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Bacillus thuringiensis (Bt) toxins are important means of insect
pest management, particularly in genetically modified crops. Their
widespread use has led to the evolution of resistance in many
insects, creating the need to identify novel proteins with improved
activity [1]. Different biotechnological methods have been used to
explore novel toxin sequences, including random mutagenesis [2]
and phage-assisted continuous evolution to select for effective tox-
ins in vitro [3].

Here, we used ancestral sequence reconstruction (ASR) to
explore ancient extinct insecticidal toxins as a source of novel
functional proteins. ASR infers the likely path of evolution to iden-
tify putative ancestral sequences. Models of enzyme evolution pro-
pose that ancestral enzymes were generalists, able to interact with
a wider range of substrates, and the generalist properties of ancient
enzymes have produced several biotechnological applications [4].
In pest management, identifying broad-spectrum toxins that can
kill a broad range of hosts is a key challenge.

The pesticidal proteins of Bt are obligate virulence factors,
shaped by host selective pressure over millions of years. Coevolu-
tionary theory suggests that ancient toxins may not necessarily be
active against modern insects. For example, in one scenario, broad
selective sweeps may cause “general resistance” to pathogen geno-
types, in a process termed “arms race dynamics” [5,6]. This general
resistance is long-lasting on an evolutionary timescale, and patho-
gen responses to this resistance are slow [5]. General resistance,
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therefore, implies that ancestral toxins will be less effective than
modern variants [7].

Alternatively, if pathogen resistance is costly to maintain, then
we may see fluctuating selective pressure on host/pathogen inter-
actions [7-10]. In this scenario, resistance is not long-lasting, and
ancient proteins could be effective against modern insects. Under-
standing which evolutionary model might apply to the evolution of
Bt toxins is important. For example, if fluctuating dynamics are
prevalent, then ancient toxins may be a valuable source of variants
that can overcome modern resistance or extend host range. Finally,
the sequence of effective ancient toxins can be exploited to inform
the design of synthetic variants.

Here, we investigated ASR as a method for exploring functional
sequence variation in Cry toxins with a view to identifying novel
variants and to test the hypothesis that ancient toxins have a
broader host range than modern proteins. Second, we test whether
assays of ancestral toxins support a model of stable general resis-
tance or fluctuating selection pressure. Finally, if ancient toxins
can kill modern insects, we aimed to identify the residues respon-
sible for activity and test if these residues can be used to re-
engineer modern variants with improved characteristics. We focus
on the Bt toxin Cry2 because small changes in sequence can have
significant impacts on host range [11]. Cry2 toxins comprise a
well-characterized family that displays a diverse toxicity spectrum
against four different insect Orders.

We reconstructed the phylogeny of the cry2A family and pre-
dicted amino acid sequences at seven ancestral nodes, which were
cloned and expressed in Escherichia coli (Anc0-Anc6) (Fig. 1a,
Fig. S1 online). For these seven ancestral sequences characterized
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Fig. 1. Fluctuating efficacy of ancient, reconstructed Bt Cry2 insecticidal proteins and modern proteins across ten insect species. (a) We have mapped the toxicity of proteins
across the maximum likelihood phylogeny of protein sequences for one mosquito species Ae. albopictus and nine commercially significant Lepidopteran species. We show the
mortality of Ae. albopictus and P. xylostella at toxin doses of 100 ng and 10 pg/mL, respectively. Mortality data for all other species were totaled across 10 and 100 pg/mL. (b)
Variation in host range across insect families for ancient and modern Cry2 toxins the bar plots show the total cumulative (proportional) mortality for all bioassay data (three
replicate assays at 100 and 10 pg /mL). Species-level data are separated by grey outlines. (c) We examined how protein toxicity in modern Lepidoptera evolved by using
amino acid divergence from the Cry2 ancestor (Anc0) to represent toxin age. Most toxins did not show a steady decline in efficacy over time (arms race dynamics); instead,
efficacy fluctuated with protein age, supported by significant non-linear terms in all models (Table S3 online). Data show mean (+SEM) mortality from three replicates; error
bars are hidden if smaller than data points. Lines represent back-transformed statistical models. While species/genus explained some variation, we present a conservative
family-level summary. Filled triangles indicate doses of 100 pg/mL, hollow circles 10 pg/mL. Colour coding follows panel (b). Plots of Cry2Ah and Cry2Ae assay show only
100 pg/mL (lower dose was qualitatively similar). Cry2Ai toxicity data were fitted as an intermediate node in the Cry2Ac lineage.

in this work, more than 95 % of the ancestor sites exhibited poste-
rior probabilities greater than 90 % (Fig. S2 online). The recon-
structed sequences exhibit amino acid identities ranging from
79.30 % to 98.26 %, relative to contemporary Cry2A proteins
(Table S1 online). We assayed pesticidal activity against nine Lepi-
doptera insects, Helicoverpa armigera, Chilo suppressalis, Plutella
xylostella, Ostrinia furnacalis, Ectropis obliqua, Mythimna separata,
Spodoptera exigua, S. frugiperda, S. litura, and the mosquito Aedes
albopictus. Note that the low expression of some modern toxins
limited bioassay coverage in some cases (Fig. 1a). All reconstructed
toxins were able to kill some insect hosts. As predicted, the most
ancient Cry2A protein, the root node Anc0, was a broad-spectrum

toxin and was active against Ae. albopictus and all Lepidoptera
(Fig. 1a, b, Table S2 online). No other protein could kill this Dip-
teran, although activity against other Aedes mosquitoes is known
from some extant Cry2A proteins [12]. The remaining ancestral
toxins had broad activity across the Lepidoptera, while three of
the four modern toxins had a narrower host range (Fig. 1a, b).

In order to explore if Bt toxins are shaped by fluctuating selec-
tion, we tested for non-linear changes in toxicity against toxin age,
where we had data from three or more nodes within the Cry2 phy-
logeny (Fig. 1c¢). We used sequence divergence from the root node
to represent toxin age. Full statistics are presented in Table S3 (on-
line). Assays of P. xylostella against Cry2Ab and Cry2Ac lineages
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were consistent with fluctuating selection pressure (Fig. 1c, cubic
term Cry2Ab, quadratic term Cry2Ac, P < 0.0001). When we exam-
ined toxin efficacy in the Cry2Ae and Cry2Ah lineages across all the
assayed Lepidoptera, we found evidence for fluctuating selection
within the two modern “macro-moth” families (Noctuidae,
Geometridae) (Fig. 1c, cubic distance X family interaction
P < 0.0001). Simple linear declines in toxin efficacy were observed
in P. xylostella (Plutellidae) and O. furnacalis (Crambidae); this pat-
tern is not predicted by arms-race dynamics (which predicts that
ancient toxins will be less effective) [7] but is consistent with the
recent evolution of resistance and a shift to narrower host-range
toxins. Since the macro-moths (Macroheterocera) are an abundant
and speciose taxon within Lepidoptera [13], we speculate that Bt
toxin activity within the Cry2 family may have been shaped by this
insect group in particular. One explanation for the weaker activity
of toxins of intermediate age is that errors in reconstructing
sequences meant that this group was less active than the root
Anc0. However, the high activity of the ancient toxins illustrates
the power of this method in terms of exploring novel functional
variation in toxin sequence (Fig. 1).

The ancestral proteins exhibited a typical three-domain Cry
protein structure (Fig. 2a). The root mean square deviation (RMSD)
of the AncO protein’s structural similarity with Cry2Aa (PDB: 115P)
was 0.168 A. We hypothesized that the toxicity of ancestral vari-
ants can help in understanding the molecular basis of activity. Pre-
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vious studies demonstrated that Domain I consists of a seven o-
helix bundle that plays a key role in membrane insertion, toxin
oligomerization, and pore formation. Domain II is a beta-prism
formed by three anti-parallel B-sheets arranged around a
hydrophobic core, with exposed loop regions responsible for recep-
tor recognition. Domain III adopts a B-sandwich structure com-
posed of two anti-parallel B-sheets. Both domains II and III
contribute to insect specificity through specific interactions with
distinct gut proteins in target insects [14]. Here, we looked at
Cry2Ae and Cry2Ah, which are potential candidates for insect bio-
control [15,16]. Both these toxins had limited efficacy against M.
separata and E. obliqua, and we tested whether we could re-
engineer these toxins to improve efficacy and host range based
on our reconstruction of ancient variants. The ancestral root AncO
has 79 amino acids diverging from Cry2Ae and Cry2Ah, with 33
residues potentially associated with toxicity (Figs. S3-S6 online).
Our assays indicated that introducing ancestral residues (1318,
S$337, N361, E385, A460) into Cry2Ae and Cry2Ah resulted in
increased insecticidal activity (y? = 342, df = 6, P < 0.0001 and
%% =384,df=6,P<0.0001 respectively). Increased activity was pri-
marily seen in Cry2Ae against M. separata and in Cry2Ah against E.
obliqua (Fig. 2b, c), although several Cry2Ae mutants had improved
activity in multiple hosts (protein X host interaction, x> = 290,
df = 18, P < 0.0001). None of these mutants, however, recovered
the full host range of the root AncO toxin. These five sites were
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Fig. 2. Exploring the basis of toxicity in ancient Cry2 pesticidal proteins. (a) Comparison of 3D-structure of Cry2Aa and AncO; the 3D-structure of AncO was predicted by
AlphaFold3 (https://alphafoldserver.com/). AncO residues engineered into modern toxins are shown in the far-right structure. The mutated sites (Ile-318, Ser-337, Asn-361,
and Glu-385) were all located within B-folded sheet regions, and Ala-460 was located in a loop region. Toxicity of mutated Cry2A proteins against a panel of insect species,
including (b) Cry2Ae protein and (c) Cry2Ah proteins. Bioassays were conducted using a dose of 100 pg/mL for all Lepidoptera species, except for P. xylostella, which was
tested at 10 pg/mL. In contrast, Ae. albopictus was evaluated at a dose of 100 ng/mL. The presented data represent the average mortality across three replicates, with n = 30
insects per replicate. For comparison, we have re-plotted the toxicity data for AncO and native proteins; Cry2Ae-dom2 and Cry2Ah-dom?2 are mosaics of modern proteins that

incorporate the entire domain II of AncO.
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all located in Domain II, which is associated with the specificity of
Cry proteins [11]. Notably, replacing the entire domain II of Cry2Ae
with that of AncO decreased toxicity relative to the native Cry2Ae
(z=-7.82, P <0.0001), indicating that a residue level investigation
does have value. Electrostatic and hydrophobicity analyses com-
bined with MD simulations suggest that these mutations modulate
receptor binding by altering surface properties and hydrogen-bond
networks (Figs. S7-S14 online). And we propose a “Goldilocks prin-
ciple” of toxin dynamics: excessive rigidity leads to dysfunction,
over-stabilization reduces specificity, whereas ancestral interme-
diate dynamics enable broad-spectrum activity through controlled
flexibility. The insecticidal efficacy of Bt proteins depends on the
precise tuning of structural dynamics, with ancestral domain con-
figurations being optimally suited for recognizing a diverse range
of targets.

In consideration of the broad application prospects of ancestral
proteins, particularly AncO, we evaluated the alkali solubility of
AncO and its potential risk to Apis mellifera L. workers. Compared
with Cry2Aa, AncO exhibited significantly enhanced solubility in
a weakly alkaline buffer at pH 10 (Fig. S15, Table S4 online). A diet-
ary exposure experiment conducted on adult workers under con-
trolled laboratory conditions showed that the average survival
rate of bees exposed to 10 pg/mL of AncO, the negative control,
and the solvent control for 48 h remained above 66 %. In contrast,
70 % of the bees exposed to 175 pg/mL dimethoate (positive con-
trol) died during the testing period (Table S5 online). These data
suggested that AncO has good potential for application in insect
control.

In conclusion, we demonstrated that the ancient Bt Cry2A pes-
ticidal proteins commonly have a greater host range than modern
variants. Within the limits of the study, we found evidence of pro-
tein toxicity decreasing and increasing over evolutionary time, in
support of a model of fluctuating selection dynamics between Bt
and its hosts. This suggests that other ancient proteins may be a
rich source of novel variants for the management of insects.
Despite the ongoing debate regarding the accuracy of recon-
structed proteins [17], this study showcases the potential of ances-
tral reconstruction as a tool for designing novel pesticidal proteins
with desirable properties.
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