphate used in the

first step of the cycle.

The absence of a complete urea cycle has several implications,

starting with the impossibility of synthesizing Arg, which is an essen-

tial amino acid not only because of its requirement in protein synthe-

sis but also because of its involvement in NO and Orn synthesis,

which can be used in the synthesis of Pro, Glu and polyamines

(Fernandes & Murakami, 2010).

Arginine metabolism

The genomes of all insects analysed in our work preserve at least one

copy of the gene encoding for NOS, an enzyme that uses Arg, molecu-

lar oxygen and NADPH as substrates to produce Cit and NO. NO is

an important signalling molecule in the nervous system of diverse

organisms, including mammals and insects. In insects, NO is also

involved in the immune response, acting as an effector to kill patho-

gens or regulating the production of antimicrobial peptides (Chen

et al., 2022).
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In some Hemiptera, all urea cycle enzymes were lost but not the

NOS gene, highlighting the importance of this gene for the survival of

these animals. Examples of the NOS relevance to Hemipterans were

obtained from the fact that NOS activity was detected in the bacterio-

cytes that host the Buchnera aphidicola symbionts in Magoura viciae

(Sternorrhyncha: Aphididae) (Ganassi et al., 2005) and in the salivary

glands of the hematophagous R. prolixus (Heteroptera: Reduviidae), in

which NOS also acts as a vasorelaxing molecule (Ribeiro &

Nussenzveig, 1993).

Two enzymes, ASS and ASL, are involved in the conversion of Cit

to Arg. In our analysis, both ASS and ASL genes were missing in the

genomes of 28.4% of the insects analysed, while 9.9% had only one

of these genes. Our analysis suggests that no Hemiptera species con-

tains both ASS and ASL genes in its genome. In cases where one of

these genes was annotated in certain species, our findings indicate

that the gene may originate from bacterial DNA. However, we cannot

conclude whether these annotations are due to contamination or hori-

zontal gene transfer (HGT), a phenomenon documented in some

insects (Dhaygude et al., 2019; Li et al., 2022). In contrast, our analysis

found no signs of genomic contamination for some Hymenoptera and

Diptera species, where only one of the two genes was identified. This

leads us to hypothesize that these insects either utilize only one of

the genes or, more likely, their genome sequencings are incomplete,

which could explain the absence of one gene.

The absence of ASS and ASL in 28.4% of the insect genomes ana-

lysed suggests that the loss of both genes occurred independently

across different insect taxonomic groups during their evolutionary his-

tory. So why should this loss be advantageous or neutral so these

groups were not counter-selected? One hypothesis is that NOS activ-

ity is very low in these insects, reducing the demand for Arg, which is

also used in protein synthesis. For the Hemiptera species with avail-

able RNA-seq data, this seems plausible given the low NOS expression

levels observed in R. prolixus (Supplementary Material 11) andMa. fim-

briolata (Supplementary Material 17), both of which lack detectable

ASS and ASL genes. However, in the Hemiptera species D. peruvianus,

where ASS and ASL genes are also absent, we identified five tran-

scripts coding for putative NOS with high TPM values, particularly in

the carcass (Supplementary Material 16), contradicting this hypothe-

sis. An alternative hypothesis is that the last common ancestor of

Hemiptera had a diet rich in Arg, making the loss of the arginine-

recovery pathway via ASS and ASL neutral or even beneficial.

The gene encoding ARG was present in all insects analysed

except for Hemiptera. It is absent from the genomes of 14 of the

16 (87.5%) Hemiptera species analysed. Hemiptera have variable

food sources and are composed of four suborders: Sternorrhyncha,

Heteroptera, Auchenorrhyncha and Coleorrhyncha (the latter with

no genome available) (Johnson et al., 2018). In our analysis, includ-

ing searches against the entire NCBI protein database, genes encod-

ing for ARG were found only in two species of Cicadellidae

(Auchenorrhyncha) and two species of Cimicomorpha (Heteroptera),

suggesting that the loss of ARG probably occurred several times

along the evolutionary history of hemipterans, as this gene was

likely present in the ancestors of these most derived groups. In con-

trast, ARG was not found in any of the genomes of the

Sternorrhyncha species analysed, suggesting that the loss may be

very basal in this lineage.

In addition to our comparative genomics analysis, we also found

one transcript encoding putative ARG in the transcriptome of Ma. fim-

briolata (Auchenorrhyncha, Cicadormorpha, Cercopidae), which was

similarly expressed in all tissue samples analysed in our RNA-seq anal-

ysis (Supplementary Material 17), and one transcript in the transcrip-

tome of the seed-feeding species Dy. peruvianus (Heteroptera,

Pentatomomorpha, Pyrrhocoridae), with higher TPM levels in the car-

cass than in any midgut tissue (Supplementary Material 16). This result

for D. peruvianus is consistent with the findings of Panfilio et al.

(2019), who also described the presence of ARG in another seed-

feeding Pentatomomorpha species, Oncopeltus fasciatus (Lygaeidae).

Taken together, the distribution of the ARG among Hemiptera species

shows that the loss of this gene was very random among Hemiptera

lineages, and it is not clear whether diet acted as a selective pressure

to preserve or lose this gene.

In our RNA-seq analyses, the only species that did not have ARG

was R. prolixus. For this species, the gene most expressed in the Orn

biosynthesis and metabolism was PYCR, which can interconvert Pro to

1-pyrroline-5-carboxylate, followed by ODC, which converts Orn

to putrescine (Supplementary Material 11). Notably, this relatively

high expression of ODC shows that R. prolixus needs to use Orn at

least to synthesize putrescine, so these insects may synthesize Orn

from Pro or Glu or obtain it from its food or symbiont sources.

Ornithine and polyamine production

All genes involved in polyamine biosynthesis were found in all insect

orders, except for Hemiptera, where the SMS gene was missing in all

Sternorrhyncha from the infraorder Aphidomorpha.

SMS deficiency in humans causes Snyder-Robinson syndrome

(SRS), an X-linked intellectual disability, and in Drosophila melanoga-

ster, it leads to survival deficits and synaptic degeneration due to

increased spermidine catabolism (Li et al., 2017). This excessive catab-

olism produces toxic metabolites, such as aldehydes and reactive oxy-

gen species (ROS) like H₂O₂, which induce oxidative stress and disrupt

lysosomal functions (Li et al., 2017). However, the SMS loss in aphids

may not cause the same problems observed in Dr. melanogaster, as

Buchnera, a long-standing aphid symbiont, could utilize spermidine.

Therefore, understanding how aphids survive without SMS and how

this loss may have influenced their symbiotic relationship with Buch-

nera remains an essential area of study. Additionally, it would be inter-

esting to investigate whether spermine is present in any form in

aphids and, if not, how they manage to survive without this

polyamine.

Expression profile of genes involved in arginine
biosynthesis and metabolism

To better understand the role of enzymes in the incomplete urea cycle

across different insect groups, we examined the expression profiles of
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genes encoding these enzymes using RNA-seq data previously gener-

ated by our group. Our results suggest that the conversion of Cit to

Arg was likely more active in the Malpighian tubules or other carcass

tissues across all insects analysed where these genes were found

(Supplementary Material 18). The carcass may also serve as a prefer-

ential site for converting Arg to urea, as this tissue exhibited the high-

est TPM values for ARG in all insect samples (Supplementary

Material 18). Additionally, the conversion of Arg to Cit, which plays a

crucial role in NO production, occurred constitutively in most of our

samples. However, the expression profile of NOS was notably differ-

ent between the two Coleoptera species included in our analysis.

NOS was highly expressed in the midgut samples of larvae from

T. molitor and D. maculatus (Supplementary Materials 12 and 15,

respectively). The NO plays a crucial role in mediating immune

responses in insects. In Coleoptera, upregulation of NOS expression

has been previously observed in the hemolymph of Pterostichus melas

italicus (Carabidae) after exposure to Escherichia coli lipopolysaccha-

ride (Giglio et al., 2015). Although our samples were not exposed to

any bacterial treatment, it is known that there is a rich microbiota in

T. molitor larvae (Genta et al., 2006). The NOS genes identified

in these Coleoptera species may similarly contribute to immune

responses in these insects. Furthermore, despite the lower expression

levels observed in the midgut of other insect species sampled in our

RNA-seq analysis, we hypothesize that NOS expression might be

induced under different experimental conditions involving microbial

challenges. For example, all Lepidoptera species analysed in our study

possess at least two copies of the NOS gene in their genomes, sug-

gesting that this gene may play a particularly important role in these

insects. Although the two NOS copies identified in S. frugiperda were

not highly expressed in our experiments, NOS levels have been shown

to increase in the midgut of other Lepidoptera, such as Antheraea per-

nyi (Saturniidae), following infection by the microsporidian parasite

Nosema pernyi (Liu et al., 2020). In Manduca sexta, ingestion of the

bacterium Photorhabdus luminescens also induced NOS expression in

the larval gut, potentially inhibiting bacterial translocation across the

gut wall (Eleftherianos et al., 2009). Therefore, we suggest that future

RNA-seq experiments involving different treatments are necessary to

further elucidate the role of NOS in insect immune responses.

Regarding Orn biosynthesis and metabolism, we observed that

R. prolixus, despite lacking the ARG gene and thus being unable to syn-

thesize Orn from Arg, can still use Orn to produce putrescine, as the

ODC gene is expressed in all tissue samples analysed (Supplementary

Material 11). This suggests that R. prolixus likely acquires Orn from the

metabolism of Pro or Glu, as OAT was also expressed in all samples or

possibly from another external source. Additionally, the RNA-seq data

from all insect species analysed indicate that putrescine biosynthesis

from Orn is a crucial metabolic step for all of them, as ODC is consis-

tently expressed across all samples (Supplementary Material 19).

In conclusion, our results show that the complete urea cycle was

probably absent in Insecta’s last common ancestor species, as the OTC

and CPS genes were not found in the insect genomes analysed. In

addition, we detected subsequent losses in some of the insect line-

ages in other enzymes that make up the cycle. For example, the ability

to recover Arg from Cit was probably lost in the last common ancestor

of the Paraneoptera, as the ASL and ASS genes were not found in any

Phthiraptera, Thysanoptera and Hemiptera species. In Hemiptera,

other enzymes were also lost in some groups, with ARG found in the

genomes of only a few species and SMS absent in Sternorrhyncha.

These results show that the loss of the urea cycle was followed by

several changes in Arg metabolism along the evolutionary history of

insects, particularly in Hemiptera.

EXPERIMENTAL PROCEDURES

Acquisition of genomic data for Arthropoda species

Available arthropod genomic data (GFF files and genome assemblies,

protein and CDS fasta files) were retrieved from NCBI’s Genome

Database, i5K, VectorBase, LepBase, FireflyBase, WaspBase, BIPAA’s

AphidBase, Coleoptera, LepidoDB and ParWaspDB databases

between November 2021 and May 2022. Data for P. americana were

kindly provided by Li et al. (2018). Only the longest isoform for each

gene was retained for further analysis, utilizing AGAT v0.8.1 scripts

(Dainat, 2022). Genome completeness was assessed using BUSCO

software v5.3.0 (Manni, Berkeley, Seppey, & Zdobnov, 2021). The

species included in the analyses were selected based on the following

criteria: (1) having a genome completeness index >90% and a single-

copy gene index >75%; (2) having a higher genome completeness

index compared to other congeneric species; (3) availability in the

NCBI database when family counterparts were sourced from other

databases; (4) being the sole representative of its family; (5) inclusion

among the species selected for RNA sequencing (see item 4.4). Repre-

sentatives of Chelicerata orders with the highest genome complete-

ness indexes were selected as outgroup species. The genomes

selected and their respective accession numbers and BUSCO statistics

are listed in Supplementary Material 21.

Arthropoda phylogenomic tree proposal

A non-ultrametric phylogenomic tree was predicted following BUS-

CO’s phylogenomic pipeline (Manni, Berkeley, Seppey, Simão,

et al., 2021) with some adaptations, as briefly described below. Pro-

tein sequences from single-copy orthologous genes, or the highest-

rated duplicate copies shared across all species, were aligned using

MAFFT software v7.503 (Katoh & Standley, 2013) in the L-INS-i

model with 1000 iteration cycles. Low-quality positions in the align-

ments were removed using the trimAL tool with the -automated1

option (Capella-Gutiérrez et al., 2009). The trimmed alignments from

each orthologous group were concatenated using the catfasta2phyml

script (https://github.com/nylander/catfasta2phyml). Phylogenetic

relationships were predicted using IQ-TREE software v1.6.12 (Nguyen

et al., 2015) with the LG + F + R10 amino acid substitution model,

selected as the best fit by ModelFinder Plus (Kalyaanamoorthy

et al., 2017) based on the Bayesian Information Criterion. Branch
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support for the phylogeny was assessed with 1000 ultrafast bootstrap

replicates (Hoang et al., 2017). In addition to the sequence alignment,

a constraint tree was provided as input in the IQ-TREE analysis to

achieve a topology of Arthropoda orders consistent with that

described by Misof et al. (2014). The constraint tree was predicted

using sequences from representative genomes of each order following

the same steps described above, except for using RAxML software

v.8.2.12 (Stamatakis, 2014) instead of IQ-TREE. The resulting phylo-

genomic tree was rooted in the chelicerate species branch using iTOL

(www.itol.embl.de), and the relationships among species were

checked according to the phylogenies proposed in the articles listed in

Supplementary Material 22. The proposed phylogenetic tree is pre-

sented in Supplementary Material 23.

Identification of the orthologous groups containing
the enzymes involved in the analysed pathways

Protein datasets annotated for each analysed genome were grouped

into orthologous groups (OGs) using OrthoFinder (Emms &

Kelly, 2019). OGs corresponding to each KEGG Orthology (KO) group

involved in the analysed pathways were identified as follows.

The identification and the amino acid sequences of enzymes

involved in the pathways of Arg biosynthesis (KEGG ID: map00220)

and Arg and Pro metabolism (KEGG ID: map00330) were retrieved

from the KO database. A BLASTp search (Altschul et al., 1990) was

performed to identify similar sequences in the analysed genome, using

all sequences associated with a specific KO in the KEGG database as

queries and a maximum e-value threshold of e-5, and a minimum

sequence identity of 70%. The OGs containing the sequences identi-

fied in the BLASTp search for each KO were determined and manually

verified to prevent misidentification between KO and OG groups.

To estimate the number of genes in each OG that may encode

functional enzymes, reference sequences with annotated active site

residues were retrieved from the UNIPROT database. When available,

these reference sequences were aligned with the corresponding OG

sequences using MAFFT v7.503. This alignment was used to quantify

how many sequences within each OG have the annotated active site

residue at the same position as in the reference. Only the total num-

ber of genes per species genome was considered for enzymes lacking

a described active site. A list of the analysed enzymes, their reference

sequences, and the corresponding active site residues used for filter-

ing is provided in Supplementary Material 24.

In cases where a gene was not identified in the genome annota-

tion, the amino acid sequences associated with the corresponding KO

in the KEGG database were aligned using MAFFT and subsequently

used as queries to search for the gene in the genome sequences with

the BITACORA software (Vizueta et al., 2020), utilizing genome mode

and the proximity algorithm. All putative amino acid sequences identi-

fied through this analysis were validated using BLASTp against the

NCBI non-redundant database to detect potential misannotations or

contamination from exogenous DNA. Furthermore, for genes with

described active site residues, the amino acid sequences were care-

fully analysed to confirm the presence of these key residues.

Gene expression analysis

Gene expression was examined using RNA sequencing (RNA-seq)

analysis. For this, the total RNA content for three biological samples

from different tissues for the species Ab. flavolineata (Orthoptera),

P. americana (Blattodea), Ma. fimbriolata (Hemiptera), R. prolixus

(Hemiptera), Dy. peruvianus (Hemiptera), T. molitor (Coleoptera), De.

maculatus (Coleoptera), S. frugiperda (Lepidoptera) and Mu. domestica

(Diptera) was extracted and sequenced in an Illumina equipment. The

insect-rearing and RNA-sequencing details can be found in Dias et al.

(2019) and in Supplementary Material 25.

For the species with a genome available (P. americana, R. prolixus,

T. molitor, S. frugiperda and M. domestica), RNA-seq analysis was per-

formed using the nf-core/rna-seq pipeline (Ewels et al., 2020). The

STAR alignment strategy was used as a parameter for the pipeline

(Dobin et al., 2013), with the reads being aligned against the respec-

tive genome sequences. The results of these analyses were measured

under the RSEM quantification method (Li & Dewey, 2011), which

describes the transcripts per million (TPM) values used as a standard-

ized measure of the expression values per tissue (Wagner

et al., 2012). The obtained TPM values for each biological triplicate

were then used to calculate the average TPM value per tissue.

The transcriptome assembly and transcript expression analyses

for Ma. fimbriolata, Dy. peruvianus, Ab. flavolineata and De. maculatus

were retrieved from the analyses performed by Dias et al. (2018). For

this species, the transcriptome protein sequences corresponding to

each analysed enzyme were identified using a BLASTp search, using

the corresponding OG sequences as queries. To verify the classifica-

tion of these transcripts, when available, the active site residues

described for the genome analysis were used (Supplementary Mate-

rial 24). When active site residues were not annotated for the corre-

sponding enzyme, the sequences were filtered based on the presence

of the enzyme protein domains. For this filter, all OG sequences were

submitted to InterProScan v.5.61-93.0 (Jones et al., 2014) to identify

the domains commonly associated with the corresponding enzymes.

The transcriptome sequences containing at least one of the domains

identified as present in at least 50% of the OG sequences were

selected for the analysis. Finally, the sequences filtered by the pres-

ence of these domains were subjected to BLASTp searches against

the UNIPROT database to remove any potential contamination from

the dataset.

To establish the coherence of the dataset for R. prolixus, a tran-

scriptome was also assembled for the species using Trinity v2.13.2

software (Grabherr et al., 2011). The coding sequences within the

assembled transcript sequences were identified using Transdecoder

v5.6.0 (https://github.com/TransDecoder/TransDecoder).

AUTHOR CONTRIBUTIONS

Jessica Cristina Silva Martins: Methodology; writing – original draft;

investigation; formal analysis; data curation. Héctor Antônio

Assunção Romão: Investigation; writing – original draft;

writing – review and editing; methodology; formal analysis; data cura-

tion; visualization. Carolina Kurotusch Canettieri: Investigation; meth-

odology; formal analysis; data curation. Amanda Caetano Cercilian:

UREA CYCLE LOSS AND ORNITHINE METABOLISM IN INSECTS 641

 13652583, 2025, 5, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/im

b.12989 by C
apes, W

iley O
nline L

ibrary on [19/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.itol.embl.de
https://github.com/TransDecoder/TransDecoder


Methodology; data curation; formal analysis. Patrícia Rasteiro Ordiale

Oliveira: Data curation; formal analysis. Clelia Ferreira: Conceptualiza-

tion; writing – review and editing; supervision; funding acquisition.

Walter R. Terra: Conceptualization; funding acquisition;

writing – review and editing; supervision. Renata de Oliveira Dias:

Conceptualization; investigation; writing – original draft;

writing – review and editing; supervision; project administration; visu-

alization; resources.

ACKNOWLEDGEMENTS

This paper was developed in the context of the National Institutes for

Science and Technology (INCT) in Ecology, Evolution and Biodiversity

Conservation, supported by MCTIC/CNPq (proc. 465610/2014-5)

and FAPEG (proc. 201810267000023) linked to the Laboratory of

Genetics & Biodiversity (LGBio) and the Working Group on Evolution-

ary Genetics and Genomics of the INCT EECBio. J.C.S.M. was sup-

ported by a M.Sc. fellowship from CNPq. H.A.A.R. was supported by a

fellowship from INCT EECBio. The authors are grateful to Christiane

Cardoso for assistance in generating the RNA-seq data used in

this work. The Article Processing Charge for the publication of this

research was funded by the Coordenação de Aperfeiçoamento de

Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier:

00x0ma614).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available in

NCBI at https://www.ncbi.nlm.nih.gov/, reference number provided

in the Supplementary Materials.

ORCID

Héctor Antônio Assunção Romão https://orcid.org/0000-0002-

3137-1336

Amanda Caetano Cercilian https://orcid.org/0000-0001-6114-

5076

Walter R. Terra https://orcid.org/0000-0002-7396-6629

Renata de Oliveira Dias https://orcid.org/0000-0001-6729-5980

REFERENCES

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman, D.J. (1990) Basic

local alignment search tool. Journal of Molecular Biology, 215(3), 403–
410. Available from: https://doi.org/10.1016/S0022-2836(05)80360-2

Capella-Gutiérrez, S., Silla-Martínez, J.M. & Gabaldón, T. (2009) TrimAl: a

tool for automated alignment trimming in large-scale phylogenetic

analyses. Bioinformatics, 25(15), 1972–1973. Available from: https://

doi.org/10.1093/bioinformatics/btp348

Cayre, M., Strambi, C., Charpin, P., Augier, R. & Strambi, A. (1997) Specific

requirement of putrescine for the mitogenic action of juvenile hor-

mone on adult insect neuroblasts. Proceedings of the National Acad-

emy of Sciences of the United States of America, 94(15), 8238–8242.
Available from: https://doi.org/10.1073/pnas.94.15.8238

Cayre, M., Strambi, C., Tirard, A., Renucci, M., Charpin, P., Augier, R. et al.

(1995) Effects of juvenile hormone on polyamines of the fat body

and neural tissue of the cricket Acheta domesticus. Comparative Bio-

chemistry and Physiology Part A: Physiology, 111(2), 241–250.
Chen, K., Wang, X., Wei, X., Chen, J., Wei, Y., Jiang, H. et al. (2022) Nitric

oxide-induced calcineurin A mediates antimicrobial peptide produc-

tion through the IMD pathway. Frontiers in Immunology, 13, 905419.

Available from: https://doi.org/10.3389/fimmu.2022.905419

Dainat, J. (2022) Another Gtf/Gff analysis toolkit (AGAT): resolve interop-

erability issues and accomplish more with your annotations, Plant

and Animal Genome XXIX Conference. Available from: https://

github.com/NBISweden/AGAT

Davis, G.R.F. (1962) Quantitative l-arginine requirements of larvae of the

saw-toothed grain beetle, Oryzaephilus surinamensis. Journal of Insect

Physiology, 8(4), 377–382. Available from: https://doi.org/10.1016/

0022-1910(62)90071-9

Dhaygude, K., Nair, A., Johansson, H., Wurm, Y. & Sundström, L. (2019)

The first draft genomes of the ant Formica exsecta, and its Wolbachia

endosymbiont reveal extensive gene transfer from endosymbiont to

host. BMC Genomics, 20(1), 301. Available from: https://doi.org/10.

1186/s12864-019-5665-6

Dias, R.O., Cardoso, C., Leal, C.S., Ribeiro, A.F., Ferreira, C. & Terra, W.R.

(2019) Domain structure and expression along the midgut and car-

cass of peritrophins and cuticle proteins analogous to peritrophins in

insects with and without peritrophic membrane. Journal of Insect

Physiology, 114, 1–9. Available from: https://doi.org/10.1016/j.

jinsphys.2019.02.002

Dias, R.O., Cardoso, C., Pimentel, A.C., Damasceno, T.F., Ferreira, C. &

Terra, W.R. (2018) The roles of mucus-forming mucins, peritrophins

and peritrophins with mucin domains in the insect midgut. Insect

Molecular Biology, 27(1), 46–60. Available from: https://doi.org/10.

1111/imb.12340

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S. et al.

(2013) STAR: ultrafast universal RNA-Seq aligner. Bioinformatics,

29(1), 15–21. Available from: https://doi.org/10.1093/

bioinformatics/bts635

Eisenberg, T., Knauer, H., Schauer, A., Büttner, S., Ruckenstuhl, C.,

Carmona-Gutierrez, D. et al. (2009) Induction of autophagy by sper-

midine promotes longevity. Nature Cell Biology, 11(11), 1305–1314.
Available from: https://doi.org/10.1038/ncb1975

Eleftherianos, I., Felföldi, G., Ffrench-Constant, R.H. & Reynolds, S.E.

(2009) Induced nitric oxide synthesis in the gut of Manduca sexta

protects against oral infection by the bacterial pathogen Photorhab-

dus luminescens. Insect Molecular Biology, 18(4), 507–516. Available
from: https://doi.org/10.1111/j.1365-2583.2009.00899.x

Emms, D.M. & Kelly, S. (2019) OrthoFinder: phylogenetic orthology infer-

ence for comparative genomics. Genome Biology, 20(1), 238. Avail-

able from: https://doi.org/10.1186/s13059-019-1832-y

Ewels, P.A., Peltzer, A., Fillinger, S., Patel, H., Alneberg, J., Wilm, A. et al.

(2020) The nf-core framework for community-curated bioinformatics

pipelines. Nature Biotechnology, 38(3), 276–278. Available from:

https://doi.org/10.1038/s41587-020-0439-x

Fernandes, J.I.M. & Murakami, A.E. (2010) Arginine metabolism in urico-

telic species. Acta Scientiarum. Animal Sciences, 32(4), 357–366.
Available from: https://doi.org/10.4025/actascianimsci.v32i4.10990

Ganassi, S., Tagliazucchi, D. & Mola, L. (2005) Occurrence of nitric oxide

synthase in Megoura viciae Buckton (Homoptera, Aphididae): an his-

tochemical and immunohistochemical localisation. European Journal

of Histochemistry, 49(4), 385–393. Available from: https://doi.org/

10.4081/967

Genta, F.A., Dillon, R.J., Terra, W.R. & Ferreira, C. (2006) Potential role for

gut microbiota in cell wall digestion and glucoside detoxification in

Tenebrio molitor larvae. Journal of Insect Physiology, 52(6), 593–601.
Available from: https://doi.org/10.1016/j.jinsphys.2006.02.007

Gerner, E.W. & Meyskens, F.L. (2004) Polyamines and cancer: old mole-

cules, new understanding. Nature Reviews Cancer, 4(10), 781–792.
Available from: https://doi.org/10.1038/nrc1454

642 MARTINS ET AL.

 13652583, 2025, 5, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/im

b.12989 by C
apes, W

iley O
nline L

ibrary on [19/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ncbi.nlm.nih.gov/
https://orcid.org/0000-0002-3137-1336
https://orcid.org/0000-0002-3137-1336
https://orcid.org/0000-0002-3137-1336
https://orcid.org/0000-0001-6114-5076
https://orcid.org/0000-0001-6114-5076
https://orcid.org/0000-0001-6114-5076
https://orcid.org/0000-0002-7396-6629
https://orcid.org/0000-0002-7396-6629
https://orcid.org/0000-0001-6729-5980
https://orcid.org/0000-0001-6729-5980
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1073/pnas.94.15.8238
https://doi.org/10.3389/fimmu.2022.905419
https://github.com/NBISweden/AGAT
https://github.com/NBISweden/AGAT
https://doi.org/10.1016/0022-1910(62)90071-9
https://doi.org/10.1016/0022-1910(62)90071-9
https://doi.org/10.1186/s12864-019-5665-6
https://doi.org/10.1186/s12864-019-5665-6
https://doi.org/10.1016/j.jinsphys.2019.02.002
https://doi.org/10.1016/j.jinsphys.2019.02.002
https://doi.org/10.1111/imb.12340
https://doi.org/10.1111/imb.12340
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/ncb1975
https://doi.org/10.1111/j.1365-2583.2009.00899.x
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.4025/actascianimsci.v32i4.10990
https://doi.org/10.4081/967
https://doi.org/10.4081/967
https://doi.org/10.1016/j.jinsphys.2006.02.007
https://doi.org/10.1038/nrc1454


Giglio, A., Brandmayr, P., Pasqua, T., Angelone, T., Battistella, S. &

Giulianini, P.G. (2015) Immune challenges trigger cellular and

humoral responses in adults of Pterostichus melas italicus (Coleoptera,

Carabidae). Arthropod Structure & Development, 44(3), 209–217.
Available from: https://doi.org/10.1016/j.asd.2015.01.002

Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, D.A.,

Amit, I. et al. (2011) Full-length transcriptome assembly from RNA-

Seq data without a reference genome. Nature Biotechnology, 29(7),

644–652. Available from: https://doi.org/10.1038/nbt.1883

Hinton, T. (1956) The effects of arginine, ornithine and citrulline on the growth

of Drosophila. Archives of Biochemistry and Biophysics, 62(1), 78–85.
Available from: https://doi.org/10.1016/0003-9861(56)90089-3

Hoang, D.T., Chernomor, O., von Haeseler, A., Minh, B.Q. & Vinh, L.S.

(2017) UFBoot2: improving the ultrafast bootstrap approximation.

Molecular Biology and Evolution, 35(2), 518–522. Available from:

https://doi.org/10.1093/molbev/msx281

Hussain, A., Zhang, M., Üçpunar, H.K., Svensson, T., Quillery, E.,

Gompel, N. et al. (2016) Ionotropic chemosensory receptors mediate

the taste and smell of polyamines. PLoS Biology, 14(5), e1002454.

Available from: https://doi.org/10.1371/journal.pbio.1002454

Isoe, J., Petchampai, N., Joseph, V. & Scaraffia, P.Y. (2022) Ornithine decar-

boxylase deficiency critically impairs nitrogen metabolism and sur-

vival in Aedes aegypti mosquitoes. FASEB Journal, 36(5), 1–18.
Available from: https://doi.org/10.1096/fj.202200008R

Johnson, K.P., Dietrich, C.H., Friedrich, F., Beutel, R.G., Wipfler, B.,

Peters, R.S. et al. (2018) Phylogenomics and the evolution of Hemi-

pteroid insects. Proceedings of the National Academy of Sciences of the

United States of America, 115, 12775–12780. Available from:

https://doi.org/10.5061/dryad.t4f4g85

Jones, P., Binns, D., Chang, H.Y., Fraser, M., Li, W., McAnulla, C. et al.

(2014) InterProScan 5: genome-scale protein function classification.

Bioinformatics, 30(9), 1236–1240. Available from: https://doi.org/10.

1093/bioinformatics/btu031

Joseph, K. & Baby, T.G. (1988) Polyamine changes during insect develop-

ment: a comparison between the house-fly Musca domestica and the

plant bug Dysdercus koenigh. Insect Biochemistry, 18(8), 807–810.
Available from: https://doi.org/10.1016/0020-1790(88)90104-7

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.

et al. (2021) Highly accurate protein structure prediction with Alpha-

Fold. Nature, 596(7873), 583–589. Available from: https://doi.org/

10.1038/s41586-021-03819-2

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A. &

Jermiin, L.S. (2017) ModelFinder: fast model selection for accurate

phylogenetic estimates. Nature Methods, 14(6), 587–589. Available
from: https://doi.org/10.1038/nmeth.4285

Katoh, K. & Standley, D.M. (2013) MAFFT multiple sequence alignment

software version 7: improvements in performance and usability.

Molecular Biology and Evolution, 30(4), 772–780. Available from:

https://doi.org/10.1093/molbev/mst010

Langley, D.B., Templeton, M.D., Fields, B.A., Mitchell, R.E. & Collyer, C.A.

(2000) Mechanism of inactivation of ornithine transcarbamoylase by

Ndelta-(N’-Sulfodiaminophosphinyl)-L-ornithine, a true transition

state analogue? Crystal structure and implications for catalytic mech-

anism. The Journal of Biological Chemistry, 275(26), 20012–20019.
Available from: https://doi.org/10.1074/jbc.M000585200

Li, B. & Dewey, C.N. (2011) RSEM: accurate transcript quantification from

RNA-Seq data with or without a reference genome. BMC Bioinfor-

matics, 12, 323. Available from: https://doi.org/10.1186/1471-

2105-12-323

Li, C., Brazill, J.M., Liu, S., Bello, C., Zhu, Y., Morimoto, M. et al. (2017)

Spermine synthase deficiency causes lysosomal dysfunction and oxi-

dative stress in models of Snyder-Robinson syndrome. Nature Com-

munications, 8(1), 1257. Available from: https://doi.org/10.1038/

s41467-017-01289-7

Li, S., Zhu, S., Jia, Q., Yuan, D., Ren, C., Li, K. et al. (2018) The genomic and

functional landscapes of developmental plasticity in the American

cockroach. Nature Communications, 9(1), 1008. Available from:

https://doi.org/10.1038/s41467-018-03281-1

Li, Y., L, Z., L, C., S, Z., P, L., C, C. et al. (2022) HGT is widespread in insects

and contributes to male courtship in lepidopterans. Cell, 185(16),

2975–2987. Available from: https://doi.org/10.1016/j.cell.2022.

06.014

Liu, W., Wang, Y., Leng, Z., Wang, Q., Duan, X., Luo, Y. et al. (2020) Nitric

oxide plays a crucial role in midgut immunity under microsporidian

infection in Antheraea pernyi. Molecular Immunology, 126, 65–72.
Available from: https://doi.org/10.1016/j.molimm.2020.07.018

Majumdar, R., Minocha, R. & Minocha, S.C. (2015) Ornithine: at the cross-

roads of multiple paths to amino acids and polyamines. In:

Minocha, R. (Ed.) Amino acids in higher plants. Wallingford: CAB Inter-

national, pp. 156–176.
Manni, M., Berkeley, M.R., Seppey, M., Simão, F.A. & Zdobnov, E.M.

(2021) BUSCO update: novel and streamlined workflows along with

broader and deeper phylogenetic coverage for scoring of eukaryotic,

prokaryotic, and viral genomes. Molecular Biology and Evolution,

38(10), 4647–4654. Available from: https://doi.org/10.1093/

molbev/msab199

Manni, M., Berkeley, M.R., Seppey, M. & Zdobnov, E.M. (2021) BUSCO:

assessing genomic data quality and beyond. Current Protocols, 1(12),

e323. Available from: https://doi.org/10.1002/cpz1.323

Misof, B., Liu, S., Meusemann, K., Peters, R.S., Donath, A., Mayer, C. et al.

(2014) Phylogenomics resolves the timing and pattern of insect evo-

lution. Science, 346(6210), 763–767. Available from: https://doi.org/

10.1126/science.1257570

Nguyen, L.T., Schmidt, H.A., von Haeseler, A. & Minh, B.Q. (2015) IQ-

TREE: a fast and effective stochastic algorithm for estimating

maximum-likelihood phylogenies. Molecular Biology and Evolution,

32(1), 268–274. Available from: https://doi.org/10.1093/molbev/

msu300

Panfilio, K.A., Jentzsch, I.M.V., Benoit, J.B., Erezyilmaz, D., Suzuki, Y.,

Colella, S. et al. (2019) Molecular evolutionary trends and feeding

ecology diversification in the Hemiptera, anchored by the milkweed

bug genome. Genome Biology, 20(1), 64. Available from: https://doi.

org/10.1186/s13059-019-1660-0

Reddy, S.R. & Campbell, J.W. (1977) Enzymic basis for the nutritional

requirement of arginine in insects. Experientia, 33(2), 160–161. Avail-
able from: https://doi.org/10.1007/BF02124040

Reddy, S.R.R. & Campbell, J.W. (1969) Arginine metabolism in insects. Role

of arginase in proline formation during silkmoth development. Bio-

chemical Journal, 115(3), 495–503.
Ribeiro, J.M.C. & Nussenzveig, R.H. (1993) Nitric oxide synthase activity

from a hematophagous insect salivary gland. FEBS Letters, 330(2),

165–168. Available from: https://doi.org/10.1016/0014-5793(93)

80265-v

Scaraffia, P. & Wells, M. (2003) Proline can be utilized as an energy sub-

strate during flight of Aedes aegypti females. Journal of Insect Physiol-

ogy, 49(6), 591–601. Available from: https://doi.org/10.1016/

S0022-1910(03)00031-3

Shi, D., Morizono, H., Aoyagi, M., Tuchman, M. & Allewell, N.M. (2000)

Crystal structure of human ornithine transcarbamylase complexed

with carbamoyl phosphate and L-norvaline at 1.9 A resolution. Pro-

teins, 39(4), 271–277. Available from: https://doi.org/10.1002/(SICI)

1097-0134(20000601)39:4<271::AID-PROT10>3.0.CO;2-E

Stamatakis, A. (2014) RAxML version 8: a tool for phylogenetic analysis

and post-analysis of large phylogenies. Bioinformatics, 30(9), 1312–
1313. Available from: https://doi.org/10.1093/bioinformatics/

btu033

Teulier, L., Weber, J.-M., Crevier, J. & Darveau, C.-A. (2016) Proline as a

fuel for insect flight: enhancing carbohydrate oxidation in hymenop-

terans. Proceedings of the Royal Society. B, 283, 20160333. Available

from: https://doi.org/10.1098/rspb.2016.0333

Vizueta, J., Sánchez-Gracia, A. & Rozas, J. (2020) BITACORA: a compre-

hensive tool for the identification and annotation of gene families in

UREA CYCLE LOSS AND ORNITHINE METABOLISM IN INSECTS 643

 13652583, 2025, 5, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/im

b.12989 by C
apes, W

iley O
nline L

ibrary on [19/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.asd.2015.01.002
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1016/0003-9861(56)90089-3
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1371/journal.pbio.1002454
https://doi.org/10.1096/fj.202200008R
https://doi.org/10.5061/dryad.t4f4g85
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1016/0020-1790(88)90104-7
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1074/jbc.M000585200
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1038/s41467-017-01289-7
https://doi.org/10.1038/s41467-017-01289-7
https://doi.org/10.1038/s41467-018-03281-1
https://doi.org/10.1016/j.cell.2022.06.014
https://doi.org/10.1016/j.cell.2022.06.014
https://doi.org/10.1016/j.molimm.2020.07.018
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1002/cpz1.323
https://doi.org/10.1126/science.1257570
https://doi.org/10.1126/science.1257570
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1186/s13059-019-1660-0
https://doi.org/10.1186/s13059-019-1660-0
https://doi.org/10.1007/BF02124040
https://doi.org/10.1016/0014-5793(93)80265-v
https://doi.org/10.1016/0014-5793(93)80265-v
https://doi.org/10.1016/S0022-1910(03)00031-3
https://doi.org/10.1016/S0022-1910(03)00031-3
https://doi.org/10.1002/(SICI)1097-0134(20000601)39:4%3C271::AID-PROT10%3E3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-0134(20000601)39:4%3C271::AID-PROT10%3E3.0.CO;2-E
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1098/rspb.2016.0333


genome assemblies. Molecular Ecology Resources, 20(5), 1445–1452.
Available from: https://doi.org/10.1111/1755-0998.13202

Wagner, G.P., Kin, K. & Lynch, V.J. (2012) Measurement of MRNA abun-

dance using RNA-Seq data: RPKM measure is inconsistent among

samples. Theory in Biosciences, 131(4), 281–285. Available from:

https://doi.org/10.1007/s12064-012-0162-3

Wallace, H.M., Fraser, A.V. & Hughes, A. (2003) A perspective of poly-

amine metabolism. The Biochemical Journal, 376(Pt 1), 1–14. Avail-
able from: https://doi.org/10.1042/BJ20031327

Wu, G. & Morris, S.M. (1998) Arginine metabolism: nitric oxide and

beyond. The Biochemical Journal, 336(Pt 1), 1–17. Available from:

https://doi.org/10.1042/bj3360001

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Supplementary Material 1. Number of genes identified in each

genome.

Supplementary Material 2. Verification of missing genes in annotation

using BITACORA.

Supplementary Material 3. Sequence alignment of all insect amino

acid sequences classified as OTC in the KEGG Orthologous database,

along with reference sequences.

Supplementary Material 4. Three-dimensional structure alignment

between Homo sapiens OTC and the predicted structure of the puta-

tive OTC from Helicoverpa armigera.

Supplementary Material 5. BLAST results for Rhodnius prolixus

scaffold.

Supplementary Material 6. BLAST results for Aphis craccivora

scaffold.

Supplementary Material 7. BLAST results for non-Hemiptera ASS and

ASL genes.

Supplementary Material 8. BLAST results for Cimex and Apolygus argi-

nase genes.

Supplementary Material 9. Expression profile of genes analysed in

Spodoptera frugiperda.

Supplementary Material 10. Expression profile of genes analysed in

Periplaneta americana.

Supplementary Material 11. Expression profile of genes analysed in

Rhodnius prolixus.

Supplementary Material 12. Expression profile of genes analysed in

Tenebrio molitor.

Supplementary Material 13. Expression profile of genes analysed in

Musca domestica.

Supplementary Material 14. Expression profile of genes analysed in

Abracris flavolineata.

Supplementary Material 15. Expression profile of genes analysed in

Dermestes maculatus.

Supplementary Material 16. Expression profile of genes analysed in

Dysdercus peruvianus.

Supplementary Material 17. Expression profile of genes analysed in

Mahanarva fimbriolata.

Supplementary Material 18. Sum of TPM values for genes encoding

urea cycle enzymes in analysed insects.

Supplementary Material 19. Sum of TPM values for genes involved in

ornithine biosynthesis and metabolism.

Supplementary Material 20. Sum of TPM values for genes involved in

spermine biosynthesis and metabolism.

Supplementary Material 21. Summary of species analysed, including

genome source and BUSCO performance.

Supplementary Material 22. List of articles used to assess phyloge-

netic relationships in the phylogenomic tree.

Supplementary Material 23. Proposed phylogenomic tree of

Arthropoda.

Supplementary Material 24. Sequences and active site residues used

to filter enzyme annotations.

Supplementary Material 25. Insect rearing protocols for RNA-seq

analysis.

How to cite this article: Martins, J.C.S., Assunção Romão,

H.A., Canettieri, C.K., Cercilian, A.C., Oliveira, P.R.O., Ferreira,

C. et al. (2025) The loss of the urea cycle and ornithine

metabolism in different insect orders: An omics approach.

Insect Molecular Biology, 34(5), 632–644. Available from:

https://doi.org/10.1111/imb.12989

644 MARTINS ET AL.

 13652583, 2025, 5, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/im

b.12989 by C
apes, W

iley O
nline L

ibrary on [19/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1755-0998.13202
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1042/BJ20031327
https://doi.org/10.1042/bj3360001
https://doi.org/10.1111/imb.12989

	The loss of the urea cycle and ornithine metabolism in different insect orders: An omics approach
	Abstract
	INTRODUCTION
	RESULTS
	Taxonomic distribution and gene expression of the enzymes involved in the urea cycle
	Alternative paths to ornithine biosynthesis
	The role of ornithine in polyamine synthesis
	Expression analysis of the genes involved in the biosynthesis and metabolism of arginine and ornithine

	DISCUSSION
	The urea cycle is absent in arthropods
	Arginine metabolism
	Ornithine and polyamine production
	Expression profile of genes involved in arginine biosynthesis and metabolism

	EXPERIMENTAL PROCEDURES
	Acquisition of genomic data for Arthropoda species
	Arthropoda phylogenomic tree proposal
	Identification of the orthologous groups containing the enzymes involved in the analysed pathways
	Gene expression analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


