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Abstract
Allatostatins (ASTs) of the Tyr/Phe-Xaa-Phe-Gly Leu/Ile-NH2 family 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 cockroaches, Blatta orientalis, Blattella germanica, Blaberus
craniifer and Supella longipalpa. The sequences obtained are similar to those of Diploptera punctata and
Periplaneta americana reported 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 orthopteran Schistocerca
gregaria as 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.
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sequence Tyr/Phe-Xaa-Phe-Gly Leu/Ile-NH2. Further studies have demonstrated that these peptides have functions
beyond their known role as inhibitors of JH biosynthesis. In
D. punctata, ASTs are potent inhibitors of muscle contraction [25] and they are synthesized in, and potentially secreted from, a population of granulated hemocytes [24]
suggesting additional functions. In B. germanica, ASTs
impair vitellogenin release by the fat body, presumably by
inhibiting the process of vitellogenin glycosylation [15].
Molecular characterization of the AST genes in D. punctata [5] and P. americana [4] has revealed a similar organization between the polypeptide precursors. The AST pep-

JUVENILE hormones (JHs) are sesquiterpenoids that play
critical roles in the control of insect development and reproduction. The rate of JH biosynthesis in different insect
species appears to be regulated by stimulatory and inhibitory peptides, the allatotropins and allatostatins (ASTs) respectively. These factors originate principally in cells of the
brain and are transported via nerves to the corpora allata, the
site of JH biosynthesis and release. Several ASTs have been
purified from cockroach species including seven from Diploptera punctata [31,32,19], four from Blattella germanica
[1], and two from Periplaneta americana [30]. The ASTs
from each of these species share a core COOH-terminal
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tides of both species are not only similar in sequence but
also have conserved locations within their respective precursor. Comparison of the precursors in different species
should be phylogenetically informative, and also the analysis of different peptides within the same species should aid
in our understanding of the process of peptidic diversification.
In order to have a more representative sample of the most
important families of cockroaches, we have characterized
the AST genes of B. germanica (Blattellidae), Blatta orientalis (Blattidae), Supella longipalpa (Pseudophyllodromiidae), and Blaberus craniifer (Blaberidae). These have been
analyzed and compared with those previously reported of
the Blattidae, P. americana [4], and the Blaberidae, D.
punctata [5], and with the homologous AST-like precursor
from the Orthopteran, Schistocerca gregaria [28], used as
an external group. Although gene sequences of ASTs from
the Dipterans Calliphora vomitoria, Lucilia cuprina [7] and
Aedes aegypti [29] have been reported, they were not included in our analyses as Dipterans bear a distant relationship to cockroaches and locusts.
From a systematic-phylogenetic standpoint, the results
obtained are comparable to the cockroach classifications
currently in use, from the classic scheme proposed by McKittrick [16], to the more recent ones based on either
morpho-anatomic data [10] or DNA sequence of mitochondrial ribosomal RNA genes [11]. In addition, the analysis of
the different ASTs within each precursor provides clues as
to how this diverse intragene family of peptides has evolved.
1. Methods
1.1. Animals
All cockroach species were maintained on Purina lab chow
and water at 27°C 12 h:12 h light:dark cycle until use.
1.2. Isolation of genomic DNA
High molecular-mass DNA was isolated from each cockroach species by grinding 10 individuals under liquid nitrogen, then resuspending the ground powder in 6 mL of 10
mM Tris-HCl, pH 8.0, 60 mM NaCl, 10 mM EDTA, 0.15
mM spermidine, 0.15 M spermine and 5% (mass/vol) sucrose. Sample processing was then as described [4].
1.3. Polymerase chain reaction (PCR)
Alignment of D. punctata and P. americana AST sequences
[4] revealed conserved nucleotides where primers were designed to amplify a core sequence from each heterologous
genome. The upstream primer 59AAGCGACTTTACGACTTC39 (nucleotides 381–398 in the D. punctata AST
sequence; [4]) was used with downstream primer 59TCCTTACTGCTTCAAGTTCACTGG 39 (nucleotides 980-1004
in the D. punctata AST sequence; [4]). Although a DNA
fragment of approximately 600 nucleotides was expected,
generated fragments varied in size with each genome tested.
All fragments were gel purified (Sephaglas kit; Pharmacia)

and sequenced on both strands with the Taq DyeDeoxy
Terminator Cycle sequencing kit (Applied Biosystems). Inverse PCR [18] was used to obtain the flanking sequences 59
and 39 to the core AST PCR fragment generated from each
genomic DNA template. Genomic DNA was digested with
the restriction enzymes AatII, BamH1, BsaHI, EcoRI, ClaI,
HindIII, HpaII, MseI, RsaI, ScaI, SpeI, SstI and XbaI, then
purified by two phenol/chloroform (24:1) extractions, 2
chloroform extractions and ethanol precipitation. Approximately 200 ng of purified DNA from each reaction was
circularized using T4 DNA ligase in a 40 ml reaction volume at 12°C overnight. PCR amplification of a 15 ml aliquot
from each ligation reaction was done as above, using 15 min
initial denaturation and 4 min extension times for 35 cycles.
Restriction digests that resulted in fragments were purified
and sequenced. The sequencing of multiple overlapping
fragments was performed in each case. DNA and protein
sequences have been deposited in the Genbank database (B.
germanica, accession no. AF068061; B. craniifer, accession
no. AF068062; S. longipalpa, accession no. AF068063 and
B. orientalis, accession no. AF068064).
1.4. Sequence comparisons and analysis
The nucleotide and amino acid sequences of the AST precursor were used for comparisons. In addition to the sequences from B. orientalis, S. longipalpa, B. germanica and
B. craniifer described in the present paper, we have used
those of D. punctata [5] and P. americana [4]. As an
external group, we have chosen the Orthopteran S. gregaria,
whose cDNA coding for the corresponding ASTs has been
reported [28].
Software from Genetics Computer Group (GCG, version
9.1), University of Wisconsin [3] was used for sequence
alignments. Percentage of similarity and of identity between
sequences was estimated with the application BESTFIT.
Sequence alignments prior to parsimony analyses were carried out with PILEUP, and were displayed with SHADEBOX and FIG.
Parsimony analyses were carried out with the Phylogeny
Inference Package (PHYLIP, version 3.57c) [8], using
amino acid sequences (PROTPARS) or nucleotide sequences (DNAPARS) [26]. For the analysis of the AST
sequences within the same precursor, we followed the jumble option, restarting the process 20 times. Bootstrap analyses were carried out with the application SEQBOOT in the
PHYLIP package, and the procedure was repeated 100
times unless stated otherwise. The resulting trees were used
to construct a consensus tree (estimated with CONSENSE).
2. Results
2.1. Isolation and sequencing of the cockroach AST gene
coding region
The coding region for B. craniifer, B. orientalis, B. germanica and S. longipalpa preproAST was obtained through
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Fig. 1. Nucleotide sequences of the AST precursor of Blatta 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. A
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). Previous
comparison of D. punctata and P. americana genomic and
cDNA sequences [4] revealed that the sequence was con-

tiguous in the region encoding the preproAST precursor.
This appears to be a conserved feature as alignment of
genomic 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 leader region s that is
presumably cleaved by signal endoproteases. The individual ASTs that are numbered according to their position relative to the
NH2-terminus in the precursor are shown. f Acidic regions are indicated. u Sequences (GKR) required for COOH-terminal amidation
and processing are also indicated. M The positions and sequence of mono- and dibasic endoproteolytic cleavage sites are indicated for each
species.

present within the coding regions of the other preproASTs.
2.2. Structure and organization of the cockroach AST
precursor
The AST precursors of all species are similar in size (350 to
379 amino acids). The lowest degree of amino acid identity
exists in the NH2-terminal region preceding the first dibasic
cleavage site (Fig. 2 and 3). The position of the acidic
spacer regions that appear to separate the AST peptides into
distinct groups are also conserved between species. Although the acidic character has been maintained in these
domains, the sequence identity is limited (Figs. 2 and 3).
The AST peptides follow the first dibasic endoproteolytic
cleavage site (Fig. 2). There are thirteen potential ASTs in
D. punctata, S. longipalpa, B. craniifer, and B. germanica

and fourteen in P. americana and B. orientalis. We have
used a homologous system of numeration for the ASTs
within the precursor of each species (Fig. 2), allowing direct
comparison of amino acid sequence information at equivalent peptide positions within each precursor without requiring the assumed production of a functional peptide.
Four peptides, AST 1, 2, 3, and 6 are identical in both
sequence and position for each species examined. Interspecies comparison of the remaining ASTs reveals that there
have been conservative amino acid substitutions that have
maintained either the hydrophobic or aromatic nature of the
position. ASTs at positions 4, 7 and 8 have at least one
species-specific N-terminal extension. In all species, LysArg is adjacent to the NH2-terminus of AST 1, 5, 11 and 12.
These putative peptides follow either the leader region or an
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 species and Schistocerca gregaria. The 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 cleavage
site.
ASTs require 34 a-amidation of the COOH-terminal
amino acid for biologic activity [25]. Immediately following the COOH-terminal amino acid of each potentially
functional AST is the sequence Gly Lys-Arg required for
amidation and processing [25]. AST 12 is variant between
species as the appropriate Gly Lys-Arg required for amidation and processing that is present in P. americana and B.
orientalis, has been altered in B. craniifer and D. punctata
to the sequence Arg-Lys. Endoproteolytic cleavage of this
site would result in a non-amidated peptide (Fig. 3). AST12
is absent within the precursor of S. longipalpa. As well, the
COOH-terminal sequence and processing signal of B. germanica AST12 is different in that the peptide would terminate in Phe-Gly Phe-NH2 if the single Lys or Lys-Gln is
recognized as a processing substrate. Similarly, the utilization of Lys or Lys-Gln following B. germanica AST13
would release a seven amino acid non-amidated peptide
(Figs. 3 and 5). Alternatively, in the absence of cleavage,
the combination of AST13 and 14 would result in a 17
amino acid peptide. It is uncertain whether these sites are
utilized in vivo.

gregaria. In all cases, we found a high degree of similarity
and identity among the cockroach species and also between
cockroaches and S. gregaria. Table 1 summarizes the percentage of identity and similarity using the amino acid
sequences, and Fig. 3 shows the alignment of these sequences.
For parsimony analysis, S. gregaria was always used as
the outgroup. Initially, we analyzed the amino acid sequences, using the alignment shown in Fig. 3, and only one
most parsimonious tree requiring 1,098 steps (Fig. 4left)
was obtained. The consensus tree constructed from boot-

2.3. Sequence alignments and parsimony analysis of
cockroach AST precursor
Alignments were carried out with nucleotide and amino acid
sequences, using the six species of cockroaches and S.

Degree of identity (on the right) and similarity (on the left) between the 6 species
of cockroach herein studied (Blatta orientalis: blo, Periplaneta americana: pea,
Blattella germanica: blg, Supella longipalpa: sul, Blaberus craniifer: blc, Diploptera
punctata: dip),and between the cockroaches and the orthopteran Schistocera gregaria
(scg).
The BESTFIT program from the GCG package was used.

TABLE 1

Blo
Pea
Blg
Sul
Blc
Dip
Scg

Blo

Pea

Blg

Sul

Blc

Dip

Scg

–
98.7
82.5
81.3
83.4
84.0
72.5

98.4
–
77.5
78.5
80.9
81.7
64.3

73.1
69.0
–
77.2
84.4
83.3
74.6

76.4
73.5
72.0
–
79.0
78.4
66.2

73.6
72.2
78.6
73.4
–
93.8
71.2

74.9
73.3
78.4
73.8
90.2
–
73.5

66.7
59.4
71.0
62.2
66.5
66.5
–
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Fig. 4. Parsimony analysis of the amino acid sequence (left) and
nucleotide sequence (right) of preproAST in six cockroach species,
using Schistocerca gregaria as an outgroup. The PROTPARS and
DNAPARS programs from the PHYLIP package were used respectively. The trees represented are the most parsimonious, requiring 1,098 steps (left) and 2,114 steps (right). Values from
bootstrap analysis (100 replications using SEQBOOT, from the
PHYLIP package) are also indicated.

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 B. orientalis and P. americana
we obtained three equally parsimonious trees requiring 97
steps, three trees of 103 steps for B. germanica, fifteen trees
of 120 steps for S. longipalpa, six trees of 102 steps for B.
craniifer, and nine trees of 101 steps for D. 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 identical trees can be found for more than one species (as in the
pairs B. orientalis-P. americana, or in B. craniifer-D. punctata). The bootstrap analysis (Fig. 8) shows that, in general,

strap analysis had an identical topology and the bootstrap
values were high (99 –100) in all nodes.
Additionally, we used the corresponding nucleotide sequences (also aligned with the PILEUP program, not
shown), and we similarly obtained only one most parsimonious tree requiring 2,114 steps (Fig. 4, right). In this case
the consensus tree from bootstrap analysis had a slightly
different topology [interestingly, it was identical to that
resulting from the amino acid sequences analysis (Fig. 4,
left)], and only the bootstrap values corresponding to common 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
striking is the high degree of similarity of the AST sequences corresponding to equivalent positions in the precursor (Fig. 5). When all of the individual ASTs were
compared, the PROTPARS program gave 50 equally parsimonious (165 steps) trees, the consensus of which is shown
in Fig. 6. All trees showed that the splitting of the sequences
occurred before the species diverged since all 50 trees tend
to group the equivalent sequences of different species (Fig.
6).
The data suggest that the fourteen AST sequences in the
precursor were generated through a process of genetic duplication, before the species separated from each other in
evolutionary time. In order to study the duplication event, a
parsimony analysis of the fourteen AST or AST-like sequences was undertaken for each species. For this purpose,
we again used the PROTPARS and DNAPARS programs,
for analysis of the amino acid and nucleotide sequences,
respectively. Since we obtained similar results, with either

Fig. 5. Alignment of the AST-like sequences corresponding to
equivalent positions in the precursor in the six cockroach species
(Blatta orientalis: blo, Periplaneta americana: pea, Blattella germanica: blg, Supella longipalpa: sul, Blaberus craniifer: blc, Diploptera punctata: dip). Gly as been used instead of NH2. In the
case of sul12 and blg13 the sequence in the equivalent position
was used, although it is clearly different from a typical AST
sequence.
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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). The
PROTPARS and CONSENSE programs from the PHYLIP package were used. The tree represented on the left is a consensus of the 50
most parsimonious (requiring 165 steps) trees. That on the right is the consensus tree from the bootstrap analysis (50 replications using
SEQBOOT, from PHYLIP package), where bootstrap values greater than 50% are indicated with asterisks. Abbreviations of the species
are as in Fig. 5.
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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 species (B. orientalis and P. americana: 3 trees of 97 steps; B. germanica: 3 trees of 103 steps; S. longipalpa:
15 trees of 120 steps; B. craniifer: 6 trees of 102 steps; D. 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. However, discrepancies are found in AST 8 in B. germanica, and
AST 4 in B. craniifer and D. punctata, which occupy more
internal positions in comparison to topologies corresponding to B. orientalis, P. americana and S. longipalpa. This
suggests that the method places too much emphasis on size
differences between the ASTs.
3. Discussion
The acquisition and alignment of the sequences for the
preproAST in six cockroach species has revealed several

common features. Firstly, the precursors are remarkably
similar in size, and the organization of the peptides within
the precursor is conserved. The separation of peptides into
groups by acidic domains is maintained. ASTs 1, 2, 3 and 6
are identical in all species examined in both sequence and
position within the precursor. The significance of this conservation with respect to biologic activity is unclear. However, AST 2 is the most effective inhibitor of in vitro JH
biosynthesis in P. americana (ED50 5 7.0 3 10210) and D.
punctata (1.4 3 10211) [2]. AST 1 and 3 are poor inhibitors
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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 replications). Abbreviations of the species are as in Fig. 5.

of JH biosynthesis in both species. D. punctata ASTs 1, 2,
3 and 6 rank poorly as inhibitors of proctolin-stimulated
hindgut muscle contraction [2]. Differences between equivalent ASTs in different species occur primarily in NH2terminal sequence. These subtle changes may have profound effects on activity by altering receptor affinity or
specificity [4]. AST 7 in D. punctata and P. americana
differs by 2 amino acids near the NH2-terminus and shows
2–3 orders of magnitude greater inhibition of JH biosynthesis in the same species than in the reciprocal species [30].
Developmental sensitivity to the two species-specific AST7
sequences was also found to vary in the two cockroaches

[30]. The greatest variation appears to reside in AST 12, in
which the sequences required to generate a functional AST
are present only for P. americana and B. orientalis. For the
remaining cockroaches, the processing signals appear to be
altered such that a functional peptide may not be expressed.
S. longipalpa is an exception, as the coding region rather
than just the processing signal for AST12 appears to have
been removed.
The comparative analysis of the AST precursor in the six
cockroaches studied, has allowed some phylogenetic inferences. In this sense, and as antecedents, the most widely
used phylogeny of cockroaches is that proposed by McKit-
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Fig. 9. Phylogenetical ordering of cockroach families based on: A. morpho-ethological characters [16]; B. the sequence of mitochondrial
12S rRNA gene [11] and C. morpho-anatomic characters [10].

trick [16], based on morpho-ethological characters. She
divided the Blattaria into two superfamilies: Blaberoidea
and Blattoidea, and five families: Polyphagidae, Blattellidae
and Blaberidae (included in the Blaberoidea), and Blattidae
and Cryptocercidae (Blattoidea). Recent phylogenetic analysis based on the sequence of the mitochondrial 12S rRNA
gene [11] has provided general support for this scheme [16].
Conversely, cladistic approaches using morpho-anatomic
characters [10] have divided the Blattaria into 6 families:
Blattidae, Polyphagidae, Anaplectidae, Pseudophyllodromiidae, Blaberidae and Blattellidae. The later phylogeny [10]
agrees in part with that of McKittrick [16], but isolates the
Pseudophyllodromiidae (5 Plecopterinae, considered as
subfamily of Blattellidae by McKittrick) as an independent
family, and considers Cryptocercidae as synonymous with
Polyphagidae (Fig. 9).
Our phylogenetic analysis using the amino acid sequences of the AST precursor gave a single most parsimonious tree (Fig. 4, left), whereas the corresponding nucleotide sequences also gave a single, slightly different most
parsimonious tree (Fig. 4, right). The only difference between the two trees is the position of S. longipalpa, which
appears as a sister group of the remaining cockroaches in
the amino acid-based cladogram, and as the sister group of
the other three Blaberoidea in the nucleotide-based cladogram. This second tree is more congruent with the currently accepted cockroach phylogeny in that the two species
of Blattoidea are clustered together, and appear as the sister
group of the four Blaberoidea (Fig. 9). Although our analyses were limited to a few representatives of Blattidae (P.
americana and B. orientalis), Pseudophyllodromiidae (S.
longipalpa), Blattellidae (B. germanica) and Blaberidae (B.
craniifer and D. punctata), the data provided by the se-

quences of the AST precursor seem phylogenetically informative.
Another interesting point emerging from the analysis is
the segregated position of S. longipalpa in each of the two
trees (Fig. 4), this supports the notion of an independent
family proposed by Grandcolas [10] for Pseudophyllodromiidae. However, our results (nucleotide-based cladogram; Fig. 4, right) reveal that S. longipalpa appears as
the sister-group of the Blaberidae 1 Blattellidae, whereas in
the phylogeny proposed by Grandcolas [10], the Pseudophyllodromiidae clusters with the Blaberidae, and both appear as the sister group of Blattellidae (Fig. 9). Unfortunately, the phylogenetic analysis inferred from
mitochondrial 12S rRNA gene sequences [11] did not include any species of Pseudophyllodromiidae. In any case,
the topology of our nucleotide-based dendogram (Fig. 4,
right) explains the evolution toward viviparity in a more
parsimonious way. Accordingly, oothecal rotation preceding oothecal retraction [21] would have appeared only once
in evolution, in the branch leading to Blaberidae 1 Blattellidae, whereas in the scheme of Grandcolas [10] it appears
twice (in Blaberidae and in Blattellidae) by convergence,
since the Pseudophyllodromiidae do not rotate the ootheca.
The comparison of the structure and organization of the
AST DNA in the six cockroaches species, the alignments of
the preproAST sequences, and the results of the parsimony
analysis all suggest that the fourteen AST sequences in the
precursor were generated through a process of internal gene
duplication [12,13] which occurred before the species diverged. This means that the different AST sequences in the
same gene are paralogous (derived from a duplication
event), whereas the corresponding genes in different species
are orthologous (derived from a speciation event) [9]. More-
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over, knowing the precursor sequence in six species of
cockroaches provides the opportunity to study the duplication event. If, as postulated, the history of duplication had
been the same in all six species, then the parsimony analysis
of the fourteen AST-like sequences in each of these species
would result in trees with the same topology. Although our
analyses did not give a single common tree for all cockroach
species, many trees had similar or identical topologies for
some species, which supports the hypothesis of a common
process of internal gene duplication for all species.
ASTs provide a good example of a set of peptides with
similar sequences which derive from a single precursor
encoded by a single gene. This represents the most basic
category of DNA duplication, internal gene duplication
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[12,13], leading to intragene families of peptides. One of the
best known cases of an intragene family is that of the
FMRFamide peptides, whose genetic organization have
been studied in molluscs (Aplysia: [22,27]; Lymnaea: [14]),
nematodes (Caenorhabditis: [20]) and insects (Drosophila
[17,23]; Lucilia and Calliphora: [6]). However, even in the
case of the thoroughly studied FMRFamides, the physiological significance of such a diversity of related peptides in
a single precursor [see, for example, 22]) remains uncertain.
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