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Cockroaches are among the first insects to appear in the fossil record. This work is part of ongoing
research on insects at critical points in the evolutionary tree to disclose evolutionary trends in the diges-
tive characteristics of insects. A transcriptome (454 Roche platform) of the midgut of Periplaneta ameri-
cana was searched for sequences of digestive enzymes. The selected sequences were manually curated.
The complete or nearly complete sequences showing all characteristic motifs and highly expressed (reads
counting) had their predicted sequences checked by cloning and Sanger sequencing. There are two

gfg’:ggg‘éz: chitinases (lacking mucin and chitin-binding domains), one amylase, two o~ and three B-glucosidases,
Carbohydrases one B-galactosidase, two aminopeptidases (none of the N-group), one chymotrypsin, 5 trypsins, and none

B-glucanase. Electrophoretic and enzymological data agreed with transcriptome data in showing that
there is a single B-galactosidase, two a-glucosidases, one preferring as substrate maltase and the other
aryl a-glucoside, and two B-glucosidases. Chromatographic and enzymological data identified 4 trypsins,
one chymotrypsin (also found in the transcriptome), and one non-identified proteinase. The major diges-
tive trypsin is identifiable to a major P. americana allergen (Per a 10). The lack of B-glucanase expression
in midguts was confirmed, thus lending support to claims that those enzymes are salivary. A salivary
amylase was molecularly cloned and shown to be different from the one from the midgut. Enzyme
distribution showed that most digestion occurs under the action of salivary and midgut enzymes in
the foregut and anterior midgut, except the posterior terminal digestion of proteins. A counter-flux of
fluid may be functional in the midgut of the cockroach to explain the low excretory rate of digestive
enzymes. Ultrastructural and immunocytochemical localization data showed that amylase and trypsin
are released by both merocrine and apocrine secretion mainly from gastric caeca. Finally, a discussion
on Polyneoptera digestive physiology is provided.

Digestive enzymes sequences
Secretory mechanism
Enzyme immunocytolocalization

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cockroaches, which are among the first neopteran insects to
appear in the fossil record, are extremely generalized in most mor-
phological features. They are usually omnivorous and are included
in the sub-order Blattodea that together with Mantodea (mantids)
form the Order Dictyoptera. After extensive molecular phyloge-
netic analyses, Inward et al. (2007) showed that termites are social
cockroaches, no longer deserving classification as a separate order
(Isoptera) from cockroaches. Actually, termites pertain to a sister
family (Termitidae) of that of the woodroach Cryptocercus
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(Cryptocercidae) (Lo et al., 2000). The branch Cryptocercidae-Ter-
mitidae is a sister of Blattidae, forming Blattoidea that is a sister
of Blaberoidea (Blattelidae plus Blaberidae), which in addition to
Polyphagoidea form the Blattodea.

The organization of the digestive process in the different insect
orders that corresponds to the basic plans of the ancestral forms
was reviewed several times (Terra, 1988, 1990; Terra and
Ferreira, 1994, 2012). Dictyoptera is supposed to be derived from
the Polyneoptera ancestors. Hence, its basic digestive organization
should be alike that of the Polyneoptera ancestor. One of the aims
of this paper is to provide support in this direction.

Data on compartmentalization of midgut pH and digestion in
Dictyoptera are fragmentary and contradictory (see Elpidina
et al., 2001 and references therein). In part this is a consequence
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of differences among the cockroaches. For example, starch
digestion occurs mainly in foregut and anterior midgut and protein
digestion takes place in posterior midgut in Nauphoeta cinerea (Bla-
beridae) (Elpidina et al., 2001), whereas in several other cockroach
species there is not a marked difference in starch digestion in fore-
gut and midgut (Vinokurov et al., 2007). There is a lack of data on
cockroach terminal digestion of both proteins and carbohydrates
and on the presence (or absence) of a midgut countercurrent flux
of fluid to propel digestive enzyme recycling (reviews: Terra,
1988, 1990; Terra and Ferreira, 1994, 2012). Thus, a re-examina-
tion of Periplaneta americana (Blattidae) digestive enzyme
compartmentalization attempting to those details and using only
one sex (males) would reduce variability and result in a broader
picture of cockroach digestive physiology.

There are numerous papers dealing with cockroach digestive
enzymes, including from P. americana, such as chitinase
(Powning and Irzykiewicz, 1963), glycosidases (Scrivener et al.,
1989; Koffi et al., 2012), peptidases (Baumann, 1990; Lopes and
Terra, 2003; Hivrale et al., 2005) and also some works regarding
the distribution of polymer hydrolases in cockroach gut, exempli-
fied by Elpidina et al. (2001) and Vinokurov et al. (2007). Neverthe-
less, there is a lack of data on digestive enzyme sequences.

In this paper, we combined enzymological and transcriptomic
data to identify the sequences of the major digestive enzymes. Fur-
thermore, enzyme distribution studies showed how the digestive
process is spatially organized and that a countercurrent flux of
fluid may be functional in the P. americana midgut to explain the
low excretory rate of digestive enzymes. Finally, secretory mecha-
nisms of digestive enzymes were identified by immunocytolocal-
ization of trypsin and amylase.

2. Materials and methods
2.1. Animals and enzyme samples

P. americana (Dictyoptera) were laboratory reared feeding on
chayote (Sechium sp.) and oats (Avena sativa) and maintained
under a natural photoregime at room temperature. Only adult
males were used in the experiments, because females do not rou-
tinely feed, lay eggs (that may affect results), and have variable
sizes. Adult males were immobilized in a carbon dioxide chamber
for 10 min. The antennae, legs and wings were removed, the
insects placed on ice and then dissected in cold 220 mM NacCl.
The rinsed guts were transferred to a glass slide. The gut was
divided into foregut (crop), midgut caeca, midgut and ileum +
colon. Midgut was separated into sections of identical lengths:
anterior and posterior midgut. Midgut sections were separated into
tissue and contents.

Midgut sections of tissue and contents, as well as foreguts and
ileum, were homogenized in double distilled water with the aid
of a Potter-Elvehjem homogenizer and centrifuged at 20,000xg
for 30 min at 4 °C. The supernatants were filtered in glass wool
and the pellets (except those of midgut contents) were resus-
pended in double distilled water. The pellets were regarded as cell
membrane fraction, because the hypotonic homogenization
medium ruptures all cells. The samples were stored at —20 °C until
use. No enzyme inactivation was detected on storage.

2.2. Protein determination, enzymatic assays, excretion rates, effect of
PH on enzymatic activity and luminal pH determination

Protein was determined according to Bradford (1976) using
ovalbumin as a standard.

Enzymatic assays were performed at 30 °C in specific conditions
(Table 1). Proteinase profiles were determined using synthetic

substrates (Table 1) or the natural substrate casein-FITC
(Twining, 1984), combined or not with inhibitors: 17 pM SBTI,
100 uM benzamidine, 100 pM chymostatin or 20 uM TPCK.

The effect of pH on enzymatic activities were studied in 50 mM
sodium citrate-phosphate (pH 4.0-7.0) or 50 mM sodium phos-
phate (pH 7.0-8.0) for a-glucosidase, B-glucosidase, B-galactosi-
dase, cellobiase, and trehalase. For amylase, trypsin, maltase
and aminopeptidase assays were performed in 100 mM sodium
acetate (pH 3.0-4.0), 100 mM piperazine (pH 4.0-6.0), 100 mM
HEPES (pH 6.0-8.0), 100 mM TAPS (pH 8.0-9.0) and 100 mM CAPS
(pH 9.0-10.0). All buffers included 100 mM NacCl.

The pH of midgut contents sections were separately determined
using a universal pH indicator (E. Merck, Darmstadt, pH 4.0-10.0).
For this, midgut section contents were dispersed in 5 pL of dissect-
ing saline and then added to 5 puL of a 5-fold dilution of the pH
indicator. The resulting colored solutions were compared with
suitable standards.

Excretion rates were calculated using the equation {[Activity
[leum + Colon x (Volume Midgut/Volume Ileum + Colon)]/Activity
Midgut}.

2.3. Resolution of midgut enzymes by chromatography and
polyacrylamide-gel-electrophoresis in native conditions

Midgut proteins were resolved by ion-exchange chromatogra-
phy in a High-Q column connected to a Econo-pac System (Bio-
Rad, USA) in 20 mM Tris-HCl pH 7.5. Elution was carried by a
linear gradient of 0-0.6 M NacCl, followed by a washing step with
10 mL 1 M NaCl. Fractions of 1 mL were collected and assayed with
different substrates for peptidases in the presence and absence of
specific enzyme inhibitors.

Midgut homogenates were applied onto a 7.5% polyacrylamide
gel (8 cm), and proteins were electrophoretically resolved at 4 °C
using 2.5 mA per cylinder (Hedrick and Smith, 1968). Afterwards,
gels were washed for 1 h in 20 mM citrate-phosphate pH 6.0 to
remove the Tris-HCl buffer (which inhibits carbohydrases) at
4°C and subsequently sliced in a 50 mM citrate-phosphate pH
6.0 buffer. Samples were collected and proteins were eluted for
3h at 4°C, before being assayed with different substrates for
carbohydrases (Table 1).

2.4. SDS-PAGE and Western blotting

SDS-PAGE was carried in 12% (w/v) polyacrylamide gel electro-
phoresis containing 0.1% SDS in a discontinuous pH system
(Laemmli, 1970), in a Mini-Protean II equipment (Bio-Rad
(U.S.A.). Samples were mixed with sample buffer containing:
60 mM Tris-HCI buffer pH 8.8, 2.5% (w/v) SDS, 10% glycerol,
0.05% (w/v) bromophenol blue and 0.36 mM 2-mercaptoethanol.
The samples were heated at 95 °C for 3 min, before being loaded
onto gel. Electrophoresis was carried out at 200V and silver-
stained (Blum et al., 1987).

Western blottings were performed after SDS-PAGE separation
of midgut homogenate proteins (see above) and electrophoretic
transfer to nitrocellulose membrane filter (pore size 0.45 um,
Bio-Rad, U.S.A.). The transfer efficiency was verified using a pre-
stained molecular mass marker (Bio-Rad, U.S.A.). After blocking
the membrane with milk in TBS-T (Tris-buffered saline containing
0.05% Tween 20), it was reacted for 4 h at room temperature with
polyclonal Tenebrio molitor anti-amylase (Cristofoletti et al., 2001)
or polyclonal Musca domestica anti-trypsin (Jordao et al., 1996)
sera, both diluted 500-fold in TBS-T. After washing 3 times with
TBS-T, the membrane was reacted with anti-rabbit IgG coupled
with peroxidase diluted 1000-fold in TBS-T for 2 h at room temper-
ature. After extensive washing, the membranes were maintained in
0.08% 4-chloro-1-naphthol in TBS containing 0.1% hydrogen
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Table 1

Assays conditions and methods used in the determination of hydrolases in P. americana males.
Enzyme [Substrate] Tested pH References
Amylase 0.5% starch with 10 mM NacCl 4.5-6.0 Noelting and Bernfeld (1948)
Aminopeptidase 1 mM Leu-pNa 7.0 Erlanger et al. (1961)
o-Glucosidase 5 mM pNp-a-glucoside 6.0 Terra et al. (1979)
B-Glucosidase 5 mM pNp-B-glucoside 6.0 Terra et al. (1979)
B-Galactosidase 5 mM pNp-B-galactoside 6.0 Terra et al. (1979)
Cellobiase 7 mM cellobiose 6.0 Dahlqvist (1968)
Chymotrypsin 10 uM Suc-AAF-MCA 7.0-8.0 Alves et al. (1996)
Cysteine proteinase 1 uM &-NH2-csb-C-MCA 6.0 Alves et al. (1996)
Maltase 7 mM maltose 6.0 Dahlqvist (1968)
Trehalase 7 mM trehalose 6.0 Dahlqvist (1968)
Trypsin 10 uM Z-FR-MCA 7.0-8.0 Alves et al. (1996)

Assays were accomplished at 30 °C at the specified pH values. The buffers used were: 50 mM citrate-phosphate (pH 4.0-7.0) or 50 mM sodium phosphate (pH 7.0-8.0) for
a-glucosidase, B-glucosidase, B-galactosidase, cellobiase, and trehalase. For amylase, trypsin, maltase and aminopeptidase assays were performed in 100 mM sodium acetate
(pH 3.0-4.0), 100 mM piperazine (pH 4.0-6.0), 100 mM HEPES (pH 6.0-8.0), 100 mM TAPS (pH 8.0-9.0) and 100 mM CAPS (pH 9.0-10.0). Assays were carried out at different
periods of time and initial velocities were calculated. All assays were performed at conditions that they were proportional to time and to protein concentration. One unit of
enzyme is the amount of enzyme that cleaves one pmol of substrate or (bond) per min. In amylase assays, NaCl was added to become 10 mM.

peroxide until gray bands appeared where antigens were
recognized. The reagent was prepared immediately before use by
the addition of one volume of 0.5% chloro-1-naphthol in methanol
to five volumes of TBS with hydrogen peroxide.

2.5. Pyrosequencing and annotation of a cDNA midgut library from P.
americana

mRNA was isolated from total RNA with Dynabeads mRNA puri-
fication kit (Life technologies) according to manufacturer’s instruc-
tions. Total RNA and mRNA quality was checked with Agilent 2100
Bioanalyzer system with usual procedures. cDNA library construc-
tion and pyrosequencing were performed following the procedures
of Roche using a platform 454 Genome Sequencer FLX (454 Life
Sciences/Roche). The resulting files (.sff) containing reads were
processed by GS De Novo Assembler (Newbler) (Margulis et al.,
2005), forming contigs. Further manipulation of contigs and their
annotation was performed using dCAS software (http://exon.
niaid.nih.gov). Pyrosequencing of the cDNA library from midgut
tissues generated 270613 reads with average size of 510.6 bp.
The relative number of reads indicated the expression level of each
gene in the midgut.

The selected sequences were manually curated by multiple
sequence alignment (Bioedit version 7.1.3.0, Hall, 1999) with refer-
ence sequences. The following reference sequences were used:
aminopeptidases pertaining to family M1, M17 and M24 were
aligned respectively with human aminopeptidase N (UniProt
P15144), leucyl aminopeptidase from Bos taurus (UniProt 00727)
and aminopeptidase P from Escherichia coli (UniProt P15034);
o-amylases were aligned with that of T. molitor (TM_Amy, access
number P56634.1); a-glucosidases from family 31 were aligned
with a-glucosidase II from Bombyx mori (BAM78681.1) and those
from family 13 with the enzyme from Culex pipiens
(AAL05443.1); B-glucosidases with Spodoptera frugiperda family 1
B-glucosidase (AAC06038.1); B-galactosidases with Homo sapiens
family 35 B-galactosidase (AAA518119.1); chitinases with T. molitor
digestive chitinase (AAP92418.1) and Manduca sexta molting fluid
chitinase (AAB53952.1); chymotrypsin with bovine chymotrypsin
(UniProt P0O0766) and, finally, trypsin with Helicoverpa armigera
trypsin (ADA83702.1).

2.6. Expression analysis by RT-PCR

Adults immobilized on ice were dissected using gloves, sterile
forceps and glassware treated with diethylpyrocarbonate. Salivary

glands, Malpighian tubules, fat bodies, and midgut sections were
separated and total RNA was extracted using Trizol (Invitrogen),
following the manufacturer’s instructions based on Chomczynski
and Sacchi (1987). Extracted RNA was DNAse treated (DNAse I,
Invitrogen), before used as template to synthesize a cDNA library
correspondent to mRNAs, by using oligo-dT as primer and the
reverse transcriptase from the Superscript kit (Invitrogen).
Polymerase chain reaction (PCR) was performed using TAQ DNA
Polymerase (Invitrogen) in a reaction buffer containing 1.5 mM
MgCl,. PCR conditions were 26 cycles (log phase) of 30 s at 94 °C
(denaturation), 30 s at 64 °C (annealing) and 1 min at 72 °C (syn-
thesis) using the resulting cDNA as templates. The primers used
are listed in Supplementary Table 1.

2.7. Computational analysis

The prediction of sequence features was done as follows: sig-
nalP (Emanuelsson et al., 2007), NetOGlyc (Julenius et al., 2005),
big-PI Predictor (Eisenhaber et al., 2000), NetNGlyc (Gupta et al.,
2004). The presence of transmembrane regions was analyzed by
(TMHMM Server v. 2.0, http://www.cbs.dtu.dk/services/ TMHMM-
2.0; HMMTOP (Tusnady and Simon, 2001) and SOSUI (http://
bp.nuap.nagoya-u.ac.jp/sosui). All the analysis can be done from
the EXPASY Proteomics Server (http://expasy.org/).

2.8. Cloning and sequencing the cDNAs coding for the major digestive
enzymes

RNA was extracted from the midgut (or salivary gland in the
case of salivary amylase) and treated as described in Section 2.6.
RNA quality was checked with Agilent 2100 Bioanalyser system
with appropriate procedures, before the cDNA synthesis by reverse
transcriptase from the Superscript kit (Invitrogen). The design of
the primers was based on our transcriptome, except for the sali-
vary amylase that was amplified using degenerated primers
(Supplementary Table 1).

RT-PCR for each selected sequence was performed as described
above and the resulting amplified bands were purified and cloned
in pGEM-T Easy (Promega), following the manufacturer’s instruc-
tions. Plasmids were added to a E. coli XL1-Blue aliquots, and pla-
ted in LB-Agar containing 50 pg/mL Ampicilin, 0.5 mM IPTG and
80 pg/mL X-Gal after heat shock transformation (90s at 42 °C,
3 min inice and 1 h recuperation at 37 °C with LB). White colonies
were grown in LB containing 50 pg/mL Ampicilin, and plasmids
were purified using Wizard Plus MiniPrep DNA Purification System
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(Promega), as described in manual, and sequenced with the
DNA kit Big Dye Terminator Cycle Sequencing (PE Applied
Biosystems).

The Per a 10 allergen gene, shown here to be the major digestive
trypsin, was amplified using a specific primer (Supplementary
Table 1).

2.9. Purification of the major midgut trypsin and microsequencing

The major digestive trypsin activity was purified by ion-
exchange chromatography as described by Lopes and Terra
(2003), and trypsin purity was ascertained by SDS-PAGE. N-termi-
nal microsequencing of an internal peptide of trypsin (originated
by autolysis on storage) was performed by Edman degradation
using a PROCISE 491 peptide sequencer (Applied Biosystems) by
Dr. Izaura Y. Hirata at the Department of Biophysics from the
Federal University of Sdo Paulo (UNIFESP).

Gastric Caeca
Crop

Gizzard
Anterior

Midgut

Table 2
Volume of diverse gut regions of P. americana.

Region Volume (pL) Relative volume (%)
Foregut (Crop) 104 + 26 58.2
Midgut caeca 15+4 8.5
Midgut 162 9.2
[lleum 349 18.7
Rectum 10£2 5.5

The figures are means and SEM corresponding to determinations carried out in 3
feeding males. The determinations were calculated from digital photos of the dis-
sected guts. The volume of the epithelial layer was disregarded.

2.10. Electron microscopy

For ultrastructural analysis at the transmission electron micro-
scope, the midgut was fixed in 3% glutaraldehyde solution in 0.1 M

Malpighian
Tubules

Rectum

Posterior
Midgut

Fig. 1. Diagramatic representation of P. americana gut and ultrastructural details of midgut caeca cells. Foregut includes the crop and gizzard. Midgut limits are the gizzard
and the Malpighian tubules. Hindgut includes the ileum and rectum. Note in (D) apertures in basal membrane infoldings (arrows). BL, Basal lamina; G, Golgi complex; L,
lumen; M, mitochondria; Mv, microvilli; RER, rough endoplasmic reticulum; SV, secretory vesicle. Bar =5 um (A); pm (B, D); 0.5 um (C).
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sodium cacodylate buffer pH 7.4, postfixed in 1% osmium tetroxide
and embedded in Spurr resin. Samples were examined in a Zeiss
EM 900 electron microscope as detailed elsewhere (Silva et al.,
1995).

For immunolabeling of trypsin and amylase at the ultrastruc-
tural level, midgut pieces were fixed (paraformaldehyde-glutaral-
dehyde), embedded in LR. White acrylic resin, incubated
respectively with the primary M. domestica anti-trypsin (Jordio
et al., 1996) and T. molitor anti-amylase (Cristofoletti et al., 2001)
and secondary (goat anti-rabbit IgG coupled to 15 nm gold) anti-
bodies and examined in a Zeiss EM 900 electron microscope as
detailed elsewhere (Silva et al., 1995). As controls, sections were
incubated with pre-immune serum under the same conditions.

3. Results
3.1. Morphology and pH of P. americana gut

The general morphology of the gut of P. americana and the
major ultrastructural features of the midgut cells have been
described before (Bignell, 1981; Ma et al., 2009), and therefore,
only a brief description will be given, emphasizing only the fea-
tures important for this work and that have not been reported
before.

The gut of P. americana presents in the foregut a large crop,
comprising 58% of total gut volume, and a proventriculus (gizzard).
The midgut is divided in midgut caeca and anterior and posterior

2500 1 A 2

——Casein-FITC

—o— Casein-FITC-SBTI

| 3 5

2000

1500

1000

500

6000 C

5000 —e—7-FR-MCA

Fluorescence emission (460 nm)

4000 | —x-Z-FR-MCA + SBTI

3000 | ——7.FR-MCA +

benzamidine
2000
1000
0 SRR KA IR IR IS
0 10 20 30 40

Fractions

midgut, both presenting 9% of total midgut volume. The hindgut
is divided in illeum and rectum (Fig. 1). The volume of each
individual region is shown in Table 2. The results are similar to
those of Ma et al. (2009).

Gut luminal contents are slightly acidic along the whole gut.
The pH values (n =10) of section contents are: foregut, 5.6 + 0.4;
midgut caeca, 5.8 + 0.3; anterior midgut, 5.8 + 0.3; posterior mid-
gut, 6.0+0.3; ileum, 6.1 £0.3. These figures agree with those
obtained by Bignell (1981).

Midgut ultrastructural analysis showed columnar cells present-
ing several infoldings of the basal plasma membrane that form
extracellular compartments (Fig. 1D). The nuclei are central in
the cells and Golgi areas and stacks of rough endoplasmic reticu-
lum can be seen around them (Fig. 1C). The apical portion of these
cells shows a dense array of microvilli. The regenerative cells are
basal-located and are undifferentiated and lack infoldings of the
plasma membrane. They have reduced cytoplasm and the nuclei
occupy about half of the cell content. Gastric caeca (Fig. 1A) and
anterior midgut cells are characterized by the presence of large
vesicles and apical extrusions, which are almost absent from
posterior midgut cells. Cells in caeca (Fig. 1B) and along the midgut
also have electron dense secretory granules.

3.2. Fractionation and properties of proteinases and carbohydrases
active in P. americana midgut

Midgut proteinases of P. americana were resolved by ion-
exchange chromatography. There are six major peaks of proteolytic

6000 ——Z-FR-MCA 5+6 B

5000 ——Suc-AAFK-MCA
—x%—Casein-FITC

4000

3000

2000

1000

——Suc-AAF-MCA

—>~Suc-AAF-MCA +
Chymostatin

300 ——Suc-AAF-MCA + TPCK

Fractions

Fig. 2. Ion-exchange chromatography of proteins of midgut homogenates of P. americana. The same fractions were assayed in the presence of different fluorescent substrates
and inhibitors. Casein-FITC, a fluorescent general substrate for proteinases; SBTI, soybean trypsin inhibitor; Z-FR-MCA, carbobenzoxy-Phe-Arg-methylcoumarin and Suc-
AAFK-MCA, succinyl-Ala-Ala-Phe-Lys-MCA, specific substrates for trypsin; Suc-AAF-MCA, succinyl-Ala-Ala-Phe-MCA, specific substrate for chymotrypsin; benzamidine,
inhibitor of trypsin; chymostatin, inhibitor of chymotrypsin; TPCK, tosyl phenylalanine chloromethyl ketone, inhibitor of chymotrypsin. All assays were performed in 50 mM
sodium phosphate buffer at pH 8.0. The results displayed are typical from a total of 3 independent experiments.
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activity against casein and peaks 2, 5 and 6 were completely inhib-
ited by SBTI, indicating the presence of serine proteinases (Fig. 2A).
Indeed, peaks 2, 4, 5 and 6 have trypsin activity on synthetic sub-
strates (Z-FR-MCA and Suc-AAFK-MCA, Fig. 2B), and the presence
of benzamidine or SBTI inhibited the activity of these peaks when
assayed with Z-FR-MCA, confirming that these 4 peaks correspond
to trypsin activity (Fig. 2C). These assays also demonstrated that
the relative trypsin activity on natural substrates is different
from that observed for synthetic substrates. For example, most
trypsin activity on casein-FITC is observed in peak 2, whereas on
Z-FR-MCA, most activity is found in peak 5 + 6. Peak 1 corresponds
to chymotrypsin activity, because it is active on the specific
synthetic chymotrypsin substrate, Suc-AAPF-MCA, and it was
inhibited by the specific inhibitor chymostatin and by the enzyme
chymotrypsin modifying agent TPCK (Fig. 2D). Finally, peak 3
corresponds to an yet unidentified proteinase.

Carbohydrase activities of P. americana midgut homogenates
were resolved by gel electrophoresis into one peak of amylase
and trehalase, and two peaks of o-glycosidase and 3 peaks of
B-glucosidase activities (Fig. 3).

The effect of pH on activity was studied for the enzymes
resolved by chromatography and electrophoresis, except in the
case of aminopeptidase, for which midgut homogenates were used.
Trypsin and aminopeptidase present an alkaline pH optimum (pH
optima 8.6 and 7.1, respectively), whereas the carbohydrases,
excepting trehalase (4.8) have pH optima around 6.0: amylase
(6.6), a-glycosidase (6.1), maltase (5.3), B-glycosidase (5.3),
cellobiase (6.3), B-galactosidase (5.4) (Fig. 4).
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5
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Fig. 3. Resolution of midgut carbohydrases of P. americana by polyacrylamide gel
(7.5%) electrophoresis. After the run the gel was sliced, maintained in 50 mM
citrate-phosphate buffer pH 6 for 3 h at 4 °C and then the samples were assayed
with the different substrates, as detailed in Section 2.

3.3. Amino acid sequences of the major P. americana digestive
enzymes

The P. americana midgut transcriptome was at first automati-
cally annotated. Then, the annotation of selected sequences was
manually curated using multiple sequence alignments (Bioedit
Version 7.1.3.0), as detailed in Section 2. The following sequences
were chosen for manual curation: aminopeptidase, a-amylase,
a-glucosidase, B-glucosidase, B-galactosidase, chitinase, chymo-
trypsin, and trypsin. Putative non-functional enzymes were
intentionally discarded, because they lacked one or more of their
characteristic features. These features are identified below on ref-
ereeing to each enzyme. No B-glucanase was found in the midgut
transcriptome. The features of the contigs are summarized in
Supplementary Table 2 and the corresponding FASTA sequences
are shown in Supplementary Table 3.

At first, 12 coding sequences for aminopeptidases were recov-
ered from the transcriptome (Supplementary Tables 2 and 3) and
the predicted sequences were manually curated. Sequences preli-
minary annotated as pertaining to family M1, M24 and some from
family 17 of proteolytic enzymes (Rawlings et al., 2014) were dis-
carded, because they lacked catalytical and/or zinc-binding resi-
dues identified by alignment. Only two sequences of leucyl
aminopeptidase from family 17 (contig 280 and 2898) have all
the important amino acid residues. Their features are described
in Table 3. Contig 280 was partially cloned and sequenced
(KJ632666.1). Both aminopeptidase sequences have no predicted
signal peptide and hence they are unlikely to be exposed to the
N-glycosylation machinery and thus may not be glycosylated even
though they contain potential motifs.

There is a single sequence of amylase in the midgut and a
different one in the salivary glands, as judged by differences in
their sequences (Fig. 5) and transcription sites (Fig. 6). This means
that there are orthology relationships between gut vs salivary
amylases. Both amylases present all essential residues (Fig. 5)
and the cDNA coding sequence of the midgut amylase was cloned
and sequenced (other details in Table 3). The single cDNA coding
for B-galactosidase (details in Table 3) was also cloned and
sequenced. It pertains to family 35 of glycosyl hydrolases
(Henrissat, 1991).

Eleven sequences of a-glucosidase were found in the transcrip-
tome (Supplementary Tables 2 and 3). Most sequences (8) were
very short and lowly expressed. Three sequences (contigs 1753,
2792, and 2829) are complete and highly expressed, but contig
2792 lacks one of the catalytic residues, indicating it is not a
a-glucosidase. Contigs 1753 (family 31 of glycosyl hydrolases)
and 2829 (family 13) were molecularly cloned and sequenced
and their sequences deposited and featured in Table 3.

The transcriptome presents 5 B-glucosidase sequences (family 1
of glycosyl hydrolases) (Supplementary Tables 2 and 3) from which
two (contigs 1701 and 1698) were complete or nearly complete
and highly expressed. The cDNA coding for the contig 1701 was
cloned and sequenced and its features are described in Table 3.

There are 3 chitinase and 2 chymotrypsin sequences in the tran-
scriptome (Supplementary Tables 2 and 3). The chitinase
sequences lack mucin and chitin-binding domains (CBD) and two
of them (contigs 3012 and 1762) are highly expressed. Their coding
cDNA sequences were cloned, sequenced and featured in Table 3.
One of the chymotrypsin sequences (contig 4045) was complete,
molecularly cloned, sequenced and featured in Table 3.

A large number of trypsin sequences (43 contigs) were
recovered from the transcriptome, from which 8 sequences were
complete (Supplementary Tables 2 and 3). Nevertheless, only 4 of
the complete sequences were highly expressed (contigs 725,
2967, 3624, 3823). The most expressed trypsin (contig 725) had
its coding cDNA cloned and sequenced, whereas the second most
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Fig. 4. Effect of pH on the activities of P. americana midgut hydrolases. Figures in parentheses are the pH optima. For details see Section 2.

Major P. americana midgut digestive enzymes.

Contig GenBank number Predicted protein Reads SP TMH GPI N-Gly 0-Gly Observations
280 KJ632666.1 Aminopeptidase 43 N N N Y Y Partial
2898 Aminopeptidase 30 N N N Y Y Complete
2849 KJ576831 Amylase 35 Y N N Y N Partial®
2829 KJ576830 o-Glucosidase 100 Y N N Y Y Complete
1753 Kj576837 o-Glucosidase 283 Y N N Y Y Partial®
2736 KJ576834 B-Galactosidase 82 Y N N Y N Complete
1701 KJ576835 B-Glucosidase 229 Y N N Y Y Complete
1698 B-Glucosidase 107 Y - - Y - Partial
3012 KJ576833 Chitinase 248 Y N N Y Y Complete
1762 KJ576832 Chitinase 663 Y N N Y Y Complete
4045 KJ576836 Chymotrypsin 29 Y N N N Y Partial®
725 KJ569093 Trypsin 2502 Y N N N N Complete
2967 Trypsin 178 Y N N N Y Complete
3624 Trypsin 367 Y N N Y Y Complete
3823 AY792954 Trypsin 586 Y N N N Y Complete

SP, signal peptide; TMH, transmembrane helix; GPI, glycosyl phosphatidylinositol anchor; N-gly, N-glycosylation predicted; o-gly, o-glycosylation predicted; Y, found; N, not
found; -, the length of the sequence does not permit the search. Except for AY792954, all sequences deposited in GenBank originate from this research. The sequence
KJ632666.1 is a fragment, whereas the others that were deposited are complete or at least have complete mature sequences (see note below). See Section 2 for prediction
algorithms.

¢ These sequences lack a few amino acid residues at the N-terminus, although a signal peptide is predicted. This means that those enzymes have complete mature
sequences.

expressed (contig 3823) corresponds to the Per a 10 allergen, with

a previously published sequence (Sudha et al., 2008) (Table 3 for

details). Both contigs 725 and 3823 are expressed mostly in the
gastric caeca and apparently in fewer amounts also along the

midgut (Fig. 6).

3.4. Purification of the major trypsin activity

The major trypsin activity with the synthetic substrate
Z-FR-MCA was purified to homogeneity, as described by Lopes

and Terra (2003), and N-terminal microsequencing of an internal
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Fig. 5. Multiple sequence alignments of amylases from P. americana (PA) and Tenebrio molitor (TM_Amy, access number P56634.1). Amy, amylase; MG, midgut; SG, salivary
glands. Catalytic (*), calcium-binding (+), and chloride-binding (#) residues are marked above sequences.

sequence of it revealed the sequence VSPAFSYGTG, which matched
only the sequence of contig 3823 (Fig. 7). This contig was
annotated as trypsin and corresponds to the Per a 10 allergen of
P. americana (accession AY792954). As this allergen was shown
to have trypsin activity (Sudha et al., 2008), the sequence of the
purified trypsin should correspond to that of the allergen, despite
the short sequence used in its identification.

3.5. Protease and carbohydrase activities along the P. americana gut
and their excretory rates

Amylase, trypsin, maltase and aminopeptidase activities were
determined along the gut (Fig. 8). Amylase and maltase activities
are mainly (56% and 59%, respectively) present in the crop, indicat-
ing that this is the place of most carbohydrate digestion. Amylase
activity was also found in the soluble fraction of caeca (18%) and
in midgut contents (26%).

Trypsin activity is mainly present in the crop (62%), whereas the
remaining activity is distributed along midgut tissue soluble frac-
tions and contents (32%). Aminopeptidase activity is equally dis-
tributed along midgut regions and a major activity (50%) was
found in gut contents, besides the presence of activities in soluble
(29%) and in membrane fractions (21%) of midgut tissues.

The activities listed in Table 4 were determined before and after
midgut contents were maintained at 25 °C in pH 6 for 8 h, the time
the food bolus usually takes to go through the P. americana gut. The
results showed that the enzymes are completely stable in those
conditions, which approximate those found in P. americana midgut.
Actually, the midgut samples were diluted 5.6 times in relation to
in vivo concentrations. Digestive enzymes in midgut samples at
higher dilutions were unstable. RT-PCR data (E.A. Machado, per-
sonal communication) showed that the enzymes listed in Table 4
are not expressed in foregut and hindgut. Thus, hindgut activities,
as well as gut volume measurements of P. americana, were used to
calculate enzymatic excretory rates. It was observed that the
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Fig. 6. Expression patterns of salivary (Amy SG) and midgut (Amy MG) amylase and
two trypsins (contigs 725 and 3823) in different tissues, as shown by reverse
transcription-PCR (RT-PCR). SG, salivary glands; GC, gastric caeca; AM, anterior
midgut; PM, posterior midgut; MT, Malpighian tubules; FB, fat body. The number
and amplification cycles were chosen after several trials so that the amplification
was in log phase and resulting in a clearly visible amplified band.

excretory rates for all assayed enzymes (except amylase) was equal
to or less than 15% in both feeding and starving males (Table 4).

3.6. Immunocytolocalization of trypsin and amylase along the
P. americana gut

Western blots using heterologous antibodies recognized a sin-
gle band of trypsin and amylase present in the gut (combined pro-
tein extract of crop, caeca and midgut) of P. americana (Fig. 9).

Trypsin was immunolocalized in caeca cells inside large vesi-
cles, originating from the Golgi areas (Fig. 10A and B), and amylase
inside small vesicles from the same cells (Fig. 10C and D). Trypsin
and amylase were also found in small and large vesicles, respec-
tively (not shown). Large vesicles are presumed to be released
along the apical cytoplasm now lacking visible structures (apocrine
secretion), whereas the contents of the small vesicles are supposed
to be discharged by exocytosis. Data for anterior midgut is similar
to those described for caeca (not shown).

4. Discussion

4.1. Digestive enzyme activities in P. americana guts and their putative
amino acid sequences

The effect of pH on the activity on pNPBGal is the same as that
on pNPBGlu (pH optimum 5.4 and 5.3, respectively) and is different
from on cellobiose (pH optimum 6.3). Thus, the major activity on

pNPBGIu resolved by electrophoresis should be a B-glucosidase
more active on B-galactosides than on B-glucosides. The pH-activ-
ity profile with cellobiose as substrate is different from that of the
pNPBGlu one, indicating the existence of a B-glucosidase which
prefers cellodextrins (cellobiase) to aryl B-glucosides. Thus, enzy-
matic assays suggest that there are at least two B-glucosidase
and one B-galactosidase activities. This agrees with the finding in
the transcriptome of a sequence coding for a B-galactosidase
(contig 2763) from the family 35, differing thus from the two
B-glucosidases (contigs 1701 and 1698) from family 1.

Koffi et al. (2012) purified from whole P. americana adults a
B-glucosidase more active on pNPBGlu than on cellobiose, thus cor-
responding to one of the activities described here. Nevertheless,
the pH optimum they found for the enzyme is 3.6, which differs
from the one described here (pH optimum 5.3) and from the P.
americana midgut luminal pH (5.8-6.1). It is not clear why their
results are different from ours.

Enzymological evidence suggests that there are a least 2 a-glu-
cosidases (resolved by gel electrophoresis, Fig. 3): one of which
(maltase) prefers maltose as substrate with a pH optimum of 5.3
(Fig. 4), whereas the other prefers aryl a-glucosides (pH optimum
6.1, Fig. 4). These findings parallel those of transcriptome data
which reveals two highly transcribed o-glucosidases (contigs
1753 and 2829).

Powning and Irzykiewicz (1963) identified two chitinases by
chromatography of P. americana midgut contents and purified
one of them and named it chitinase I. This enzyme is incapable
of splitting chitobiose, splits chitotriose very slowly and higher oli-
gosaccharides and chitin at a considerable faster rate. The enzyme
is thus a non-processive endoenzyme. Chitinase I should corre-
spond to contig 1762 (the most expressed chitinase), whereas
the other chitinase may correspond to contig 3012 (details in
Table 3). The lack of mucin and CBD in both chitinases is in accor-
dance to their presumed role in microbiota digestion without
causing harm to the peritrophic membrane. The absence of CBD
decreases the ability of the chitinase to binding to chitin, except
if in high concentrations, as in dietary fungi, similarly to what
was described for T. molitor (Genta et al., 2006).

Liquefying and saccharifying amylases perform, respectively, a
single or multiple rounds of catalysis each time they attach to
the substrate. In other words, liquefying amylases are non-
processive, whereas saccharifying amylases are processive
enzymes. Preliminary work done in our laboratory suggested that
in P. americana midgut there are two amylases, one liquefying
and the other saccharifying. As only one amylase was found in
the midgut transcriptome, the expression of amylase in salivary
glands was looked for. A partial amylase sequence, different from
the midgut amylase, was obtained from salivary gland samples,
in agreement with the preliminary work. RT-PCR data confirmed
that the salivary amylase is expressed only in this tissue, whereas
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Fig. 7. Multiple sequence alignments of part of the nine most expressed trypsins from P. americana midguts. Only contig 3823 has a sequence (boxed) that is matched by a
microsequenced N-terminus of an internal peptide from the major trypsin purified from P. americana midgut contents.
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Fig. 8. Distribution of the major hydrolases along the gut of P. americana. C, contents o the midgut; M, membrane fraction of tissues; S, soluble fraction of tissues; FG, foregut
(crop); GC, gastric (midgut) caeca; AMG, anterior midgut; PMG, posterior midgut; HG, Hindgut. Determinations were performed in 3 different preparations obtained from 5
insects each. SEM were found to be 10-20% of the means. The activities (mU/animal) in whole gut homogenates were: amylase, 13,800; maltase, 20,241; trypsin, 308;
aminopeptidase, 34. Amount of proteins in gut sections (pg/animal) were: FG, 3300; AMG, 450; PMG, 270; hindgut, 1410.

Table 4
Digestive enzyme activities and their excretory rates.

Activity Excretory rate (% midgut contents)

Feeding Starving

Midgut Ileum + colon Midgut Ileum + colon Feeding Starving
Amylase 1440 802 2940 800 26.3 12.8
Maltase 6300 620 9093 2630 4.6 13.6
Trypsin 108 7.3 35 11 3.2 14.8

The figures correspond to the means of activities determined along the gut in 3 feeding and 5 starving males. SEM was 5-15% of the means. Starving males are those having
empty foreguts. The excretory rate is the ratio of soluble activities in ileum + colon and midgut with correction. The correction was calculated assuming that when the midgut
empties, it fills a volume 2.12 smaller than that of ileum + colon. The last assumption is based on a comparison of the volumes of midgut and ileum + colon (Table 2). Other

details in Section 2.

the other amylase is expressed only in midguts. Presently, we are
trying to identify which of the preliminarily characterized
amylases is salivary and which one is intestinal. A guess based
on vertebrate findings is that the salivary amylase is liquefying
and the intestinal one is saccharifying.

A single chymotrypsin was identified in this paper after chro-
matographic separation, in agreement with Baumann (1990),
who purified to homogeneity also a single chymotrypsin. The most
remarkable characteristic of P. americana chymotrypsin is a resis-
tance to tosyl-phenylalanyl chloromethyl ketone (TPCK) inactiva-
tion (Baumann, 1990). Such TPCK inactivation resistance was
shown to be characteristic of lepidopteran chymotrypsins, whereas
enzymes from other insects are usually sensitive (Lopes et al.,
2009), in spite of the finding of insensitive chymotrypsins among
some Coleoptera (Vinokurov et al., 2006). This demands further
investigation. Baumann (1990) detected a second (minor) chymo-
trypsin in electrophoresis under native conditions. It is possible
that the chymotrypsin purified by Baumann corresponds to our
trypsin detected by chromatography and is coded by contig

4045. The minor chymotrypsin resolved by Baumann may corre-
spond to contig 5314 (Supplementary Table 2).

Trypsin Amylase
_ §7kDa 116kDa —
53 kD 80kDa —
— a
—
53kDa —
— 36kDa
, — 28kDa
35kDa —
— 19kDa

Fig. 9. Western blot using anti-trypsin and anti-amylase serum against P. americana
gut homogenate after SDS-PAGE.
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Fig. 10. Immunolocalization of P. americana trypsin (panel A and B) and amylase (panel C and D) in caeca cells. Abbreviations as in Fig. 1. Antibody dilutions: 1:500 (A, B, and

D); 1:1000 (C). Bars: 0.5 pm.

The single major trypsin purified to homogeneity from
P. americana adults midguts by Lopes and Terra (2003) was
microsequenced and an internal sequence matches only contig
3823 (Fig. 7), which corresponds to Per a 10 allergen that was
shown to be a trypsin (Sudha et al., 2008). This trypsin, as well
as the most expressed one (contig 2502) are expressed mostly in
midgut caeca and in apparently less amounts along the midgut
(RT-PCR data, Fig. 6). The large number of other trypsin sequences
identified in P. americana transcriptome, from which contigs 725,
2967, 3624, and 3823 are the most expressed, originate small
activity peaks in the chromatogram reported in this paper. Thus,
apparently they are less translated than expected. Nevertheless,
Hivrale et al. (2005) found in P. americana collected in natural envi-
ronments a large number of different trypsins, which may corre-
spond to the other sequences identified in the transcriptome. The
difference between our results and those of Hivrale et al. (2005)
may result from the different diets used to raise the cockroaches.

The aminopeptidases (contig 280 and 2898) are considered to
be digestive enzymes acting in P. americana gut lumen. Neverthe-
less, they have no predicted signal peptide (Table 3), which may
imply that they are cellular enzymes. In spite of that, they may
be released into the midgut lumen together with the apical
cytoplasm, when the cells undergo apocrine secretion (Fig. 10).
None of the aminopeptidase sequences showed predicted trans-
membrane helix or GPI-anchor to correspond to membrane-bound
aminopeptidase detected in the P. americana midgut (Fig. 8). This
demands further research.

4.2. Organization of digestion in P. americana
Transit times for the passage of solid food through P. americana

are typically 8 up to 20 h, although solid food is retained in the gut
of starving insects for as long as 100 h (Bignell, 1981).

The crop is the largest gut compartment and enzyme distribu-
tion data demonstrated that this is the place where most amylase
and a-glycosidase activities occur (around 60% of total activity for
each enzyme), indicating the crop importance in carbohydrate
digestion. The same is true for protein initial digestion, since it is
where most trypsin activity (60%) is found, as seen previously
(Lopes and Terra, 2003). The major digestive trypsin was purified
and shown to correspond to the Per a 10 allergen, important in
human allergies and displaying trypsin activity.

Despite digestive enzymes are found in the crop, this is not the
site of their expression and secretion, since it is covered by chitin.
Thus, crop digestive enzymes must be produced in other tissues
and somehow be transported to the crop. Molecular cloning and
RT-PCR data showed that most amylase and trypsin are expressed
in gastric caeca cells and in lesser amounts also in anterior midgut.
It is supposed that the same is true for the other digestive enzymes,
with the exception of salivary enzymes (see below).

It is noteworthy that the pH in P. americana gut regions is
around 6.0, which is suitable for carbohydrases and aminopepti-
dases activities, but is low for serine proteinases (trypsins and
chymotrypsins). It is not clear the meaning of this.

Two cellulases and three laminarinases that open plant cell
walls and lyse fungi cells was previously reported in P. americana
saliva (Genta et al., 2003). Furthermore, in this paper the cloning
of the ¢cDNA coding for a salivary amylase was reported, thus
supporting the preliminary studies of Agrawal (1981).

Combining the salivary and midgut enzymes, the cockroach is
prepared to start the initial digestion of its detritus-rich diet in
the crop. Terminal digestion of carbohydrates (represented by mal-
tase action) starts in the crop and continues at the midgut lumen.

Protein terminal digestion (indicated by aminopeptidase
activity) occurs in the caeca and midgut by luminal, glycocalix-
associated and membrane-bound enzymes. It is not clear why
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the cockroaches use, in the terminal digestion of protein, a cyto-
solic-like aminopeptidase, instead of the usual aminopeptidase N.

Ingested dyes are concentrated in the caeca, suggesting that this
tissue absorbs ions and water. This, combined with indirect evi-
dence that a Malpighian tubule fluid may enter the midgut,
strongly suggests that a counter-current flux of fluid occurs in P.
americana midgut (Dow, 1986). This hypothesis is supported by
the low excretory rates (less than 15% of midgut contents at each
midgut emptying) observed for 3 enzymes in P. americana, with a
single exception. This exception is the amylase excretory rate
(26.3%) in fed animals, which may be accounted for enzyme
adsorption to excessive dietary starch, as shown to be the case
for trypsin in excessive dietary protein in Rhynchosciara americana
and M. domestica (Terra and Ferreira, 1994).

In summary, the main features of P. americana digestion is their
ability to deal with carbohydrates (including those in plant cell
walls and fungi cells) in the crop, under the action of salivary
and midgut enzymes. Protein initial digestion depends on midgut
enzymes and takes place in the crop, whereas the terminal
digestion occurs in the midgut under the action of enzymes largely
associated with the apical surface of caeca and midgut cells. Due to
an ectoperitrophic (between the peritrophic membrane and tissue)
counter-current flux of fluid, most digestive enzymes are recovered
from the endoperitrophic (inside the peritrophic membrane) space
before excretion.

4.3. Comparative aspects of Polyneopteran digestive physiology

The basic plan of the digestive physiology of the Polyneoptera
(Dictyoptera, Phasmida and Orthoptera) ancestors is believed to
conserve the characteristics of the plan of the Neoptera ancestors.
This basic plan was inferred from studies carried out in Orthoptera,
both from grasshoppers (Caelifera, see Dow, 1981a,b; Ferreira
et al, 1990; Marana et al, 1997) and crickets (Ensifera, see
Woodring et al., 2007; Biagio et al., 2009) and from stick bugs
(Phasmida, see Monteiro et al., 2014). In Polyneopteran ancestors,
the major part of digestion is carried out in the crop by digestive
enzymes propelled by antiperistalsis forward from the midgut. Sal-
iva plays a variable role in carbohydrate digestion. After a while,
following ingestion, the crop contracts, transferring digestive
enzymes and partly digested food into the midgut. The anterior
midgut is acid and has high carbohydrase activity, whereas the
posterior midgut is alkaline and has high proteinase activity. The
food bolus moves backward by peristalsis in the insect midgut.
As soon as the polymeric food molecules are digested to become
small enough to pass through the peritrophic membrane, they
diffuse with the digestive enzymes into the ectoperitrophic space
(outside the peritrophic membrane). The enzymes and nutrients
are then displaced toward the caeca with a countercurrent flux
by secretion of fluid at the Malpighian tubules and its absorption
back by cells at the caeca, where final digestion is completed and
nutrient absorption occurs. When the insect starts a new meal,
the caeca contents are moved into the crop. As a consequence of
countercurrent flux, digestive enzymes occur as a decreasing
gradient in the midgut, and lower amounts are excreted.

Digestion in grasshoppers is very close to that proposed for the
Polyneoptera ancestor, except that part of the terminal digestion of
proteins occurs at the surface of midgut caeca cells and a midgut
countercurrent flux is lacking in feeding insects (Dow, 1981a,b;
Ferreira et al., 1990; Marana et al., 1997). The loss of the midgut
countercurrent, and hence of the enzyme recycling, is a conse-
quence of the remarkable salivation during grasshopper feeding,
which saturates the water absorption site in the caeca (Dow,
1981a,b). Digestion in crickets differs from that of grasshoppers
only in presenting more membrane-bound enzymes, a higher
involvement of midgut in protein digestion and in the occurrence

of enzyme recycling in both feeding and starving insects (Biagio
et al., 2009).

The plan of the digestive physiology of stick bugs (Phasmida) is
alike that of the Polyneoptera ancestor, except that terminal
digestion occurs only in the midgut by soluble carbohydrases
and membrane-bound peptidases (Monteiro et al.,, 2014). It is
worth mentioning the occurrence of peculiar midgut tubules,
apparently involved in midgut alkalinization (Monteiro et al.,
2014), although they may excrete several different substances
(Shelomi and Kimsey, 2013).

Digestion in Dictyoptera (one of the Polyneopteran orders), is
expected to derive from the Polyneoptera ancestor. In agreement
with that, digestion in cockroaches occurs as described for that
ancestor, except that part of the terminal digestion of proteins
occurs at the surface of caeca and midgut cells, as glycocalix-asso-
ciated or membrane bound enzymes. The saliva of P. americana has
two cellulases and three laminarinases that open plant cells and
lyse fungi cells (Genta et al.,, 2003). This is in accordance with
the detritivorous habit of this insect. The wood roach, Panesthia cri-
bata (Blaberidae), also has its own cellulase (Scrivener et al., 1989;
Tokuda et al., 1999). However, the differentiation of pH along the
midgut described for the Polyneoptera ancestor, is not conserved
among cockroaches like P. americana (Blattidae), but is maintained
in others exemplified by the blaberid N. cinerea (Elpidina et al.,
2001). Another difference observed is the enlargement of hindgut
structures (Terra, 1988), noted mainly in wood-feeding
cockroaches. These hindgut structures harbor bacteria producing
acetate and butyrate from ingested wood or other cellulose-
containing materials. Acetate and butyrate are absorbed by the
hindgut of all cockroaches, mainly of wood roaches (Terra and
Ferreira, 1994). Cellulose digestion may be accomplished in part
by bacteria in the hindgut of P. americana or by protozoa in
Cryptocercus punctulatus (Cryptocercidae) (Bignell, 1981).

Secretory mechanisms of digestive enzymes deserve comments.
These mechanisms include merocrine secretion through exocyto-
sis, where secretory vesicles fuse with the apical membrane,
releasing their contents and apocrine secretion, in which case there
is a loss of part of the apical cytoplasm during the release of secre-
tory vesicles. Microapocrine secretion is a special case of apocrine
secretion involving the pinching-off of double membrane small
vesicles occurring along the microvilli. Apocrine secretion and
microapocrine secretion of digestive enzymes in anterior (water-
absorbing) midgut cells may be an adaptation to enhance the dis-
persion of secretory vesicle contents into the midgut. As posterior
midgut cells secrete fluid, no problem arises in the dispersion of
material released by exocytosis by these cells. Based on known
examples, where digestive enzyme secretion was followed by
immunocytolocalization techniques, apocrine mechanisms appear
to be widespread among less evolved Holometabola insects,
whereas more-derived Holometabola use microapocrine mecha-
nisms in water-absorbing tissues (Cristofoletti et al., 2001 and
references therein).

In Polyneoptera insects, secretory mechanisms, also observed
by immunocytolocalization techniques, present some differences
regarding those of Holometabola. Thus, in Phasmida (stick bugs)
exocytic processes are found in anterior and middle midgut cells.
Microapocrine processes seen in posterior midgut in these insects
are not involved in amylase and trypsin secretions, as judged by
the fact those enzymes are not immunolocalized there. It is not
known what the microapocrine processes are secreting (Monteiro
et al., 2014). Orthoptera Caelifera (grasshoppers) may show apo-
crine mechanisms in anterior midgut (Heinrich and Zebe, 1973),
or exocytosis, where the secretory vesicles discharge a compact
mass that are dispersed only far from the cells (Marana et al.,
1997), thus fulfilling the same function as vesicles released by
apocrine/microapocrine processes. Finally, in Orthoptera Ensifera
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(crickets) (Biagio et al., 2009) and Dictyoptera (cockroaches) (this
paper) both apocrine secretion and exocytosis processes are
observed in caeca and anterior midgut.
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Supplementary Table 1. Cloning and sequencing primers

Name
Amylase_degen_FW
Amylase_degen RV
PA_AG2829 FW

PA _AG2829 RV
PA_AG2829 FW1

PA _AG2829 FW2
PA_AG2829 FW3

PA AG2829 RV1
Pa_AG1753_FW
Pa_AG1753 RV
Pa_AG1753_FW1
Pa_AG1753 FW2
Pa_AG1753_FW3
Pa_AG1753 RV1
PA_Chil_1762_FW
PA_Chil 1762 RV
PA_Chil_1762_FW1
PA_Chil 1762 _FW2
PA_Chil_1762_FW3
PA_Chil 1762 _RV1
PA_Chi2_3012_FW
PA_Chi2_3012 RV
PA_Chi2_3012_FW1
PA_Chi2_3012_FW2
PA_Chi2_3012_RV1
PA_APM17 280 FW
PA_APM17_280 RV
PA_APM17 280 FW1
PA_APM17_280 _FW2
PA_APM17 280 FW3
PA_BetaGal2736_FW
PA_ BetaGal2736_FW1
PA_BetaGal2736_FW2
PA_ BetaGal2736_FW3
PA BetaGal2736_Fw4
PA_ BetaGal2736_FWS5
PA_BetaGal2736_FW6
PA BetaGal2736_RV
PA_BtGlul698_FW
PA_BtGlu1698 FW1
PA_BtGlul698_FW?2
PA_BtGlu1698 FW3
PA_BtGlul698_FW4

Nucleotide sequence
AGACCWTGGTGGGAGAGGTA
GATCAATRACTTCYTGAWAGA
GATGTTTCGCGTGGCTGTAGC

GAGGTATGCTACATTCTTTC
CCTAGCTTTGGCACACTGGA
TGTGGACATGGAACGACCAG
ATCAAGGAATGGCGGTCGTT
GTGTGCAGACTGCCTTGTTG
AACTGCAGATAGCTCTATGCTT
ATAAAGCAAATCGCTCATGCTG
AGTACTGGCCGCTAGAGGAA
TTCAAAGCCAAGAACGCTGC
TTCGGTCCGATGGTAGAGGT
ACCTCTACCATCGGACCGAA
GAACAATGGCGTCTATCTGCAG
TTCGAAGATATTAAAGTCGCCC
GGCTAAGAACGGTGGTGTCA
GCGCTAGCGATAAGGCAAAC
AATTCACGCAGGAAGCTGGA
GCAGAAACGGCAACAGACAG
CAAAGTTGTACGATGAAGCT
ATCTAGATGCTTTATACTCGC
AGAGAAGTTCGCCGACAGTG
AACACATGGCTGAAGGGAGG
CACTGTCGGCGAACTTCTCT
CAGCAGCAAGAGCAGTGGAG
CTAGTGTGTCATTGGGTAAAC
AAGCGGTGGACTCTGAAGTG
AGATGTGCCTGAGAAAGCCC
TCGAGAGACAAGTGTGGTGC
GGTATGTTCAACATGACACT
ACTTCGAGCTGCTGGTTTCA
GTACGGTCTTCGCAGTCACA
ACACCCTGACAAACCAGCAA
TGGCATATAACGCTGCACCA
TGGGCATTGTGATGCTGGAT
GCTTCACGCCACTTTGGAAG
TGACTTCGCTATCTCTGCTG
GTAAGGCTGTCAATTTCAGC
CGCACAACAAGTCCAACCTG
AACGGAATTCAGCCGATGGT
TTGCTATGAACAGCGAGGCA
CACGTAGTGCCTTGGGGATT



PA_BtGlul698__RV
PA_Chymo4045_FW
PA_Chymo4045_RV
PA_Try725_FW
PA_Try725_FW1
PA_Try725_RV
PA_AlpAmy2849 FWI
PA_AlpAmy2849 FWII
PA_AlpAmy2849 RV

Name
PA_AMY_MG_FW
PA_AMY_MG_RV
PA_AMY_GS_FW
PA_AMY_GS_RV
PA_Try725_FW
PA_Try725_RV
PA_Try3823_FW
PA_Try3823_RV
PA actin1156_FW
PA_actin1156_RV

CTTGGCATCTTATTTGTTTACTC
ATTCTGGTGACACTGCTCTCT
TTACGTTCGATCGGTGTTTTG

AGTGAGCGGTATACAAAATAC

GGTCGTTCGACCTCAACACT
GTTCACACTGCATGTTGTAGT

AGCTGTTGTTTTTGGTAGCA
CAGAAAGACCCCAATGTGTG

TGTGTTGTTGGTTCTTGTAA

RT-PCR primers

Nucleotide sequence
GCCTATGTCTTATAGAATTATCAGC
AAAGGACGAGATCCTTCTGCGAAC
ATTAGTCTCGTACAACATTTACAGC
AACGGTCTGGTCCCTGAAGCAAAT

AGTGAGCGGTATACAAAATAC
GTTCACACTGCATGTTGTAGT
AGCTCTGCTACATTCCGAGC
CCTTGGCAAGCGTCTTTTCC
TCCAGGGCAACATAGCACAG
GGTGATGAGGCCCAGTCAAA



the P. americana transcriptome.

Supplementary Table 2. Features of the digestive enzyme sequences found in

Contig Predicted Protein Reads Length SP TMH GPI N-Gly O-Gly
2849 Alpha-Amylase 35 483 - - - Y - Partial
1753 Alpha-Glucosidase 283 595 Y N N Y Y Complete
2792 Alpha-Glucosidase 122 563 N N N Y N Complete
2829 Alpha-Glucosidase 100 543 Y N N Y Y Complete
3232 Alpha-Glucosidase 16 375 - - - - - Partial
4940 Alpha-Glucosidase 8 139 - - - - - Partial
2908 Alpha-Glucosidase 21 484 - - - - - Partial
2910 Alpha-Glucosidase 18 577 - - - - - Partial
4268 Alpha-Glucosidase 13 244 - - - - - Partial
4659 Alpha-Glucosidase 7 213 - - - - - Partial
4869 Alpha-Glucosidase 10 199 - - - - - Partial
5285 Alpha-Glucosidase 8 170 - - - - - Partial
280 Aminopeptidase 43 526 N N N Y Y Complete
3256 Aminopeptidase 18 398 - - - Y Y Partial
2324 Aminopeptidase 7 82 - - - - - Partial
2325 Aminopeptidase 8 119 - - - - - Partial
4015 Aminopeptidase 9 271 - - - - - Partial
4127 Aminopeptidase 8 260 - - - - - Partial
4370 Aminopeptidase 7 235 - - - - - Partial
5056 Aminopeptidase 16 69 - Y - - - Partial
5255 Aminopeptidase 11 159 - - - - - Partial
5636 Aminopeptidase 6 70 - - - - - Partial
2898 Aminopeptidase 30 506 N N N Y Y Complete
4544 Aminopeptidase 8 209 - - - Y - Partial
2736 Beta-Galactosidase 82 667 Y N Y Y N Complete
1699  Beta-Glucosidase 39 387 - - - - - Partial
1700 Beta-Glucosidase 9 101 - - - - - Partial
1702  Beta-Glucosidase 31 379 - - - - - Partial
1701  Beta-Glucosidase 229 505 Y N N Y Y Complete
1698  Beta-Glucosidase 107 495 Y - - Y - Partial
3012 Chitinase 248 407 Y - N Y N Complete
1762 Chitinase 231 123 - - - - - Partial
3726 Chitinase 10 262 - - - - - Partial
5314 Chymotrypsin 13 160 - - - - Y Partial
4045 Chymotrypsin 29 251 Y N N N Y Complete
617 Trypsin 34 196 - - - - - Partial
3433 Trypsin 96 249 - - - - Y Partial
620 Trypsin 327 254 - - - - - Partial
1654 Trypsin 33 354 - - - - - Partial
1710 Trypsin 365 299 - - - - - Partial
1942 Trypsin 6 164 - - - - - Partial
1944 Trypsin 13 84 - - - - - Partial
2277 Trypsin 4 100 - - - - - Partial
3010 Trypsin 47 353 - - - - - Partial
3127 Trypsin 24 131 - - - - - Partial
438 Trypsin 10 135 - - - - - Partial
4947 Trypsin 8 193 - - - - - Partial
619 Trypsin 25 200 - - - - - Partial
724 Trypsin 1223 a7 - - - - - Partial
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Complete
Partial
Partial
Partial
Partial
Partial

SP, signal peptide; TMH, transmembrane helix; GPI, glycosyl phosphatidylinositol

anchor; N-gly, N-glycosylation predicted; o-gly, o-glycosylation predicted; Y, found; N,

not found; -, the length of the sequence does not permit the search. Contig 2792 is

homologous of a-glucosidase, but lacks one of the catalytic residues.



Suppl enentary Tabl e 3. FASTA sequences of all contigs listed at
Suppl enentary Tabl e 2.

>280

MTAPARNL FQAVI VAAAKAHQHHPHHHQKI RDG VTVVPTGGEGPTHPEL KKSFSAFSKL
DKAVDSEVTLFPCDLPAGRVI SSPTGPLNDDYADVRSFTDAAKKG ARALKSGVTAPLLYV
L PSHPAFKHSEL VTL L GAL EAL YVNL QVREDVPEKAQKVKTLGVYSENTENLPNI | KLAS
ALESGRYVARDI GGSDPERMCPPKVEAY! RELFKNSNI S| EVI TDPAVLKREYPLFDAVD
RAASH ERHRGRI | YLTYEPSSGPVDKTLFLVGKGVTYDTGGADI KAGGVMAGVBRDKCG
AAAVAGFMQ L TMLKPRGVKVI GAL PVWRNSVGADAYVADE! | LSRNKLRVRI GNTDAEG
RM MGDVL CKVREL AEKAVNPHLMT| ATL TGHAVL TVGAGYS| VIVDNGPARKASHAQLLQ
AAGEEL GDVLEI STI RREDI AFHKGKGVFDDI YQANNL PSSRTPRGHQGPAGFLI LVSGL
DKHGSESKI PLNYSHI DI AASSGDVPHDATGAPI LGLVSLHLKDRY

>401

MKFQ VLFATI VTSCLGADVDLESYDDI DSRI | GDI YAEDDLPSWY!I TKGKSGETATTI
QCVGTLI NPVFVLTSASC! VGG PEDFHVVAEAADFNEGVTYTVVDVI PHENYEDNYEKY
WPHDI GLLQLDVQELNGTI RNI ADI PKRDHEL PDAGSVYGWEATCGFCGPTSGLKVVNLQ
VYNRQDCTSTYYDGKAPADSSFCAGNI ENEM.GVCDGDSGAPLL YNGTI YGVASWEBYPC
GSVPAVFTDVQSHVEW VRKVSTTPLTPLVSA

>415

CLYLLAGFLVLSAQG PRRI GKVPDAGRI VNGT DAAPNQFPYQVSL QHEGSHSCGGTI LS
DKW L TAAHCVEEEI ANLFSVLAGTNVLSQGGERRNVI RYHVHEEYDADNNYNNDI AVWE
L ETPL SMTGDVKVWTLPTQGQDTAGDL TATVI GWELL YTDGPSSDTLKMDI KTYSDEDC
LKVMPGYVRPNNI CAGVPEGGKGQCRGDSGGPLI VNGYQAG VSWEVKPCGLAPYPGVYT
EVSHY! DW KSKTNL

>438

VNI | NTG SALPKRGHVRPNTGSVYGAGANCGFCGPSSYL KVLNDAFI SNSDDCSSLFYD
GKGPADSSI CAGSL TGFYGVCDGDSGAPI VSKGTI YGVASW.NYPCGSVPAVFTNVQSHY
EW VRKVBATPLVPL

>616

| LSENWAL TAAHCVDGSSTSSI TLYAGSI HLSI GGTRHYVSQ | VHENYDEYDSW NDI A
VI KVSNPFKI DGVNVNPVSL PAQGKNPADGSTATVI GAGRLYTSGPI PNNLQKVDI Al VN
QKECNTVYGNWNYPI YDGQ CADVPQGNQGSCNGDSGGPL FVDGTVWGLVSWAKGCATPG
YPTVYTRVSAYRDW KQKTGV

>617

LAl LVAAGTQGKT! PRI PVDRGSRI | NGDNAVRSQFPGQLSLQ SSSHSCGASI LNENWA
L TAAHCVOWNNASSMIL YAGSI NLSSGGTI HNVSEI VI HESYDAYDSY! NDI AVLKVSNP
FQ DGVDVKPVSLPAQGQTPADNTVATWGAGEL GEHGPFSDTL QRVNI LI VNHDQCNSI
YEFYSYHVYDSQ CAG

>618

PQGE GGSCRGDDGGPLFI DGNVWGEL VSWBRYCARPEYPTVYTRVSAY! DW KEKTGA
>619

L NENWAL TAAHCVERNNASSMTL YAGS! YLSSGGTTHNVSEI VI HESYDAYDSY! NDI AV
LKVSNPFQ DGVDVKPVSLPAEGONPPDEM.AEVI GAGEL GEHGDFSDTLQKVNLM VNQ
DQCRS| YEFYSEHVYDSQ CAGLPEGL GGSCRGDDGGPL FVDGNWWGELVSWERYCARPEY
PTVYTRVSDYVDW KQKTGA

>620

VAl LVATGTQGKI | KRI PI VRDNRI | NGVDASPGEFPSQL SLQRPTSHSCGAS! LNENWA
L TAAHCVDGSSTSSI TLYAGS! YLSGGGTRHYVSQ | VHESYNEYDSWKNDI AVI KVSNP
FQ DGVNVKPI SLPAQGQNPADGALATVI GAGRI EEDGPI PDTLQKVDI Al VNQDECNSV
YEI | GYPI YDGQ CAAVPDEVKGSCNGDSGGPL FVDGTLVGLVSWANGCAR! GYPTVYTR
VSAYRDW RQNTGV

>640

KFI LTAAHC! YSG | DNYTI RAGTNNYKRGGSVHKVWHW/YHEL YEENI KVVHGHRASKG
EYPFQVSLQ EGEHYCGATI LNEXXXDI AVLEVDPPL TFRPRVQPTRL PSEGEEPDVGAK
SVAI GWGSKNFYGPCRPQLHEVSLNI YSHQECL DVYVNL PTTDMWCSGAPYEQGQVCSGD
SGGPLLVNG QVG TSWEAFPCVSYPTVWWTRVSHYRSW REKSGM

>724



GGDSNI LKEADVPVWWGYHSCNTSYATYGE TDNWVLCAGYNEGGVDA

>725

MAAI RFLVLAFLFACGASEPI NEKEGRI | GGTTTTI TSYPYI ASLHKGTEH CGATI | NSEW_.VTAASCI SI P
NAREYLVRVGSTYSSSGENVYQVSKI YRHEFDLNTNVDNDI ALVRLSTGVI FGTNVQSI TLQESDVSDGTSATV
LONGTI SEGGAQSNI LKOQWVPVWWGFHSCNTSYATYGGE TDNVL CAGYNEGGVDACQGDTGGPLVASGHLI G
VSWEAGCGHSTFPGVYTKVSAYRDW KDKTGV

>1654

M_AAI WI LLLHAYTDAHVVNTTVAI SNNWLETTGITAAPRTAPTVTI EATKGAETELS
TATI SLKTAPTVDYKNLSI RNETNNSVL SSGRPEPKI VGGRDAQQGEFPYQVSL RRNGAT
LSHYCGGSVI DElI HVL TAAHCVWGVAPSDI KVWVGDI MVDRSLCTSVSRSVSAI FI HEKY
NKSTFENDI ALLRVYEEFPKDSEFI MAI RLQESPVPEGTWCNASGAGVL SSGASEMPNNL
QYVELPVMSYADCYKANG YDGM CAGSMEGGKDSCQGDSGGPLQCNGYLVAE VSWEVGEC
AYPNYPGVYTEVSYFYDWNATKYLKGSASMCRONAFYFPSI LALLVYSMSKYV

>1698

GLCLVALVAAASSAAVVHDAQSKAYTFPEGFLLGVATASYQ EGAVWEDGKGVNI WDTQV
HNRSYL| VDHSTGDVACDAYHKYKDDVQLLKEMGVDI YRFSFSWSRI LPNGHI NEI NQPG
| DYYNNLI NELI ANG QPLASI FHWDL PQPL QDL GGAPNPVI ADYYEDYARVLFTNFGDR
| KYWLTFNEPATFTSGYEDAEGHAPSI GANGFGRYLASHTVI KAHARAYHL YDDEFRATQ
QGKVSI TLDVGWNCEPL ENSTEYVEACERQQEFELGLYANPI YSAEGDYPAVVKERVAAI S
KAQGFTTSRLPTFTQEEI EYl RGTHDFFGWNHYTTSLGSPSDDSENPPSFYKDI GVI KTQ
DPSWPTSASSW. YVVPWGFRKQL VAI AQKYNNPPLI VTENG-SDHGEL NDSGRVDYYTSY
L TEMLKAI NEDGCNVFGYTAWSFVDNFEVWNRGYTERFGWYYVDFDDPERPRT I KESGNVY
TEI | KTRQ PERFRK

>1699

VORRCSTHERNGVDFYRFSFSWERI LPNGHVNVI NQAG DFYNNLI NELLANG QPLATI
YHWDL PQPLQDL GGAPNPI | ADYYEDYARVLFTNFGDRI KYW TFGRYLASHTLI KSHAR
AYHL YDDEFRATQQGKVG TLNI GACEPLENSTEYEEACERQQOFEMGLYANPI FTDEGD
YPAVVKERVAAI SKAQG-FTSSRLPTFTQEEI EYl RGTHDFGLNHYSTYL GSPFDDSGNPP
AFYKDMGT STTQDPSWPGSASSW. AVWPWEFRKQ ASI AQRYNNPPLI VTENGFSDHGEL
NDNGRI DYLTSYLTEM_KAI NEDGCNVFGYTAWSFVDNFEVWNSGYTERFGWYYVDFDDPE
RPRTI KDSANVYAEI | KTRQ PERFRK

>1700

ENGFSDHGELNDTDRI NYVTSYLTEM_KAI NEDGCNVFGYTLW LVDNFEWNEGYTERFG
LYYVDFEDPERPRTI KESAKVYAEI | STAQ PERFRKNNEM

>1701
MESHMLLFLFSLATG.FGAVHGAPEDKVPDSLKDYAFPDGFLFGTATSSYQVEGAW.ED
GKSLNI WDTLTHNKSNLI SDRSNGDVACDSYHKYKEDVQLLKEL GVYNFYRFSVSWERI LP
TGH NVVNQAG DYYNNLI NELLANG QPMVTMYHWDL PQT L QDL GGAPNQVMVAQYFEDY
ARVLFTNYCDRVKYW TFNEPSVFTAGYESVAFHAPNVGATGFGQYLATHTVLKAHARAY
HL YDNEFRAAQQGKI GVAFNI NWCEPRDNI TEDI AACNRMOQEFNL GMWY AHPVFSPEGDFP
TVVKERVAMNSEAEGFTQSRLPSLTQEEI EYlI KGTADFFGLNHYTTFYGSPLTYTGEPTF
TKDVGE LMVPDFSWPGSASI W.HVWPWGFRKQLNRI AEI YNNPPVI | TENG-SDHGELND
TGRI NYLTSYLTEM_NAI HEDGCNVVGYTAWSEL | DNFEVWNNGYTQRFGL YHVDFEDPNRA
RTI KESAKVYAEI | ATKQ PERFREE

>1702

GVATASYQ EGAVWEDCGKGVNI WDTHTHTRSDL I ADQSTGDI ACDSYHKYKEDVQL MKEL
GVDFYRFSFSWERI LPNGHVNEVNQAG DYYNNLI DELTANG QPYATMYHWDL PQPLQD
| GGAPNPVI AEYFEDYARI LFSNFGDRVKYW TENEPSTFTGGYESEKGHAPSI GALGVG
KYLATHTVLKAHARVYHL YDENFRASQQGKI GVSI NVPWCEPL DNAAI YI DACERQQQFE
MGELYAHPI YSEEGDYPDI VKERVAENSLNEGFTRSRLPTFTQEEVAYI KGTHDFFGLNHY
STYLGPLPNSDGEPSVI KDMGTM LPDPSWQGSASVW. YVVPWEL RKQLNRVKEEYNNP
AVI | TENGFSDHCGELNDTD

>1710

PSENCKDGKLLVSLTGDTSLSDGHTYCGSGNFTLESESNQLTMQLI TSYFNRGAFLCSI T
ATQQQTPPPPTCDCGWKKESRI VNGEETGVNEYPMVAGL VDFVNEDL FCGGT | | AKRYVL
TAAHCLLNRAVNI TGVLVGDHNI TTGDDTSSARVLLAESFQAHPDYNSATQVNDI AVI RV
NKAI | FSYEVGPACLPFRFPNI NVGAVWTVL GAGT TEQAGPKSDVLLQTKLYI | PLKNCT
DTFGSKVTSNQ CTFNAGTDACQADSGGEPGELW.GPGDRLQLAI VI SYGKGCAFKYPGVN



>1753

LQ ALCLLI LMIVTDVLPRSI PHVSVDI TPGFLGHRSI Tl KRDEI PVLTGDLGVTSSTHL
S| ARDGSCTHMSQT AETASDVL EHCFDL GDAHWFGGGEQF YQYWPLEEATLVDYSYVTKQ
QDNQE AEPYWL.NSDGVYFHVYDDGVPLFI DLNNGNKSLCFKAKNAAPYPPTTI PFLNYSI
CTYADAREAHEHAI QTVLGKPTGYPDERM RHPI WETWARYKANVNESWWLTFAKEI VEN
GFNNSQLEI DDDVWEVCYGAL TFRESKFPNVKNL TDTL KAMGFRVTLW/HPFI NL DCEPVH
SEAL EKGYFVKNL DGNVNSTWANGAASAI DFTNPEAVEWYVNRL KQVIQEENG DSLKFDA
GETSWL.PQLPVLNSTDI QNPSI YTTRYVDTVSQFGPMWEVRVGQRSQDLPI FVRMLDKDT
KWANWDNGLKTLVTTLLEMNMVGYPLVLPDM GGNGYGDI VTKELFI RW.QANVFMPSL QY
SYVPWDFDEETI DI CKKFTDLHAQYADKI | ELAAKATVDGSPVNPPI WWDPTDETALAT
NSGFLLGEDI LVAPI LDQGATSRDI YLPKGQWRDEL RQETVTGPI TLSNYSVALDELAYF
TRVSA

>1762

MASI CSFSLI CFI Al FSTSFQGSEAASDKSVFCYFGSWATYRWGE ALFEVSNI DTTLCT
HWYMYTGLKNGEI ASLDEYNDYEENFGKGNI KKFVTLAKNGGVKALVGE GGANEGSVKY
SLVAASAAGRETFADSAVAFI QKFGFDGALEL DWEYPASNGGGASDKANYVLLLQTL SEKF
AENNLI LSVAVSASAEVAEAAYEFVDVAKFADHI | LFSYDYHSFYDGVTAVSSPLTGDDK
LNVNYSVHOALDAGVPSNKI VI GVPLYGRTYHLADPSKHGLGAAVTGPGTAGQFTQEAGL
LTYLEYCTSATWI VWQSDDPLYTYAYHDSEW SYDDPQTI EGKAQYVI SNEL GGVWFSL
ESDDFGGNCGPAYPLLNAVNTGLGRL

>1940

MKTFVALALLVTFGLMAEARLYPGLLKGE QAPKAPKAHI KDI SSRI THGETASRGQFPYQ
VAL SVDNSW-CGGSLI SNDW/LTAGHCI GNSYQVL LGANSVNNPESGAVWVTSSTSI QHE
DYANDHDI GLVKVSVSYSTYI SPI ALPSRSDQGNTFVGEQ

>1941

VSNWVKTFVALALLVTFG.MAEARL YPALLKG KPVGKVHVRDASSRI TNGQTASRGOFPW
QAALHVDNSWFCGGSLI SNEW/LTAAHCI GSTYRI TLGANNVNSPESGSVSVSSSSSI RH
SGYNSDTLANDI GLVKI PSVSYSNYI SPI SLVPRSDQGNSFAGESVRVSGNEKNSDSASG
| TAQLQYVDLTVI TNQECNSVYA | TSGVLCVSTPGGERSTCSGEDSGEPLI HSONGGYVA
GVVSFVASSGCESGLPAGFTRVTSYLDW QSNTA ATK

>1942

RDASSRI THGOTASRGQFPYQAGLI VDNSW-CGGSLI SNNW LTAAHCI GSTYQVI LGAN
NVNNPESGTVVI SSSSSI | HSGYSSNTLANDI GLVRI PSVSYSTYI SPI SLPSRSDQGNS
YVGETVI VTGWELNSGSGTA TGQLQYWALTVI TI LKLTSDTCS

>1943

ACSMKTFVALALLATFG.MAEAL QSRNI VIVPI NPRYTAEEWRTI MAAQLESPEQYPGFKK
GSEPQPAFAGKVHVHDVSSRI TNGQ ASRGOFPWQVAL LVDNSWFCGGSVI SNOW/LTAA
HCAGSSYQVI LGANNYYSPESGSVTVTTRSSI RHENYNSDTI NNDI AVVKLQSPVSFSTY
| SPVRLPTRSQQGDTLAGETVRVSGAGKI SDSASSVTDQLRFVDLTVI TNSVCAGTYGSV
| TSSKLCVSTPGGERSTCSESGEPLVHLESSGVYTEVGAE VSFGAAAGCELGYPAAFTRVT
SYLDW ETNTA SI G

>1944

FOQLOQYWALTVI TNQECNLVYA | SSSI LCALTPDGESTCI GDSGGPLLHSENGGYVQ G
VSFTAAAGCEAG.PALFTRVTSYL

>1945

ARASGNGEL TSDGSSSI AELLQYADLTVI TNDECNAVYGAE HSG LCVSTPGGKGTCSGDS
GGPLVLGE Q A VSFGAAAGCEAGL.PDGFARVTNYLDW QSHTA | I N

>2277

VNQAAL RAAI DGADSVTIMKYL ENARDKVL MGPERKSRI PDEEANVI TAYHEGGHAI VAYY
TKDSHPLHKVTI | PRGHSLGHTAY! PEKERYHVTKSQLLA

>2322

M_RI LAVAPI LFACCLG.PDQPSNRI LDGVDTDAESYTYMASVEYNKNHRCAGSI | SYNW
| LTVAHCVHGLDTELLRVRSAFVI Pl RGLMEKVSAVNSTI LHPYFDFKTLDYD! ALI NTA
DDLYDVNGTDTNI HI GLRLPLDGNSATVFGAGARI | GTWFTKFLTNQTLTI VYFNECKYS
YESVGNPVTERM-FCAGLVGGGPCQGEDSGDPLI YGNRLI GVVBWSYGCGERRFPAVFTDVT
QFRFW ESTAG LL

>2324

YLQVPKI EEWLAMQLPSGDVI SADPKI | PYTDW LWDEYFTKRNLRLEPL YDNLVDM WG



AAEGRPPYPSDPI FVLDTKYTG

>2325

L SVWODKI SAVRQTMAEKGFNVLVLTAL DElI AW.FNL RGSDVPFTPVFQSYAVVENMSGATL
YLSPGKSTPQVEEHLNAHSSNVDDSVRI KNYTDI WADL AEL KDDAVRVW\L PYPFSYARG
>2593

MKVLVLLAALVACVAGVPYI LQKPLPDGRI VGGTTTTI TNFPYQLSLRYSGSHI CGASI |
SANVAVTAGHCI | GSASSLTLRAGSTYSNTGGTVHQVSQAI RHGSYNANTLDYDI AVLKV
SSAFSFGSSVQAI PLETGSVSAGT SAVVSGAGT TSEGGSASTTLRQVAVPI VSDSSCNSA
YSSYGE TARM CAGYTSGGEKDACQGDSGGPLVANGKLI G VSWGAGCARPNYPGVYTKYV
SALRSW SSNTGV

>2736

MENMTLTSRI WAVFTI VLLTAVSGSLVKGKYAQLPTLYEYYTEGA LAGLETLPDTFL
LNNKNI TLFSGTI HYFRVHPQYWRDRL RKL RAAGFNAVET YVPWANL HEPQQGVFDFGNGG
NDVSEFLDI VTYLKTAQEEDLFVI LRPSPYI CAEVEFGGVPSW. L RYPDL VWRSSQSQFV
DLVKEYNANL| PLLVDLOQFTKGGPI | AVQLENEYGSLAGDGSEEDVAYL SFLKEDYEKYG
| VELLFTSDSSNADKGG. PGVL QTANFQSNPEGWVL SQL KNL HPDKPAVANVEYWT GAFDHW
FESHHTTSVAGFRDVLERI LVFPASVNL YM-HGGT SFGFL NGANGEGNSYGADVTSYDYD
APL SEAGDYTDKYDACVETVAKYNKVLTKVPSPPEI SKKMAYNAAPI TGQLDFNQ | DKI
PAKDRANSDNVVHVEAL PVNNGNGOQSYGYVL YRHADT SVT TSSVL QVKNDAI YDME VML
DGERKTEKLTSVSQVGDFGFW LKDATLVIMNSTTSGTKTLDI LVENWGRVNFGYRSTFDQ
RKGLRENTEI LI DNNEI TGAEVI SL QFKSNWWNSL DGWNPVSSEM APKLLHATLEVDTP
YDTFLDVRGAGRGAVFI NGFNI GRYFSAGPSHTLYVPAPLLKTGTNDI AVFELFTAGNEI
VFADQPYL

>2758

CGHPHPAPSI TSGERI VNGTNASPGQYPFMASL RYWKNHVCGASI | NECYVLTASHCVI VWK
LPEEL SVRVGSVDL SSGGSLHDVSEI | MHSEYDPDNMHVHDI ALLKLSSPI TLNKYAQPV
VL PHQL QDTKGGSAATLVGNESSET DGEVMEHL QQVRLRVYTDEACRSLHYYRI HVSNI C
AGQ PEGEKGQCGEDSGGEPLVAHGHQVA VSWEVKPCTVAPYPGVYYTEVSYYADW KHHTS
GSC

>2792

MAFL STAAAAPAAEAL DWAQT TVFYQVYPRSFVDADGDGVGEDLAG AQKL DHLQDAGVGA
VWL SPI YKSPMADFGYDI ANFTDVDPI FGTIVKDFEDLKARAQELG KL VL DFVPNHASNE
SEWFAKSL QKVDPYTDYFVWWDPKTDEDGNRI PPNNW. SAFGGSAVVEVWREERQQY YL HOF
Al QQADL NYNNPNL VEEMKDVL RFWWNKGVDGFRVDAVPYL FEDPEL KDEPL SGDPNAQP
CEAAYLSHI YTONL PGTYDWEQNREVADAKKAEDGQOTRLLMLETYASLEQVNVAYYGT DE
RPGGHFPFNFLLI TDLNNGSTAL DFDETVHKWYDNVPAGRWANVW/I GNHDNHRVATRYGR
ELADGLNM AQLLPGSGVTYNGEEI GVEDTFI SWEDTVDPAGVYNAGPDRYQL FSRDPERT
PFQADDSVSAG-STNAT TW. PVNENYKQLNL EAQKAADVSHYKVYQRLLEARTLPVI QTG
GLQTYAASEEVFAFSRTLEGSSPFVVVVNLGSNQEEVNLATLADVPEDLVWYVASI GSNR
QAGAAVSKSNFVLDPKEGLVLTA

>2829

MFRVAVAVAL MGAVL AEQDPL DWAKT TVWYQVYPRSFKDSNGDGNGDLNG TEKLDHLKD
LGVGAVWL SPI YKSPWDNGYDI SDFYDVDPSFGT L DDFAKLKARAKEL DI MWL DFVPN
HSSDEHEWFEKSVQRI EPYTDYYWWHDGKI DPDTGE RVEPSNW SI FSGSMATVWADQRQQ
YYLHQFGVKQPDL NFRNPAVMEEMKNVL RFWDRGVDG-RVDAVPHI DEDAAFTDEERTN
YPGVPPTDYNYL YHVHTANRPET YDVl KEWRSFL DGEFKDKDNHTRVI MTEVYASI EETM
AYYGNDTNPGAYFTFNFNLVNSAGSWSTANDFNNVI HSWWDNI PEGKQSNVWVGNHDNSR
VANRYGTNWDAVNM_VTLLPGTAVTYYGEEL GVEDL AMDSPSDNRDPERTPFQADNT TS
AGFSTSNVTW.PVNPNYKDL NL VSEKAAEKSHYHVYKQL L QARQEPAI QQGSLHTNVI GD
VFSFSREL EGAAI FVWVIVNL SDSEQTVDL EAPYPSL PQSPLVHTASI NSNLTQGORVSRN
LTLGPREAWLTS

>2849

L L FL VAVL AFAQGOKDPNVWPDRSVI VHL FEWRFDDI ADECENFL APHGYAGVQTSPVHE
YLI VTSVDRPWNERYQPMSYRI | SRSGDETAFRDWRRCNAVGVRI YVDVLLNHMTGNWD
NAVGTGGSTADT YNYSYPGVPFDHSHFHPYCI LNDYNSPEI VRNCEL SG.HDL DQSQDYV
REKL| DFLNRLVDAGVAGFRVDAAKHVWPADLEY! YGKVNNLNTEHG-FAEGSRPFFYQEV
| DFGNDAVSKFEYNSFGRVTEFKHGEQMCYAFGGQYPLAAL HTFDPNWAL L DSGDAL VFI
DNHDNQRGGNNAI LTYKTPKNYRMA SFI LAHT YGYPRVMSSFDFEAHDQGPPQDSDKNI



L HVT TNEDGSCGNGVWCEHRWHSHAAMVRFRNVVRGT EI TNVWADNGNHQ GFARCGDRGFV
AFVVNDNDLKQT T QTGLPAGTYCDVI SGEGKNGSSCTGKTI TVNEDGTAY!I El LI SDDDGV
| Al HLEEKL

>2898

MFSSEQLKEKAGLVLGVYTADTTGOWKLTSTAQTFNEKANGQLI CQHI KLAGP

Sl KKGKGQVFYNQDSEFPVTAVWGEL GTEDAGYNEQEEI DEKLENI Rl AASEGCKKLQEVG
VTKVVL DGVGNPEAAAEGAT L GLW. YQGFKDKQKQKVAPQ QLCSENEAERTAVEERGVI K
AQAQNVARNL MDTPANYMT PRI FAQNATEL L TAHDVKVTVRDKSWAESKKMGSFL SVARG
S| EPPVFLEI SYTGASSQYKPI ALVGKGVTFDSGAE SLKPPAKNDENMRADMGGGACVWAA
| YAAARLKLKVNLI GLI PLTENLPSGSATKPGDVVHAMNGKSI | VDNTDAEGRLI LADAL
CYAQEFNPQLTVDI ATLTGAI RI ALGSAAAGVYSNSTPL FQKL QQAGAL TGDRVWARMPLW
CQHYTKAMIDTQSADL L NVSKVAGAGSCTAAAFLKEFI PSGNW HVDI AGYVBTSNKLPYL
SKGVITGRPARTLI EFI SNLEEGSKSC

>2908

EGWEPYWL.TSSGA AVFVPPDVPLFVSQNKTHL CLAAKI ESPYLPDDTGEVSLQYHLCSG
SDPVTTHVHATQSFLPLPRDI PAERVFRHPI WETWARYKKNI NTSI VSDFADQ LHYG-N
NSQLEI DDNVEET CYGSAEFDVSKFEDPKGL VQSL KNRGFHVTLWI HPFFNL DCPAREVAL
QKHYLCTGANNSETLTKWANGVASM NI TNPEAATWAADRLVNI | DRYNFDDFKYDAGEA
GYLPEVGRLNAPI RLQPNVFTTQYVQTVASI SDQKAAEVRVWYRNQGEPI FARVEDKKST
WDTGSGLKSLVTTLLAMNWGYSFVMPDWGGENGYGNFPDKEL FI RALQANTFMPTI QFS
FAPWDYDDETVEI AKKFTSLHYQYSDKI LELARKKVADGTPI NLPLWN_DPTDEETLTI D
SEYLLGEDI LVAPI LDQGALERDI YLPAGSVWRDEL HLNVTYPGRQALRNYRVELHQLAYF
TRVP

>2910

L GNPSVCASEEL DL CL KW/RRQNWIPSSCTTREGAL AHPSLATKNVI TVPADKRI VACFG
LQGE QLYGGAVTSTQYWPSQRNNKSESAYVTA DGNEGVYVEPYW.TSSGSAI FVPPDVPL
FVSQNDSHLCLTSM QPPYLPDDTEKVSLKFYLCSGSDPVATHVHATQSFLPRPRDI PDE
RMFCHPI WBTWARYKRLI NTFI VTNFAQQ VNYGFNNSQLEI DDNVWETCYGSAEFFNATF
SDPKSLVQSLKQKGFRVTLWIHPFI NI FCPAHAVAI QNRYLAMIPDVKRTLTMANDG. GG
VLNFTNADAVTWAT GRLKNL SVRYA DAFKYDAGEAAYLPGAPLVGRLQPNVFTTRYVQT
VANVSTTRLAEVRVVYRNQGEPI FVRVSDKSSTWSI ENGLKALVTTLLAMNWGYSFVVP
DMWGGNGYSNQPTKELFI RWLQANTFMPTI QFSYVPWDYDTETVEI AKKFTSLHYQYSDT
| LELAKKKVADSTPI NLPLWALDPTDEVALKI DSEFLLGEDI LVAPVLDEGARHRDI YLP
AGRWRDEL HPDI LHSGKRW.LNYTVQLDELAYFTRVS

>2966

VSFEFFGSHHCGAAI | SELWVTAGHCVDA PVSTVTFRVGSNTI ERGGTVHEATDI | NH
PNYDYHTEDCDI SVAKVSTAFVYQSAVQPI SLASVEPPAGAMAVVSGWNGT TYSGGPMVSBPL
LLQVSVPI VDFEACNASYSDHGGE TRNML CAGEDEGEKDSCKGDSGGPLVVEKEL VA VS
FGAGCGVRGYPA YASI PVLRDFVFSNTDVQQVLK

>2967

MFRI Al FVSVLFASCWGASL | PRRPRHDGRI VGGEPTDI TNYPYQVSFEFFGSHHCGAAI
| SELWVTAGHCVDAE PVSTVTFRAGTNVMVEEGGTVHEAAEI | AHPNFDYLSLDCDI AVS
KVTTAFTYQPSVQPVSLASADPSAGANMAVVT GAGSTSSGGAL SPLLLKVSVPVWSFDACN
ASYSKYGE TSNVMCAGADEGGKDSCQGEDSGGEPLVWEKELVAE VSWEGAGCGYRGYPGVYYA
SVAVLREFVTSNTDVQ

>3010

HRGARLSVTMLLFSVLACAALI VGTVDSATTSTAKPET TTRKVL PKEPRVVGEKPANRGQ
FPYQVI VYVEVEGGKSLCGGTI | AEQY! LTAAHCVFDSTPRAVEVWAGDI DRGKKQ SG
VSEI HYHENYI NGRYYNDVAVLKLQTPYVLNGYSI TKLQLRDNFVSPNXXXXXTLCTVSG
WGARKERGGSSKI LQFVPVPI VDLKNCSANHGKEL YEGEI CAGYSTGGEKDSCQGDSGGPL
VCDGYLTGVVSWEDGCARVNKPGVYANVSYYKSW DNI | SNONVLI PVPTKDTRDQTNHI
AGATESTLRRTTPFNRSDKSPNSASAPNYHLI Tl FFVI GLMLYTGVYLDYLHE

>3012

MKLTSNI YVGVLVTI ALI LQTCKGFI RDFKDHRRL QEKGDDRAVFCYYGSWASYRW
GVGTFNVDNI DTRLCSHI VYAFTA.RDGVI VSL DQYNDLEENWGKGLIVKKFTTLARNNG
KSLLAI GGWNEGSTKYSEMAATQEGREKFADSVVSFVEKQG-NGL DL DWEYPARRGGVPE
DKDHFTLLLKVLSEKLHARGHLI TI AVSADPKTI ANGYDlI PNVGKYADY! TVMIFDYHTP
SSDTVTGL.NSPLDSLPQDTGYNKEL NVKNSI NTW.KGGAPPNKLLLGTPLYGRTYRLWE



DQHDL GSPI LGPGDAGLYTQEAGFLAYYEI CSNPDWNI VWNATSSVLYAYKTYQALSYDD
PNTI TI KTKWAL EKNL GGVMWW\EL ESDDFHGNCGKGT YPLLTTVNKAL QRV

>3127

FFDGLQSANMI L L EKEL CEDANKKL SDGQFCVGYSEDQRRSCLGDAGGPLVCDTNLTA T
WGEPVGCDDAGL TDPAFFTDVSL FAGSMNVSSPAVFTDVSFYKEW TKQ SSSATI VPCLT
TLLI MLFVALK

>3232

MRGSQSNRTVVFGCRKMYLHLFTFI LI ELHLSRSSEI LRPRGVSI SKASL YVPDKDFTCF
DGSRSI PFAHVNDDYCDCQDGSDEPGT PACPNGTFHCTNAGHRPLNI PSSRVNDG CDCC
DTSDEYVSQATCVNNCNEL GKAARVEAKLAKL TKLGSEMRI QL SKKGKQLKQEKKERLE
QLEKDKEEAEGVKKEKEL LKTAAEEL ENKAL EKYRKI EEEVKQRQVEEERKASEQEAFEH
FHRL DSNQDGKI DI SEL QT QQTFDQNKDGVVSEDEAKFFFDSHDEL TVWEDFL AT GAPRVK
PFLM.DKGLFKPPVRETSEEPTGPQGGHDAI SQDDAAEFSSEGDEAEDKHYEEGQDGDLQ
EEEEEEEEEEEEETG

>3256

MSSTKLOQFMGSL TKTDPQSHPVWVI | GOVKNLAKVKFSDI KVKLEPRVTEEVYLTALASLH
PSPTDTCSLYLNLATLAALPVKCSRHNAPSRAHAI TKI VRSTTVGADESI VI VCERSDVF
ASACAVARAYPL FSRKTSSNPAGQTPNTTVSVEFLLVPSAECQVTVESNGSL DDKLAL SA
DDLKCLESACTGVRLAARI VDAPCNDIVNVDHFL QEVRAVADSLGVTSTI | RGEELRVRGF
GG YGVGKAASVPPAL AVLSHNPEGATQTI AWGKAE VYDTGELSI KAKTAMPGVKRDCG
GAAGVL GAFYAAVRQGFTONL HAVFCLAENAVGPDATRPDDI HLLYSGRTVEI NNTDAEG
RLVLSDGVSYAKDLKANI | LDVATLTGAQE STCGKYHG

>3433

LLLGCLAAKPKI EGVLI DLARNVRI VNGQPAEDGEYPFQVSLQNSGRHYCGATVLNNEYI
LTAAHCI YGGNI DSYTVRAGTNNYNSGGSVHOVWEWYHQEY QNQAYWYNDVAVVRVDPP
LTYSSKVQPTKL PAAGEEPAGGAASVAI GWESGCYGCSA ADLQEVNLRI YSYSECLDI Y
CDGPTADWCSGAE PEECGKGVCSGDSGGALLVDGVQVAE TSWERMPCASYPAVWKVSHYR
DW KEQSGV

>3434

MKLHL SVFSTL L L SCL GSKADFQRPHADVARNGWKHARRASEGKYPFQVSL QVFSEHEC
GATI LDQEFLLTAAHCI YNGSMDDYTI RAGSNNYKRGGSVHNVI DW YHENYL NHKYWKN
DI Al LKI DPPLTYSTKVQPTKLPVAGEEPTVGAASVAI GAGSKCYGCESI RHLHEVSLEI
YSYEQCLDSMQQUPTTDM CSA PGEGAEVCSGDSGGALLVNGTQVA TSW.VWPCAFNP
AVW RVSHYRDW RNKSGV

>3482

MKKFVAFVGTLVLLYLGTLTDGVTGDI FPETRI AEGEDSAFDEFPYWWSI QYQTEEKGYI
HRCAGAM NSSYWWTVAHCFQSVDTSKYRVVNDNDTHTENETKI SNVSTI VI HPDYDSAN
FWANDI Al LQLLNGFEDYNQVLL PENYSDPDPELKGT TL GAGSGEMNGQPVQVL QRLDDL
NI FDSTACEDL Y| FGPNENSI CAGNEDGSTNI GVCSGDSGNPLI | NGTLYGLLSW.RI PC
FQLPGVYTKVSNYVEW HGN

>3554

VSTI LLACFLGVAVNANSDSKSHRTVNGSPVYNGGEYPSQLSLQFFNI HI CGASI LNEI WA
LTTATCVHEYPTSQLSLLAGTI NLONI GSATRHRVQETVKYENYNAEKFW/NDI ALVKVS
EPFI LI GGNLKAI PLPAQDQGVPEGSKATI | GAGAANGEI LSTLQXKI El EI AAVDRCNMT
YSLI TRPLDNTNI CAGSVMDSKSI CMGEDYGGPLI VNGGYWAE ASYVYNCCGKPI YLSI CTS
VPTFRNW TLKTNL

>3624

MALYLALLSTLVWGSYGAPTNKTI HVDFARNVRI VNGYYASPGEFPFI VSLQYNGGHYCG
ATl LNSEW LTAAHCI YGNNI GAYTVRAGSTNYQT GGTLHSVWGGEGEYHQYYVNSYPYNND
| ALLQVSPPFSFDAYVSTTTLPQQGODVPGGYPSVAVGAGSSCDDCGSNVNLVEVDLYTY
SYAECVAI YGSGPTTDWCSGNPSEGKGE CFGDSGGEPLLVSGVQVGVYTSWIGTPCASVPA
VWIKVSSYRNW SANTGV

>3726

YAKGKLEI VQQELWYVREVGHEEDSGGESYRSCELI SGSMFWL TYPCCGENVDYFGRGS
KQL SVWYNYGPFSQQVFGNPAVL L DEPAAVADSW. NFASGFWFSVTPQSPKPPMLW/I DG
TVWPNEADKAAGRTPGFGATTNI | NGGEL ECDGKGSSHPGPKNRAEAYKHFMREFGATVDP
DEDL DCOKMKPFDQT SSAATEAYYTMNWSEGDAKCDL TSSQTAWD SRDGDYARCVKYFFR
SHWFKDGTLVSDYG.TPGSSYS




>3779

MFYI | LVTVLGSVFAGPLLRDVSDDWRI | NGTNAEPGQYPYHVSL QSNGEHFCGATI LTP
TWCL TAAHCVVGEKDVEKL SVLAGT VL L SKGGVRQAVOKYKVHEGYNSSNNWENDI ALI QL
QTPLEFNDLVQPLPQLQQGEETSPRTSVTVWGNERTSTGGERPDNLQTVDI LTFSDEECR
S| LNDI | HTSQ CAGLPEGHKGECNGDSGGAL VADGFQVA VSWEYKPCTKPPRPSGVYT
QVSYYI DW KDNI E

>3823

M_RYLVLASLI| ACSLSAVPKAKRPRLDGRI VGGRPADI ADYPYQLSFEYYGSHMCGASI |
SPNWW/VTAAHCVDGVSASSATFRAGSSI RESGGSVHQATQLI ANPNYDYYTI DFDVAVAR
VSPAFSYGTGVQPI PLASSEPSAGQ ATVSGWGT TSEGGSTLPSQLQVVSVPI VSRSECN
QAYSDYGE TDNM CAAEQQGEKDACQGEDSGGEPLVVNGQLAG VSWEVGCAEQGYPGVYS
NVASLKGFI TEQTGVN

>3824

M_RFLI | ASLVACSLGAAPRI RRPRLDGRI VGGSDADI ANYPYQLSFEYNGSHRCGASI |
SENVWLTAAHCVDG SANNVQFRAGSSI RGSGGSLHRASQLI ENPAFDYYTLDSDVAVAR
VSTPFSYGNGVQPI SLATSEPSAGEI ATVTGWNGT TSSGGSLPSQLQVVSLPI VSRAECNQ
DYSSYGAE TDTM CAAEQQGEKDSCQGEDSGGEPLVWNGKQAG VSW

>3851

DWSNLLSLEPQLPNI PLPKVLPNAGSRI TGGEEAAL HQFPYQAAVL VHTPDGTGFCGGSL
L SPEVW/LTAAHCADPADSFTVI LGAHRVVETEDTQVRFDVTEKHVHPAVWDPL RI SNDVAL
LRLPSSVQLSCQHI QTLRLPTLSQKDETFADVNVAVASGACRDSDNSESI SPVLRWRTPI T
TNYMCGVLYFGAI NDGHI CVSGT GGKSTCNGDSGGPLVWEDAEGRPTQVGVYWSFAE SFGC
El GAPAAFARVTYYLDW LSTTA APRA

>4015

SVHNL TFPRKNTRL MGLYASNQLLVTQCEPEGFRRI TYYl DQPSNVAKFTVKLVGSKVDF
PYLLSNGNEI SKEDL GDKHAATFVDPFPKPGHL FAI CAGEL TFEKANFTTMGGRKVDI YV
MAEPPYAGQL KWAL DVAVAAFKVWDEVTFGREYDLDTFRAI GVSDFNMGAMENKSLNLFNI
SAl VAKEDRT RDWF YKRVAHVVAHEYFHNWEGNRVSVQDWFQVQLKEGFTSFRESRFI ED
TFGKGE.TRI SQVNDLRSRQFTEDAGPTSHSI

>4033

Q SLQQVI FI FRQHI CGGSI | SPTWWTAGHCVWVI GDLEVVAGEHSLNNNDGTEQTVAVA
QAI VHPNYAGEVGPYDI AVLKLSSALVFNDYVQSI ALPPAGSI PSGSAI LTGAGSTSQTN
NPSMPDI LQTATLPI VEYDECVRT YGEDSPL DPTNVCT GPL SGGAGVEACSGEDSGGPLAVRR
SDGTFELI G VSWGEI PCGOSNAPSVYTRVSAY! DW NNNAK

>4043

VLNDQAL TAAHCVEGLVPEDLI| LLAGTVDLKTGGT THQVVEI | VHEGYTPEDSWWNDI A
VWRVSNSFPI DGVNVEPI SLPAQGONPADGSTATFI GAWGYNENSVLPTI LSKADI Al VNQ
GTCSNAYASQGONI YDGNI CAEAPQGNKGACT GDDGGPL FVEGT SVAL VBWWNACNDPGY
PTVFTRVSYYRDW KKHTGV

>4045

| LVTLLSLSGALGAPAADTDLGERI VGGEDAPL GQYPFQ SLQYNNQHMCGGSI LTENYC
L TAAHCVDGVYVALSVLAGT VSL SSGGQRRVVASHTMHEGYDPYDQW NDI AVVKL SSPL
ELGSYVQPVPLLGQGVETPGGTPATVI GAGRLATGGSAPDKLQWDI LVYSDEECNALHN
GATHPTNI CAGVPEGGKGQCSGDSGGPLI ADGYQVA VSWEVKPCTVAPYPGVYTQVTSY
| DW KQNTDRT

>4127

| PSDDAHQSEYLASCDRRRAYI SGFTGSAGTAI VTENEACMAT DGRYFL QASEENDKNWI
LMKEGLPSTPTQAVW.TKNL PPGSRVGTDPNLVSYSI WKPLVTQLEAAGLSLVPI TTNLI
DVI VEDRPTPPCNTI QPLSVKYTGKTCKAKVEDVRTQVAEKGARL L VWSAL DEAAVW. L NL
RGSDI QYNPVFFSYVI VTKTEVHLFVDEAKVSLAVYNHFNEEDL QVTVHPYEKFQTFLIVD
Q SEKDGKI W SPESSYAVS

>4190

MYLLALASLLACTGAVSLAGRPNTDGRI VGGTPAEI TNYPYQVSMVEYFFSHTCGASI | SP
EVWVTAAHCVDKKEGQL SWRFRAGST YRQQGGTLHNAAEI | VHPQYSDYDYDI AVVRVK
EPFEYSDSVQPI SLTSTAPATGISVWTGWGERLAEDGEVPYQL QQVQVNI VDFEECNSDY
WLYGE TTRM CAGVPDGGEKDACEGDSGGPLVAEGEL VGVVSWESGCCAQPGYPGVYYADVA
VFKSW/TSVT

>4260



SNGRI VGGTDADI ANYPYQVSMQVNNGHFCGGSI | STEWVTAAHCVKDI Pl NVWSFRAG
SSNQGTGGTVHPAEQ TYNPNFSEQTADYDI AVAKVSVLFVFSNTVQPI KFTSVAPPTGT
PVWTGWGAL YEDGPAPEVL QQVQ NI VDFEECDSVYGGE TORM CAGVPQGGEKGVCGED
SGGPLVANGSL VGYWSWEAFCAAKGYPQVFSDVAVLSSWTFI TGVS

>4268

G GLKGE TENFDHLKDI GYDGYWL.SPI FPSPVADFGYDI SDFRNI DPMFGTLEDFDAL L
AKANELG KLI LDFVPNHSSDEHEWFVKSL QKI DPYTDYYTWNDGKL DESGNRVPPNNWQ
AEFGGPAWAVWRDERQQYYL HRFDPKQPDL NYSNPAVVEEMKDVL RFWWDRGVYDG-RVDAV
PW_FEGPI DVPDSETVAPOQNL PETYDWVKWRKVL DEKSAEL GKTEMFMLEVYGNTEQVM
GYYG

>4335

DYLYQLSLQSTWHKCGAVM SNEWAI TAARCT YGRNVVYMSVRTRQSSL SSRMGRRVGL
ERI LYYNYNNETYENDI AAI QLYLPSRASFEW PVRTSPVEEGT TGFVLGWGKLKEDGTY
SDVLQKVSVTI QNTDKCNKI L QDNGL GDNVHDGOMCSMDDGKNVCQGNYGTPFI VDGKLA
GWSWEKGCGTEGNPI VYTEI SYYYNWL.KNVI AEG

>4370

KY| GDEDFRKGVNL YL TRHQYRNTFTEDL WAL EEASNKPVGAVVS TWTKQVIGFPVVKVT
NEQVIGNDRKL VI TQEKL L CADGSSNSNGCLWM PVM STSEKPGEVVHHT VL QTHSVEVI
L KNVASHEW/KVNPGTVGYYRTQYPPDML.AQFVDAI RDKTLPPLDRLG_LDDLFAMVQAG
HTPTVEVLKLMKAFSNEDNYTVWSSI SNCLSKL S| LLSHTEYEDL FKAYGRQLMQ
>4544

ASVLASAL AVADL DL PDTEVHFI GMCCANLVDOQHAYLVSDVWTASNGKTI EVTNTDAEGR
LALCDG_VFAENVMGGPGKGT| VDVATLTGGAL VAL GPDVAAVVENKQEL ADAI QQVSDA
TGELTWQ PMREAYMEHL KSKTADI VNVNMGAPNAST MWGGEL FLKQFVSKETAVWAHVDAA
GPMANGSENAGTGAGVYLI TQLLLSQTKN

>4659

VNNGTGRQEI TVFSLDKQLVWWLVRGGHI | PVQEPKVI VRETLSSPYTLLVALKCTVSNRC
DASGSL YVDSDL DFSFTATEQGVEI QSSCNDSTSSPI LDAVTVYGE.DGE GCDSVNI VNGS
AVPCFLKDQVLKI TDVNLQLCNREQ | MEWNLTNI PESTTLKTTAPTTI PSTSDDTI DSE
NTDDSTTDTAPSTTSPETTDDSATDTGPSTI SP

>4869

RYGPELVDGVNFLGQLLPA GVTYDGEEI GVENTYI TWDQCRDPQG NAGPEHYLERTRD
LERTPFQADDTTSAG-STNASTW.PVNPNYKEL NLAAEKSAEKSHYKVYKQLI ELRKTPT
| QQGGTQVDAL SEKVLTFARFLEGEDSY! VLVNLGDETETVNLKNTFDW.GDTVTI YAVN
| QGGQHWGHVHSTTDFEI A

>4940

WDATTSAGFSTNATTW. PVNSNYKEL NL DAQKATEKSHYW/YKKLVQLRQSQSI QYGDLQ
| VAFSEQ FAFSRSYPDSESYWVI VNLGSSVESVTI DSSI QILYVRVASVQSMRNEGDEV
EAl YFSMSPKEALVLSTSP

>4947

KNHSCEI RPI VGGKKANI SDFPYQVSLAYYLAEDSEKNQETSHYCGGSI | SVEW/LTAAH
CVHDI NPEDI VWRAGSCVRNRGGQLHKVALLI | | HDQYDYDTNDFDI ALLKVSKPFKFGRK
VQPI ALNRNPSL KAGGLAVVSGWGEDTTEGGEL AEEL QQVKI PLLPHWECKW. YKPKKI TT
NVFCAGRSEKDAC

>5034

QLRKEEAPLGLNCTTSGWE_LDSEEYPDI LQ VSVPYI PEDECRQ YELNNYTENEI YPG
MTI CAGYEQGGKDACAGDSGGPLQCGALLTA VSWEAGCAEPNYPGVYADVVYYKEW ATQ
LAKSRI KPLSI PVQHI TS

>5056

LGFDFPGTW._HVDIVAYPAYI GERATGYGVAL LVAL FGVYSQDRM_RSL SPVSRCNGPEMG
NACKKLKRN

>5255

| KGNCLDTLARKFLWDVG.DYMAGTGHAE GWLNVHEGPMGYSWRVYPNDPGLQEGVFI S
NEPGYYEDGKFGFRI EDI | Rl VPAKTPHNFKDRGYLTFETVSLVPI QTKMLVPEM_TEKE
| RHLNEYHNRCRE! VGPHLKKMEHNEAREW. YRETEPI G

>5285

NYQGSTSDL Yl WNDIMNEPSVFNGPEVTVHKDCVHHGGWEHRDI HNI YGLLHTMATYEGLL
QRSGGEKLRPFI LTRSHYAGSQRFTSVWI GDNTAEWGHLRI TI PMCLSLAVAG SFCGADV



GGFFRNPDSEL FTRWQAGAFQPFVRTHSHN DTKRREPW.FDEQTLTLI R

>5314

SSHEVSS| TVHSGYSAANSWRNDI ALLKLLVPI AFTSLQSAVTLPAQGENAGAGTACI AS
GNGYTSYPGAGLPNNL QKVSL SVI SNADCQASHTGT1 YSTSI CASAGAGKGVYCNGDSGGP
LTSNGKQ G VSWERPCATGVPDVYTRVSEY! TW NONAV

>5636

GGFLLARLVKYTTENFASEEHATEVEAFFRDHYSPGTERTVQQSCETI RLNAAW.QRDRE
NI HKYLSSGK
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