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INTRODUCTION

Insecticidal crystal proteins (ICPs) from Bacillus thuringien-
sis have been used as biopesticides for the last 35 years. B.
thuringiensis is a gram-positive bacterium which produces pro-
teinaceous inclusions during sporulation; these inclusions can
be distinguished as distinctively shaped crystals by phase-con-
trast microscopy. The inclusions are composed of proteins
known as ICPs, Cry proteins, or 8-endotoxins, which are highly
toxic to a wide variety of important agricultural and health-
related insect pests as well as other invertebrates. Due to their
high specificity and their safety for the environment, ICPs are
a valuable alternative to chemical pesticides for control of
insect pests in agriculture and forestry and in the home. It has
been proposed that the rational use of B. thuringiensis toxins
will provide a variety of alternatives for insect control and for
coping with the problem of insect resistance to pesticides.

Intensive screening programs have identified strains of B.
thuringiensis from soil samples, plant surfaces, dead insects,
and stored grains from all over the world. The isolated strains
show a wide range of specificity against different insect orders
(Lepidoptera, Diptera, Coleoptera, Hymenoptera, Homop-
tera, Phthiraptera or Mallophaga, and Acari) and other inver-
tebrates (Nemathelminthes, Platyhelminthes, and Sarcomas-
tigorphora) (13). Currently 45 different serotypes have been
catalogued, representing a total number of 58 serovars (28).
Many of the ICP genes have been cloned, sequenced, and
classified as cry and cty genes. The first classification was based
on insecticidal activity (23), with the different Cry proteins
denoting ICPs toxic to various insect and invertebrate groups
as follows: Cryl toxic to lepidopterans, Cryll toxic to lepidopt-
erans and dipterans, CryIII toxic to coleopterans, CryIV toxic
to dipterans, and CryV and CryVI toxic to nematodes (14).
Novel cry genes isolated recently have created some problems
for this classification scheme, especially genes that were ho-
mologous to known genes but displayed different specificities
and genes that had dual specificity. Recently, a novel nomen-
clature has been proposed based exclusively on amino acid
identity (7). To date, over 50 cry gene sequences have been
determined and classified into 15 families (7).

The cry genes code for proteins with a range of molecular
masses from 50 to 140 kDa. Upon ingestion by the susceptible
target, the protoxins are solubilized and proteolytically pro-
cessed to release the toxic fragment (23). During proteolytic
activation, peptides are removed from both amino- and car-
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boxyl-terminal ends of the protoxin. For the 130- to 140-kDa
protoxins, the carboxyl-terminal proteolytic activation removes
half of the molecule, resulting in an active toxin fragment of 60
to 70 kDa.

A generally accepted model for Cry toxin action is that it is
a multistage process. First, the activated toxin binds to recep-
tors located on the apical microvillus membrane of epithelial
midgut cells (6, 22, 49). After the toxin binds the receptor, it is
thought that there is a change in the toxin conformation al-
lowing toxin insertion into the membrane. Oligomerization of
the toxin follows, and this oligomer then forms a pore that
leads to osmotic cell lysis (26a, 30, 32, 40).

Receptor binding is a key factor in specificity. Two different
insect proteins have been identified as receptors for Cry toxins,
the 120-kDa aminopeptidase N CrylAc toxin-binding protein
purified from brush border vesicles of Manduca sexta, Heliothis
virescens, and Lymantria dispar (20, 25, 41, 48) and the 210-kDa
cadherin-like glycoprotein CrylAb toxin-binding protein puri-
fied from M. sexta membranes (47). Specific binding involves
two steps, one that is reversible and one that is irreversible.
Recent data suggest that toxicity correlates with irreversible
binding (31). Irreversible binding might be related to insertion
of the toxin into the membrane but could also reflect a tighter
interaction of the toxin with the receptor.

The crystal structures of Cry3A (coleopteran-specific) and
CrylAa (lepidopteran-specific) toxins have been reported (21,
30). The Cry3A protoxin has a molecular mass of 70 kDa and
does not contain the large carboxyl-terminal extension con-
tained in the CrylAa toxin. The crystal structure of CrylAa
toxin was determined from the activated toxin fragment. Both
toxins share 36% amino acid identity, and the two structures
show high overall similarity (21). Both are globular molecules
containing three distinct domains connected by single linkers.

Domain I extends from residues 33 to 253 in CrylAa and
from residues 58 to 290 in Cry3A; it is a seven a-helix bundle
in which a central helix (helix a-5) is completely surrounded by
six outer helices (Fig. 1A). This domain has been implicated in
the channel formation in the membrane. The six a-helices are
amphipathic and are long enough to span the 30-A-thick hy-
drophobic region of a membrane bilayer. Point mutations in
the region encoding the central a-5 helix of the CrylAc toxin
(residues 163 to 170) drastically affect toxicity without affecting
binding to larval midgut vesicles (52).

Residues 265 to 461 in CrylAa and 291 to 500 in Cry3A
form domain II (Fig. 1B). Domain II consists of three antipa-
rallel B-sheets with similar topologies packed around a hydro-
phobic core. This domain represents the most divergent part in
structure between the two toxin molecules (21). This domain
has been described as the specificity-determining domain,
since reciprocal hybrid genes between closely related toxins
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FIG. 1. Crystal structure of Cry3A toxin (crystallography data from Li et al.
[30]). (A) A schematic ribbon representation of isolated domain I, showing an
upper view of the a-helix bundle and the location of the central helix «-5. (B)
The three-domain organization (domains I to IIT) of Cry3A toxin is shown, with
the positions of the three surface-exposed domain II loops (loops 1, 2, and 3)
forming the molecular apex of the toxin, and the internal B-sheets of domain III
(B-17 and B-23) indicated.

(CrylAa and CrylAc) resulted in chimeric toxins with altered
specificity (19, 42). The two protruding loops oriented parallel
with the helical bundle of domain I (loop 1 [between B-2 and
B-3] and loop 2 [between B-6 and B-7]) (Fig. 1B) were sug-
gested to be involved in receptor binding in Cryl-type toxins.
Mutations located in loop 1 of CrylAa toxin demonstrated that
these residues are essential for binding to the brush border
membrane of Bombyx mori midgut cells (33). Also, mutations
in this region in the CrylAb toxin affect binding to M. sexta and
H. virescens midgut membranes (39). Smith and Ellar (44)
showed that mutations in loops 1 and 2 of CrylC toxin were
able to modulate toxicity and specificity. Site-directed mu-
tagenesis analysis of Cry3A toxin showed that in addition to
loop 1, loop 3 (between B-10 and B-11) is involved in irrevers-
ible binding to Tenebrio molitor midgut membranes (53). It is
interesting to note that loops 1, 2, and 3 correspond to the
regions that showed the largest structural differences between
CrylAa and Cry3A toxins (21).

Finally, domain III is a B-sandwich of two antiparallel
B-sheets (Fig. 1B). This domain comprises residues 463 to 609
in the CrylAa toxin and residues 501 to 644 in the Cry3A toxin
(21). The function of domain III is still under discussion. It has
been proposed that it stabilizes the toxin by protection from
proteolysis (30). However, recent reports suggest that it may be
involved in channel function as a voltage sensor, since conser-
vative mutations in R521K and R527K reduced toxicity with-
out reducing binding (9). The location of the arginine residues
in the three-dimensional structure (B-17 [Fig. 1B]) indicates
that they have an important role in stabilizing the structure by
forming salt bridges and hydrogen bonds with other residues in
the vicinity (21). Consequently, conversion of all arginine res-
idues from B-17 to glutamic acid or glycine resulted in protein
instability or poor expression (9). Mutations in 3-23 of Cry4A
toxin (37) indicated that D670K and E673K caused an unstable
conformation, as judged by digestion with trypsin and thermo-
lysin. These two acidic residues form hydrogen bonds with the
arginine residues of B-17, supporting the idea that both B-
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sheets (B-17 and B-23 [Fig. 1B]) are important determinants
for the proper folding of the toxin (21).

Several lines of evidence indicate that domain III may be
involved in receptor binding. The construction of chimeric
proteins between CrylEa and CrylC toxins has shown that
domain III of CrylC is a significant determinant of specificity
to Spodoptera exigua and Mamestra brassicae (4). Also, it has
been demonstrated that domain III exchanges between CrylAc
and CrylAa toxins affect binding to different L. dispar midgut
receptors (29). Finally, mutations S503I and S504I in CrylAc
toxin resulted in proteins that bind poorly to the M. sexta and
H. virescens toxin-binding proteins and showed extensive loss
of toxicity for both insects (1).

Hofte and Whiteley (23) have identified five highly con-
served regions among the sequences of Cry toxins. The loca-
tions of these regions in the three-dimensional structures of
CrylAa and Cry3A are the same: they are found at the central
positions of each domain or are involved in interdomain con-
tacts. Li et al. (30) proposed that the high degree of conser-
vation of these blocks and their important structural location
would imply that the Cry toxins which possess these blocks
would share a similar structure, that of globular toxins com-
posed of three structural domains.

Experimental data from several laboratories have shown
that domains from Cry proteins are structurally independent.
Domain I (50, 51) and helix o-5 peptides (8, 18), expressed
independently, retain their ability to form cation channels in
planar lipid bilayers. There have been no reports of domain II
or III isolation and expression, but the exchange of sequence
segments within domains II and III resulted in specificity
changes (19, 42). These observations support the hypothesis
that 3-endotoxins have a modular structure and suggest that
their different domains could have evolved independently.

Protein sequence analysis of ICPs has been previously done
(46, 54). These alignments showed the amino acid identity
among the Cry sequences. Nevertheless, the percentage of
amino acid identity does not necessarily reflect evolutionary
relationships. In order to draw an evolutionary tree for differ-
ent proteins, it is necessary to calculate the approximate con-
stancy of amino acid substitutions by a distance matrix method
or by a maximum parsimony method (36). In this article, an
amino acid sequence alignment of some ICPs has been dis-
played and the phylogenetic relationships of these proteins and
their different functional domains were determined. It is dem-
onstrated that in fact the three structural domains show dif-
ferent evolutionary relationships, suggesting that natural selec-
tion occurred at the domain level in these proteins.

AMINO ACID SEQUENCE ALIGNMENT

To date, more than 50 sequences of different d-endotoxins
from 21 B. thuringiensis subspecies have been reported (7). A
multiple sequence alignment of the 8-endotoxins shown in
Table 1 was generated by using the Genetics Computer Group
(GCQG) sequence analysis program PILEUP (11) (Fig. 2). This
program uses a simplified version of the progressive alignment
method of Feng and Doolittle (16). The procedure begins with
the determination of all possible pairwise similarity scores. The
two most similar sequences are aligned by using the Needle-
man and Wunsch algorithm (35) forming the first cluster, and
then the next most related sequences are progressively aligned
to this cluster. We have analyzed one toxin from each subgroup
from Cryl to Cryl4 without including the different alleles (Ta-
ble 1), and we have withdrawn from our analysis the Cry6 and
Cryl5 proteins, since they do not share any sequence similar-
ities with the rest of the Cry protein family, not even within the
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TABLE 1. 8-Endotoxin sequences used for determination of phylogenetic relationships

1Cpe Accession Speciﬁcgty ICP Accession  Specificity ICP Accession  Specificity ICP Accession  Specificity
no. range no. range no. range no. range

CrylAa  M11250 L CrylEb  M73253 L Cry3Ba  X17123 C Cry8Ca U04366 C
CrylAb  M13898 L CrylFa  M63897 L Cry3Bb  M89794 C Cry9Aa X58120 L
CrylAc  M11068 L CrylGa 722510 L Cry3Ca  X59797 C Cry9Ba X75019 L
CrylAd  M73250 L CrylHa  Z22513 L Cry4Aa  Y00423 D Cry9Ca 737527 L
CrylAe  M65252 L Crylla X62821 LC Cry4Ba  X07423 D Cryl0Aa  M12662 D
CrylBa  X06711 L,C Cryllb U07642 L,C Cry5Aa  L07025 N CryllAa  M31737 D
CrylCa  X07518 L,D CrylJa L32019 L Cry5Ab  L07026 N Cryl2Aa  L07027 N
CrylCb  M97880 L Cry2Aa  M23723 L,D Cry7Aa MO64478 C Cryl3Aa  L07023 N
CrylDa  X54160 L Cry2Ab  M23724 L Cry7Ab  U04367 C Cryl4Aa  U13955 C
CrylDb 722511 L Cry2Ac  X57252 L Cry8Aa  U04364 C

CrylEa  X53985 L Cry3Aa  M22472 C Cry8Ba  U04365 C

“ Crystal proteins are named according to the revised nomenclature (7).
> Abbreviations: L, lepidopteran; C, coleopteran; D, dipteran; N, nematode.

conserved regions described by Hofte and Whiteley (23). The
analyzed proteins represent toxins active against different in-
sect orders (Lepidoptera, Coleoptera, and Diptera) and nem-
atodes. The alignment presented here is accurate since it was
done by modulating the gap creation and gap extension pen-
alties in order to have an optimum alignment of the structural
motifs (a-helices and B-sheets) delimited in the three-dimen-
sional structure analysis of CrylAa and Cry3A toxins (21, 30).
This alignment was used to establish the limits of each domain,
as well as the carboxyl-terminal region of the protoxin. To
optimize the individual alignments, each domain was realigned
first with the GCG PILEUP program and then improved man-
ually.

As has been previously described, ICPs have substantially
higher sequence similarity in the protoxin segment from the
end of B-23 through the carboxyl terminus (Fig. 2). The toxic
fragment is less conserved than the protease-susceptible frag-
ment. Among the three domains of the toxin, domain I has the
highest similarities, specially within helix o-5 and «-7; domain
II is the least-conserved domain among all toxins. Cry2 and
Cryl1 toxins share significant homology only within domain I,
but almost no similarity is found within domains II and III.

ESTIMATION OF PHYLOGENETIC RELATIONSHIPS

Many proteins from different organisms are composed of
several structural domains, some of which have shown inde-
pendent domain evolution (2, 34). As discussed above, ICPs
display a modular structure; however, it is not well understood
if the different domains could function independently and how
they have evolved. In order to estimate the phylogenetic rela-
tionships of ICPs and of each of their functional domains, the
genetic distances among the Cry sequences were calculated
with the PROTDIST program of J. Felsenstein’s PHYLIP 3.5
phylogeny inference package with the Dayhoff PAM matrix
(15), using the alignment previously obtained (Fig. 2). This
program computes a distance measure for protein sequences.
The distance that is computed is scaled in units of expected
fraction of amino acids changed. The FITCH program (15) was
then used to estimate phylogenies from the distance matrix
data under the additive tree model, in which the distances are
expected to equal the sums of branch lengths between the
species. This program uses the method of Fitch and Margo-
liash (17) and the least-squares criterion. Phylogenetic analyses
were also done by the parsimony method using the PROT-
PARS program (15). The principle of this method is to infer
the amino acid sequences of the ancestral species and choose
a tree that requires the minimum number of mutational

changes. Both types of phylogenetic analyses were carried out
100 times in order to get a strict consensus tree by using the
bootstrapping tool which generates multiple data sets that are
resampled versions of the input data set. The consensus phy-
logenetic trees were computed by the CONSENSE program
(15).

The phylogeny of the entire Cry protoxin sequences is shown
in Fig. 3A. The circled branches are branches with accurate
topology, since they were found in more than 90% of the trees.
This analysis demonstrated that some of the different protoxin
classes (Cryl, Cry3, and Cry7) form independent clusters. The
Cryl protoxins are arranged in one main group. The branch
between Cryl protoxins and the rest of the Cry family is
present in 100% of the trees, indicating a clear subdivision
between Cryl and the rest of the protoxins. In contrast, the
nematode-specific protoxins (Cry5, Cryl2, and Cry13) and the
Cryl14 toxin cluster together, indicating their close relationship
in the evolutionary process. Also, Cry8 and Cry9 protoxins are
arranged in the same branch as the Cry2 and the Cryll pro-
toxins, which also suggests a common origin for these protox-
ins.

The phylogenetic relationships of the presumed toxic por-
tion were analyzed. The topology of the obtained phylogenetic
tree (Fig. 3B) is different from that of the protoxin tree. There
are three main groups, the first one containing some of the
lepidopteran-specific toxins. One of the main differences be-
tween both phylogenetic trees (toxin versus protoxin) is that
CrylB, Crylla, and Cryllb toxins are not contained in the
same group of the Cryl toxins. These three Cryl toxins are
arranged in the second group consisting of the toxins that have
shown activity against coleopteran insects (Cry3, Cry7, Cry8,
Cryll, and CrylB toxins) (5, 45). The second group did not
consist solely of coleopteran-active toxins, since two lepidopt-
eran-specific toxins (Cry9Ba and Cry9Ca) were also in this
group. The Cry9Aa toxin is located far away from the other
two Cry9Ba and Cry9Ca toxins, suggesting that Cry9Aa toxin
evolved independently from the other Cry9 toxins. In fact, the
Cry9Aa protoxin is homologous to the Cry9Ba and Cry9Ca
protoxins only at the carboxyl-terminal end. Finally, in the
third group, very different toxins are localized. This group is
composed of the dipteran-specific toxins (Cry4, Cryl0, Cryll,
and Cry2Aa), the nematode-specific toxins (Cry5, Cry12, and
Cry13), the Cryl4A toxin, and the lepidopteran-specific Cry2
toxins which are smaller and very different from the rest of the
lepidopteran-specific toxins.

The main difference between the protoxin and the toxin
sequences is the large carboxyl-terminal end contained in the
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FIG. 2. Amino acid sequence alignment of the 8-endotoxin (Cry) protein family. The sequences of 42 Cry proteins were aligned by using the GCG program PILEUP
(11). Amino acid sequences were translated from the nucleotide sequences indicated by the GenBank database accession numbers (Table 1). The code for colors is
as follows: red, acidic residues (Glu and Asp); rose, amide residues (Asn and Gln); dark blue, basic residues (Lys, Arg, and His); light blue, aliphatic residues (Ala,
Val, Leu, and Ile); green, aromatic residues (Phe, Tyr, and Trp); yellow, hydroxyl residues (Ser and Thr); black, the remaining residues (Gly, Pro, Met, and Cys). The
boxes indicate the limits of each domain. The structural motifs (a-helices and B-sheets) delimited in the three-dimensional structures of CrylAa and Cry3A toxins (20,

29) are presented in color characters on a white background and indicated at the top of the boxes by a cylinder (a-helices) or a broken line (B-sheets).

protoxin sequence. This fragment is highly conserved among
some of the protoxin sequences; the putative function of this
long carboxyl-terminal segment is to aid in the formation of an
ordered crystalline array. Since most of the cysteine residues
are located in this fraction of the protoxin, it has been sug-
gested that the alkaline and reducing conditions required for
the solubility of these proteins are related to disulfide bridge
formation within the protoxin fragment (10). However, this
fragment is not found in some toxins (Cry3A, Cry3Ba, Cry3Bb,
Cry3Ca, Cry2Aa, Cry2Ab, Cry2Ac, and CryllAa) or is very
small in some other protoxins, like Crylla and Cryllb (75
residues) and Cryl3A (111 residues). Figure 3C shows the
consensus phylogenetic tree obtained with the carboxyl-termi-
nal end of the protoxin. The topology of this tree is rather
similar to the topology of the tree obtained with the complete
protoxin sequence (Cryl toxins far away from the rest of the
toxins; the nematode-specific toxins and Cryl14 clustered in the
same group and Cry8 and Cry9 toxins arranged in the same
branch), implying that the difference in the obtained protoxin
and toxin phylogenetic trees is due principally to the presence
of the carboxyl-terminal end.

PHYLOGENETIC RELATIONSHIP ESTIMATIONS FOR
THE TOXIN DOMAINS

Domain I. In the current 3-endotoxin mode of action model,
domain I has been thought to be responsible for the toxic
activity in the membrane. It has been proposed that after the
toxin binds to the receptor, there is a change in the conforma-
tion of this domain allowing the hydrophobic surfaces of the
helices to face the exterior of the bundle, leading to insertion into
the membrane and the formation of ion channels (26a, 30).

The obtained phylogenetic tree is composed of three main
groups (Fig. 4A). The first group contains domain I from
lepidopteran-specific toxins (most of the Cryl toxins exclud-
ing CrylB, Crylla, and CrylIb). This group is very reliable
since all tree branches were found in more than 90% of the
analyzed trees. These data suggest that all the domain I
sequences from this group of lepidopteran-specific toxins
have evolved from a common ancestor. The second group is
comprised of domains I from coleopteran (Cry3, Cry7, and
Cry8) and lepidopteran-coleopteran (Cryll and CrylB)-spe-
cific toxins. Within this group, domains I from Cry9Ba and
Cry9Ca are also localized. Finally, the third main group is

FIG. 3. Unrooted phylogenetic trees of the entire protein sequence (A), the toxin fragment (B), and the carboxyl-terminal fragment (C) of the 8-endotoxin protein
family. Phylogenetic analysis of 42 Cry sequences was performed. Initially, a multiple sequence alignment of all the members of this protein family was generated by
using the GCG sequence analysis package program PILEUP (11). The alignment obtained was further refined with the manual multiple alignment program LINEUP.
For each fragment, the alignments were generated independently of the alignment of the entire sequences. The genetic distances were calculated by using the Dayhoft
PAM matrix with the program PROTDIST of J. Felsenstein’s PHYLIP 3.5 phylogeny inference package (15). Subsequently, the phylogenetic relationships of these
sequences were determined by the method of Fitch and Margoliash (17) and by using the least-squares criterion and the FITCH program (15). Finally, the phylogenetic
analyses were carried out 100 times in order to get a strict consensus tree by using the bootstrapping tool and the CONSENSE program (15). Circled branches are
branches that were found in more than 90% of the trees. The branch between Cryl sequences and the rest of the Cry family is present in 100% of the trees, and the
broken-line circle indicates a subdivision between Cryl and the rest of the sequences.
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FIG. 4. Unrooted phylogenetic trees of the domain I sequences of the 3-en-
dotoxin protein family. The phylogenetic analysis was performed by Fitch and
Margoliash’s method (17) and by using the least-squares criterion and the
FITCH program (15) as described in the legend to Fig. 3 (A) and by the
parsimony method with the PROTPARS program (14) (B). Circled branches are
branches that were found in more than 90% of the trees.

formed by domains I from very different toxins (nematode,
dipteran, and the Cry2 lepidopteran-specific toxins). However,
each specificity group is clustered in separate small branches;
domains I from the nematode toxins (Cry5, Cry12, and Cry13)
are arranged together in a single branch, as are the dipteran-
specific toxins (Cry4 and Cryl10) as well as the small Cry2 and
Cryll toxins. The locations of domain I sequences from
Cry8Ca, Cry8Ba, Cry9Ba, and Cry9Aa within the tree topology
are not very reliable since their locations within the consensus
tree were found in 52, 40, 70 and 34% of the analyzed trees,
respectively. However, the phylogenetic relationships obtained
by parsimony analysis of domain I (Fig. 4B) confirmed the
distribution of domains I in three main groups, one composed
of domains I from lepidopteran-specific toxins, a second com-
posed of domains I from all the Cry toxins that have showed
activity against coleopteran insects, including domain I from
Cry9Ca toxin (lepidopteran specific), and a third group com-
posed of domains I from the dipteran- and nematode-specific
toxins and the Cry2 lepidopteran-specific toxins. Taking to-
gether the phylogenetic data obtained by the two different
methodologies (maximum parsimony and the FITCH pro-
gram), we can conclude that there is a correlation between the
degree of relatedness among domain I segments and the spec-
ificity of the toxin proteins with which they are associated.
These data may suggest that different characteristics of domain
I are necessary to achieve successful domain I integration in
the distinct target membranes. Lepidopteran and coleopteran
insects have very different pH midgut conditions (alkali versus
acidic) (12, 27), and there may also be differences in the pro-
tein and phospholipid compositions of the membranes, sug-
gesting that special types of ion channels have been selected in
the different targets. The single example of changes in speci-
ficity by mutations in domain I is the point mutation A92D of
CrylAc toxin, which showed a selective loss of activity against
different lepidopteran insects (52).

From the distribution of domain I sequences found in both
Fitch and parsimony trees (Fig. 4), it is evident that lepidopt-
eran membranes are sensitive to at least three types of domain
I, while coleopteran insects are sensitive just to one type of
domain I. It would be interesting to compare at the single-
channel level the ionic and kinetic properties of the three
different types of domain I.

Since the phylogenetic analyses suggest that Cry9Ca domain
I (lepidopteran specific) has evolved from the same origin as
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that of the coleopteran-specific domain I, it would be worth
determining whether trypsin-activated Cry9Ca toxin has any
activity against coleopteran species, as is the case of Cry1B and
Cryl1I toxins.

Domain II. The second domain of §-endotoxins has been
thought to be the receptor binding domain. Recently, it has
been reported that the vitelline membrane outer layer protein
I (VMO-I) and domain II from ICPs have similar three-dimen-
sional structures. It has been proposed that the B3-prism-fold
may be a structural domain associated with carbohydrate bind-
ing functionality (43). Both proteins may have a carbohydrate
binding site, since binding of CrylAc toxin to its glycoprotein
receptor is inhibited by N-acetylgalactosamine (26) and
VMO-I binds hexasaccharides of N-acetylglucosamine (24).

The estimation of phylogenetic relationships of domain II
sequences suggests that this domain is probably derived from
different evolutionary roots, because some sequences showed
infinite distances and could not be grouped in the same tree.
Those unrelated sequences have been grouped and analyzed
independently. We have found that the domain II sequences
can be distributed into three different trees. The first phyloge-
netic tree is composed of domains II from Cry2 and Cryll
toxins (Fig. S5A). The second tree grouped domains II from
nematode-specific (CryS, Cryl12, and Cry13) and Cryl4A toxins
(Fig. 5B). Cry5Aa and Cry5Ab toxins are so homologous along
the domain II sequence that they can be considered variants of
the same molecule. The third tree is constituted of the rest of
the domain II sequences (Fig. 5C). In this tree there are two
main branches, one composed exclusively by domains II from
Cryl lepidopteran-specific toxins (excluding CrylB, Crylla,
and CrylIb toxins). It is clear that some toxins have significant
similarity in this region, suggesting that they have evolved from
a common protein (examples are CrylAb and CrylAc, CrylAa
and CrylAd, and both CrylE toxins, both CrylC toxins, and
both CrylD toxins). The second main branch is composed of
four smaller branches. One small branch grouped the dipteran-
specific toxins. This branch included the domain II from
Cry9Aa toxin, which is a lepidopteran-specific toxin. The sec-
ond small branch included domains II from Cry3 and Cry7
coleopteran-specific toxins. Again, there are pairs of domain II

Cry2c
Cry2ab

Cry2he
CryliAa

Cry12A
Cryl3A0
Cry34a
CrySAb

Cryl4a

FIG. 5. Unrooted phylogenetic trees of the domain II sequences of the 8-en-
dotoxin protein family. The phylogenetic analysis was performed with different
groups of domain IT sequences (A, B, and C) by Fitch and Margoliash’s method
(17) and by using the least-squares criterion and the FITCH program (15) as
described in the legend to Fig. 3. The consensus phylogenetic trees obtained by
the CONSENSE program (15) are presented. Circled branches are branches that
were found in more than 90% of the trees.
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Cry2Ab.

CryliAal

CrylAs. Cryiad
CrytAb

FIG. 6. Unrooted phylogenetic trees of the domain III sequences of the
d-endotoxin protein family. Phylogenetic analysis was performed with different
groups of domain IIT sequences (A and B) by Fitch and Margoliash’s method
(17) and by using the least-squares criterion and the FITCH program (15) as
described in the legend to Fig. 2. The consensus phylogenetic trees obtained by
the CONSENSE program (15) are presented. Circled branches are branches that
were found in more than 90% of the trees.

sequences which showed high similarity, like Cry3A and
Cry3Ca, both Cry7 toxins, and both Cry3B toxins, implying that
they have evolved from common ancestors. Domains II from
the lepidopteran-coleopteran toxins (CrylB and CrylI toxins)
and the coleopteran-specific Cry8Ba toxin are grouped in a
single branch, suggesting a common origin of these domains.
Finally, the fourth small branch is composed of domains II
from the lepidopteran-specific Cry9Ba and Cry9Ca toxins to-
gether with the coleopteran-specific Cry8Aa and Cry8Ca tox-
ins. It would be interesting to ask whether the proteins Cry9Ba
and Cry9Ca that share similarity in domain II with other co-
leopteran-specific toxins (Cry8) have any activity against cole-
opteran insects. Also, the activity of Cry9Aa against dipteran
insects could be tested.

The analysis of the topology of the third tree (Fig. 5C) which
groups lepidopteran, coleopteran, and dipteran toxins, showed
some correlation between the origin of domain II and speci-
ficity. However, this does not imply that domains II grouped in
the same branch (probably same origin) will bind to the same
type of protein receptors, since domains II from CrylAc and
CrylAb are highly related and both toxins bind to different
receptors (an aminopeptidase N versus a cadherin glycopro-
tein) (20, 25, 41, 47, 48). These data suggest that small differ-
ences within domain II contribute to the binding to different
receptors or that some other parts of the protein besides do-
main II are involved in the recognition of the binding site. As
receptors are known to be glycoproteins, a third possibility is
that binding specificity involves interaction with a similar car-
bohydrate moiety on different receptor polypeptides.

Domain IIL. It has been proposed that domain III stabilizes
the toxin by protecting against proteolysis (30) and that this
domain may be implicated in receptor binding (1, 4, 29). Dur-
ing the sequence distance determination, we found that do-
mains III from Cry2 and Cryll toxins have infinite distances
from the rest of the Cry family, suggesting a very different
origin, and therefore the domain III sequences from those
toxins were analyzed independently. Figure 6A shows the re-
sulting phylogenetic tree with domain III sequences from Cry2
and Cry11 toxins, and Fig. 6B presents the results of analysis of
the rest of the domain III sequences. The topology of the
phylogenetic tree of Fig. 6B is very different from the topology
of the trees obtained with the domain I or II sequences. The
domain III sequences from the coleopteran-specific toxins are
distributed along the tree in different branches, and only do-
mains III from Cry3 toxins are arranged in a single branch.
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These data suggest that many different types of domains III are
compatible with coleopteran specificity. In contrast, domains
III from all the nematode-specific toxins are arranged in a
single branch; specifically, domains III from Cry5Aa and
Cry5Ab toxins are very similar. The phylogenetic analysis of
the three domains of this group of protoxins indicate that they
have coevolved as a separate group that is relatively far from
the rest of the Cry protein family. It will be worthwhile to
determine if Cryl4A toxin has any activity against nematodes,
since this toxin has been described as toxic to Diabrotica sp.
(38).

Regarding domain III sequences from the lepidopteran-spe-
cific toxins, most are closely arranged in the tree, suggesting
that they have coevolved from a common ancestor. Domains
III from CrylA toxins are arranged in a single branch, with the
exception of CrylAc that clearly evolved from a different ori-
gin. Domain III from the CrylAc toxin is not highly related to
any other toxin. The Cry proteins with dual specificity (lepi-
dopteran and coleopteran) with a domain I and domain II
which share high similarity with the coleopteran-specific toxins
have a domain III more related to the lepidopteran toxins than
to the coleopteran toxins. These data may suggest that shuffling
of domain III between lepidopteran and coleopteran toxins
may be the origin of proteins with the capacity to affect both
types of insects. However, the lepidopteran-specific Cry9Ca
toxin also has a domain I and domain II that are more related
to the coleopteran Cry8 toxins and a domain III that shares
more similarity with the lepidopteran-specific toxins, implying
that not all domain III shuffling between coleopteran and lep-
idopteran toxin could result in double specificity.

There are some clear examples of domain III shuffling
among Cry1 toxins. Toxins CrylCa and Cryl1Cb have domain I
and II sequences that are so similar that they can be considered
variants of the same protein. The same is true for the CrylEa
and Cry1ED toxins, but domains III from these four toxins have
a different distribution in the tree. It is clear that domains III
from CrylCa and CrylEa have a common origin, while do-
mains III from CrylCb and CrylEDb are variants of the same
molecule. Both types of domain III (from subspecies a and b)
group far away from the other. These data are in agreement
with the proposition of Thompson et al. (46) that cry/Cb and
crylEa genes could have arisen from ancestral crossovers be-
tween crylEb and crylCa genes.

Finally, the last example of a probable domain III shuffling
is between CrylGa and CrylHa toxins. Both toxins have sim-
ilar domain I and II sequences, but they have different domain
IIT sequences; domain III from CrylHa clusters together with
CrylD toxins, while domain IIT from CrylGa resembles do-
main III from Cry1J toxin.

CONCLUSIONS

Several proteins are organized as discrete modules which
may have different functions. It has been proposed that domain
swapping may contribute to the versatility of protein function
and therefore be an important molecular mechanism for their
evolution (2, 3). The ICPs are a family of proteins that have
biocidal activities against very different targets. These proteins
are modular in structure, consisting of three different func-
tional domains. In this work, the evolutionary relationships of
the Cry protein family are presented. The phylogenies were
estimated by two different methods (Fitch and Margoliash’s
method and maximum parsimony), and both types of analysis
gave phylogenetic trees with similar topologies (data not
shown), implying that there is a high probability that the phy-
logenetic trees presented here represent the correct topology
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through which the Cry proteins evolved. Only the phylogenetic
trees prepared by the method of Fitch and Margoliash are
presented here.

The results of phylogenetic analysis of the whole Cry protein
sequences do not reflect the complex evolutionary relation-
ships found in the analysis of the independent functional do-
mains. The results of phylogenetic analysis of domain I se-
quences suggest that domain I sequences have a common
origin for the whole protein family (Fig. 4), while domain II
and IIT sequences seem to be common only for a subgroup of
proteins (Fig. 5 and 6). Unexpectedly, domain I, which is in-
volved in the pore formation activity of the toxin, showed a
topology clearly related to the specificity of the toxin proteins
with which they are associated, suggesting that different types
of domain I have been selected for acting in particular mem-
brane conditions from the distinct target types (Fig. 4).

The data presented here suggest that there are three inde-
pendent origins of domain II. The low degree of similarity
among the three domain II groups (Fig. 5) could suggest that
each type of domain II interacts with very different receptors,
although there is no experimental evidence that support this
hypothesis. The analysis showed that domains II from CrylAc
and CrylAb toxins were derived from a common origin; nev-
ertheless, both toxins bind to different receptors (an amino-
peptidase N versus a cadherin glycoprotein) (20, 25, 41, 47, 48).
It is proposed that both proteins interact with similar carbo-
hydrate moieties on different receptor polypeptides or that
small differences within domain II contribute in the binding to
different receptors. Alternatively, additional regions of the
protein besides domain II could be involved in the recognition
of the binding site.

The conserved topology of domain I and II phylogenetic
trees from some toxins suggest that these domains have co-
evolved.

Finally, it is likely that the domain III sequences have
evolved from two independent origins (Fig. 6). Shuffling of the
functional domains was observed only for domains III of some
toxins. Besides domain II, domain III is believed to be involved
in receptor recognition. Toxins with dual specificity (lepidop-
teran and coleopteran) are examples of domain III shuffling
among coleopteran- and lepidopteran-specific toxins. The phy-
logenetic relationships presented here suggest that the in vitro
swapping of domains IIT from different toxins result in some
cases in the production of novel chimeric toxins with altered
specificity.

The phylogenetic analysis of the Cry toxin family shows that
the great variability in the biocidal activity of this family has
resulted from two fundamental evolutionary process: (i) inde-
pendent evolution of the three functional domains and (ii)
domain swapping among different toxins. These two processes
have generated proteins with similar modes of action but with
very different specificities. Also, this analysis suggests that
some proteins (like Cry9A, Cry9B, Cry9C, and Cryl4A) have
additional biocidal activities against different insect orders.
Finally, knowledge of the evolutionary relationships of the
different Cry toxin domains may set the basis for a more ra-
tional and directed strategy to create novel chimeric toxins that
have different specificities.
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