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Abstract

Allatostatins (ASTs) of the Tyr/Phe-Xaa-Phe-Gly Leu/lle-Nidmily are a group of insect neuropeptides that
inhibit juvenile hormone biosynthesis by the corpora allata. We have obtained genomic DNA sequences that
specify the preproallatostatin precursor for the cockroacB&sta orientalis, Blattella germanica, Blaberus
craniifer and Supella longipalpa The sequences obtained are similar to thoséipiloptera punctataand
Periplaneta americanaeported previously. The precursors of all these cockroach species are similar in size, and
the organization of the ASTs that they contain (there are 13 or 14, depending on the species) have been conserved.
With the sequences of these precursors, and using the homologous sequence in the ortSopistarerca
gregariaas an outgroup, a phylogenetic analysis using parsimony was carried out. The dendrograms obtained
from these analyses, using the amino acid as well as the nucleotide sequences, are comparable with current
models for cockroach phylogeny. Parsimony analysis was also used to study the genealogy of the different ASTs
within the same precursor. Results suggest that the AST sequences were generated through a process of internal
gene duplication which occurred before these species diverged from each other in evolutionary time. © 1999
by Elsevier Science Inc.

Cockroach; Neuropeptide; Allatostatin; Peptide evolution; Phylogeny

JUVENILE hormones (JHs) are sesquiterpenoids that plagequence Tyr/Phe-Xaa-Phe-Gly Leu/lle-NWurther stud-
critical roles in the control of insect development and re-ies have demonstrated that these peptides have functions
production. The rate of JH biosynthesis in different insectbeyond their known role as inhibitors of JH biosynthesis. In
species appears to be regulated by stimulatory and inhibD. punctata ASTs are potent inhibitors of muscle contrac-
tory peptides, the allatotropins and allatostatins (ASTSs) retion [25] and they are synthesized in, and potentially se-
spectively. These factors originate principally in cells of thecreted from, a population of granulated hemocytes [24]
brain and are transported via nerves to the corpora allata, treiggesting additional functions. IB. germanica ASTs

site of JH biosynthesis and release. Several ASTs have beémpair vitellogenin release by the fat body, presumably by
purified from cockroach species including seven fDip- inhibiting the process of vitellogenin glycosylation [15].
loptera punctatg31,32,19], four fromBlattella germanica Molecular characterization of the AST gene€inpunc-

[1], and two fromPeriplaneta americang30]. The ASTs tata[5] and P. americang4] has revealed a similar orga-
from each of these species share a core COOH-terminalization between the polypeptide precursors. The AST pep-
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tides of both species are not only similar in sequence buand sequenced on both strands with the Taq DyeDeoxy
also have conserved locations within their respective preTerminator Cycle sequencing kit (Applied Biosystems). In-
cursor. Comparison of the precursors in different specieserse PCR [18] was used to obtain the flanking sequerices 5
should be phylogenetically informative, and also the analand 3 to the core AST PCR fragment generated from each
ysis of different peptides within the same species should aigenomic DNA template. Genomic DNA was digested with
in our understanding of the process of peptidic diversificationthe restriction enzymes Aatll, BamH1, BsaHI, EcoRI, Clal,
In order to have a more representative sample of the mostindlll, Hpall, Msel, Rsal, Scal, Spel, Sstl and Xbal, then
important families of cockroaches, we have characterizegurified by two phenol/chloroform (24:1) extractions, 2
the AST genes oB. germanicgBlattellidae),Blatta orien-  chloroform extractions and ethanol precipitation. Approxi-
talis (Blattidae), Supella longipalpa(Pseudophyllodromi- mately 200 ng of purified DNA from each reaction was
idae), andBlaberus craniifer(Blaberidae). These have been circularized using T4 DNA ligase in a 4l reaction vol-
analyzed and compared with those previously reported ofime at 12°C overnight. PCR amplification of a/Baliquot
the Blattidae,P. americanal4], and the BlaberidaeD. from each ligation reaction was done as above, using 15 min
punctata[5], and with the homologous AST-like precursor initial denaturation and 4 min extension times for 35 cycles.
from the OrthopteranSchistocerca gregari§?8], used as Restriction digests that resulted in fragments were purified
an external group. Although gene sequences of ASTs fromand sequenced. The sequencing of multiple overlapping
the Dipteran<Calliphora vomitoria, Lucilia cupring7] and  fragments was performed in each case. DNA and protein
Aedes aegypti29] have been reported, they were not in- sequences have been deposited in the Genbank dat&base (
cluded in our analyses as Dipterans bear a distant relatiogermanicaaccession no. AFO6806R; craniifer, accession
ship to cockroaches and locusts. no. AF068062S. longipalpaaccession no. AF068063 and
From a systematic-phylogenetic standpoint, the result8. orientalis,accession no. AF068064).
obtained are comparable to the cockroach classifications ) )
currently in use, from the classic scheme proposed by Mcl-4- Séquence comparisons and analysis
Kittrick [16], to the more recent ones based on eitherThe nucleotide and amino acid sequences of the AST pre-
morpho-anatomic data [10] or DNA sequence of mitochon-cursor were used for comparisons. In addition to the se-
drial ribosomal RNA genes [11]. In addition, the analysis ofquences fronB. orientalis S. longipalpa, B. germanicand
the different ASTs within each precursor provides clues a$. craniifer described in the present paper, we have used
to how this diverse intragene family of peptides has evolvedthose of D. punctata[5] and P. americana[4]. As an
external group, we have chosen the Orthopt&agregaria
1. Methods whose cDNA coding for the corresponding ASTs has been
1.1. Animals reported [28].

All cockroach species were maintained on Purina lab chow Software from Genetics Computer Group (GCG, version

and water at 27°C 12 h:12 h light:dark cycle until use. ~ 9-1), University of Wisconsin [3] was used for sequence
alignments. Percentage of similarity and of identity between

1.2. Isolation of genomic DNA sequences was estimated with the application BESTFIT.
High molecular-mass DNA was isolated from each cock-Sequence alignments prior to parsimony analyses were car-
roach species by grinding 10 individuals under liquid nitro-ried out with PILEUP, and were displayed with SHADE-
gen, then resuspending the ground powder in 6 mL of 1BOX and FIG.

mM Tris-HCI, pH 8.0, 60 mM NaCl, 10 mM EDTA, 0.15 Parsimony analyses were carried out with the Phylogeny
mM spermidine, 0.15 M spermine and 5% (mass/vol) sulnference Package (PHYLIP, version 3.57c) [8], using

crose. Sample processing was then as described [4]. ~ amino acid sequences (PROTPARS) or nucleotide se-
_ _ guences (DNAPARS) [26]. For the analysis of the AST
1.3. Polymerase chain reaction (PCR) sequences within the same precursor, we followed the jum-

Alignment of D. punctataandP. americanaAST sequences ble option, restarting the process 20 times. Bootstrap anal-
[4] revealed conserved nucleotides where primers were deyses were carried out with the application SEQBOOT in the
signed to amplify a core sequence from each heterologousHYLIP package, and the procedure was repeated 100
genome. The upstream primer’ AAGCGACTTTAC- times unless stated otherwise. The resulting trees were used
GACTTC3 (nucleotides 381-398 in th@. punctataAST  to construct a consensus tree (estimated with CONSENSE).
sequence; [4]) was used with downstream prim@iCELT-
TACTGCTTCAAGTTCACTGG 3 (nucleotides 980-1004 2+ Results

in the D. punctataAST sequence; [4]). Although a DNA 2.1. Isolation and sequencing of the cockroach AST gene
fragment of approximately 600 nucleotides was expecteo?Od'”g region

generated fragments varied in size with each genome teste@ihe coding region foB. craniifer, B. orientalis B. ger-

All fragments were gel purified (Sephaglas kit; Pharmacia)ymanicaandS. longipalpapreproAST was obtained through
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S.longipalpa TAAAACGTCACCTTCAGTCC-~~~~~! TTGTGAT—=~====~~ GTAA--~ATTA--—-~-~~ CTGT~~======== 39
B.germanica -AAAG GTGAT GTAAT~-ACTT GGT 22
B.orientalis GTA 3
B.craniifer TTAACACATTCTCATATTTTCTGTAGTACATCTTTGAGGACAAGGTATAAACAGAAACGCTTTGTAGGGATAATTGTGATACGATTTTAGTAGGTTATTATGCACTCGCTCATATAGATA 120
*kk
{
S.longipalpa ---TTTTTGA----GTTTG---AGCATTCTAATAATATAACTATTCTCTCTATTGCAGGT-CCAATGCCTGACTCGAGGACGTGCATTTCCCTGCAGGCTGTCCTTCTTCTAGCCCTGCT 148
B.germanica ==-ATATTTACA-~GTT~=~~-~ GCCTT TCTTCT TTGCAGAAACCAATGCCAGGCCCAAGGACGTGGTATTCCCTGCAGGCAGCGCTTGTCCTCTCCCTGCT 113
B.orientalis AATG 7
B.craniifer CTAATAATGCCATTATTACTCAAGCCTTT~~G=======~== TTTGCTTTTGATTTCAGAAACCAATGCCAGGTCCGAGGACGTACATCACTCTTCCGGCGGCTCTTCTGCTAGTCCT-CT 228
*
S.longipalpa TCTGCAACTTGCAAACTCAGCATTTGGAACGGCAACCGCACCTGC! TCTCC! AAGAAGCTTCCTCCAACGCTGGATCTGAACTTTTGTCCCACCTAGAAGATT -~~~ 255
B.germanica GCTGAAACTCAGCTCCTCAGCATTTGCAAC--~AACCACCTCTGCTGGAACGCATGCTGTCCAGGAAGAATCTTCTGC! GGA AGAGATCTTGCCGCGCCTCGAGGAACT-~~ 227
B.orientalis ATCTC TCCGA. 19
B.craniifer ~=TGAGTCTCAGTACCACAGCACTGGGAACAGCCACTGAGCCTTC. CACG AGGAATCTCCTGC! GCAGAACTTCTTCCGCATCCAGAAGAACTCTC 337
* kk *
S.longipalpa ----- CGGAAAACCCGGAATTGGATTTCGTAAAACGGCTTTACGACTTCGGACTTGGGAAAAGAGCCTACAGTTATGTGTCTGAGTACAAACGCCTGCCAGTCTATAATTTTGGACTAGG 370
B.germanica ==-AGCAGACAATTCGGAACTGGACTTAGTAARAGCGTCTTTATGATTTCGGACTTGGGAAAAGAGCCTACAGTTATGTATCAGAGTATAAGCGCTTACCAGTTTACAATTTTGGCCTTGG 344
B.orientalis TGGATTTTATTAAACGCCTTTACGATTTCGGACTTGGCAAACGGGCCTACAGCTACGTCTCCGAGTACAAGCGACTACCGGTTTACAATTTCGGCCTAGG 119

B.craniifer AGCATCAGATAATTCTGATCTCGAGTTTGTAAAACGCCTTTACGACTTTGGACTGGGAAAACGCGCCTACAGTTATGTATCTGAGTACAAGCGCTTGCCAGTCTACAATTTCGGACTCGG 457
* ok kk ok ok kk kkkkk Rk ok kkkkk Rk Rkk ok KkkkRRRN Rh kk Rk khkkk kk Kk ok Ak ok kk Whkkk Kk kK RN

S.longipalpa GAAACGAAGTAAAATGTATGGTTTCGGCCTTGGTAAGAGAGCGGGTAGTGACAGCAGATTGTATTCATTTGGCCTAGGARAACGCGACTATGACGATTACTATGAAGAGGACGAAGACGA 490
B.germanica TAAGCGAAGCAAGATGTACGGTTTCGGACTGGGCAAACGCGCAGGCAGTGATGGAAGACTGTACTCGTTTGGCTTAGGCAAACGTGATTATGATGATTACTACGGAGATGATGACGAAGA 464
B.orientalis AAMAAGGAGCAAGATGTACGGTTTTGGTCTGGGTAAACGATCAGGAAACGACGGCAGGTTATACTCTTITCGGCTTGGGCAAGCGTGATTATGACGACTA-TATTCAR-~GAAGATGAAGA 236

B.craniifer  AAAAAGAAGCAAAATGTACGGGTTCGGCCTTGGAAA--GAGA--GA----- TGGCAGAATGTATTCTTTTGGATTGGGCAAACGTGACTATGACTATTA-TGGG~~~~~ GAAGATGAAGA 562
*h ok kk kk RRRRK Kk Ak Kk Kk Kk kK * * okk ok kk kk Kk kk ok Rk kk Kk Kk kkkhk Kk kk ok Tk KK kK KK
S.longipalpa AGATCAGCAGTCAAGTGGGG---AAGATATTGATGACTCCGATGCA-GT CTCGTCGATAAACGT TTTACTCCTTCGGCCTAGGTAAGAGAGCAAGACCTTATAGCTTCG 606

B.germanica GGATCACCAGACAAGTGCAGATGAAGACATTGAAGATGCTGACTCG-GTTGATCTTATGGACAAACGAGATCGGCTTTACTCTTTCGGCTTGGGCARAAAGGGCAAGACCTTACAGTTTTG 583
B.orientalis CGAAGACATCTCGAGTGGAGACGACGATGA-GACAACTCTGA-GTACGAAGACCTTATGGATAAGAGAGACAGAATGTATTCTTTTGGGCTAGGCAAGAGAGCAAGGCCTTACAGCTTCG 354
B.craniifer TGATCAGTTAGCARATGGAGATGAAGACATTGAAGATTCTGAAGTA~-GGAGACCTTATAGATAAACGTGATCGATTGTATTCATTCGGTCTTGGCARGAGGGCAAGGCCTTACAGTTTTG 681

* ok * * ok ok * * kk *k * * kk * kk kK * kk hk * kk * * kk kk kk kK * kk kk ko kkkkk hhkkk kk kk Kk
S.longipalpa GATTAGGCAAACGAGCCCCTTCCTC GTACAGC T TTTTGGTCT AACGTGGAGGT---TCACTCTACAGTTTTGGTCTTGGGAAGAGAGGAGGCGGCCGACTTT 723
B.germanica GATTGGGAAAACGTGCACCGTCTTC---AGCGCAGAGACTTTATGGATTTGGTCT AACGTG--~ TCTGTACAGCTTTGGCCTGGGCAAACGAGCTGGAGGTCGTCTTT 691
B.orientalis GACTAGGAAAGAGAAGTCCTTCG---GGAATGCAACGATTGTACGGCTTCGGTCTTGGCAAGCGTGGAGGA ---TCCATGTACAGCTTCGGACTTGGAAAACGTGCAGATGGTAGATTGT 468
B.craniifer GATTAGGCAAACGAGCTCCATCG---GGAACTCAGCGCCTATATGCCTTTGGTCTTGGCAAGCGAGCAGGAAGTTCTCTCTACAGCTT TTGGAAAACGAGGTGAAGGCCGGCTTT 798

kk ok kk kk * *h kk * *k * * kk ok kk kkkkkkkk hk kk & * * kkkkk ok kk kk kk kk * * * *k * * %
S.longipalpa ATGCCTTTGGAT AAGAGGCCTGTCAACTC AGGCAGAC CGTTTCAATTTCGGTCTCGGTAAGAGGTCA TTCGATCT 820

B.germanica ACTCATTTGGACTTGGGAAGAGACCTGTGAATTCTGGAAGACAGTCTGGAAGCCGTTTCAACTTTGGACTTGGARAGAGGTCTGATGATTTTGATATTAGAGAACTGGAAGGTAAATTTG 811
B.orientalis ACGCTTTTGGCTTAGGCAAGAGACCGGTCAGCTCTGCACGACAGACTGGAAGCCGGTTCAACTTTGGTCTAGGCARACGATCAGATGAAATCGACCTCARAGGARATCGAGGAGGAGATCG 588

B.craniifer ATGGTTTTGGTCTGGGTAAAAGGCCTGTAAACTCTGGACGATCTTCTGGAAGCCGATTCAATTTTGGTCT AGAGATCAGAAGATATCGAC ACTTAGAAGAGAAGTTTG 918
* (22223 * kk kk kk kk Kk ¥ hhkkk k ok * kk kkkkk kkkkk ok hk kk kk kW * kk kk hok * kk *
S.longipalpa -AGAAGAAGACAA TTCCTCAGGACCACAGGTTTGCTTTCGGTCTAGGAARGAG-GARGTTGCACCC, TATAGAGGCTGTGAGGGACGAAGAGAAGGACAATGAATCGGAA 938
B.germanica  CAGAAGAGGACAAGAGATCCCCTCAAGAACACAGGTTTTCCTTTGGTCTTGGAARGCGAGAAGTTGCTCCAAGTGAAT-TGGAAGCTGTGAAGAATGAAGARARGGACAGTG--TC--~~ 924
B.orientalis CTGAGGAAGGAAAGAGGTCCCCACAGAGTCACAGGTTCTCTTTCGGTCTTGGCAAGCGAGRAAGTTGCTCCCAGCGAGT -TGGAGGCTGTARGAAATGAGGAAAGGGACARAG-~G- 700
B.craniifer CAGAAGAAGAAAAGAGGTATCCTCAAGAACATAGGTTTGCCTTTGGTCTTGGAAAGCGTGAAGTGGCACCCAGTGAAC-TCGAAGCCGTGAAARATGAAGAGAGGGACAGCG-—C-—~—~ 1030
*k kk Kk *khkk * *k kk *k kkhokk * kk kkkkk kk hkk ok hkkkk kk kk ko hk * kk kk kk ok * kk kk ok hkkh ok *
S.longipalpa TCCA-AGGATGTGTCTGTTCAGGAGA---AAAAGA-----. ACA----=--= GCAC--CACC-~-~-= GGAGAGAGAGTCAAGAGAAGTCTT -~~~ TCCGCTTCCCCTTACGACACA--~ 1025
B.g ica  TCCA-ACCAGG--------- AAAAGA---AAAACAAT---ACTAATGA--TGCACA-CATCCATAATGGGGAGAGAGTAAAGAGAAGTCTTCACTATCCTTTTGGATT TGGGARGCARGA 1025
B.orientalis TAAACATCAGG- -ATGAGACCAGGAAGAATGGAACATATGAATATCACCACACT GGGGAAAGAGTGAAGAGGAGCTTGCACTATGCTTTTGGG-TTAGG-~~CAAGA 801
B.craniifer  TTCAGTCCATG--~-------= ATAAGA---GARACAAC-~~ACAAATGACTTGCACT -~ ~CC GGCGAACGAATCAAGAGGAGCCTGCATTATCCTTTCGGGATTAGGAAGCAAGA 1126
* * * * * *okk *k ok *k *kk *h hk *k ok hkkkk kK * * ok * *k * *k
S.longipalpa TCAGCGTC-~AGAGGAAGATGT -~ ~~G= ==~ GATGAATTCGCCAGGCTCATTCGCAGACCGTTTAACTTCGGGCTTGGAA 1095
B.germanica T------- TCTGGATTTGATTTACACTC - -GTCGTCCCTCAGCAGCGAAGAGAACGATGACATCGGTCCTGAAGAATTTGCAAGGATGGTCCGTCGGCCATTTGAATATGCTCGCCARR 1135
B.orientalis GGGGGGCCTCGCCCTATGATTTTGAATCGTCACCGTCATTTGAGAGCGATGAGGATGAGGARATGGGCACAGATGAATTTTCAAGGCTTATTCGTCGACCATACAACTTTGGGCTTGGTA 921
B.craniifer A------- TCTTCCTATGACCTCAATTCCGCGTCGTCACTCAACAGTGARGARAATGACGACATCACTCCTGAAGAATTCTCGAGGATGATCCGTCGACCTTTCAATTTTGGTCTCGETA 1239
* *k * kk k ko kkkkk * kkk * *k * Kk ok * ok * * *
S.longipalpa AACGAATCCCCATGTATGATTTTGGTATTGGARAGAGATCAGAACGCtaaA A CTT--~~-CARACATGCT---—--~- ACCAGGCAATGAATTAACTCTCT 1183
B.germanica  AACAAGTTCCAATGTATGATTTTGGTATAGGAAAGAGATCAGAGCGTtaaAGTTTGGTTCATTGATTAACCACTTATTTTCAAACACCATTACAACCACCAGGCAATGA--TAACTCTC- 1252
B.orientalis AACGGATCCCGATGTATGACTTTGGTA 948
B.craniifer  AACGAATTCCCATGTATGATTTTGGTATAGGARAGAGATCAGAGCGTtaa 1289
*kk * kk khkhkhhkk ok kkk ok
S.longipalpa CCTTCCATGCCTAATAA-TAARAACAAAACCTTGAAT 1219

B.germanica =CTTCCATGCCTATGAAGTAACAAAAAAACCTTAAATGCTGACTCTTAATGTACAGAACATGAAACAAATTAATAAATGCCACATGTTGGCATTGATATGTATTGTGAAAAATAGAACAC 1371

S.longipalpa TG T 1223
B.germanica AGAACTTTGGGCTGTTCCTTTCATTCCTATAGATCGTTAGTTTGTCCATGTTTACTCATTTGCTATACAATTACATCCAAGTGAATATAARATGTTCGATCTGTCTGTCGCCTTCTGTAT 1491

B.germanica GTGAAATGTAAATCT 1506

Fig. 1. Nucleotide sequences of the AST precursdBlatta orientalis, Supella longipalpa, Blattella germanica and Blaberus craniifer.
Sequences were aligned using the program Clustal W. Sequences that are identical in all four species are indicated with an asterisk.
downward arrow indicates the position of the start codon and termination codons are shown within the sequence in non-capital letters

the PCR of genomic DNA templates (Fig. 1). Previoustiguous in the region encoding the preproAST precursor.
comparison oD. punctataandP. americanagenomic and This appears to be a conserved feature as alignment of
cDNA sequences [4] revealed that the sequence was cogenomic sequences (Fig. 1) suggests that introns are not
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Fig. 2. Schematic organization of the cockroach AST precursor. The precursors begin with a hydrophobic leadd# tegiois
presumably cleaved by signal endoproteases. The individual ASTs that are numbered according to their position relative to thi
NH,-terminus in the precursor are shovill.Acidic regions are indicated@ Sequences (GKR) required for COOH-terminal amidation

and processing are also indicatediThe positions and sequence of mono- and dibasic endoproteolytic cleavage sites are indicated for each
species.

present within the coding regions of the other pre-and fourteen inP. americanaand B. orientalis We have
proASTS. used a homologous system of numeration for the ASTs
within the precursor of each species (Fig. 2), allowing direct
2.2. Structure and organization of the cockroach AST  comparison of amino acid sequence information at equiva-
precursor lent peptide positions within each precursor without requir-
The AST precursors of all species are similar in size (350 tang the assumed production of a functional peptide.
379 amino acids). The lowest degree of amino acid identity Four peptides, AST 1, 2, 3, and 6 are identical in both
exists in the NH-terminal region preceding the first dibasic sequence and position for each species examined. Interspe-
cleavage site (Fig. 2 and 3). The position of the acidiccies comparison of the remaining ASTs reveals that there
spacer regions that appear to separate the AST peptides inftave been conservative amino acid substitutions that have
distinct groups are also conserved between species. Amaintained either the hydrophobic or aromatic nature of the
though the acidic character has been maintained in thegmosition. ASTs at positions 4, 7 and 8 have at least one
domains, the sequence identity is limited (Figs. 2 and 3)species-specific N-terminal extension. In all species, Lys-
The AST peptides follow the first dibasic endoproteolytic Arg is adjacent to the NH2-terminus of AST 1, 5, 11 and 12.
cleavage site (Fig. 2). There are thirteen potential ASTs inThese putative peptides follow either the leader region or an
D. punctata S. longipalpa B. craniifer, andB. germanica acidic spacer region (Fig. 2). In all species, AST 13 is
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Fig. 3. Alignments of the preproAST amino acid sequences in the six cockroach spectshstdcerca gregariarhe PILEUP program

from the GCG package was used, and results were displayed by SHADEBOX, from the same package.

preceded by a unique Arg-Arg endoproteolytic cleavagegregaria In all cases, we found a high degree of similarity
and identity among the cockroach species and also between
34a-amidation of the COOH-terminal cockroaches an8. gregaria Table 1 summarizes the per-

site.
ASTs require

amino acid for biologic activity [25]. Immediately follow-

centage of identity and similarity using the amino acid

ing the COOH-terminal amino acid of each potentially sequences, and Fig. 3 shows the alignment of these se-
functional AST is the sequence Gly Lys-Arg required for quences.
species as the appropriate Gly Lys-Arg required for amidaghe ouigroup. Initially, we analyzed the amino acid se-

tion and processing that is presentHnamericanaand B.
orientalis, has been altered iB. craniiferandD. punctata

guences, using the alignment shown in Fig. 3, and only one
most parsimonious tree requiring 1,098 steps (Fig. 4left)

to the sequence Arg-Lys. Endoproteolytic cleavage of thi%/vas obtained. The consensus tree constructed from boot-
site would result in a non-amidated peptide (Fig. 3). AST12

is absent within the precursor 8f longipalpaAs well, the
COOH-terminal sequence and processing signdd.ojer-
manicaAST12 is different in that the peptide would termi- TaABLE 1

nate in Phe-Gly Phe-NH2 if the single Lys or Lys-GIn is

recognized as a processing substrate. Similarly, the utiliza- Blo
tion of Lys or Lys-GIn following B. germanicaAST13 o _
would release a seven amino acid non-amidated peptidg.g 98.7
(Figs. 3 and 5). Alternatively, in the absence of cleavageBlg 82.5

the combination of AST13 and 14 would result in a 175U 81.3

. . . . . . C
amino acid peptide. It is uncertain whether these sites argip 84.0

utilized in vivo.

2.3. Sequence alignments and parsimony analysis of
cockroach AST precursor

Pea Blg Sul Blc Dip Scg
98.4 73.1 76.4 73.6 74.9 66.7
- 69.0 73.5 72.2 73.3 59.4
77.5 - 72.0 78.6 78.4 71.0
78.5 77.2 - 73.4 73.8 62.2
83.4 80.9 84.4 79.0 — 90.2 66.5
81.7 83.3 78.4 93.8 - 66.5
Scg 72.5 64.3 74.6 66.2 71.2 73.5 -

Degree of identity (on the right) and similarity (on the left) between the 6 species
of cockroach herein studiedBlatta orientalis blo, Periplaneta americanapea,
Blattella germanicablg, Supella longipalpasul, Blaberus craniifer bic, Diploptera

Alignments were carried out with nucleotide and amino acid)unctata dip),and between the cockroaches and the orthoptchistocera gregaria

sequences, using the six species of cockroachesSand

The BESTFIT program from the GCG package was used.
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Schistocerca gregaria

Supella longipalpa

——  Blattella germanica
100 99 L[ Diploptera punctata 93
100 Blaberus craniifer 100 100
100
[ Periplaneta americana
100 Blatta orientalis 100
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the amino acid or the nucleotide sequences, particularly for
the more external branches of the trees, only the results from
the amino acid sequence analyses will be described in more
detail.

With the sequences from. orientalisandP. americana
we obtained three equally parsimonious trees requiring 97
steps, three trees of 103 stepsBorgermanicafifteen trees
of 120 steps folS. longipalpasix trees of 102 steps fd.
craniifer, and nine trees of 101 steps fDr punctata The
comparison of the 39 most parsimonious trees of the six
species (Fig. 7 shows a tree example for each species)
indicates that the topology is similar in all cases, and iden-

Fig. 4. Parsimony analysis of the amino acid sequence (left) angicy) trees can be found for more than one species (as in the

nucleotide sequence (right) of preproAST in six cockroach specie
usingSchistocerca gregarias an outgroup. The PROTPARS and

S

pairsB. orientalisP. americanaor in B. craniifer-D. punc-

DNAPARS programs from the PHYLIP package were used re-atd). The bootstrap analysis (Fig. 8) shows that, in general,

spectively. The trees represented are the most parsimonious, r
quiring 1,098 steps (left) and 2,114 steps (right). Values from

e_

bootstrap analysis (100 replications using SEQBOOT, from the

PHYLIP package) are also indicated.

strap analysis had an identical topology and the bootstrap

values were high (99-100) in all nodes.
Additionally, we used the corresponding nucleotide se

qguences (also aligned with the PILEUP program, notblec2
shown), and we similarly obtained only one most parsimo- P

nious tree requiring 2,114 steps (Fig. 4, right). In this cas

the consensus tree from bootstrap analysis had a slightlylgz

different topology [interestingly, it was identical to that

resulting from the amino acid sequences analysis (Fig. 43ip3
left)], and only the bootstrap values corresponding to cOmvica

mon nodes have been indicated.

2.4. Molecular evolution of cockroach ASTs
The organization of the AST polypeptide precursor in the

six species of cockroaches (Fig. 2) is strikingly similar. Also giog
striking is the high degree of similarity of the AST se- p1es

guences corresponding to equivalent positions in the pre
cursor (Fig. 5). When all of the individual ASTs were
compared, the PROTPARS program gave 50 equally parsi

peal pea8 ~[ecleliVigayeiie
blol blo8s ~[JEeIgIne
blgl sul8 ~[eJepipgperfe
sull dip8 ~[leEingpyeine
blcl blg8
dip1 blc8
pea2 NENEHFIIINIRTITIN blgI &
blo2 INERAEIASEINANSNAIANe] sull &
blg2 INEFaEINSeINARd dINe] pead A
LS Y SYVSEYKRLPVYNFGLGERIEY] gDGRLYAFGLG
AYSYVSEYKRLPVYNFGLGEE-ERLME¢DGRLYAFGLG|
PIIAY SYVSEYKRLPVYNFGLGER BRI
CEXMS KMYGFGLG peall
pXINS KMYGFGLG blol0
SKMYGFGLG blcl0
sul3 Esuddeierfe dipl0
blc3 blgl0
sullo
blcll
dip4 dipll
pea4d sulll
blo4 peall
blg4 bloll
sul4d blgll
peas peal2
blol2
blcl2
dipil2
dip5 blgi2
sulb5 B sull2
peat [SIREIEINe peal3
blo6 LNSREPAINe blol3
ARPYSFGLG sull3
ARPYSFGLG blcl3

monious (165 steps) trees, the consensus of which is show’@ﬁ‘{g
in Fig. 6. All trees showed that the splitting of the sequenceszbiC6
occurred before the species diverged since all 50 trees tend
to group the equivalent sequences of different species (Figp

6).

. dip7
The data suggest that the fourteen AST sequences in thete
precursor were generated through a process of genetic dt?

ARPYSFGLG|
[JARPYSFGLG

dipl3
blgl3

ea7’ aPSGIl%‘IQRLYGFGLG peal4
bRV - P SGUQRLYGFGLG| blol4
blg7 ~ESE sull4
MAPSGINQRLYGFGLG blcl4
BIAPSGINORLYIXFGLG dip14
) NS G QRLYGFGLG blgld ¥V

plication, before the species separated from each other ifig. 5. Alignment of the AST-like sequences corresponding to
evolutionary time. In order to study the duplication event, aequivalent positions in the precursor in the six cockroach species
parsimony analysis of the fourteen AST or AST-like se-(Blatta orientalis blo, Periplaneta americanapea,Blattella ger-

guences was undertaken for each species. For this purpo

we again used the PROTPARS and DNAPARS programscO

anica blg, Supella longipalpasul, Blaberus craniifer blc, Dip-
ptera punctatadip). Gly as been used instead of BHn the
ase of sull2 and blgl3 the sequence in the equivalent position

for analysis of the amino acid and nucleotide sequencesyas used, although it is clearly different from a typical AST
respectively. Since we obtained similar results, with eithersequence.
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Fig. 6. Parsimony analysis of the 84 AST-like sequences of the six species of cockroaches herein studied (see sequences in Fig. 5). T
PROTPARS and CONSENSE programs from the PHYLIP package were used. The tree represented on the left is a consensus of the
most parsimonious (requiring 165 steps) trees. That on the right is the consensus tree from the bootstrap analysis (50 replications usi
SEQBOOT, from PHYLIP package), where bootstrap values greater than 50% are indicated with asterisks. Abbreviations of the specie
are as in Fig. 5.
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I———_blo10 peall sul10
blo7 pea?7 r sul7
blo4 pea4 sul4
blo11 peali sull1
blo9 pea9 sul9
blo8 pea8 sul8

[blos [peo5 suld
- blo6 peab sul6
blo13 peall sul13
blo1 peal sull
blo12 peal2 sul12
blo14 peal4 sul14
blo3 peal sul3
blo2 pea2 sul2
big10 blc10 dip10
blg7 blc7 dip7
blg4 blc11 . dip11
big11 { blc9 | dip9
blg9 blc8 dip4
I:b195 blc4 dip8
blg6 blc5 dip5
u big8 blc€ dip6
big13 blc13 dip13
blg1 blc1 dip1
blg14 ble12 dip12
blg12 blc14 dip14
blg3 blc3 dip3
blg2 blc2 dip2

Fig. 7. Parsimony analysis of the fourteen AST-like sequences in each one of the 6 species of cockroaches herein studied (see
sequences in Fig. 5). The PROTPARS program from the PHYLIP package was used. Different equally parsimonious trees were
obtained for each specieB.(orientalisandP. americama: 3 trees of 97 step&. germanica3 trees of 103 steps. longipalpa

15 trees of 120 step8. craniifer. 6 trees of 102 step®. punctata 9 trees of 101 steps). The trees represented have been chosen
among the most parsimonious to show the similarities in topology. Abbreviations of the species are as in Fig. 5.

the more external branches are the most consistent. Hovecommon features. Firstly, the precursors are remarkably
ever, discrepancies are found in AST &8ngermanicaand  similar in size, and the organization of the peptides within
AST 4 in B. craniiferandD. punctata which occupy more the precursor is conserved. The separation of peptides into
internal positions in comparison to topologies correspondgroups by acidic domains is maintained. ASTs 1, 2, 3 and 6
ing to B. orientalis P. americanaand S. longipalpa This  are identical in all species examined in both sequence and
suggests that the method places too much emphasis on siggsition within the precursor. The significance of this con-
differences between the ASTs. servation with respect to biologic activity is unclear. How-
3. Discussion ever, AST 2 is the most effective inhibitor of in vitro JH
The acquisition and alignment of the sequences for théiosynthesis irP. americanaEDso = 7.0 X 109 andD.
preproAST in six cockroach species has revealed severgunctata(l1.4 X 10 1% [2]. AST 1 and 3 are poor inhibitors
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blo10 peall sul10
100 blo7 pea7 Tooll sul?7
92 blo4 pea4 91{ sul4
blo11 peali sul11
blo9 pea9 sul9
blo8 pea8 sul8
bloS pead suld
- blo6 peab ] sul6
blo13 peal3 sul13
blo1 peal sull
blo12 peal2 sul12
blo14 peal4 sul14
blo3 pead sul3
blo2 pea2 sul2
big10 blc10 dip10
100 blg7 100 bic7 100 dip7
96 blg4 iy blc11 03 dip11
59 blg11 blc9 s6 dip9
o blg9 blc8 o dip4
blg5 blc4 dip8
blg6 blc5 2 dip5
- blg8 blc6 - 16 2L dips
blg13 blc13 dip13
big1 blc1 8L dip1
big14 blc12 dip12
blg12 blc14 dip14
big3 blc3 dip3
big2 blc2 dip2

Fig. 8. Bootstrap analysis of the fourteen AST-like sequences in each one of the six species of cockroaches herein studied
(see Fig. 7). The SEQBOOT, PROTPARS and CONSENSE programs from the PHYLIP package were used (100 replica-
tions). Abbreviations of the species are as in Fig. 5.

of JH biosynthesis in both specid3. punctataASTs 1, 2, [30]. The greatest variation appears to reside in AST 12, in
3 and 6 rank poorly as inhibitors of proctolin-stimulated which the sequences required to generate a functional AST
hindgut muscle contraction [2]. Differences between equiv-are present only foP. americanaandB. orientalis For the
alent ASTs in different species occur primarily in MH remaining cockroaches, the processing signals appear to be
terminal sequence. These subtle changes may have pralered such that a functional peptide may not be expressed.
found effects on activity by altering receptor affinity or S. longipalpais an exception, as the coding region rather
specificity [4]. AST 7 inD. punctataand P. americana than just the processing signal for AST12 appears to have
differs by 2 amino acids near the N#erminus and shows been removed.

2-3 orders of magnitude greater inhibition of JH biosynthe- The comparative analysis of the AST precursor in the six
sis in the same species than in the reciprocal species [30ockroaches studied, has allowed some phylogenetic infer-
Developmental sensitivity to the two species-specific AST7ences. In this sense, and as antecedents, the most widely
sequences was also found to vary in the two cockroachessed phylogeny of cockroaches is that proposed by McKit-



20 X. Belles et al. / Peptides 20 (1999) 11-22

S S <
@Qp\ & vb\ \>>° s
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Zetoborinae Epilomprinae 07.6
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Nyctiborinae Pycnoscelinae

Blattellinoe BLATTIDAE

Plectopterinoe Polyzosteriinae

Anaplectinae Blottinae

Lomproblattinae
POLYPHAGIDAE

) CRYPTOCERCIDAE
Holocompsinae

Cryptocercinae
Polyphaginae

Fig. 9. Phylogenetical ordering of cockroach families based on: A. morpho-ethological characters [16]; B. the sequence of mitochondria
12S rRNA gene [11] and C. morpho-anatomic characters [10].

trick [16], based on morpho-ethological characters. Sheuences of the AST precursor seem phylogenetically infor-
divided the Blattaria into two superfamilies: Blaberoideamative.
and Blattoidea, and five families: Polyphagidae, Blattellidae Another interesting point emerging from the analysis is
and Blaberidae (included in the Blaberoidea), and Blattida¢he segregated position & longipalpain each of the two
and Cryptocercidae (Blattoidea). Recent phylogenetic anakrees (Fig. 4), this supports the notion of an independent
ysis based on the sequence of the mitochondrial 12S rRNAamily proposed by Grandcolas [10] for Pseudophyllo-
gene [11] has provided general support for this scheme [16Hromiidae. However, our results (nucleotide-based cla-
Conversely, cladistic approaches using morpho-anatomidogram; Fig. 4, right) reveal th&. longipalpaappears as
characters [10] have divided the Blattaria into 6 families:the sister-group of the BlaberidaeBlattellidae, whereas in
Blattidae, Polyphagidae, Anaplectidae, Pseudophyllodromithe phylogeny proposed by Grandcolas [10], the Pseudo-
idae, Blaberidae and Blattellidae. The later phylogeny [10]phyllodromiidae clusters with the Blaberidae, and both ap-
agrees in part with that of McKittrick [16], but isolates the pear as the sister group of Blattellidae (Fig. 9). Unfortu-
Pseudophyllodromiidae =( Plecopterinae, considered as nately, the phylogenetic analysis inferred from
subfamily of Blattellidae by McKittrick) as an independent mitochondrial 12S rRNA gene sequences [11] did not in-
family, and considers Cryptocercidae as synonymous witltlude any species of Pseudophyllodromiidae. In any case,
Polyphagidae (Fig. 9). the topology of our nucleotide-based dendogram (Fig. 4,
Our phylogenetic analysis using the amino acid se+ight) explains the evolution toward viviparity in a more
guences of the AST precursor gave a single most parsimgarsimonious way. Accordingly, oothecal rotation preced-
nious tree (Fig. 4, left), whereas the corresponding nucleoing oothecal retraction [21] would have appeared only once
tide sequences also gave a single, slightly different mosih evolution, in the branch leading to BlaberidaeBlattel-
parsimonious tree (Fig. 4, right). The only difference be-lidae, whereas in the scheme of Grandcolas [10] it appears
tween the two trees is the position 8f longipalpawhich  twice (in Blaberidae and in Blattellidae) by convergence,
appears as a sister group of the remaining cockroaches Bince the Pseudophyllodromiidae do not rotate the ootheca.
the amino acid-based cladogram, and as the sister group of The comparison of the structure and organization of the
the other three Blaberoidea in the nucleotide-based claAST DNA in the six cockroaches species, the alignments of
dogram. This second tree is more congruent with the curthe preproAST sequences, and the results of the parsimony
rently accepted cockroach phylogeny in that the two specieanalysis all suggest that the fourteen AST sequences in the
of Blattoidea are clustered together, and appear as the sisterecursor were generated through a process of internal gene
group of the four Blaberoidea (Fig. 9). Although our anal- duplication [12,13] which occurred before the species di-
yses were limited to a few representatives of Blattidde ( verged. This means that the different AST sequences in the
americanaand B. orientali§, PseudophyllodromiidaeS( same gene are paralogous (derived from a duplication
longipalpa, Blattellidae B. germanicaand BlaberidaeR.  event), whereas the corresponding genes in different species
craniifer and D. punctatg, the data provided by the se- are orthologous (derived from a speciation event) [9]. More-



X. Belles et al. / Peptides 20 (1999) 11-22 21

over, knowing the precursor sequence in six species dfl2,13], leading to intragene families of peptides. One of the
cockroaches provides the opportunity to study the duplicabest known cases of an intragene family is that of the
tion event. If, as postulated, the history of duplication hadFMRFamide peptides, whose genetic organization have
been the same in all six species, then the parsimony analysieen studied in mollusc#\plysia [22,27]; Lymnaea[14]),
of the fourteen AST-like sequences in each of these speciaseematodesGaenorhabditis[20]) and insectsProsophila
would result in trees with the same topology. Although our[17,23]; Lucilia and Calliphora [6]). However, even in the
analyses did not give a single common tree for all cockroaclease of the thoroughly studied FMRFamides, the physio-
species, many trees had similar or identical topologies fotogical significance of such a diversity of related peptides in
some species, which supports the hypothesis of a commaasingle precursor [see, for example, 22]) remains uncertain.
process of internal gene duplication for all species.

ASTs provide a good example of a set of peptides withacknowledgements

similar sequences which derive from a single precursor. ) . )
ded b inal This represents the most ba Financial support from DGICYT, Spain (project PB95-0062) (XB), and
encoded by a single gene. Ini p Ratural Sciences and Engineering Research Council of Canada Grants

category of DNA duplication, internal gene duplication OPG0036481 (WGB) and A9407 (SST) is gratefully acknowledged.
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