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A B S T R A C T

Most insects have a peritrophic membrane (matrix) (PM) surrounding the food bolus. This structure, similarly to
the cuticle, is mainly composed of chitin and proteins. The main proteins forming PM are known as peritrophins
(PMP), whereas some of the cuticle proteins are the cuticle proteins analogous to peritrophins (CPAP). Both
proteins are composed of one or more chitin binding peritrophin-A domain (CBD) and no other recognized
domain. Furthermore, insects containing PM usually have two chitin synthase (CS) genes, one mainly expressed
in carcass and the other in midgut. In this work we identified PMP, CPAP and CS genes in the genome of insects
from the Polyneoptera, Paraneoptera and Holometabola cohorts and analyzed their expression profile in dif-
ferent species from each group. In agreement with the absence of PM, we observed less CBD-containing proteins
and only one CS gene in the genome of Paraneoptera species, except for the Phthiraptera Pediculus humanus. The
lack of PM in Paraneoptera species was also confirmed by the micrographs of the midgut of two Hemiptera
species, Dysdercus peruvianus and Mahanarva fimbriolata which agreed with the RNA-seq data of both species.
Our analyses also highlighted a higher number of CBD-containing proteins in Holometabola in relation to the
earlier divergent Polyneoptera group, especially regarding the genes composed of more than three CBDs, which
are usually associated to PM formation. Finally, we observed a high number of CBD-containing proteins being
expressed in both midgut and carcass tissues of several species, which we named as ubiquitous-CBD-containing
proteins (UCBP), as their function is unclear. We hypothesized that these proteins can be involved in both cuticle
and PM formation or that they can be involved in immune response and/or tracheolae formation.

1. Introduction

Most insects have a peritrophic membrane (PM, also named peri-
trophic matrix), which is a film (not a mass as suggested by the name
matrix) composed of chitin and proteins, mainly peritrophins, sur-
rounding the food bolus. The primary role of PM is to enhance the di-
gestive efficiency by compartmentalizing the digestive processes. This
allows midgut countercurrent fluid fluxes that remove digestive en-
zymes and partially digested food molecules from inside the PM, pre-
venting enzyme excretion, and removing oligomers that may inhibit
depolymerases (Terra, 2001; Bolognesi et al., 2008). Moreover, PM also
prevents non-specific binding of undigested food to the midgut surface,
avoiding absorption inhibition (Terra, 2001; Bolognesi et al., 2008).
Finally, PM may complement the action of the mucus layer (Dias et al.,

2018) against mechanical damage (Peters, 1992), plant allelochemicals
(Barbehenn, 2001), and bacterial infection (Kuraishi et al., 2011).

PMs are present in almost all insect lineages, except for some groups
like Paraneoptera (Psocoptera, book lice; Phthyraptera, lice;
Thysanoptera, thrips; Hemiptera, bugs) (Peters, 1992). Thysanoptera
and Hemiptera have as extracellular layers microvilli-associated mem-
branes. These lipoproteic membranes may surround the microvilli as
glove fingers (Burgos and Gutiérrez, 1976; Lane and Harrison, 1979),
known as perimicrovillar membranes (PMM, Terra, 1988, 1990); they
can be associated with the tips of the microvilli (modified perimicro-
villar membranes, MPMM, Cristofoletti et al., 2003) or even form
bundles of microvilli (microvilli bundle-forming membranes, MBFM,
Del Bene et al., 1991; Utiyama et al., 2016). The absence of PM in such
groups is thought to result from its loss in their ancestral group, as an
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adaption to a plant sap diet poor in proteins and starch, which does not
require luminal digestion (Terra, 2001). Finally, some insect midguts
have instead of PM a peritrophic gel, which is a gel-like and chitin-free
structure that could entirely or partially cover regions lacking PM
(Terra, 2001).

PM proteins are mainly composed of peritrophins (or peritrophic
matrix/membrane proteins – PMPs), proteins having one or more chitin
binding peritrophin-A domains (CBDs). These proteins are responsible
for organizing the chitin fibrils, allowing PM formation. Similar to the
PM, insect cuticles are also composed of chitin and proteins. In this
structure, one of the main proteins are known as cuticular proteins
analogous to peritrophins (CPAPs). CPAPs are typically composed of
one or three chitin binding peritrophin-A domains (CBDs) and are es-
sentials for, among other processes, insect development, molting, and
cuticle integrity (Jasrapuria et al., 2012; Tetreau et al., 2015). PMPs
and CPAPs are very similar proteins that could be only distinguished by
expression, phylogenetical and functional studies (Jasrapuria et al.,
2010; Tetreau et al., 2015).

PM evolutionary appearance seems to be also accompanied by the
emergence of a second chitin synthase (CS) gene in the Arthropoda
lineage (CSM or CHS2). This second CS gene is thought to come from a
paraphyletic group that was lost in several Arthropoda lineages
(Zakrzewski et al., 2014). The CS gene duplication allowed a speciali-
zation of these genes to code for proteins able to act in cuticle or in PM
formation. In fact, these genes were mainly expressed in carcass (CSC)
or in midgut (CSM) tissues (Dias et al., 2018).

This work was undertaken to test the hypothesis that associated
with the loss of PMs, Paraneopterans lost PMPs and midgut chitin
synthase and conserved CPAPs, in contrast to both Polyneopterans and
Holometabolans that conserved all of them. The results showed that in
Paraneoptera species there are fewer genes encoding CBD-containing
proteins with more than 3 CBDs than in Polyneoptera or Holometabola
species. The data also revealed the expression of CBD-containing pro-
teins both in midgut and carcass (Ubiquitous CBD-containing Protein,
UCBP), with unclear function. Micrography studies also confirmed the
absence of PM in the entire midgut of the Paraneoptera Dysdercus per-
uvianus (Hemiptera, Prosorrhyncha) and Mahanarva fimbriolata
(Hemiptera, Auchenorryncha) species. In agreement with the absence
of PM, Paraneoptera species, except for Phthiraptera, have lost both a
second CS gene and a CS gene expression in their midgut.

2. Material and methods

2.1. Genome databases

Protein sequences from three Polyneoptera, 18 Paraneoptera and
three Holometabola genomes were retrieved from the Refseq Genome
(O'Leary et al., 2016), i5K (Evans et al., 2013), VectorBase (Giraldo-
Calderon et al., 2015), BIPAA (https://bipaa.genouest.org/), and En-
semble Genome (Kersey et al., 2018) databases. Periplaneta americana
genome sequences were retrieved from Li et al. (2018). For genes with
more than one alternative transcript, only the longest isoform was kept
for further analysis. All genome, transcriptome, and microscopy data
used in this work is described in Table 1.

2.2. Transcriptome assembling and RNA-seq analysis

Insects used to perform RNA-seq analysis were reared as described
in Table 1. The dissection of insect midgut was done with great care to
avoid contamination by other tissues. In spite of that, it was not possible
to remove tracheolae from the midgut samples.

For the Polyneoptera P. americana species, total RNA from salivary
gland and midgut tissues was extracted using the Trizol® protocol and
sequenced in an Illumina HiSeq 2500 equipment using a paired-end
strategy (2× 300 bp). In order to remove bad quality and adaptor se-
quences, the obtained reads were trimmed using the Trimmomatic

software (Bolger et al., 2014). The resultant paired-end reads were then
aligned to the reference genome scaffolds (Li et al., 2018) using the
STAR v.2.6 software (Dobin et al., 2013).

For Mahanarva fimbriolata, Dysdercus peruvianus, Abracris flavoli-
neata, Musca domestica, Spodoptera frugiperda, and Tenebrio molitor total
RNA samples were extracted using the Trizol® protocol and sequenced
in a HiSeq 2500 equipment, using a paired-end strategy (2×100pb).
Transcriptome assembly and RNA-seq analyses for those species used
the same strategy described in Dias et al. (2018).

For Rhodnius prolixus, total RNA samples from anterior and posterior
midgut, and rectum were extracted and sequenced using a 454 Genome
Sequencer FLX Titanium machine, as detailed in Ribeiro et al. (2014).
The sequenced reads were trimmed using fastx-toolkit tools and aligned
to the reference genome scaffolds (Mesquita et al., 2015) using the
STAR software v.2.6 (Dobin et al., 2013).

For all RNA-seq analyses, the number of aligned reads per gene was
normalized as Transcripts per Million (TPM), according to Wagner et al.
(2012).

2.3. CPAP, PMP, ubiquitous CBD -containing protein (UCBP) and chitin
synthase sequence identification

CPAP, PMP, and UCBP protein sequences from each analyzed
genome were identified as those having at least one chitin-binding
Peritrophin-A domain (CBD - PFAM family ID: PF01607) and no other
predicted domain by InterproScan version 5.28–67.0 (Jones et al.,
2014). A list with all accession identifiers corresponding to CPAP, PMP,
UCBP and chitin synthase protein sequences identified in the analyzed
genomes are described in Supplementary Table 1.

For species in which only a transcriptome assembly was available
and transcripts are usually incomplete, the CPAP/PMP/UCBP sequences
were identified in two steps. First, the translated sequences identified in
the genome searches were used as query to search homologous proteins
in these assemblies using the BLASTp algorithm (Altschul et al., 1990)
(threshold of: protein sequence identity≥ 70% and query coverage by
the subject≥ 50%). Second, the sequences identified in this step were
used as query to search homologous proteins in the genomes sequences
(threshold of: protein sequence identity≥ 50%). This two-steps pro-
cedure (reciprocal blast) was performed to avoid the incorrect anno-
tation of incomplete sequences.

CBD domains were also checked for their amino acid composition,
as proposed by Jasrapuria et al. (2010), but allowing a variability of
two amino acid less or more between two consecutive cysteine residues,
except for the five residues between the second and the third cysteine:
CX9-26CX5CX7-16CX10-18CX4-10C.

Chitin synthase (CS) protein sequences were identified as those
possessing the IPR004835 domain, according to the Interproscan ver-
sion 5.28–67.0 (Jones et al., 2014) prediction. A CS phylogenetic pro-
position was performed using the RAxML software version 8.2.11
(Stamatakis, 2014) using the PROTGAMMAAUTO parameter to auto-
matically define the best protein model.

All transcriptome sequences from de novo transcriptome assemblies
used in this work were described in the Supplementary Table 2.

2.4. Light and electron microscopy

For histological studies with the light microscope, animals were
dissected in the fixative (Bouin’s solution) under the stereomicroscope
and the midguts were pulled apart. The tissue was kept in the fixative
for 6 h at room temperature, upgraded in ethanol and embedded in
historesin (Leica, Heidelberg). Serial sections (3–4 µm thickness) were
cut using a Leica RM 2145 microtome, stained with haematoxylin and
eosin, and mounted in glass slides with Entellan (Merck, Darmstadt).

For fluorescent visualization of chitin (or structures very rich in N-
acetyl-glucosamine or sialic acid), the samples were fixed and in-
cubated with wheat germ agglutinin coupled to fluorescein
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isothiocyanatein (WGA-FITC) in the presence of excess N-acet-
ylglucosamine, as detailed in Caldeira et al. (2007).

For transmission electron microscopy, midgut pieces were fixed in
3% glutaraldehyde in cacodylate buffer, followed by 1% osmium tetr-
oxide in the same buffer and processed as described by Caldeira et al.
(2007).

3. Results

3.1. Chitin synthase, CPAP, PMP and UCBP in selected genomes from
insects of three cohorts

Insects with PM usually have two genes coding for chitin synthases
(CSs). One is preferentially expressed outside the midgut, that is in
carcass, and codes for cuticle chitin synthase (CSC or CHS1). The other
is preferentially expressed in the midgut tissues, coding for PM chitin
synthase, implied in the production of PM (CSM or CHS2). In agreement
with the presence of PM, two chitin synthase genes were found in all
Holometabola and in two (see below) of the three Polyneoptera ana-
lyzed species, whereas only one gene was found in Paraneoptera gen-
omes, except for P. humanus that has two (Table 2). All CS protein se-
quences were further clustered by a Maximum Likelihood phylogenetic
tree (Fig. 1). The predicted tree corroborates the classification of these
proteins as CSC or CSM. A protein sequence alignment of all CSs con-
firmed they must be functional (Supplementary Fig. 1)

Cuticular Protein Analogous to Peritrophin (CPAP), Peritrophic

Membrane/matrix Protein (PMP) and Ubiquitous Chitin-Binding do-
main containing Protein (UCBP) sequences from the three cohorts were
selected by InterproScan analyses, as those proteins with at least one
CBD and no other identified domain. It is important to notice that we
decided to include in our work a new protein class, the UCBP, proteins
that differ from the other two classes in having significant expression
values in both midgut and carcass. A classification of PMP, CPAP, and
UCBP based only on their protein sequence. Table 2 shows a sum of the
number of those proteins found in each species.

The highest number of genes coding for PMP, CPAP, and UCBP
proteins were described in the Holometabola and Polyneoptera, with an
average of 52 and 40 genes identified by the InterproScan analysis,
respectively (Table 2). Paraneoptera species have in average 25 pre-
dicted genes, with the Sternorrhyncha species (except for D. citri) pos-
sessing the smaller number (less than 24 genes).

For all species, CPAP/PMP/UCBP predicted proteins were mainly
composed of sequences with a single predicted CBD. These proteins
represent in average 64, 65 and 39% of all predicted sequences of these
classes for Polyneoptera, Paraneoptera and Holometabola species, re-
spectively (Table 2). Proteins with more than three CBDs were found in
all cohorts but mainly in Holometabola species, in agreement with their
putative role in PM formation. It is noticeable, however, that Poly-
neoptera species that also possess PM have peritrophins with fewer CBD
per sequence than Holometabola species. This suggests that Poly-
neoptera PMs may have different properties from those of Holometa-
bola.

Table 1
Description of the genome, transcriptome and microscopy data used in this work.

Cohort Order Species Type of data Source Observation

Pol. Orthoptera Locusta migratoria Genome i5K
Abracris flavolineata Transcriptome / RNA-seq Our data Adults, collected in the field, fed with collard leaves and with

ample access to water
Dictyoptera Periplaneta americana Genome Li et al., 2018

RNA-seq Our data Adults, maintained in laboratory, and fed on oats and chayote
Zootermopsis nevadensis Genome RefSeq Genome

Par. Thysanoptera Frankliniella occidentalis Genome i5K
Hemiptera/Auchenor-
rhyncha

Homalodisca vitripennis Genome i5K
Nilaparvata lugens Genome RefSeq Genome
Mahanarva fimbriolata Transcriptome/RNA-seq/

Microscopy
Our data Adults, collected in the field

Hemiptera/Sternor-
rhyncha

Bemisia tabaci Genome RefSeq Genome
Aphis glycines Genome BIPAA
Rhopalosiphum padi Genome BIPAA
Acyrthosiphon pisum Genome Ensemble

Genome
Diuraphis noxia Genome RefSeq Genome
Myzus persicae Genome RefSeq Genome
Myzus cerasi Genome BIPAA
Pachypsylla venusta Genome i5K
Diaphorina citri Genome i5K

Hemiptera/Prosor-
rhyncha

Gerris buenoi Genome i5K
Cimex lectularius Genome RefSeq Genome
Rhodnius prolixus Genome VectorBase

RNA-seq Ribeiro et al.,
2014

Adults, maintained in laboratory, and fed on rabbit blood
according Ribeiro et al., 2014

Oncopeltus fasciatus Genome i5K
Halyomorpha halys Genome RefSeq Genome
Dysdercus peruvianus Transcriptome/RNA-seq/

Microscopy
Our data Adults, maintained in laboratory and fed on cotton seeds with

ample access to water
Phthiraptera Pediculus humanus Genome VectorBase

Hol. Coleoptera Tribolium castaneum Genome RefSeq Genome
Tenebrio molitor Transcriptome/RNA-seq Our data Larvae, maintained in laboratory, and fed on wheat bran

Lepidoptera Spodoptera litura Genome RefSeq Genome
Spodoptera frugiperda Transcriptome/RNA-seq Our data Larvae, maintained in laboratory, and fed on artificial diet

according Parra (1986)
Diptera Musca domestica Genome VectorBase

RNA-seq Our data Larvae, maintained in laboratory, and reared in a mixture of
fermented commercial pig food and rice hull (1:2) (Targa and
Peres, 1979)

*Pol: Polyneoptera, Par: Paraneoptera, and Hol: Holometabola.
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Table 2
Number of chitin synthase and CPAP, PMP, and UCBP sequences found in selected genomes from insects pertaining to the three insect cohorts.

Chitin synthase CPAP, PMP, and UCBP

Sequences per number of CBDs Total number of sequences

Cohort Order Species 1 CBD 2 CBDs 3 CBDs greater than 3 CBDs

Pol Orthoptera L. migratoria 2 26 6 10 0 42
Dictyoptera P. americana 1* 25 8 4 4 41

Z. nevadensis 2 23 5 7 2 37
Par Thysanoptera F. occidentalis 1 19 5 3 1 28

Hemiptera/Auchenor-ryncha H. vitripennis 0 13 4 4 1 22
N. lugens 1 24 5 10 2 41

Hemiptera/Sternor-rhyncha B. tabaci 1 15 2 5 1 23
A. glycines 1 11 2 3 2 18
R. padi 1 13 1 6 1 21
A. pisum 1 12 1 6 1 20
D. noxia 1 11 2 5 0 18
M. persicae 1 13 1 5 1 20
M. cerasi 1 11 2 5 1 19
P. venusta 1 7 3 2 0 12
D. citri 1 19 8 1 0 28

Hemiptera/Prosor-rhyncha G. buenoi 1 24 5 5 0 34
C. lectularius 1 21 3 6 2 32
R. prolixus 1 23 3 3 2 31
O. fasciatus 1 23 6 2 1 32
H. halys 1 23 2 6 1 32

Phthiraptera P. humanus 2 15 2 3 3 23
Hol Coleoptera T. castaneum 2 22 9 8 6 45

Lepidoptera S. litura 2 14 6 10 12 42
Diptera M. domestica 2 24 15 16 14 69

Pol: Polyneoptera, Par: Paraneoptera, and Hol: Holometabola. Chitin synthase sequences without all critical signatures were discarded.
*The unique chitin synthase for P. americana is possibly the result of a mispredicted gene fusion during the genome annotation (see details in text Section 3.2). The
number of the combined CPAP, PMP and UCBP sequences were shown in columns according to their amount of CBDs.

Fig. 1. Phylogenetic tree inference for Insecta chitin synthase genes. Pol: Polyneoptera, Par: Paraneoptera, and Hol: Holometabola. The taxonomic information for
the selected species can be found in Table 1. Numbers on the nodes represent bootstrap values for 100 replicates.
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3.2. Chitin synthase, CPAP, PMP, and UCBP genes in Polyneoptera insects

In Polyneoptera, two chitin synthase genes were found in two of the
three analyzed genomes. It is important to notice that in Z. nevadensis
genome CS genes occur in tandem. This gene distribution may also be
true for P. americana, leading to the prediction by mistake of only one
large CS gene in the current version of P. americana genome (Li et al.,
2018). This sequence would code for a protein of 2652 amino acids of
length, which has as best blast hits proteins from Z. nevadensis cuticle CS
(ZnCSC), from residue 1 to 1530 and midgut CS (ZnCSM), from residue
1577 to 2642. In agreement with this, our reads from P. americana
midgut tissue were almost exclusively aligned to the second portion of
the predicted gene (Supplementary Fig. 2). Furthermore, the anterior
half of the gene sequence (putative PaCSC) branches with other CSC
sequences, whereas the posterior half (putative PaCSM), with CSM se-
quences (Fig. 1). This means that in the annotation of the genome of P.
americana chitin synthase genes were predicted as being fused. Based
on these observations, we concluded that all analyzed Polyneoptera
species have both CS genes.

In P. americana (Dictyoptera), 41 genes coding for putative CPAP/
PMP/UCBP proteins were identified in its genome. The expression
profile of these genes in midgut (MG) and salivary gland (SG) tissue
samples were analyzed by RNA-seq strategy and are displayed in
Table 3. Seven PMP and eight CPAP sequences were identified in this
analysis. Except for one CPAP gene (PaCPAP6), all proteins were
composed by one to three CBD domains.

In A. flavolineata (Orthoptera), 23 PMP sequences with up to four
CBDs and two chitin synthase genes (AfCSC and AfCSM) were pre-
viously described by our group in the insect de novo transcriptome as-
sembly (Dias et al., 2018). In the present work, we searched and found
two CPAP proteins in this dataset, with two and three predicted CBD
domains (Supplementary Table 3).

3.3. Chitin synthase, CPAP, PMP, and UCBP genes in Holometabola insects

In M. domestica (Diptera), 22 PMP sequences and two chitin syn-
thase genes (MdCSC and MdCSM) were previously identified by our
group (Dias et al., 2018). In the present work, six proteins with TPM
values at least 20 times higher in carcass than in midgut CPAP) were

found in the species genome (Supplementary Table 4), all of them
possessing one to three predicted CBD domains. We also identified five
UCBP proteins in this analysis with one to four predicted CBD domains.

In S. frugiperda (Lepidoptera), 38 PMP and two chitin synthase
(SfCSC and SfCSM) sequences were previously described by our group
in the insect de novo transcriptome assembly (Dias et al., 2018). In the
present work, four putative CPAP and one UCBP sequence were found
in this dataset, all of them with one or three predicted CBD domains
(Supplementary Table 5).

In T. molitor (Coleoptera), 16 PMP and two chitin synthase (TmCSC
and TmCSM) sequences were previously described by our group (Dias
et al., 2018). In the present work, ten putative CPAP and two UCBP
protein sequences were identified in the insect de novo transcriptome
assembly, all of them having one to three predicted CBD domains
(Supplementary Table 6).

3.4. Chitin synthase, CPAP, PMP, and UCBP genes in Paraneoptera insects

In Paraneoptera, only P. humanus possesses two complete CS genes
annotated in its genome. The other species have a single gene (Table 2)
with the CSC genes from Z. nevadensis, M. domestica, S. frugiperda or T.
castaneum as best blast hits.

In D. peruvianus (Hemiptera, Prosorrhyncha), seven putative CPAP
sequences were identified in its de novo transcriptome assembly
(Table 4). All these sequences have up to three CBD domains. Fur-
thermore, only one chitin synthase gene (DpCSC) was identified in the
species transcriptome and it was expressed only in the carcass (Table 4).
These results agree with the absence of PM in this species, which have
instead perimicrovillar membranes (Silva et al., 1995), seen in Fig. 2A.
Those membranes are lipoproteic membranes that contain glycopro-
teins, but not enough to maintain their WGA-FITC fluorescence on the
addition of excess N-acetylglucosamine (Fig. 2B).

In R. prolixus (Hemiptera, Prosorrhyncha), 31 putative CPAP/PMP/
UCBP sequences were found in its genome (Table 2). The expression
profile of these proteins in the anterior (AM) and posterior (PM) midgut
and in the cuticle-containing rectum (REC) tissues are presented in the
Table 5. Two of these proteins were classified as CPAPs as they were
detected in rectum but were absent from midgut. Nineteen sequences
were classified as UCBP, as they were detected in both midgut and

Fig. 2. Luminal and apical structures in the mid-
guts of several insects. Electron micrograph (A) and
light microscopy (B) of the midgut from Dysdercus
peruvianus, showing microvilli (Mv) enclosed by
perimicrovilar membranes in A and absence of
WGA-FITC fluorescence in B, indicating the lack of
chitin at the luminal surface. Electron microscopy
(C) of the apex of midgut cells in Mahanarva fim-
briolata, with microvilli (Mv) surrounded by mi-
crovilli-bundle-forming membranes, and light mi-
croscopy (D) of the same region with faint WGA-
FITC fluorescence after addition of excess N-acet-
ylglucosamine, suggesting the absence of chitin at
the luminal surface.
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rectum tissues.
In M. fimbriolata (Hemiptera, Auchenorryncha), eight putative

CPAP/UCBP genes were described in its de novo transcriptome assembly
(Table 6). All these proteins have one or three predicted CBDs. Five of
these proteins have TPM values at least twenty times higher in carcass
than in the filter chamber (FC) and in the midgut tissues (A, M, and P).
However, besides the absence of PM and chitin synthase expression in
the midgut of this insect, three UCBP proteins with three CBD domains
showed high TPM values in at least one midgut section. M. fimbriolata
UCBPs are closer to CPAPs than to PMPs, since they branch together
with T. castaneum CPAPs in a cladogram predicted using sequences of
the first CBD of each of these proteins (Supplementary Fig. 3). M. fim-
briolata microvilli form bundles enclosed by a membrane (Fig. 2C). The
microvilli bundle-forming membranes have glycoconjugates which
fluorescence with WGA-FITC is reduced but not abolished in the pre-
sence of excess N-acetyl glucosamine (Fig. 2D)

4. Discussion

4.1. Chitin synthase distribution among Polyneoptera, Paraneoptera and
Holometabola species and the adaptation of insects to suck plant sap

A peritrophic membrane (PM) was described in the majority of the
insect lineages, except for some insects from Paraneoptera (Peters,

1992). As a PM occurs in the earlier divergent Polyneoptera group, it is
believed that its absence in Paraneoptera species is due to its loss in
their lineage ancestor (Terra, 2001).

In insects with PM, two chitin synthase (CS) genes are usually
present, one of them involved in the cuticle (CSC) and the other in the
PM formation (CSM). For this, the CSC gene is most expressed in car-
cass, whilst the CSM gene is most expressed in midgut tissues. In
agreement with this, in the present work, two CS genes were found in
Holometabola and Polyneoptera species, whereas only one CS gene was
found in the analyzed Paraneoptera species, except for P. humanus
(Phthiraptera) (Table 2). This last observation deserves further discus-
sion. Inside the Paraneoptera group, besides the PM absence, Hemiptera
and Thysanoptera species are characterized by having microvilli-asso-
ciated membranes (Burgos and Gutiérrez, 1976; Lane and Harrison,
1979; Del Bene et al., 1991; Silva et al., 1995; Cristofoletti et al., 2003;
Utiyama et al., 2016). In contrast, no microvilli-associated membranes
were described in P. humanus midgut. Instead, this species is supposed
to have a peritrophic gel covering the midgut surface (Silva et al.,
2004). This gel-like layer is observed in several insect groups and is not
associated to chitin (Terra, 2001). So, the role of these two CS genes in
Phthiraptera is yet unclear. Actually, the evolutionary history of
Phthiraptera is different from Condylognata (Hemiptera, true bugs plus
Thysanoptera, thrips). Until recently, the Paraneoptera orders, which
includes Psocodea (Psocoptera, bark lice plus Phthiraptera, true lice)

Table 3
Periplaneta americana CPAP, PMP, and chitin synthase expression.

Expression (TPM) Number of CBDs

Protein Accession ID Length (AA) MG SG Domain structure

PaPMP1 PaOGS06982 498 9978 – 1 CM
PaPMP2 PaOGS05622 424 1723 – 2 CMCM
PaPMP3 PaOGS29773 987 1400 – 1 CM
PaPMP4 PaOGS12742 268 121 – 2 CMC
PaPMP5 PaOGS12221 421 71 – 1 CM
PaPMP6 PaOGS09645 1317 58 – 2 CMCM
PaPMP7 PaOGS26537 267 50 – 1 MC
PaCPAP1 PaOGS07029 149 – 22,778 2 CMC
PaCPAP2 PaOGS07027 159 – 2466 1 MCM
PaCPAP3 PaOGS07026 175 – 1832 1 MC
PaCPAP4 PaOGS07030 141 – 1654 1 C
PaCPAP5 PaOGS26524 432 – 228 3 CMCMC
PaCPAP6 PaOGS35822 1852 – 67 4 MCMCMCMC
PaCPAP7 PaOGS03017 132 – 32 1 C
PaCPAP8 PaOGS05547 240 – 5 3 CCC
Chitin synthase
PaCS PaOGS16634 80.9 0.1

Only sequences with at least five TPMs of expression are presented on the table. “-“, TPM values less than five; C, CBD; M, mucin domain; MG, midgut; SG, salivary
gland. Sequences were classified as: PMP, when presenting TPM values at least 20 times higher in MG than in SG, and as CPAP, when presenting TPM values at least
20 times higher in SG than in midgut.

Table 4
D. peruvianus CPAP and chitin synthase expression values.

Expression (TPM) Num. of CBD Best hit

Protein Length (AA) A M P CAR Comple-teness Species Iden-tity Domain structure

DpCPAP1 194 – – – 17 1 NtF H. halys 72.3 MC
DpCPAP3 791 – – – 10 1 NtF H. halys 57.3 CMC
DpCPAP4 231 – – – 234 3 CtF H. halys 88.6 CCCM
DpCPAP5 330 – – – 57 2 NtF H. halys 86.8 CC
DpCPAP6 260 – – – 34 3 NtF H. halys 90.4 CCC
DpCPAP7 274 – – – 13 3 Full H. halys 80.6 CCC
DpCPAP8 308 – – – 10 2 Full H. halys 76.3 CCC
Chitin synthase
DpCSC 1579 0.0 0.0 0.0 8.8 Full

Only sequences with at least five TPMs of expression are shown in the table. “-“, TPM values less than five; C, CBD; M, mucin domain; A, M and P, anterior, middle
and posterior portions of the midgut, respectively; CAR, carcass (insect less midgut); Full, complete sequences; NtF, N-terminal fragments; CtF, C-terminal fragments.
Sequences were classified as CPAP, when presenting TPM values at least 20 times higher in carcass than in any midgut tissue.
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and Condylognatha were thought to form a monophyletic clade
(Grimaldi and Engel, 2005). At the present, phylogenomics data re-
vealed that Condylognatha diverged from a grouping formed by Pso-
codea+Holometabola, which later on separated into Psocodea and
Holometabola (Misof et al., 2014). Condylognatha divergence may
have resulted from the adaption to suck plant sap described above,
whereas Psocodea is the sister grouping of Holometabola, with an
evolutionary history to be described that could explain their differences
in relation to Codylognatha.

4.2. Peritrophins and chitin in the midgut of Hemiptera

Hemipterans lack a PM (Peters, 1992) but have as extracellular

layers microvilli-associated membranes, which are the lipoproteic
membranes described before.

The existence of some kind of PM in hemipteran midguts was sug-
gested by Alvarenga et al. (2016), based on the finding of peritrophins
in Rhodnius prolixus (Ribeiro et al., 2014) and of chitin in their midguts,
despite the fact that chitin is mainly at the hemal side of the midgut,
probably corresponding to tracheolae. The midgut morphological al-
terations reported after chitin synthase suppression (Alvarenga et al.,
2016) may have resulted from hypoxia as a consequence of a decrease
in tracheolae.

The hypothesis of the existence of PM-like structures in Hemiptera is
not supported by the discovery that there is only a cuticle-type chitin
synthase in Hemiptera genomes (including R. prolixus) and that

Table 5
R. prolixus CPAP, UCBP, and chitin synthase expression values.

Expression (TPM)

Protein Accession ID Length (AA) A P REC Number of CBDs Domain structure

RpUCBP1 RPRC011432-PA 243 4878 6243 5033 1 CM
RpUCBP2 RPRC002963-PA 231 3221 2270 3048 1 C
RpUCBP3 RPRC008497-PA 130 1777 1032 1800 1 MC
RpUCBP4 RPRC013809-PA 143 1715 1278 1338 1 MC
RpUCBP5 RPRC003885-PA 263 1102 1552 738 1 C
RpUCBP6 RPRC014043-PA 123 921 556 749 1 C
RpUCBP7 RPRC005415-PA 414 708 522 404 1 MC
RpUCBP8 RPRC015128-PA 270 692 801 462 1 C
RpUCBP9 RPRC002964-PA 99 517 139 54 1 C
RpUCBP10 RPRC013481-PA 229 185 4064 1609 1 C
RpUCBP11 RPRC003944-PA 252 170 212 246 1 C
RpUCBP12 RPRC000663-PA 142 – 214 207 1 C
RpUCBP13 RPRC006446-PA 251 – 14 11 1 C
RpCPAP1 RPRC001569-PA 206 – – 29 1 MC
RpUCBP14* RPRC013478-PA 267 – 175 – 1 MC
RpUCBP15 RPRC005413-PA 712 375 761 634 2 MCMCM
RpUCBP16 RPRC010253-PA 231 – 14 148 2 CC
RpUCBP17 RPRC013059-PA 239 15 16 157 3 CCC
RpUCBP18 RPRC000042-PA 258 – 46 53 3 CCCM
RpCPAP2 RPRC013845-PA 223 – – 48 3 CMCC
RpUCBP19 RPRC010255-PA 474 13 40 31 6 MCCCCCMC
Chitin synthase
RpCSC** RPRC008031-PA 1495 0 0 0

Only sequences with at least five TPMs of expression are shown in the table. “-“, TPM values less than five; C, CBD; M, mucin domain; A, anterior midgut; P, posterior
midgut; REC, rectum (part of the hindgut). Sequences were classified as CPAP, when expressed in rectum but not in any midgut tissue; and as UCBP, when expressed
in both midgut (A or P) and rectum tissues.
* RpUCBP14 gene had a similar expression value in P and in a whole insect sample (175 and 170 TPMs, respectively), which made us believe that this gene may

also be expressed on carcass (insect less midgut) tissue.
** RpCSC gene had an estimated TPM value of 19.8 in a whole insect sample, which may represent carcass.

Table 6
M. fimbriolata CPAP, UCBP and chitin synthase expression values.

Length (AA) Expression (TPM) Number of CBDs Comple-teness Best hit

Protein FC A M P CAR Species Iden-tity Domain structure

MfUCBP1 253 – – – 22 34 3 NtF N. lugens 70.1 CCCM
MfUCBP2 266 – – – 17 70 3 NtF H. hallys 82.5 CCC
MfUCBP3 289 – – 5 – 51 3 NtF N. lugens 77.8 CCC
MfCPAP1 270 – – – – 78 3 Full H. vitripennis 88.5 CC
MfCPAP2 289 – – – – 74 3 Full H. vitripennis 78.1 CCM
MfCPAP3 303 – – – – 36 3 Full N. lugens 71.1 MCCC
MfCPAP4 114 – – – – 5 1 Inc D. citri 85.5 C
MfCPAP5 255 – – – – 16 3 NtF H. vitripennis 79.0 CCMC
Chitin synthase
MfCSC 77 0.0 0.0 0.2 0.0 2.1 Inc
MfCSC 73 0.0 0.3 0.0 0.3 5.1 Inc
MfCSC 52 0.0 0.0 0.3 0.0 3.1 Inc

Only sequences with at least five TPMs of expression are presented in the table. “-“, TPM values less than five; C, CBD; M, mucin domain; FC, filter chamber; A, M and
P, anterior, middle and posterior regions of the midgut, respectively; CAR, carcass (insect less midgut); Full, complete sequences; NtF, N-terminal fragments; and Inc,
fragment without N- and C-terminals. Sequences were classified as: CPAP, when presenting TPM values at least 20 times higher in carcass than in any midgut tissue,
and as UCBP for the remaining cases.
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peritrophins expressed in Hemiptera midguts (including R. prolixus) are
not PMP. Furthermore, WGA-FITC fluorescence at the apex of R. pro-
lixus midgut cells is reduced by sialic acid (Albuquerque-Cunha et al.,
2009), whereas for D. peruvianus and M. fimbriolata (this paper) fluor-
escence is reduced by N-acetylglucosamine. Fluorescence reduction
with these additions indicates the existence of glycoconjugates, not
chitin. Glycoconjugates were actually biochemically and cytochemi-
cally characterized at the midgut luminal surface R. prolixus (Alves
et al., 2007; Albuquerque-Cunha et al., 2009).

4.3. Differences between CPAP, PMP and UCBP composition among insects

CPAP, PMP and UCBP proteins are composed of at least one chitin
binding Peritrophin-A domain (CBD). CPAP proteins have been de-
scribed as proteins composed by one or three of these domains
(Jasrapuria et al., 2012). In our work, genes were considered as coding
for putative CPAPs when having TPM values at least 20 times higher in
carcass than in any midgut tissue. According to this criterion, only S.
frugiperda, R. prolixus, and M. fimbriololata have all putative CPAP se-
quences with one or three identified CBDs.

Sequences with more than three predicted CBD are thought to be
involved in PM formation. Our group previously reported these se-
quences as putative PMP in M. domestica, S. frugiperda, T. molitor and A.
flavolineata (Dias et al., 2018). It is curious, however, that we found
genes coding for proteins with more than three CBDs in almost all
analyzed Paraneoptera genomes (14 of 18), in spite of the absence of
PM in these insects (Table 1). Moreover, one of these sequences was
expressed in all R. prolixus tissues (Table 5). R. prolixus expression data
is yet more unusual, as genes coding for proteins with one to three CBDs
were also expressed in its midgut and rectum, the last one displaying a
cuticle as all hindgut structures.

Genes with similar expression values in both midgut and cuticle-
containing tissues were commonly found in our work for different
species and motivated us to create a new protein class, the ubiquitous-
CBD-containing proteins (UCBP). UCBP proteins were identified in the
Holometabola: M. domestica (5), S. frugiperda (1), and T. molitor (2), and
in the Paraneoptera: R. prolixus (19), and M. fimbriolata (3) species. As
UCBP resembles more CPAPs than PMPs (at least in M. fimbriolata) we
may speculate they are involved in tracheolae formation in midgut and
other tissues (included in carcass samples). However, the M. domestica
gene (MdCPAP5) homologous to the tracheolae peritrophin-like gene of
D. melanogaster (Gasp) (Barry et al., 1999) is expressed only in M. do-
mestica carcass (Supplementary Table 4). Although this does not ne-
cessarily discard a role of UCBP in tracheolae, it does not favor our
hypothesis. CPAP-coding genes with one and three predicted CBDs were
expressed in the fat body of Bactrocera dorsalis, suggesting that they
may be involved in insect immunity (Chen et al., 2018) and/or in tra-
cheolae formation in this tissue.

Genes coding for proteins with only one CBD were the most abun-
dant putative CPAP/PMP/UCBP in all the analyzed genomes (Table 2).
These proteins were also expressed in P. americana midgut and salivary
glands, D. peruvianus carcass, M. fimbriolata carcass; and in all analyzed
tissues from R. prolixus. Some proposed roles for CPAP/PMP proteins
with only one CBD includes: a) capping the ends of chitin fibrils,
helping the PMP and cuticle formation (Devenport et al., 2005); and b)
sequestering free chitin molecules from the midgut lumen (Jochim
et al., 2008). However, the exact role of these proteins is still unclear, as
only three of the ten analyzed CPAP1 genes in T. castaneum exhibited
lethal phenotypes in RNAi experiments and were required in the pupal-
to-adult molt (Jasrapuria et al., 2012). Furthermore, besides the high
similarity to the CBD peritrophin-A domain, some of the identified
domains may not bind chitin or may act as in the Drosophila melano-
gaster mind-the-gap (MTG) protein (Uniprot ID: A0A0C4DHF5). This
extracellular protein is composed of only a signal peptide and one CBD
and acts in the synapse assembly (Rushton et al., 2009).

5. Conclusions

The results showed that on adapting to sap feeding, Paraneopterans
(actually represented here by the Hemiptera) lost PM and associated
with this also lost the CSM and PMP genes, whereas maintaining CPAP
and UCBP genes. The last genes are arguably involved in tracheolae
formation; however, this demands further research.

Holometabola species have a higher number of PMP proteins com-
posed by more than three CBDs in relation to species from the earlier
divergent Polyneoptera group. This observation can be related to dif-
ferent PM characteristics for these two cohorts and/or be a result of an
adaptation to a peptidase-rich gut content (Wang et al., 2004).
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