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This study is focused on the characterization and expression of genes in the red flour beetle, Tribolium
castaneum, encoding proteins that possess one or more six-cysteine-containing chitin-binding domains
related to the peritrophin A domain (ChtBD2). An exhaustive bioinformatics search of the genome of
T. castaneum queried with ChtBD2 sequences yielded 13 previously characterized chitin metabolic
enzymes and 29 additional proteins with signal peptides as well as one to 14 ChtBD2s. Using phylogenetic
analyses, these additional 29 proteins were classified into three large families. The first family includes 11

Iég;"r‘:rds" proteins closely related to the peritrophins, each containing one to 14 ChtBD2s. These are midgut-specific
Chitin-binding domain and are expressed only during feeding stages. We propose the name “Peritrophic Matrix Proteins” (PMP)
Cuticle for this family. The second family contains eight proteins encoded by seven genes (one gene codes for 2
Epidermis splice variants), which are closely related to gasp/obstructor-like proteins that contain 3 ChtBD2s each. The

Gasp third family has ten proteins that are of diverse sizes and sequences with only one ChtBD2 each. The genes
Midgut of the second and third families are expressed in non-midgut tissues throughout all stages of development.
Peritrophic matrix We propose the names “Cuticular Proteins Analogous to Peritophins 3” (CPAP3) for the second family that
Peritrophin A domain has three ChtBD2s and “Cuticular Proteins Analogous to Peritophins 1 (CPAP1) for the third family that has
l?ﬁ;g;g;‘;sic analysis 1 ChtBD2. Even though proteins of both CPAP1 and CPAP3 families have the “peritrophin A” domain, they
Red flour beetle are expressed only in cuticle-forming tissues. We determined the exon—intron organization of the genes,
Tribolium castaneum encoding these 29 proteins as well as the domain organization of the encoded proteins with ChtBD2s. All
29 proteins have predicted cleavable signal peptides and ChtBD2s, suggesting that they interact with chitin
in extracellular locations. Comparison of ChtBD2s-containing proteins in different insect species belonging
to different orders suggests that ChtBD2s are ancient protein domains whose affinity for chitin in extra-
cellular matrices has been exploited many times for a range of biological functions. The differences in the
expression profiles of PMPs and CPAPs indicate that even though they share the peritrophin A motif for

chitin binding, these three families of proteins have quite distinct biological functions.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction of the insect exoskeleton, tracheae and midgut peritrophic matrix

(PM). In all of these structures, chitin is associated with an assortment

Chitin, an extracellular matrix polysaccharide composed of 3
(1 — 4) linked N-acetylglucosamine residues, is a major component

Abbreviations: CHS, chitin synthase; PMP, peritrophic matrix proteins; Tc, Tri-
bolium castaneum; CBDs, chitin-binding domains; ChtBD2, peritrophin A-type
chitin-binding domain; CPAP, Cuticular Protein Analogous to Peritrophins; R&R
Consensus, Rebers and Riddiford Consensus.
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of proteins that influence the physical, chemical and biological
properties of the extracellular structure. Although the exact chemical
nature of the association of the chitinous matrix with proteins is not
well understood, progress is being made in cataloging the proteins
found in the cuticle and PM. Two main classes of chitin-binding
motifs have been identified in insect proteins. The first class contains
a sequence consisting of six cysteines that probably form three
disulfide bridges. This sequence motif is referred to as the “peri-
trophin A domain” and is found in numerous proteins extracted from
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insect PMs. This motif belongs to the CBM14 family of carbohydrate-
binding domains (pfam 01607; Elvin et al.,, 1996) also known as the
type 2 chitin-binding domain (ChtBD2 = SMART 00494). The second
general class of chitin-binding sequence motifs found in insect
cuticular proteins is the Rebers and Riddiford Consensus sequence
(R&R Consensus; PDGDYNY+YETSNGIADQETGD-+KSQGETRDG++A
VDVV-+GSYSYVDPDGTTRTVTYTADDENGFQPVGAHLP; pfam00379;
Rebers and Riddiford, 1988; Anderson, 2010; Karouzou et al., 2007;
Willis, 2010), which is devoid of cysteine residues. Many of these
proteins are likely to be cross-linked with one another via quinones
derived from N-B-alanyldopamine and N-acetyldopamine (Kramer
et al,, 2001; Andersen, 2010). Some of these R&R proteins were
identified in insect cuticle extracts by proteomic analyses (He et al.,
2007).

Evidence for the involvement of the ChtBD2 motif as well as the
R&R Consensus in chitin-binding comes from experiments showing
a gain in affinity for chitin following attachment of these sequences
to a protein that normally does not bind to chitin (Arakane et al.,
2003; Rebers and Willis 2001). Models have been proposed to
explain some of the interactions between the N-acetylglucosamines
and the amino acid residues lining the putative binding pockets
(Kramer and Muthukrishnan, 2005; Hamodrakas et al., 2002;
Iconomidou et al., 2005), but the molecular details involved in chi-
tooligosaccharide binding are still unknown for either type of CBD.

Proteins with CBDs that have six cysteine residues with a charac-
teristic spacing between them were initially extracted from the insect
PM using strong denaturing agents and were appropriately denoted
as “peritrophins” (Tellam et al. 1999; Shen and Jacobs-Lorena, 1999).
Later on, Barry et al. (1999) and Behr and Hoch (2005) identified
cDNAs/genes encoding proteins with this peritrophin A-type chitin-
binding motif, ChtBD2, in cuticle-forming tissues from Drosophila
melanogaster. These proteins have three ChtBD2s separated by
spacers of characteristic lengths. Gaines et al. (2003) characterized
five cDNA clones from RNA expressed in the hindgut and Malpighian
tubules of the cat flea, Ctenocephalides felis, which encode proteins
with one to four peritrophin A domains. More recently, Nisole et al. (in
press) have cloned a cDNA from Choristoneura fumiferana, which
encodes a protein homologous to these proteins. This gene was highly
expressed in the epidermis and the purified recombinant protein
bound to chitin. Thus, it is clear that ChtBD2 is present in proteins that
are found in locations other than the PM. However, the group of
proteins isolated from the PM after extraction with strong denaturing
agents, collectively called “peritrophins,” exhibit a wider variation in
the number of ChtBD2s and, consequently, in molecular masses.
Several other proteins with a large number of ChtBD2 repeats have
been predicted from genome sequences of insects, even though they
have not been extracted directly from PM or gut tissue. The number
of ChtBD2s in “peritrophins” can range from one to 19 (reviewed in
Tellam et al,, 1999; Dinglasan et al., 2009; Venancio et al., 2008;
Hegedus et al., 2009). Many of these are also interspersed with
serine and threonine-rich mucin-like domains that are likely to be
glycosylated (Toprak et al. 2009). These studies have revealed that the
group of ChtBD2-containing proteins is much larger than previously
known. However, a bioinformatics study cataloging all proteins with
one or more ChtBD2s (regardless of their location) encoded by a single
genome has not been undertaken so far. In this paper, we have used
an exhaustive bioinformatics search to identify in the red flour beetle,
Tribolium castaneum, all of the genes that encode proteins containing
one or more ChtBD2s, which have been associated with the ability
to bind to chitin. Our studies have revealed that the T. castaneum
proteome contains a large assortment of proteins with ChtBD2s in
addition to the PM-associated peritrophins and enzymes of chitin
metabolism such as chitinases and chitin deacetylases, some of which
have ChtBD2s. A vast majority of them have signal peptide sequences
at the N-terminus, a characteristic consistent with their roles in

binding to chitin in extracellular matrices. We propose a new
nomenclature for three gene families that encode non-enzymatic
proteins with one or more ChtBD2s, the first being Peritrophic Matrix
Proteins (PMPs) for proteins expressed in the midgut, and the second
and third as “Cuticular Proteins Analogous to Peritophins 1 and 3”
(CPAP1 and CPAP3) for proteins expressed in cuticle-forming tissues
with one and three ChtBD2 domains respectively.

2. Materials and methods
2.1. Insect cultures

The GA1 strain of T. castaneum was used in all experiments. Insects
were reared at 30 °C in wheat flour containing 5% brewer's yeast
under standard conditions as described previously (Beeman and
Stuart, 1990). The GA1 strain used in our study is a highly inbred
robust strain from which the GA2 strain was obtained and used for
DNA sequencing.

2.2. Identification and cloning of the genes encoding
proteins with ChtBD2s

Sequence comparisons of previously characterized peritrophins
from several insects including T. castaneum indicated substantial
variations in the spacing between the conserved cysteines of the
peritrophin A, B and C motifs with 6, 8 and 10 cysteines respec-
tively. However, there were similarities among the amino acid
sequences between these cysteines among peritrophins from the
same insect species. This was also true of the “Obstructor” family
of proteins (CPAP3 family in this paper). In order to maximize
the probability of identifying as many genes as possible encoding
T. castaneum proteins with ChtBD2s, we conducted an exhaustive
bioinformatics search of the T. castaneum genome and EST data-
bases (Beetlebase, http://www.bioinformatics.ksu.edu/Beetlebase;
NCBI, http://www.ncbi.nlm.nih.gov/projects/genome/seq/BlastGen/
BlastGen.cgi?taxid=7070; and the Baylor College of Medicine's
Human Genome Sequencing Center, http://www.hgsc.bcm.tmc.edu/
project-species-i-Tribolium%20castaneum.hgsc?pageLocation=
Tribolium%20castaneum), using previously characterized CBDs from
insect peritrophins A, B and C as queries (Tellam et al. 1999). Simi-
larly, several other ChtBD2s from Trichoplusia ni, Lucilia cuprina,
Anopheles gambiae and D. melanogaster were also utilized as queries
to identify genes encoding proteins with ChtBD2s in T. castaneum.
The sequences of the T. castaneum proteins identified in the initial
search were used as queries for a second round of “BLAST” search to
identify additional PMP or CPAP genes. This process was repeated
until no additional genes could be identified.

To clone the corresponding cDNAs, gene-specific primers for each
gene were designed from available ESTs or from gene models pre-
dicted using the GLEAN software, which are available in Beetlbase.
Template cDNAs were prepared from RNA isolated from insects at
various developmental stages. DNA fragments were amplified using
pairs of gene-specific primers designed from sequences in the 5'-
and 3’-UTR regions or within the protein-coding regions (CDSs) of
target genes, and were cloned into the pET vector (Promega, Madi-
son, WI) and then sequenced (DNA sequencing facility at Kansas
State University). Using this approach, we obtained near full-length
cDNAs covering the CDSs of each of the PMPs and CPAPs.

2.3. DNA and protein sequence analyses

After sequencing full-length or near full-length cDNAs of TcPMPs
and TcCPAPs, the exon—intron organization of each gene was deter-
mined by sequence comparisons to the corresponding genomic
sequences. Protein sequence analysis tools used in this study include
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those for open reading frame (ORF), MW and pl predictions at the
ExPASy Proteomics website (http://us.expasy.org/). Domains in the
protein sequences were identified via Conserved Domain Searches at
NCBI (www.ncbi.nlm.nih.gov/) and Scanprosite. Potential sites for O-
glycosylation were identified using searches at the NetOGlyc 3.1 server
(www.cbs.dtu.dk/services/NetOGlyc/). Signal peptide prediction was
conducted using the SignalP 3.0 server (www.cbs.dtu.dk/services/
SignalP/). Multiple sequence alignments of proteins were carried out
using the ClustalW software at the PBIL (Péle Biolnformatique Lyon-
nais) website (http://npsa-pbil.ibcp.fr/cgi-bin/align_clustalw.pl).

2.4. Profiles of gene expression during development

The RNeasy Mini kit (Qiagen, Valencia, CA) was used to isolate
total RNA from larvae according to the manufacturer's instructions.
Total RNA samples were treated with RNase-free DNase I (Ambion,
Austin, TX, 2 Uful) for 20 min at 37 °C to remove genomic DNA
contamination. The Superscript III first strand synthesis system for
RT-PCR (Invitrogen, Carlsbad, CA) was used to synthesize first-
strand cDNA according to the manufacturer's instructions. Oligo-
(dT),0 was used as a primer for reverse transcription using 1.5—2 g
of total RNA as template. RT-PCR was carried out to check the

Table 1.
Tribolium castaneum genes encoding proteins with ChtBD2 domains.

tissue-specificity of expression of each gene using pairs of gene-
specific primers (Supplementary Table S1).

2.5. Phylogenetic analysis of ChtBD2-containing
proteins in T. castaneum

ClustalW software was used to perform multiple sequence
alignments prior to phylogenetic analysis. MEGA 4.0 software
(Tamura et al., 2007) was used to construct the consensus phylo-
genetic tree using the neighbor-joining method and a cut-off value
of 50% similarity. To evaluate the branch strength of the phyloge-
netic tree, a bootstrap analysis of 5000 replications was performed
and all branches with a value less than 50% were collapsed. The
accession numbers of the genes encoding T. castaneum ChtBD2-
containing proteins are listed in Table 1.

3. Results
3.1. Bioinformatics search of T. castaneum genome databases

The initial search of the Tribolium genome identified 29 proteins
with ChtBD2s. The domains from these proteins were subsequently

Gene/Splice GeneBank GLEAN# cDNA No.of ORF (aa) M.W (kDa) No.of CBD pI LG  Map Citations
Variant accession # length (bp)* Exons® position (cM)

Peritrophic Matrix PMP1-A GU128096 03179 501 4 166 18.7 1 53 3 0.0

Proteins (PMPs) PMP1-B GU128097 15620 671 2 207 22.6 1 51 6 153

PMP1-C GU128098 09231 2052 3 672 74.7 1 56 7 3.9
PMP2-A GU128099 03274 507 3 168 184 2 46 3 0.0
PMP2-B GU128100 03275 578 3 175 19.7 2 41 3 0.0
PMP2-C GU128101 09580 1096 2 941 104.4 2 53 7 3.9
PMP3 GU128102 09232 1652 3 538 58.0 3 36 7 3.9
PMP5-A GU128103 03273 1119 6 372 41.0 5 42 3 0.0
PMP5-B GU128104 08506 1560 6 519 79.2 5 40 4 55.5
PMP9 GU128105 06098 2121 1 706 70.0 9 6.1 10 3.2
PMP14 GU128106 06098 3920 2 1306 147.0 14 44 10 3.2

Cuticular Proteins Analogous CPAP3-A1  GU128092 11140 714 5 237 26.6 3 51 10 15.8

to Peritrophins (CPAPs) ~ CPAP3-A2  GU128093 11141 711 5 236 26.4 3 51 10 15.8

CPAP3-B EF125544 11139 948 5 279 32.0 3 53 10 15.8
CPAP3-C5a EF125545 01169 1117 5 274 30.0 3 4.8 2 36.4
CPAP3-C5b  EF125546 01169 950 5 237 27.6 3 4.7 2 36.4
CPAP3-D1 GU128094 11142 687 3 228 25.1 3 5.8 10 15.8
CPAP3-D2  EF125547 01350 807 4 255 28.8 3 56 2 49.0
CPAP3-E GU128095 11349 744 3 247 26.9 3 45 10 15.8
CPAP1-A GU128083 04733 987 5 328 37.7 1 84 1=X 30.1
CPAP1-B GU128084 00587 594 4 197 22.6 1 51 2 329
CPAP1-C GU128085 00316 1287 2 428 47.5 1 49 2 47.2
CPAP1-D GU128086 09263 377 3 114 12.6 1 58 7 3.9
CPAP1-E GU128087 09887 360 3 124 14.3 1 48 7 38.6
CPAP1-F GU128088 09893 375 3 119 14.0 1 45 7 38.6
CPAP1-G GU128089 08877 1086 3 305 359 1 63 7 38.6
CPAP1-H GU128090 09894 2472 5 823 95.5 1 79 7 38.6
CPAP1-I GU139459 12766 2448 4 748 87.3 1 92 9 59.0
CPAP1-] GU128091 11101 3948 4 1315 146.4 1 74 10 253

Chitin Metabolic Enzymes CHT4 EF125543 09180 1519 7 475 421 1 46 7 7.0 Zhu et al. 2008a
CHTS DQ659248 09624 1564 6 496 54.1 1 49 7 7.0 Zhu et al. 2008a
CHT5 AY675073 01770 1825 8 533 60.1 1 58 1=X 52.7 Zhu et al. 2008a
CHT6 EFA00965 03876 7110 16 2369 267.7 1 63 3 67.0 Arakane and

Muthukrishnan, 2010

CHT7 DQ659247 15481 3435 7 980 1109 1 7.0 6 2.5 Zhu et al. 2008a
CHT10 DQ659250 12734 8254 15 2700 305.4 5 6.1 9 52.8 Zhu et al. 2008a
CDA1 ABU2522 14100 1791 5 534 62.0 1 515 20.0 Dixit et al., 2008
CDA2A ABU25224 14101 1831 5 535 66.0 1 535 20.0 Dixit et al., 2008
CDA2B ABU25225 14101 1810 5 528 60.0 1 525 20.0 Dixit et al., 2008
CDA3 ABW74145 05409 1580 5 517 59.0 1 6.1 8 50.3 Dixit et al., 2008
CDA4 ABW74146 07635 1628 7 490 56.0 1 58 4 9.7 Dixit et al., 2008
CDA5A ABW74147 06846 3694 15 1231 129.0 1 86 U U Dixit et al., 2008
CDA5B ABW74148 06846 3694 15 1231 129.0 1 86 U u Dixit et al., 2008

¢ Longest available cDNA.
> Minumum no. of exons.
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used in a second search to identify additional proteins with
ChtBD2s. This process was repeated until no additional protein
sequences with ChtBD2s could be identified. In the end, we iden-
tified a total of 49 putative T. castaneum genes capable of encoding
50 proteins (one gene codes for two proteins as a result of alter-
native splicing) with one or more ChtBD2s. Of these, 11 are PMPs, 10
are CPAP1 and eight are CPAP3 family proteins, 13 include the
chitinases and chitin deacetylases and eight others are classified as
miscellaneous proteins. The rationale for these groupings and their
descriptions are given in Section 3.3. Interestingly, our searches
yielded only proteins with the peritrophin A-type ChtBD2 that
contains six cysteines, but not the peritrophin B or C domains (with
eight and ten cysteines, respectively). The results of our searches for
ChtBD2-containing proteins, including their predicted molecular
masses and number of ChtBD2s (except for the genes discussed in
Section 3.8), are shown in Table 1.

3.2. Exon—intron organization of genes encoding
proteins with ChtBD2s

To confirm the amino acid sequences of proteins with ChtBD2s
inferred by GLEAN or NCBI gene predictions, we used RT-PCR to
amplify the putative full-length coding sequence (CDS) of each
cDNA. In many cases, we amplified a cDNA that precisely matched
the predicted CDS, confirming the GLEAN/NCBI gene models.
However, we found errors in exon—intron assignments in several of
these genes. In some cases, these corrections changed the number of
ChtBD2s initially indicated by the GLEAN and/or NCBI predictions.
We will describe some, but not all, of the examples of these incorrect
annotations below. The correct sequences of these cDNAs and the
corresponding proteins have been submitted to NCBI (Table 1).

In the case of the peritrophin, PMP5-B, comparison of the DNA
sequence of the RT-PCR-derived cDNA with the genomic sequence
corresponding to GLEAN_08506 revealed a rare error in genome
sequence assembly, rather than the more common type of annota-
tion error. The GLEAN annotation based on the incorrect assembly
predicted a protein with seven ChtBD2s. The longest cDNA corre-
sponding to this gene that we amplified encoded a protein that
contained only five ChtBD2s. This was further verified by amplifying
and sequencing the corresponding region in the genomic DNA. In
the case of GLEAN_06098, we were unable to amplify the predicted
6.5 kb full-length cDNA by RT-PCR. Instead, we have confirmed that
this gene actually represents an incorrect fusion of two tandem
genes on the same strand, which encode related proteins, each with
multiple ChtBD2s. This conclusion is based on the following
evidence: 3'-RACE detected the predicted polyadenylated products
corresponding to the two genes, TcPMP9 and TcPMP14, listed in
Table 1. We were unable to amplify a cDNA that bridged the two ORFs
using several combinations of forward and reverse primers in the
two genes. We found a putative TATA box between the poly-
adenylation site of the first gene and the apparent start codon of the
second gene, TcPMP14. RT-PCR using a forward primer just down-
stream of this TATA box and a reverse primer in the 3’-UTR of the
proposed TcPMP14 gene amplified a ¢cDNA that encodes a signal
peptide in the first exon that is very similar in sequence to the signal
peptide of TcPMP9. The second exon, which follows a short intron of
50 bp, encodes a protein with 14 ChtBD2s. Thus, we conclude that
there are two tandem genes encoding these two PMPs with an
intergenic region of less than 300 bp, which was annotated as an
intron in the GLEAN prediction. Fig. 1 shows the gene structures and
functional motifs of all T. castaneum genes encoding proteins with
ChtBD2s, omitting those that encode chitinases or chitin deacety-
lases and several others that lack a signal peptide. Of the 50 proteins
identified as having one or more ChtBD2s, 45 contained a cleavable
signal peptide at the N-terminus as analyzed by SignalP software.

All except TcCHT7 (Zhu et al, 2008a) lacked transmembrane
domains, suggesting that they are secreted proteins. This inference is
consistent with their predicted function in forming complexes with
chitin, an extracellular polysaccharide.

3.3. Classification of proteins containing one
or more ChtBD2s into families

We attempted to align the amino acid sequences of ChtBD2s from
the 50 Tribolium proteins with one another and with the ChtBD2s
of well-characterized insect peritrophins. During this process, it
became clear that 11 Tribolium proteins were highly related to
L. cuprina and T. ni peritrophins with ChtBD2s closely matching
Tellam's consensus sequence for peritrophin A domains found in
PM-associated proteins (Tellam et al., 1999; Wang et al., 2004). This
family of eleven proteins was, therefore, tentatively classified as
Peritrophic Matrix Proteins (PMPs) or “peritrophins”. It should be
emphasized that, at present, we lack definitive proof that these are
bona fide proteins associated with the PM. The number of ChtBD2s
in the PMP family of proteins ranges from one to 14 and the lengths
of the individual ChtBD2s range from 52 to 56 amino acids when
counting from the first to the sixth cysteines. The spacings between
adjacent cysteines are in general accordance with the Tellam
consensus for peritrophin A domains (Tellam et al.,, 1999). Even the
sequences separating the cysteines in the peritrophin A domains
of these PMPs appear to be more closely related to one another as
compared to the corresponding sequences in ChtBD2s from the
other Tribolium proteins (Fig. 2A, see the consensus sequence at the
bottom of the alignment). Particularly noteworthy is the lack of
variation in the spacing between the second and third cysteines as
well as the spacing between the fourth and fifth cysteines in the
consensus sequence for this group. PMP1-B has the greatest devia-
tion from this consensus, the most noticeable being the number of
amino acid residues between the first and second cysteines. In fact,
the amino acid sequence of this protein (along with PMP1-C) is more
closely related to the CPAP1 family (see below). These eleven
proteins differ in the number of ChtBD2s (from one to 14) and, as
a result, in their molecular sizes. In proteins with multiple ChtBD2s,
the sequences of the individual ChtBD2s were found to be highly
similar. This is especially true of PMP5-B, PMP9 and PMP14 with five,
nine and 14 ChtBD2 repeats, respectively.

Of the remaining 39 proteins with ChtBD2s, 8 are grouped into
a family that we have denoted as “Cuticular Proteins Analogous to
Peritrophins-3” (CPAP3) because of their apparent lack of a function
in PM organization and presumed cuticular localization (see below).
These eight proteins contain three ChtBD2s each, which are 54 to 56
amino acids long. We have named this family CPAP3 to indicate they
have three ChtBD2s. All of these proteins also have a remarkably
similar domain organization (see below). Two proteins, TcCPAP3-
C5a and TcCPAP3-C5b, arise from alternative splicing of the fifth
and the last exon from a pre-mRNA, which results in proteins with
different C-terminal sequences but with a common ChtBD2-
containing N-terminal portion. In the ChtBD2 motifs of this family of
eight proteins, the third ChtBD2 has the greatest variation in
sequence and in spacing between cysteines (Fig. 2B). The spacing
between the first and second cysteines as well as the spacing
between the fourth and fifth cysteines are greater than those in the
PMPs, but the spacing between the third and fourth cysteines is
shorter (Fig. 2B). These proteins are orthologs of members of the
family of Drosophila proteins collectively known as “gasps” (genes
analogous to small peritrophins) or “obstructors,” all of which have
three ChtBD2s (Barry et al., 1999; Behr and Hoch, 2005). We have
named the individual T. castaneum orthologs of this family to reflect
their orthology to the corresponding Drosophila proteins as well as
the number of encoded ChtBD2s (e.g. T. castaneum CPAP3-B is the
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Fig. 1. Schematic diagram of the exon—intron-domain organizations of T. castaneum genes encoding ChtBD2-containing proteins. Yellow boxes represent the longest cDNA for the
particular gene that has been cloned. Red solid box indicates signal peptide and green, light blue and dark blue boxes indicate the ChtBD2s from PMP, CPAP3 and CPAP1families of
ChtBD2-containing proteins. The lines connecting boxes represent linker or other protein sequences. Each vertical line represents the splice junction with the introns removed.
The two alternative forms of exon 5 in CPAP3-C are indicated as the two yellow boxes labeled C5a and C5b. (For interpretation of the references to colour in figure legends, the reader

is refered to the web version of this article.)

ortholog of D. melanogaster Obst-B and has three ChtBD2s). There are
four fewer CPAP3 orthologs in T. castaneum than in D. melanogaster
(Behr and Hoch, 2005).

A third family of 10 T. castaneum proteins includes members
with a single ChtBD2 at either the N-terminus or the C-terminus,
and is, therefore, given the name CPAP1 family. As in the case of the
PMPs, this family shows no variation in the number of amino acids
between the second and third cysteines as well as between the
fourth and fifth cysteines. Notably, this family shows much greater
conservation of the sequences between cysteines compared to the
CPAP3 and PMP families (Fig. 2C).

In addition to the 11 PMP, 8 CPAP3 and 10 CPAP1 proteins listed in
Table 1, we previously characterized six chitinases and seven chitin

deacetylases, all of which contain one or more ChtBD2s (Zhu et al.,
2008a; Dixit et al., 2008; Arakane and Muthukrishnan, 2010). Apart
from these, we have also identified five other proteins with ChtBD2s
represented by GLEAN_02107, 02058, 11724, 00588 and 13568 that
lack a predicted signal peptide. Another, GLEAN_12551, represents
avery large protein of 437.7 kDa with a signal peptide, one ChtBD2 and
five von Willebrandt factor type D domains, which is an ortholog of
a Drosophila hemolectin, a hemolymph protein involved in blood
clotting and immunity (Goto et al., 2001). GLEAN_09553, which has
a signal peptide, lacks the consensus spacing between the cysteines in
two out of the three ChtBD2s. This gene is expressed only in the adult
stage. Its tissue-specificity is uncertain, but it does not appear to be
expressed in elytra (modified forewing), hindwings or gut (data not
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Fig. 2. Amino acid sequence alignment of the ChtBD2s (first ChtBD2) of each of the PMP, CPAP3 and CPAP1 families of proteins of T. castaneum. The multiple sequence alignment of
ChtBD2s for each of these ChtBD2-containing proteins was carried out using the ClustalW software from PBIL Expasy tool (http://npsa-pbil.ibcp.fr/cgi-bin/align_clustalw.pl). Shaded
in black are the cysteines and other residues conserved in all proteins of that family. The less-conserved amino acids are shown in various shades of gray. A: ClustalW alignment of
the conserved amino acid residues within the first ChtBD2 of the different PMP proteins. An insertion of the sequence, QSRL, is found only in TcPMP1-B at the position indicated by *
and is not shown in the alignment, but this insertion is taken into account in building the consensus sequence. At the bottom, the conserved spacing between the six cysteines of the
ChtBD2s alone is indicated. The numbers on the right indicate the number of amino acids in each ChtBD2. B: ClustalW alignment of the third ChtBD2 from different CPAP3 proteins
in T. castaneum. C: ClustalW alignment of ChtBD2s from CPAP1 proteins of T. castaneum. The decreasing % similarity is indicated by decreasing shades of gray.

shown). These seven proteins most likely have roles other than
interactions with chitin in the gut, tracheae or cuticle. Therefore, we
have not included these proteins in our analyses. Finally, there is
yet another GLEAN_15245, which has a signal peptide and encodes
a protein with multiple ChtBD2s, in a region of the genome where
there is a 4 kb gap in the genome assembly (this gene and the encoded
protein will be discussed further in Section 3.8.1).

3.4. Phylogenetic analysis of ChtBD2-containing
proteins in T. castaneum

To establish the evolutionary relationship among the ChtBD2
domains of the three families of T. castaneum proteins including the
domains within the same protein discussed above, we carried out
a phylogenetic analysis of all ChtBD2s (using only the sequence

between the first and the sixth cysteines of the peritrophin A motif
and excluding the linker regions between adjacent Cht2BD2s) in
proteins from T. castaneum using the ClustalW program. The tree
appears to contain three distinct branches. The ChtBD2s of the 11
PMP family of proteins are clustered in one large branch in which
different PMPs form additional branches, indicating that they are
closely related (see the branch shaded in green in Fig. 3). The only
exceptions are the two ChtBD2s associated with PMP1-B and PMP1-
C, which align with the CPAP3 family. Most of the ChtBD2s within
the same protein (e.g. all ChtBD2s of PMP9 and from the 2nd through
the 14th ChtBD2 of TcPMP14) are clustered in the same branch,
indicating minimal sequence divergence among the ChtBD2s in the
same protein. Occasionally, we find evidence for sequence diver-
gence of one or more ChtBD2s away from the other domains in the
same protein (e.g. the third ChtBD2 of TcPMP5).
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Fig. 3. Phylogenetic tree of ChtBD2s present in PMP, CPAP1 and CPAP3 families of T. castaneum proteins. Individual ChtBD2s from each protein (number in parenthesis indicates their
relative location from the N-terminus) were used to construct a phylogenetic tree as described in the Materials and Methods section. PMPs are indicated by green branches ending with an
open circle. The two ChtBD2s of PMP1-B and PMP1-C, which align with the ChtBD2s of the CPAP3 branch end in light blue branches with an open square. The ChtBD2s of the CPAP3
proteins are indicated in light blue branches ending in a closed square. The ChtBD2s of CPAP1 proteins are indicated in dark blue branches ending in a closed triangle. (For interpretation of

the references to colour in figure legends, the reader is refered to the web version of this article.)

The ChtBD2s of the CPAP1 and CPAP3 families form two other
branches of the evolutionary tree (shaded in dark and light blue
in Fig. 3). One branch contains all Tribolium proteins with a single
ChtBD2 belonging to the CPAP1 family (TcCPAP1-A through
TcCPAP1-], shaded in dark blue), indicating a common ancestral
origin for the ChtBD2s of these proteins of diverse sizes, which share
no other sequence similarity. All of the T. castaneum proteins
with three ChtBD2s (TcCPAP3 family, shaded in light blue), which are
similar to the Drosophila obstructor/gasp proteins, form a second
branch. Interestingly, the first ChtBD2s of almost all members of the
TcCPAP3 family with the exception of CPAP3-C and CPAP3-D1 are
more closely related to one another than to the second and third
ChtBD2 within the same protein. Similarly, the third ChtBD2 of most
of the CPAP3 proteins are also clustered, with CPAP3-D2 being the
lone exception. ChtBD2 #1 and #2 of different CPAP3 proteins are
more closely related to one another other than to ChtBD2 #3, which
form a separate branch. The phylogenetic analysis further supports

our classification of the ChtBD2-containing proteins of T. castaneum
into three families based on variations in the Tellam consensus
sequence for the conserved cysteines of ChtBD2s (Fig. 1).

3.5. Peritrophic matrix proteins (PMPs) in T. castaneum

The nomenclature for the 11 PMPs is according to the following
convention. The number that follows the designation PMP indicates
the number of ChtBD2s in the protein. For example, TcPMP9 indi-
cates a PMP with nine ChtBD2s. The ChtBD2s within this protein
(and other PMPs) are numbered from the N-terminus to the
C-terminus e.g. TCPMP9 (#1), TcPMP9 (#2) and so on. If there is
more than one protein with the same number of ChtBD2s, then an
upper case letter follows the number (e.g. TcPMP2-A, TcPMP2-B
and TcPMP2-C).

The number of ChtBD2s in a PMP ranges from one to 14 and the
molecular sizes range from 18.7 to 147 kDa (Table 1). All of these
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proteins have an N-terminal signal peptide and no transmembrane
helices, indicating that they are secreted proteins. Fig. 1 shows the
distribution of the ChtBD2s in the 11 PMPs. There are three PMPs
with one ChtBD2, three with two, two with five and one each with
three, nine and 14 ChtBD2s. Six of the PMPs (TcPMP2-A, TcPMP2-B,
TcPMP5-A, TcPMP5-B, TcPMP9 and TcPMP14) are essentially
tandem repeats of ChtBD2s and linker regions. The ChtBD2s and
linker regions in TcPMP9 and TcPMP14 are closely related, but the
linker in TcPMP14 is slightly longer (37 amino acids in 10 out of 14
ChtBD2s in TcPMP14 versus 21 amino acids in seven out of nine
ChtBD2s in TcPMP9). The linkers in both proteins are rich in proline
and threonine, and also contain a few serines. NetOGlyc 3.1 predicts
that these linker regions are likely to be O-glycosylated. The linker
regions in TcCPMP5-B are much longer (48—65 amino acids) than the
linkers in TcPMP9 and TcPMP14, and have long stretches of serines.
They resemble mucin domains but are not predicted to be highly
glycosylated by the NetOGlyc 3.1 software. The other four PMPs,
TcPMP1-A, TcPMP1-B, TcPMP1-C and TcPMP2-C, have no similarity
to any proteins encoded by the genomes of either D. melanogaster
or A. gambiae, if the ChtBD2 regions are omitted.

3.5.1. Clustering of PMP genes in the T. castaneum genome

As mentioned earlier in Section 3.2, the two genes, TcPMP9 and
TcPMP14, are arranged in tandem in linkage group 10 in the T. cas-
taneum genome and their CDSs are separated by only 331 base pairs.
There are two other clusters of PMP genes in the T. castaneum
genome. TcPMP1-B and TcPMP3 are paired on linkage group 7 within
a stretch of only 977 bp. Furthermore, TcPMP2-A and TcPMP5-A are
paired on linkage group 3 within a stretch of 1,575 bp (see Table 1).
These pairs may be a result of relatively recent gene duplications.

3.6. CPAP1 family

The CPAP1 family of proteins, which have only one ChtBD2, differ
from the CPAP3 family of proteins in ways other than the number of
ChtBD2s, the most noticeable being the location of the chitin-
binding domain itself (Fig. 1). In different CPAP1 proteins, the
ChtBD2s (dark blue boxes) may be located close to the N-terminus,
the C-terminus or in the middle, in contrast to CPAP3 proteins, which
have their tandem repeats of ChtBD2s close to the N-terminus.
Secondly, introns often interrupt the ChtBD2-encoding regions,
which rarely occurs in other CPAP genes. Nevertheless, the ChtBD2s
of the CPAP1 family of proteins are closely related, indicating
a common ancestral origin (see Fig. 3). Proteins belonging to this
family also have N-terminal signal peptides and lack transmembrane
domains, properties consistent with a role that involves interactions
with an extracellular polysaccharide such as chitin.

Of the 10 proteins belonging to this family, TcCPAP1-D, E and Fare
the smallest, containing between 114 and 124 amino acid residues of
which 16—22 amino acids represent the signal peptide and 53—54
are present in the ChtBD2 (Fig. 1). Therefore, the mature protein is
almost entirely made up of the ChtBD2 and little else. The other
seven proteins have variable lengths of protein-coding regions in
addition to the ChtBD2-coding region. In these proteins, the ChtBD2
represents only a minor part of the overall sequence. Regarding the
CPAP1 family, there are orthologs in Drosophila only for TcCPAP1-C
and TcCPAP1-H. The latter contains a mucin-like domain and is rich
in serine residues. However, there is nothing known about the
nature or functions of these proteins in the fruit fly. These proteins
have no sequence similarities other than the ChtBD2 region.

3.7. CPAP3 family

There are seven genes inT. castaneum encoding eight proteins that
have a tandem arrangement of three ChtBD2s (Fig. 1). Orthologs of

these genes have been found in Drosophila and several other species
of insects. The Drosophila genes have been named previously as
“obstructors” (Behr and Hoch, 2005) or as “gasps” (Barry et al., 1999).
We propose to name this family of proteins the “CPAP3 family” with
the number 3 indicating that they have three ChtBD2s. For ease of
comparison to the Drosophila orthologs, we have assigned individual
proteins of this family, names such as TcCPAP3-B, TcCPAP3-C and
TcCPAP3-E, based on their orthology to the corresponding Drosophila
proteins. In the case of TcCPAP3-A and TcCPAP3-D, T. castaneum has
two paralogs instead of one protein each as in Drosophila. We
have denoted them as TcCPAP3-A1, TcCPAP3-A2, TcCPAP3-D1 and
TcCPAP3-D2. Like T. castaneum, other insect species have additional
paralogs of the CPAP3-A genes. A. gambiae has three corresponding
genes, and Nasonia vitripennis and Acyrthosiphon pisum have two
(data not shown). Similarly, two paralogs of CPAP3-D genes are found
in several other species including Aedes aegypti, A. gambiae, Culex
quinquefasciatus, N. vitripennis and A. pisum (data not shown). In the
case of TcCPAP3-C, two alternatively spliced transcripts are generated
from a single gene using one or the other of the two alternate forms of
exon 5. Since the first four exons code for the signal peptide and the
three ChtBD2s, the encoded proteins differ only in the C-terminal
regions that follow the three ChtBD2s. These proteins are referred to
as TcCPAP3-C5a and TcCPAP3-C5b. Similar alternative splicing of
pre-mRNA in D. melanogaster results in two isoforms of obstructor C
(accession numbers NP_649611 and NP_001097694). In the case of
TcCPAP3-E, there is only one ortholog of this protein in T. castaneum
and several other insects, whereas there are two orthologs in D.
melanogaster as a result of alternative splicing (Behr and Hoch, 2005).
Unlike other insects, D. melanogaster has a second group of genes
encoding proteins with three ChtBD2s. These proteins, which are
placed in a separate subgroup (group #2), differ from the first group
in having spacers of variable length, but they exhibit extensive
sequence similarities with the ChtBD2s of CPAP3 proteins of the first
group. There are no orthologs for the group #2 genes in T. castaneum.
Behr and Hoch (2005) have reported that Drosophila is unique among
insects in having this additional subgroup. A phylogenetic analysis of
CPAP3 proteins from several insects with completed genome
sequences is shown in Fig. 4. It is clear that CPAP3 proteins form five
separate branches, each branch corresponding to one of the five
CPAP3 proteins, A through E. Branches containing the CPAP3-A and
CPAP3-D proteins have undergone an expansion in several insect
species, but branches representing CPAP3-B and CPAP3-E have only
a single representative with the exception of Drosophila, which has
two variants of CPAP3-E as a result of alternative splicing.

Four of the CPAP genes, TcCPAP3-A1, TcCPAP3-A2, TcCPAP3-B and
TcCPAP3-D1, are tightly clustered within a 26 kbp region of linkage
group 10 at map position 15.8 cM, while a fifth gene, TcCPAP3-E, is
~190 kb away at the same map position (Table 1). The other two
genes are in linkage group 2 at map positions 36.4 cM and 49 cM,
indicating that they are widely separated on the same chromosome.

The linker regions between the first and second ChtBD2s in the
CPAP3 family proteins are very similar to the corresponding linker
regions in the orthologs from other insect species. This linker, which
is 13 amino acids long in all members of this family, lacks proline,
threonine or serine residues, which are found in linkers of many
PMPs (e.g. TcPMP9 and TcPMP14). The linkers between the second
and third ChtBD2s range from six to 13 residues in length among the
CPAP3 proteins and lack residues associated with O-glycosylation. As
indicated in Fig. 1, the C-terminal sequences following the ChtBD2s
in different CPAP3 proteins are variable in both length and sequence.

3.8. Chitinases and chitin deacetylases

Included among the proteins with ChtBD2s listed in Table 1 are
several chitinases and chitin deacetylases. Among the T. castaneum
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Fig. 4. Phylogenetic analysis of the ChtBD2 sequence of the CPAP3 family of proteins from Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Acyrthosiphon pisum (Ap), Aedes
aegypti (Aa), Apis mellifera (Am), Culex quinquefasciatus (Cq), Nasonia vitripennis (Nv), Pediculus humanus corporis (Pc), and Tribolium castaneum (Tc) along with a ChtBD2 domain from
Caenorhabditis elegans (C. elegans) protein, NP_502145.2 as the outlier. The CPAP3 orthologs are represented in different colors: A1, light green; A2, dark green; B, red; C, brown; D1,
cyan; D2, dark blue; E, pink; and C. elegans in dark red. A bootstrap analysis of 5000 replications was carried out on the tree. The bootstrap values of the major branches are indicated
by the numbers. The accession numbers of the ortholog from different insect species are listed in Supplementary Table 2. (For interpretation of the references to colour in figure

legends, the reader is refered to the web version of this article.)

chitinases, there is one with 5 ChtBD2s (chitinase 10) and five with
one ChtBD2 (chitinases 4, 5, 6, 7 and 8). The ChtBD2s are near the
C-termini with one exception being the largest enzyme, chitinase
10, which has its ChtBD2s interspersed among its five catalytic
domains (Zhu et al., 2008a). Similarly, there are seven T. castaneum
chitin deacetylases including their isoforms, each with one ChtBD2.
In contrast to the chitinases, the ChtBD2s are found in N-terminal
regions (Dixit et al., 2008). These enzymes and the expression
profiles of the genes encoding them have been previously described
in detail by Zhu et al. (2008b,c), Arakane and Muthukrishnan (2010)
and Dixit et al. (2008). Therefore, they are not a major focus of the
current discussion involving non-enzymatic Cht2BD2-containing
proteins of T. castaneum.

3.9. Other T. castaneum proteins that contain ChtBD2s

In addition to the 42 putatively chitin-interacting proteins listed
in Table 1, there are two other proteins with ChtBD2s in the pre-
dicted proteome of T. castaneum. One of these (GLEAN_15245) is in
a region where sequence data are incomplete. Transcripts for the
other gene (GLEAN_09553) are not detectable in the midgut or

cuticle-forming tissue. These exceptional proteins are described in
the following sections.

3.9.1. GLEAN_15245

The protein represented by GLEAN_15245 in Beetlebase has
a signal peptide followed by a tandem assembly of five ChtBD2s.
However, we could not confirm this prediction by cloning the
corresponding full-length cDNA using several combinations of
forward and reverse primers designed from the predicted gene
sequence. We believe that the presence of a sequence gap of ~4 kb
in the genome assembly within the transcription unit of this pre-
dicted gene is the cause of this apparent annotation error. However,
we were able to amplify a partial cDNA clone that includes two of
the ChtBD2s at the 5’-end of the ORF and two additional ChtBD2s
not predicted by the gene model. Inspection of the sequence of
this clone indicated that several introns predicted by the GLEAN
annotation are, in fact, ChtBD2-containing exons. We also amplified
another cDNA encoding the last three ChtBD2s predicted by the
GLEAN model. If GLEAN_15245 indeed encodes a single protein,
this protein should have at least seven ChtBD2s, including any
additional ChtBD2 encoded by exons in the unsequenced region of
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this gene. Alternatively, there may be two tandem genes encoding
proteins with ChtBD2s. We have been unable to amplify across the
relevant gap in the genome assembly to test this possibility.
Until this gap is bridged, the correct annotation of the region of
GLEAN_15245 will remain incomplete. RT-PCR indicates that this
gene is expressed in the carcass and in elytra and hindwings that
were dissected from 3—4-d-old pupae, but not in larval and adult
midgut (data not shown). It maps to position 2.5 cM in chromo-
some 6.

3.9.2. GLEAN_09553

This gene model predicts a protein with a signal peptide and
three ChtBD2s. However, only the middle ChtBD2 matches the
consensus shown in Fig. 2. This gene shows no expression in the
larval stages. In the adult, it is expressed in the carcass, but not in
the midgut or in either of the two cuticle-forming tissues tested,
namely elytra and hindwings (data not shown). With the available
data, we cannot predict whether this protein would be associated
with chitin in the general body cuticle.

3.10. Tissue-specificity of expression of genes encoding
ChtBD2-containing proteins in T. castaneum

We assessed the tissue-specificity of expression of genes
encoding proteins with ChtBD2s in T. castaneum. We dissected last
instar larvae to obtain midgut, hindgut and carcass preparations
because these tissues express two different chitin synthase (CHS)
genes that contribute to the synthesis of chitin in either the PM or
epidermal cuticle (Arakane et al., 2005, 2008). CHS-B is expressed
in the midgut, while CHS-A is expressed in the hindgut and carcass.
We also divided the midgut tissue into anterior, middle and
posterior thirds prior to RNA isolation because we have previously
observed differences in levels of transcripts for CHSs and chitinases
in these gut segments (Arakane et al., 2005; Bolognesi et al., 2005).
We anticipated that there might be corresponding differences in
the expression profiles of the ChtBD2-containing proteins that bind
to chitin in different extracellular locations. Transcripts for each of
these genes were detected using RT-PCR and gene-specific pairs of
primers. As shown in Fig. 5, there are substantial differences in
expression among the three families of genes encoding proteins
with ChtBD2s as well as among members of the same family.
The most striking finding from these studies is that all of the PMP
genes are expressed in the midgut, while none are expressed in the
carcass. In contrast, almost all of the genes of the CPAP3 and
CPAP1 families have exactly the complementary expression profile,
namely expression in the carcass but not in the midgut. Most of the
genes expressed in the carcass are also expressed in the hindgut,
consistent with the common ectodermal origin of hindgut and
epidermis. The only exception is TcCPAP3-E, which has a low level of
expression in the anterior and middle midgut in addition to high
expression in the hindgut, possibly due to tracheal contamination.
The larval carcass was further separated into fat body and integu-
ment, and the corresponding RNA preparations were analyzed for
transcripts for each gene. These results confirmed that the CPAP3
and CPAP1 genes that are expressed in the carcass of larvae are also
expressed in the integument, which includes the epidermis and
trachea but not the fat body. There were no detectable transcripts
for these genes in the fat body with the exception of TcCPAP3-Al,
which is expressed at a lower level in the fat body compared to the
integument. To further confirm that these genes are expressed in
cuticle-forming tissues, we isolated RNA from elytra and hindwings
at the pharate adult stage and detected specific transcripts by
RT-PCR using gene-specific primer pairs. The details of expression
of each family of ChtBD2s-containing genes are described below.

3.10.1. PMP genes

Among the genes encoding PMPs, there are differences in
expression levels in different regions of the midgut. Transcripts for
some of the PMPs with one to five ChtBDs (TcPMP1-A, 2-A, 2-B, 2-C, 3
and 5-A) are detected predominantly in the anterior and middle
midgut regions and to a lesser extent in the posterior midgut
(TcPMP1-A, 2-A and 2-C), whereas TcPMP5-B is expressed in the
middle and posterior midgut regions, and to a lesser extent in the
hindgut. TcPMP1-C is expressed at high levels in the anterior midgut
and at a low level in the posterior midgut. Transcripts for TcPMP9 and
TcPMP14, which have the largest number of ChtBD2s, are undetect-
able in the anterior and middle midgut, but are detected in the
posterior midgut. TcPMP14 is also expressed in the hindgut. Thus,
there are qualitative differences in the sites of expression of different
genes encoding PMPs within the midgut and possibly quantitative
differences as well (Fig. 5A). All of the PMP genes are expressed in the
midgut during both larval and adult stages, indicating there are no
larval- or adult-specific PMPs in T. castaneum. Furthermore, there is
no evidence of expression of PMP genes in the carcass.

3.10.2. CPAP3 genes

There are subtle differences in the tissue specificities of expres-
sion of TcCPAP3 genes. Unlike most of these genes, TcCPAP3-E is
expressed at a higher level in the hindgut than in the carcass
(Fig. 5B). Therefore, TcCPAP3-E may have a special role in hindgut
cuticle. TcCPAP3-A1 is expressed equally in the hindgut and carcass
(Fig. 5B). Separation of carcass into integument and fat body revealed
that none of the TcCPAP3 genes except TcCPAP-A1 are expressed in
the fat body, but presumably are expressed in cuticle-forming tissues
such as the epidermis. Measurement of transcripts in adult elytra
and hindwings indicated that all of the TcCPAP3 genes including
TcCPAP3-A2, which is not expressed in last instar larval tissue, are
expressed in these cuticle-forming tissues. TcCPAP3-A1 and TcCPAP3-
C5a genes show significant differential expression in the elytra
versus hindwings. Combined with the data showing that these genes
are not expressed in the midgut, these results suggest a role for these
proteins exclusively in interactions with cuticular chitin, but not
with PM chitin.

3.10.3. CPAP1 genes

The expression patterns of TcCPAP1 genes also show differences
in tissue-specificity. As expected, none of them are expressed in the
larval midgut and all of them are expressed in larval and/or adult
cuticle-forming tissues. TcCPAP1-H and TcCPAP1-I are expressed in
the hindgut, but not in the carcass in the larval stage. TcCPAP1-A,
which is expressed predominantly in the carcass, has a low level of
expression in the fat body. Many of the TcCPAP1 genes are expressed
in the hindgut, but the relative expression in hindgut versus carcass
varies among the genes. Similarly, there are differences in the
expression levels in elytra versus hindwings for individual TcCPAP1
genes, even though all of them are expressed in both tissues.

4. Discussion

The goal of this research was to carry out a comprehensive search
for T. castaneum proteins that contain one or more ChtBD2s with the
expectation that these proteins, which are predicted to interact with
chitin, will have a role in assembly and/or turnover of chitin-con-
taining structures. This domain was found originally in several
proteins known as peritrophins that were extracted from the PM and
shown to bind to chitin tightly (Tellam et al., 1999; Wang et al., 2004).
It has been proposed that the peritrophins, particularly those
with mucin domains, influence the permeability of the PM to dietary
components, digestive enzymes and products of digestion in the
endo- and ectoperitrophic space either directly or indirectly through
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Fig. 5. Tissue-specificity of expression of T. castaneum genes encoding proteins with
ChtBD2. Actively feeding last instar larvae (n = 15) were dissected to obtain anterior
midgut, middle midgut, posterior midgut and hindgut tissue preparations. A part of
the remaining carcass was further dissected to obtain larval integument (carcass minus
fat body and muscles) and fat body preparations. Pupae (4 days after pupation) were
dissected to obtain elytron and hindwing preparations. These preparations contain
adult tissues with attached remnants of pupal tissue. In addition, 15 actively feeding 2-
week-old adults were dissected to obtain midgut and hindgut preparations. The
remaining tissues were pooled and labeled as the carcass. RT-PCR products for the
T. castaneum ribosomal protein 6 (TcRpS6) from the same cDNA templates served as an
internal control for loading. Chitin synthase B (CHSB) RT-PCR product served as
a control for the absence of midgut tissue in the carcass preparations, while those for
arylphorin served to assess any contamination of the larval integument with fat body.

their association with chitin and other proteins (Tellam et al., 1999;
Terra, 1996, 2001; Hegedus et al, 2009; Wang et al., 2004). This
domain is also found in some but not all chitinases and chitin
deacetylases, which degrade or modify chitin (Kramer et al., 1993;
Zhu et al., 2008b; Dixit et al., 2008; Arakane and Muthukrishnan,
2010) as well as in proteins expressed in embryonic tracheae and
epidermis (Barry et al., 1999; Behr and Hoch, 2005). Removal of
ChtBD2s from some of these proteins has been shown to result in
lower affinity for chitin, while addition of one or more ChtBD2s has
been found to increase the affinity for chitin (Zhu et al., 2001;
Arakane et al., 2003). It has been proposed that ChtBD2s help to
anchor the chitinases and chitin deacetylases on the insoluble poly-
mer, facilitating the positioning of the catalytic center of the same
enzyme at a target site in the chitin substrate. The presence of
a ChtBD2 distinct from the catalytic site eliminates the need for the
enzyme to dissociate from the substrate after hydrolysis and
probably increases the processivity and the catalytic proficiency of
the enzyme against crystalline chitin. However, there is very little
information on the role of ChtBD2s in proteins that do not have
enzymatic functions.

Recently, Venancio et al. (2008) identified ChtBD2-containing
proteins in insects by querying D. melanogaster, A. aegypti and T.
castaneum genomic and EST databases with the six-cysteine ChtBD2
sequence motif, CX13-20CX5-6CX9-19CX10-14C-X4-14C proposed by
Tellam et al. (1999) for the ChtBD2 as the query. They identified 25
“peritrophins” in the T. castaneum genome, which is considerably
fewer than the 65 proteins that had been predicted from the
D. melanogaster genome (Venancio et al., 2008). To maximize the
probability of identifying proteins with one or multiple ChtBD2s, in
our bioinformatics search of the T. castaneum genome we utilized as
queries ChtBD2 sequences not only from “peritrophins” from
several insects but also ChtBD2 from chitinases and chitin deace-
tylases from T. castaneum, which have a slightly different consensus
sequence for the former set of proteins. We also utilized ChtBD2s
from proteins encoded by D. melanogaster gasp and obstructor genes
as queries (Barry et al., 1999; Behr and Hoch, 2005). The total
number (~50) of T. castaneum proteins with ChtBD2s that we have
identified in the T. castaneum genome is more than the number (25)
of proteins reported by Venancio et al. (2008), indicating that our
search strategy has been more comprehensive. We verified the CDS
predictions and exon—intron assignments for the T. castaneum
genes encoding proteins with ChtBD2s from three databases (NCBI,
Baylor, BeetleBase) by direct cloning of nearly all of the cDNAs.
These studies identified new genes and corrected mistakes in
several gene models including some that revised the number of
ChtBD2s (either increased or decreased) in the predicted ChtBD2-
containing proteins. Most significantly, we identified four new
proteins belonging to the PMP family (PMP1-A, PMP2-A, PMP9 and
PMP14), four additional members of the T. castaneum CPAP3
family (CPAP3-B, CPAP3-C[5a], CPAP3-[5b], and CPAP3-D1) and one
member of the CPAP1 family (CPAP1-I), which had not been
reported previously. Five other proteins with ChtBD2s were iden-
tified, but they lacked a predicted signal peptide and were left out of
our analysis as they were predicted to be intracellular proteins. One
putative extracellular protein, a hemolectin, was not included
because it is likely to be found in hemolymph and to have roles in
clotting and/or immunity. It is not expected to bind to extracellular
chitin. In addition, we identified two other proteins, one with three
ChtBD2s and another with an undetermined number of ChtBD2s

AM: anterior midgut, MM: middle midgut, PM: posterior midgut, H: hindgut, C:
carcass (whole body minus gut). I: integument, F: fat body, E: elytron, W: hindwing.
NTD = No Transcript Detected. Tissue-specificity of expression of genes for PMPs (Panel
A), CPAP3 (panel B) and CPAP1 (panel C). The number of cycles for RT-PCR was 28
except for RpS6 and arylphorin, which was 24 cycles.
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(GLEAN_09553 and GLEAN_15245). These were not analyzed
extensively due to incomplete genomic data or lack of evidence for
expression in tissues involved in chitin synthesis. The estimate of
the total number of ChtBD2-containing proteins encoded in the
T. castaneum genome is currently ~50 including 13 chitinase and
chitin deacetylase isoforms that have been previously characterized
(Zhu et al., 2008b, c; Dixit et al., 2008). There is some uncertainty
whether GLEAN_15245 corresponds to one or two proteins as dis-
cussed in Section 3.8.1. We believe that we have identified and
characterized nearly all of the T. castaneum genes encoding proteins
with ChtBD2s or related sequences.

Our phylogenetic analysis based on the sequence similarity of
the ChtBD2s has resulted in subdivision of the ChtBD2-containing
T. castaneum proteins into three large families, namely the PMP,
CPAP1 and CPAP3 families. Our preference for these names instead
of the generic term “peritrophins” is to emphasize their different
physical localizations within the insect body and their widely
different functions, even though all three families of proteins have
at least one peritrophin A domain and are known or expected to
bind to chitin in the two major chitin-containing extracellular
matrices, namely the cuticle and the PM. While the chitinous
cuticle serves mainly to provide a rigid and water-impermeable
protective outer layer for the underlying epidermal tissue and to
protect the insect from dehydration (Moussian et al., 2007;
Moussian, 2010), the PM is believed to have roles in protecting
the midgut epithelial cells and in aiding digestion (Terra 1996,
2001; Bolognesi et al., 2001, 2009) and is likely to be heavily
hydrated as a result of glycosylation of several residues in the linker
regions of the PMPs, some of which have mucin-like domains
(Terra, 2001; Wang and Granados, 1997; Wang et al., 2004;
Hegedus et al., 2009; Toprak et al., 2009). The biochemical basis
of this dichotomy is unclear, but differences in the nature of the
proteins associated with chitin and the presence of cross-linking
mediated by quinones/quinone methides (Andersen, 2010) are
likely to contribute to the differences in properties of the cuticle
and the PM. Another possibility is that the arrangement of chitin
fibers in the gut-associated PM may be different when compared to
that in cuticular chitin, which has multiple layers of a-chitin
bundles in the form of stacked laminae. It is also possible that the
PM-associated chitin is in another form (perhaps ), which leads to
less hydrogen bonding between parallel chains of chitin compared
to a-chitin (Jang et al., 2004). The PM is thought to be porous,
allowing the movement of digestive enzymes and products of
initial digestion to cross the PM barrier, which separates the food
bolus from the midgut epithelial cells. Electron microscopic studies
of European corn borer and tobacco hornworm have revealed that
at least some of the insect PMs may have a lattice structure with
regularly spaced grids between the criss-crossing chitin fibers
(Harper and Hopkins, 1997; Hegedus et al., 2009). The PM is also
less organized in the anterior midgut when compared to the
posterior midgut. While the anterior part may be a gel-like struc-
ture, the posterior part is mechanically stronger and probably less
permeable to larger molecules (Terra, 2001). The nature of the
proteins associated with the PM may influence its properties in the
regions of the midgut where they associate with chitin in the PM.

The cuticle, on the other hand, is a rigid and hydrophobic
structure made up of a waxy layer (the envelope) and epicuticle
overlaying a laminar procuticle made up of chitin and protein
cross-linked via oxidized catechols. Besides the CPAP1 and CPAP3
proteins studied here, T. castaneum has a large assortment of
cuticular proteins containing R&R Consensus motifs (Dittmer and
Beeman, personal communication), which are also thought to be
involved in interactions with chitin. The cuticular proteins are also
likely to be involved in cross-linking with catechols (Andersen,
2010). Our study has indicated that several ChtBD2-containing

proteins are secreted into the cuticle by the epidermal tissue. The
role of the large assortment of the CPAPs in cuticle structure and
function has been largely unexplored until now. An exception is the
Drosophila ‘gasp’ gene (ortholog of TcCPAP3-C), which has been
reported to be expressed in embryonic tracheae (Barry et al., 1999).
A role for D. melanogaster “obstructor A” (ortholog of TcCPAP3-A) in
embryonic development has also been reported (cited in Behr and
Hoch, 2005). The obstructor family of genes is expressed during
early- and mid-stage embryogenesis in tracheae and epidermis. It
is interesting to note that while D. melanogaster has 10 genes
encoding eleven proteins related to the TcCPAP3 proteins that are
divided into two “subgroups” based on the spacing and size of the
linkers, T. castaneum has only eight proteins belonging to the CPAP3
family. Whereas T. castaneum is missing five orthologs of D. mela-
nogaster genes (Obstructors F, G, H,  and ] of subgroup II), the beetle
has additional genes (CPAP3-A2 and CPAP3-D2). All of the other
insect species studied to date appear to lack the Drosophila-specific
subgroup II obstructors (CPAP3s), but have additional orthologs of
CPAP3-A and CPAP3-D, which belong to subgroup I. The phyloge-
netic analysis shown in Fig. 4 suggests that in Drosophila species,
additional orthologs of the latter two genes have been lost.

The finding that in T. castaneum, the CPAP3 family of eight
proteins is expressed at several developmental stages in the integ-
ument indicates that they may be involved in organization of
epidermal cuticle. Even though there are no biochemical studies to
indicate that these proteins do bind to chitin, the similarity in the
number, organization and spacing of the ChtBD2s in orthologs from
several insect species (Fig. 3; Barry et al., 1999; Behr and Hoch, 2005)
suggests that they serve similar critical functions in cuticle assembly.
Interestingly, these genes are not expressed in the midgut, ruling out
arole for these proteins in the assembly of the chitin-containing PM.
Perhaps, those functions are fulfilled by the PMP family of proteins.
The reason for the conservation of a large number of very similar
proteins in the CPAP3 family in several insect orders is unclear. We
have found preliminary evidence for the presence of some of the
CPAPs identified in this work in pupal and/or adult cuticles of
T. castaneum by direct proteomic analyses of cuticles (Dittmer and
Arakane, unpublished data). Whether these genes are expressed in
different tissues or cell types and thus influence the properties of
specific cuticular structures such as those associated with tracheae,
elytra, hindwings and other appendages needs to be investigated.
We have preliminary evidence indicating that down-regulation of
transcripts for specific CPAP3 proteins results in molting disruption
or leg joint defects as well as mortality (Jasrapuria, unpublished
data). The finding that relative abundance of transcripts for specific
CPAPs varies between elytra and hindwings, which represent hard
and soft cuticle, respectively, raises the possibility that the ratios of
specific CPAPs that associate with chitin may influence the physical
properties of the cuticle.

Some of the ChtBD2s are associated with proteins with catalytic
domains of chitinases (chitinases 4, 5, 6, 7 and 8 with one ChtBD2s,
and chitinase 10 with five ChtBD2) and several chitin deacetylases
(with one ChtBD?2). It is likely that the presence of a ChtBD2 increases
the affinity of these enzymes for the chitin-containing matrix and
binds them onto the substrate. However, there are at least ten other
T. castaneum genes that encode proteins with one ChtBD2 belonging
to the CPAP1 family. They are expressed in the integument,
presumably in epidermal cells, with differing patterns of expression.
Nothing is known about their functions because they have no
identifiable functional domains other than the ChtBD2s. Most of
these proteins have a ChtBD2 at one or the other terminus and
additional sequences that do not correspond to any characterized
domains in the protein databases. They may be enzymes of unknown
function or cuticle proteins that interact with chitin during cuticle
assembly or turnover. They may be extracellular proteins based on
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the presence of a predicted signal peptide and the absence of other
membrane-spanning segments or other intracellular targeting
sequences. The ChtBD2s may improve the affinity of those proteins
that transiently interact with chitin during cuticle assembly or
turnover. The role of the ChtBD2 in these proteins may be different
from those found in CPAP3 proteins with three ChtBD2s, which we
propose are tightly associated with chitin. For example, the CPAP3
family of proteins may participate in the formation of chitin laminae
or stabilization of bundles of chitin fibers.

All of the ChtBD2s present in Tribolium proteins appear to have
been derived from a common ancestral CBD sequence with six
cysteines belonging to the peritrophin A family. We have found no
evidence for the 8- or 10-cysteine-containing peritrophin B or C
sequence motif described by Tellam et al. (1999) in the predicted
sequences of T. castaneum proteins. The consensus of conserved
cysteines for all ChtBD2 sequences in T. castaneum proteins appears
to be CX11-24CX5CXg-14CX12-16C-X6-gC, which differs slightly
from the one proposed by Tellam et al. (1999), which is
CX15-17CX5_6CXgCX12CXs—7C. Combining these two consensus
sequences, we propose that a more inclusive general consensus for
the conserved cysteines, which will represent all of the ChtBD2-
containing proteins in most insect species described so far is
CX11-24CX5CXg-14CX12-16CX_gC. The individual members of one
family are more closely related to one another than to members of
other families, and they have consensus sequences that include
additional conserved residues besides the six cysteines (Fig. 2).

Phylogenetically, all of the ChtBD2s that belong to the PMP family
are closely related to one another. This is especially true among the
multiple repeats of ChtBD2s that are found in the same protein (e.g.
PMPs 5, 7, 9 and 14), which are nearly identical in sequence both in
the ChtBD2 and in the linker regions. We assume that the PMPs with
multiple repeats arose from gene duplication and cross-over events,
resulting in proteins with different numbers of repeats. Supporting
this hypothesis is the finding that some T. castaneum PMP genes are
made up of exons encoding identical ChtBD2s and also that the two
genes with the largest number of nearly identical repeats (TcPMP9
and TcPMP14) are separated on the chromosome by only 331 bp of
intervening sequence. In addition, these ChtBD2s and the spacers
between them are extremely similar both in nucleotide and amino
acid sequences, with many of them having identical nucleotide
sequences. The longest PMP in T. castaneum has 14 ChtBD2s, whereas
those from D. melanogaster and A. aegypti have 17 and 14 ChtBD2s,
respectively (Venancio et al., 2008). To date the PMP that contains
the largest number of ChtBD2s is the one from Mamestra configurata,
which has a total of 19 ChtBD2s (Shi et al., 2004).

The significance of the variation in number of ChtBD2s among the
PMPs from the same species as well as the variation in number of
ChtBD2s in PMPs among species from different orders of insects is
unclear. It is possible that the larger the number of ChtBD2s, the
tighter is the binding to chitin. Consistent with this idea, Dinglasan
et al. (2009) were able to identify only twelve proteins with one to
four ChtBD2s in proteins extracted from the A. gambiae PM with 0.5%
Triton X-100 or 2% SDS even though genes encoding proteins with
more ChtBD2s are present in the Anopheles genome. It is likely that
the PMPs with a large number of ChtBD2s are bound too tightly to
chitin in the PM and therefore are not extracted even under rather
harsh conditions. We have found some preliminary evidence that
suggests that the pattern of expression of the different PMP genes
along the length of the midgut varies, with the genes encoding
proteins with larger number of ChtBD2s being expressed in the more
posterior portions of the midgut (Fig. 5 and our unpublished data),
while those with fewer ChtBD2s are expressed in the more anterior
parts. It has been proposed that proteins with single ChtBD2 cap the
ends of chitin fibrils, whereas PMPs with multiple ChtBD2s cross-
link adjacent chitin chains (Wang et al., 2004). It is interesting to note

that both the number and spacing of ChtBD2 repeats varies among
the members of the PMP family in T. castaneum. Whether these
differences influence their binding to chitin or the properties of the
PM remains to be investigated. It should be pointed out that none of
the T. castaneum proteins identified in this study have been shown to
actually bind to chitin. We are currently in the process of expressing
and purifying recombinant representatives of each class of ChtBD2-
containing proteins to address this issue.

Finally, the expression profiles also provide experimental support
for the classification of the ChtBD2-containing proteins into different
families. The PMP family of proteins is expressed only during larval
and adult feeding periods, but not during life stages when the gut is
apparently not involved in digestion (data not shown). Thus,
PMPs are likely to be bona fide components of the PM. On the other
hand, the CPAP3 proteins are expressed at all developmental stages
including the embryonic and pupal stages, and are detected in the
integument, but not in the midgut, supporting the idea that these are
cuticular proteins. The finding that transcripts for all of the CPAP3
genes are detected in elytra and hindwings further supports this
conclusion. Our RT-PCR results regarding the expression of PMP and
CPAP3 genes in the midgut are in agreement with a recent micro-
array analysis of genes expressed in the T. castaneum midgut, which
reveals that several PMP genes are expressed in the midgut at high
levels (PMP5-B, PMP2-B and PMP3), whereas the CPAP3 family of
genes are only expressed at low or undetectable levels (Morris et al.,
2009). The CPAP1 family, on the other hand, has a widely varying
expression pattern in non-midgut tissues, most likely in the
epidermal cells. In the future, studies of the properties of purified
proteins and/or their ChtBD2s together with the results from RNAi
experiments will shed further light on the functions of Tribolium
proteins containing one or more ChtBD2s.
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