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Abstract

Background: Bacillus thuringiensis is distinguished from Bacillus cereus by a plasmid-encoded
phenotype, the synthesis of insecticidal and cytocidal proteins, known as Cry and Cyt,
respectively, whereas genome-based classification uses chromosomal genes. We asked whether
species identity predicts the presence of pesticidal genes in the B. cereus group.

Results: Three soil strains producing a parasporal inclusion originally identified as B.
thuringiensis were compared with seventeen reference genomes. Average nucleotide identity
(ANI), digital DNA-DNA hybridization (IDDH) and a core-genome phylogeny resolved all
three assignments concordantly: GM18 was B. toyonensis (98.87% ANI, 90.5% dDDH, sister to
BCT-7112T at 100% bootstrap), IB84 B. albus (97.82%; 80.2%), and L4J2 fell in a near-clonal
clade with two subsp. israelensis references (99.97% ANI). Gene content differed. L4J2,
deposited as B. cereus group, carried the complete canonical mosquitocidal cassette — Cry4,
Cryl0, Cryl1, Cytl and Cyt2 — at named-gene identity and entirely on plasmids; GM18 carried
no cry or cyt gene, sharing almost no toxin content with its own type strain; IB84 carried no
classical insecticidal locus, nor did two reference strains deposited as B. thuringiensis. Below the
species boundary, the toxin families shared by two genomes were unrelated to how closely
related they were. Toxin loci were enriched 4.54-fold on plasmids and lay closer to insertion
sequences than expected, whereas virulence factors were not. Seven of ten reference strains
deposited as B. thuringiensis, including the kurstaki strains used commercially, are assigned to B.
cereus genomically.



Conclusions: Published bioassays of the three strains agree with these predictions, although no
claim of insecticidal activity is made here. Species identification cannot substitute for direct
gene-content profiling in biocontrol prospecting.
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Background

The Bacillus cereus group comprises closely related spore-forming bacteria whose members
span a remarkable range of lifestyles, from the mammalian pathogen Bacillus anthracis to the
invertebrate-specific Bacillus thuringiensis and the food-associated B. cereus sensu stricto [1, 2].
Their genome nucleotide sequences are close enough that whole-genome comparisons have
repeatedly failed to separate the nominal species. As soon as multilocus and then genome-scale
data became available, it was argued that B. anthracis, B. cereus and B. thuringiensis constitute a
single genomic species on genetic evidence [3], and subsequent genome-based surveys have
confirmed that the group behaves as a near-continuum in which the conventional 95-96%
average nucleotide identity (ANI) boundary does not align with the names in use [4, 5]. The
nomenclatural response has been to propose genome-anchored species within the group [6] and
taxonomic schemes that reconcile genomic definitions with the clinical and industrial phenotypes
that are relevant to practitioners [5].

The reason for the mismatch is not statistical but mechanistic, and it has been known since the
earliest molecular work on the group. What classically defines B. thuringiensis is the production
of parasporal crystals of insecticidal Cry and Cyt proteins, and the genes encoding those proteins
were shown to reside on large plasmids, transmissible between B. thuringiensis and B. cereus
strains by conjugation, four decades ago [7]. The complete B. thuringiensis subsp. israelensis
toxin-coding plasmid pBtoxis was later sequenced and shown to carry the entire dipteran-active
gene set [8]. A classification built on the chromosome therefore cannot, even in principle, track a
trait carried on the accessory replicons — and the current structure-based nomenclature for these
proteins was introduced precisely because the older activity-anchored naming conflated sequence
relationships with biological effect [9, 10].

This has practical consequences, because B. thuringiensis is the basis of the most widely
deployed microbial insecticides in use. Formulations built on subsp. kurstaki strains have
controlled lepidopteran pests for decades, and subsp. israelensis preparations are the mainstay of
larval mosquito and blackfly control worldwide, with a dipteran specificity that traces to the
combined action of Cry4, Cry10, Cryl1, Cytl and Cyt2 [11, 12, 13, 14]. The same organisms
also yield parasporins, parasporal proteins without insecticidal activity that are selectively
cytotoxic to human cancer cell lines [15, 16, 17]. Bioprospecting for new strains in either
application commonly proceeds by isolating candidates, identifying them to species, and
prioritizing those identified as B. thuringiensis. If species identity and pesticidal gene content are
inherited through different routes, that workflow has a failure mode in both directions: it will



discard strains carrying the arsenal under another name, and it will promote strains carrying the
name without the arsenal.

Whether it does so is an empirical question about how strongly relatedness predicts gene content,
and it has not been quantified on a panel assembled to test it. We addressed it with three strains
from a soil collection, sequenced and deposited previously, together with seventeen reference
genomes chosen to provide species type strains, the subspecies references behind commercial
formulations, strains characterized for parasporin production, and B. thuringiensis genomes
spanning a range of cry content. The three strains turned out to cover the three possible
combinations of name and arsenal, which allows the question to be addressed both as a panel-
wide statistical statement and as three concrete cases. We report their species assignments, the
pesticidal gene content of every genome with its sequence-evidence tier and reading-frame
integrity declared, the relationship between genomic relatedness and repertoire overlap across all
190 pairs, and the mobilome features that account for what we observe.

Methods

Bacterial strains, isolation and prior characterization

The three strains examined here — GM 18, IB84 and L4J2 — belong to the Bacillus
thuringiensis collection of the Instituto de Biotecnologia, Facultad de Ciencias Biologicas,
Universidad Autonoma de Nuevo Leon. All three were recovered from agricultural soil by the
heat-treatment and selective-media procedure of Travers et al. [18]: GM18 from the state of
Guanajuato, IB84 from San Luis Potosi and L4J2 from northern Mexico.

All three were originally identified as B. thuringiensis on phenotypic grounds — Gram-positive,
sporulating, and producing a parasporal crystal. GM18 was characterized in more detail: based
on its H antigen, it was recognized as a new serotype (H-24) and described as B. thuringiensis
subsp. neoleonensis, a subspecies producing a triangular crystal [19]. We follow the spelling of
that original description; the genome announcement for this strain renders the epithet
“neolonensis” [20]. Preliminary bioassays reported in the three genome announcements [21, 20,
22] are used here as comparison data for the gene content we describe and are tabulated in
Additional file 2: Table S9. They are qualitative results: no dose-response data, LC50 values or
expression measurements exist for any of the three strains, and none were generated here.

Genome sequences analyzed

The genome of the three strains was sequenced and deposited, each with its own announcement
[21, 20, 22]. This study analyzes deposited assemblies rather than re-assembling the reads:

GCA _015620955.1 for GM18, GCA_015620945.1 for IB84 and GCA_042535225.1 for L4J2.
Library preparation, sequencing, and assembly are described in the announcements and are not
repeated here. Analyzing the deposited assemblies guarantees that every accession cited is the
exact sequence on which the reported values were computed and keeps the analysis downstream
of the NCBI contamination screen applied at submission. All assembly statistics in Table 1 were
recomputed from the deposited FASTA files rather than taken from the announcements, because
for L4J2 the two disagree (see Discussion).



The 17 publicly available comparison genomes are listed in Additional file 2: Table S7 with their
assembly accessions and assembly levels. They were retrieved from NCBI either with the
datasets command-line tool, for entries carrying a GCA assembly accession, or through the NCBI
E-utilities efetch endpoint for entries given only as sets of nucleotide accessions, in which case
all replicons of a strain were concatenated into a single per-strain FASTA file. The panel was
assembled to place the three study strains against four kinds of anchor: species type strains (B.
cereus ATCC 14579T [3], B. toyonensis BCT-7112T, B. albus N35-10-2T, B. mycoides DSM
2048T and B. pseudomycoides DSM 12442T), reference strains of the B. thuringiensis
subspecies used in commercial formulations (kurstaki HD-1 and HD73, israelensis HD-789 and
AM65-52, aizawai HD133), strains characterized for parasporin production (A1100, ST7,
BD59S) and additional B. thuringiensis genomes spanning a range of cry gene content
(BMB171, Bt407, HS18-1, and the B. wiedmannii biovar thuringiensis strain FCC41 [23]). B.
pseudomycoides DSM 12442T served as the outgroup throughout.

A note on nomenclature

Throughout this work, B. thuringiensis and B. cereus were used in their classical phenotype-
anchored sense when referring to deposited strain designations; published literature and genome-
based species assignments are always attributed explicitly to GTDB R232 [24, 25]. The two
systems disagree for a substantial part of the panel, and that disagreement is itself one of our
results; we therefore never use a species name without stating which system produced it. GTDB
placeholder suffixes of the form _S, which denote a genome-supported species distinct from
classical usage, are retained in the supplementary tables and omitted from the figures for
legibility.

Assembly quality control

Assembly metrics were recomputed for all 20 genomes using QUAST v5.3.0 [26] with a
minimum contig length of 500 bp. Completeness and contamination were estimated with
CheckM?2 v1.1.0 [27] and, independently, with BUSCO v6.1.0 [28] against the bacteria odb12.2
lineage dataset (n=116) applied at the domain level; the CheckM estimates produced internally
by the annotation pipeline provide a third, independent value. Each deposited assembly was
validated by mapping that strain’s own public sequencing reads, retrieved from the Sequence
Read Archive runs listed in Table 1, back onto it with BWA-MEM2 v2.3 [29], with alignment
statistics computed using samtools v1.24 [30]. Read quality was assessed with FastQC v0.12.1
and aggregated with MultiQC v1.35 [31].

Genome annotation

All 20 genomes were annotated uniformly with Bakta v1.10.1 [32] against the full database
(schema v5, minor version v5.1), using -genus Bacillus and 12 threads. --species and --strain were
supplied for the 17 reference genomes, whose taxonomy is established, and deliberately omitted
for the three study strains, whose species-level identity is itself a question addressed here. All 20
genomes were additionally annotated using the NCBI Prokaryotic Genome Annotation Pipeline
(PGAP, build 2026-06-18.build 8602) [33], which provided a second, independent set of
pseudogene calls. Bakta annotations were used for all coordinate-based analyses; PGAP
annotations were used only as an independent cross-check.



Taxonomic assignment and species delineation

Genome-based taxonomic assignment used GTDB-Tk v2.7.2 [34] against release R232 [24]; all
20 genomes were classified by ANI screening with skani [35] alone, without requiring
phylogenetic placement.

Average nucleotide identity was computed for all pairs applying fastANI v1.34 [36], orchestrated
through ANIclustermap v2.0.1 in -mode fastani, giving 190 distinct pairwise values. Species
blocks were delimited by single-linkage clustering of the ANI matrix; because single linkage
chains genomes through intermediates, it is deliberately permissive and was used to test whether
a given threshold separates the panel, not as a formal classification proposal. To assess how far
the outcome depends on that choice, the clustering was recomputed independently at each of 96
thresholds spanning 90.0-99.5% ANI.

Digital DNA-DNA hybridization (dDDH) was estimated for all 190 pairs with the Genome-to-
Genome Distance Calculator of the DSMZ [37, 38], submitted in three waves. Formula 2, which
normalizes identities over the length of the high-scoring segment pairs, was used throughout
because it is the way recommended when draft genomes are involved. Species-level
interpretation used the conventional thresholds of 95-96% ANI [39, 36, 40] and 70% dDDH
[41], following the proposed minimal standards for the use of genome data in prokaryotic
taxonomy [42].

Verification of the dDDH result set

Because the GGDC web service labels results by submitted file name, each genome was
submitted under a unique name, and the returned table was checked programmatically before
use. Two tests were applied. First, an assertion that no two distinct genomes compared against
the same reference return an identical triplet of formula 1, 2 and 3 values to the first decimal
place, a coincidence that is not possible for distinct genomes; it passed with zero violations
across all 190 pairs. Second, a consistency check against ANI, exploiting the tightness of the
ANI-dDDH relationship in this panel: a degree-two polynomial fitted to dDDH against ANI
leaves a residual standard deviation of 1.112 percentage points, and none of the 54 pairs
involving a study strain deviates from that fit by more than three standard deviations. The two
criteria are therefore mutually corroborating rather than merely co-reported, and the concordance
is shown in Additional file 1: Fig. S1 and tabulated in Additional file 2: Table S1. ANI values are
independent of this submission route, having been computed locally.

Phylogenomic inference

A core-genome alignment was built from the uniform Bakta annotations of all 20 genomes with
Panaroo v1.8.0 [43] in strict mode with a core threshold of 0.95. A maximum-likelihood
phylogeny was inferred with IQ-TREE2 v2.3.6 [44] under the GTR+F+I+R9 substitution model
selected by ModelFinder [45] on that alignment, with branch support from 1000 ultrafast
bootstrap replicates [46]. The tree was rooted on B. pseudomycoides DSM 12442T.

For comparison, a second phylogeny was inferred from a reduced marker set using VBCG v1.3,
which selects 20 vertically inherited single-copy core genes and runs an internal workflow of
Prodigal [47] for gene calling, HMMER [48] for marker detection, MUSCLE [49] for per-gene



alignment, Gblocks [50] for trimming, concatenation, and RAXML [51] for inference with 100
bootstrap replicates. No outgroup was specified at runtime, so the distributed tree is arbitrarily
rooted; we rooted it on the same outgroup to permit comparison. Topological distance between
the two phylogenies was quantified as the Robinson—Foulds distance [52] using
dist.topo(method="PH85") in ape v5 [53], computed on the unrooted trees so that our own rooting
choice could not inflate the measure.

Pangenome analysis

The pangenome was built with Panaroo v1.8.0 [43] in strict mode with a core threshold of 0.95
and partitioned independently with BPGA v1.3 [54] using USEARCH clustering at a 50%
identity cutoff. Strain-specific genes were defined as Panaroo gene clusters present in exactly
one genome of the panel; BPGA’s independent definition of unique genes was used as a contrast.
Functional annotation of the 19 909 pangenome gene-cluster representatives used eggNOG-
mapper v2.1.15 [55] in diamond mode against eggNOG v5.0.2 [56], which annotated 16 257
clusters (81.7%). Orthologous group category letters were collapsed into the four conventional
functional divisions; a gene carrying several letters contributes to each, so the denominator for
category proportions is the number of assignments rather than the number of genes.

Detection and confidence tiering of pesticidal protein genes

Pesticidal protein genes were detected with BtToxin_ Digger v1.0.10 [57] in nucleotide mode,
which performs six-frame translation of each assembly, retains open reading frames of at least 75
codons, and combines homology search, hidden Markov model profiles and a support-vector-
machine classifier. Every locus was verified independently by BLASTP and TBLASTN
(BLAST+ v2.16.0 [58]; HMMER v3.4 [48]) against a local copy of the Bacterial Pesticidal
Protein Resource Center database (downloaded on 23 September 2026) [10], and the two sets of
calls were reconciled locus by locus. All 20 genomes completed this pipeline under identical
settings, with no genome excluded or handled separately, so that the counts reported for the three
study strains and for the 17 references are directly comparable. Loci were named under both the
classical Cry/Cyt/Vip nomenclature [9] and the current structure-based
App/Bmp/Gpp/Mpp/Mtx/Sip/Spp/Tpp/Xpp nomenclature [10]; because the two schemes classify
partly overlapping sets of proteins, 16 loci are counted under both and the two class totals must
not simply be added (see Results). Loci were aggregated to family level with the regular
expression N[A-Za-z]+[0-9]*), so that for example Cry4Ca contributes to family Cry4 and Vip3Aa
to family Vip3.

Every locus was assigned to one of four tiers of sequence evidence by
the identity of its best database match: named gene, 295% identity:
same subclass, 78-95%: same family, 45-78%: and distant match, <45%. A
fifth category records loci detected only by hidden Markov model
profile, with no homology match. These tiers are thresholds on
sequence identity against a reference database. They are not
measures of biological activity, and no claim of insecticidal activity
is made anywhere in this work.



Assessment of coding integrity

All 271 detected locus entries were assessed for reading-frame integrity by direct translation:
locus length was checked for being a multiple of three, internal stop codons were sought, and the
length of the resulting protein was compared with that of its reference. Strand was resolved
independently per locus, because the reconciled call tables retain only minimum and maximum
coordinates. The translation result was cross-checked against the two independent pseudogene
call sets from Bakta [32] and PGAP [33]. Each locus received a single verdict, evaluated in the
following order: internal stop codon detected; pseudogene confirmed by PGAP; pseudogene
flagged by Bakta; fragment at a contig edge; otherwise, intact. The contig-edge category is an
assembly artefact rather than a biological observation and is reported separately for that reason.

Replicon assignment and mobilome analysis

Every locus was assigned to a chromosome or a plasmid. For the 14 closed genomes of the panel
the assignment was read from the replicon declarations in the sequence records themselves; for
the six draft genomes — the three study strains together with HD-1, HD133 and N35-10-2T —
contigs were classified with RFPlasmid [59] using its Bacillus model. MOB-suite v3.1.9 [60]
provided a second, independent assignment for cross-checking, and Bakta supplied locus
coordinates and flanking gene context. Every locus entry received an assignment; the distinction
that matters is therefore not determined versus undetermined but declared (in complete genomes,
where the replicon is stated in the sequence record) versus predicted (in draft genomes), and the
figures distinguish the two.

Plasmids were reconstructed, typed and assigned a mobility class with MOB-suite v3.1.9 [60],
which classifies a plasmid as conjugative, mobilisable or non-mobilisable according to the
presence of a relaxase, a type IV secretion system and an origin of transfer. Independent replicon
typing used PlasmidFinder [61] run through ABRicate, and plasmid families were clustered with
skani [35]. MOB-suite failed to recover 4 of the 40 known plasmids of at least 10 kb present in
the complete reference genomes, so all plasmid counts are reported as lower bounds.

Prophages were identified independently with geNomad v1.12.0 [62] and PhiSpy v5.0.10 [63]
using its Bacillus training model, and the completeness of each predicted region was assessed
with CheckV v1.1.1 [64]; regions of High or Complete quality supported by both callers were
retained as integrated prophages. Insertion sequences were detected with ISEScan v1.7.3 [65],
named by BLASTN against [Sfinder [66], and complemented by a BLASTN search against
TnCentral [67] for transposons outside the insertion-sequence class. Synteny of the two toxin
loci shared across genomes was compared with clinker [68].

Defense systems and CRISPR spacer targeting

Antiviral defense systems were identified with DefenseFinder v3.0.0 [69] and PADLOC v2.0.0
[70], and only systems surviving reconciliation of both outputs were retained. CRISPR-Cas loci
were typed with CRISPRCasTyper v1.9.0 [71] and repeats detected independently with
CRISPRDetect v2.4 [72]. Spacers extracted by both tools were searched against the plasmids and
prophages carried by the other genomes of the panel using CRISPRTarget [73] and BLASTN
[58]; only matches supported by both methods and reaching statistical significance were
retained, matches against a genome’s own elements were excluded, and a shuffled-spacer control



was run to bound the false-positive rate. Spacer matches document that a lineage has
encountered an element resembling one carried by another genome today; they establish neither
the direction nor the date of any transfer [74].

Biosafety-relevant gene content

Virulence factors were detected with ABRicate v1.4.0 against VFDB [75] (database version of 3
April 2026), and matches were grouped into functional clusters after filtering on identity and
coverage. Antimicrobial resistance genes were detected with ABRicate v1.4.0 against all five
bundled databases — CARD [76], ResFinder [77], ARG-ANNOT [78], MEGARes [79] and the
NCBI reference gene catalogue [80] — with calls reconciled by genomic coordinate so that a
locus detected by several databases is counted once, and the number of supporting databases
recorded per locus. Biosynthetic gene clusters were identified with antiSMASH v8.0.4 [81] using
the full database, and bacteriocins by BLASTP against the 821-sequence class I, IT and I1I
reference protein panel of BAGEL4 [82]; the BAGEL4 orchestration tool itself was not used.
Presence of the cereulide synthetase cluster [83] was checked explicitly as a biosafety control.
Detection of a resistance or virulence gene is not evidence of the corresponding phenotype,
which can be established only by susceptibility testing or infection assay.

Statistical analysis

Two randomization tests were used. Plasmid enrichment of each category of genomic element
was assessed by a Monte Carlo test in which the loci of that category were reshuftfled at random
across the replicons of their genome in proportion to replicon length, and the observed
proportion on plasmids was compared with the resulting null distribution. The test is one-sided
and designed to detect enrichment; a point estimate below unity therefore licenses the description
“not enriched” and not “significantly depleted”.

Proximity of insertion sequences to each class of locus was assessed by comparing the observed
number of loci with at least one insertion sequence within a given window against the
expectation under random placement within the same replicon, which controls for the differing
baseline element density of chromosomes and plasmids. Windows of 1, 5 and 10 kb were
examined; the three are nested and therefore not independent. This analysis was restricted to the
14 complete genomes, because contig edges prevent reliable distance measurement in drafts,
which means the three study strains do not contribute to it directly.

Repertoire overlap between genomes was quantified as the Jaccard index over sets of toxin
families, computed on family presence and absence without weighting by locus count or
evidence tier. The index is unstable for small repertoires, and pairs in which either genome
carries fewer than five families are marked separately in the figures and are not interpreted as
biological similarity. Trends against ANI were summarized with local regression (loess) and a
95% confidence band, which is descriptive and must not be read as prediction. All statistical
analysis and all figures were produced in R v4.3.3 with ggplot2, ape v5 [53], dplyr, tidyr,
patchwork, ggrepel, scales and svglite.

Use of large language models

Large language model assistants were used during preparation of this manuscript for two
purposes: language editing of the English text, and consistency auditing — systematically cross-



checking that numerical values, locus counts, accession numbers and stated claims were reported
identically in the text, tables and figure legends. No analysis was performed by a language
model. All genomic analyses were executed with the software listed in Additional file 2: Table
S8, and no sequence, result or statistic reported here was generated, imputed or altered by a
language model. The authors verified every reported value against the primary output files and
take full responsibility for the content of this work.

Results

Genome sequences of the three study strains

The three genomes spanned 5.97-7.02 Mb with a G+C content of 34.9-35.1 mol% and 5959—
7063 coding sequences called by Bakta, values that sat inside the range spanned by the 17
reference genomes of the panel (Table 1). CheckM2 estimated all three complete [27], and
BUSCO recovered 100% of the 116 bacterial single-copy orthologs in IB84 and L4J2 and 99.1%
in GM18 [28]. Between 99.65% and 99.90% of each strain’s own sequencing reads are mapped
back to its assembly.

Table 1. Genome characteristics and species assignment of the three
strains sequenced in this study. Assembly statistics from QUAST
v5.3.0 (contigs 2500 bp) and Bakta v1.10.1 (all contigs): completeness
from CheckM? v1.1.0 and BUSCO v6.1.0 against bacteria_ odb12.2 (n=116). ANI
from fastANI v1.34, genomic classification from GTDB-Tk R232, and core-genome sister taxon
and support from the phylogeny of Fig. 2. GM18’s dDDH value against its type strain is among
those affected by the submission labelling failure described in Methods and is not used to
support its assignment.

Characteristic

Isolation source

Original
1dentification

Published
preliminary
bioassay

Genome
announcement

Assembly
accession
analysed

GM18

agricultural soil,
Guanajuato,
Mexico

B. thuringiensis
subsp.
neoleonensis,
serotype H-24

no insecticidal
activity; inclusion
proteins cytotoxic
to cancer cell
lines

Moreno-Pena et
al. 2021

GCA_015620955
A

IB84

agricultural soil,
San Luis Potosi,
Mexico

B. thuringiensis

crystal proteins
not toxic to
insects

Garcia-Garcia et
al. 2021

GCA 015620945
1

L4J2

agricultural soil,
northern Mexico

B. thuringiensis

crystal proteins
lethal to Aedes
aegypti larvae

Rangel-Heredia et
al. 2025

GCA 042535225
A



Characteristic

BioProject / SRA
run

Genome size (bp)
Contigs, all /
>=500 bp
Largest contig
(bp)

N50/L50 (>=500
bp)

G+C content
(mol%)

CDSs (Bakta /
PGAP)

tRNAs / rRNAs
(Bakta)

Pseudogenes
(Bakta / PGAP, %
of CDS)

CheckM?2
completeness /
contamination
(%)

PGAP CheckM
completeness /
contamination
(%)

BUSCO complete
(%)

Reads mapped to
own assembly
(%)

Closest relative
by ANI

ANI to closest
relative (%)
Margin to second-
closest genome
(pp)

dDDH to type
strain (%)

GM18

PRINA676032 /
SRR13402414

6,129,014
156/114

588,862
171,900/ 10
34.9

6,074/ 6,244
96 /12

44 /300 (4.95)

100.0/0.85

99.41/0.22

99.1

99.65

BCT-7112T (B.
toyonensis type
strain)

98.87

7.29

90.5 (BCT-
7112T)

B84

PRINA676033 /
SRR13427799

5,965,175
156 /117

531,084
155,983 /12
35.1
5,959/6,112
80/6

42 /243 (3.92)

100.0/0.05

99.38/0.00

100.0

99.80

N35-10-2T (B.

albus type strain)

97.82

4.11

80.2 (N35-10-2T)

L4J2

PRINA1130484 /
SRR29744432

7,016,826
799 /211

856,121
349,725/ 6
35.0

7,063 /7,657
122/19

26 /297 (3.79)

100.0/5.97

98.82/9.07

100.0

99.90

HD-789 (Bt
subsp. israelensis)
99.97

0.01 (AM65-52,
same clade)

65.4 (ATCC
14579T)



Characteristic

GTDB R232
assignment (skani
ANI %)
Core-genome

sister taxon
(UFBoot)

Marker-gene tree
sister taxon
(bootstrap)

Toxin families /
distinct loci

Classical
insecticidal loci

Structure-based
(parasporin) loci
Loci with intact
reading frame
Plasmid fraction
of genome (%)
Conjugative
plasmids (>=10
kb)

IS elements (per
Mb)

IS per Mb,
chromosome vs
plasmid

Integrated
prophages (% of
genome)
Defence systems
(on plasmid)
Complete
CRISPR-Cas
(subtype)

AMR loci (on
plasmid)

BGC regions

Virulence-factor
clusters

GM18
B. toyonensis
(99.07)

BCT-7112T
(100%)

BCT-7112T
(100%)

10/ 18

3 (all Vpbl,
<45% 1identity)
15

12/18 (67%)

20.7

96 (13.71)

2.26 vs 57.47

2 (0.87)

25 (1)

yes (I-C)

7(1)

13

IB84
B. albus (98.12)

N35-10-2T
(100%)

N35-10-2T

3/3

373

22.7

54 (8.38)

1.97 vs 30.49

1(0.31)

16 (0)

no

9 (2)

13

L4J2

B.
thuringiensis S
(99.11)

AMG65-52 (88%)

HD-789 (99%)

12/24

14

10

11/24 (46%)

26.3

63 (7.41)

2.13 vs 22.25

10 (3.98)

18 (0)

no

11 (4)

17



Assembly quality was not uniform across the three, and the differences constrained different
parts of the analysis. GM18 and IB84 were comparably contiguous — 114 and 117 contigs of at
least 500 bp, with N50 values of 172 kb and 156 kb — and both were essentially free of
contamination (CheckM?2 0.85% and 0.05%). L4J2 was the exception on both counts. It was the
most fragmented assembly of the whole panel, with 799 contigs, and its contamination estimate
exceeded the 5% ceiling that defines a high-quality draft [84]: CheckM2 returned 5.97%, and the
independent CheckM estimate produced by the PGAP pipeline returned 9.07%, the highest value
in the panel. L4J2 nonetheless had the highest N50 of the three (350 kb) and the largest single
contig (856 kb), so the fragmentation was concentrated in short contigs rather than distributed
across the assembly.

These two observations bound the interpretation of L4J2’s size. L.4J2 carried approximately 0.9
Mb more sequence than GM18 and 1.1 Mb more than IB84, and its G+C content matched theirs,
which argues against gross foreign contamination. But with two independent contamination
estimates above the high-quality threshold and 799 contigs, part of that excess may be redundant
or extraneous sequence rather than additional genuine content. We therefore treat L4J2’s genome
size, and every count that scales with it, as an upper bound pending a closed assembly, and we
do not use its size as evidence for anything.

All three strains receive unambiguous species assignments

Across the 190 pairwise comparisons of the panel, ANI ranged from 83.09% to 99.98% with a
median of 91.58% (Fig. 1). Single-linkage clustering at the conventional 95% threshold
recovered seven blocks, and B. pseudomycoides DSM 12442T reached no more than 83.7% ANI
against any other genome, confirming quantitatively that it is a suitable outgroup.
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Fig. 1. Pairwise average nucleotide identity among twenty Bacillus cereus group genomes.
Each cell gives the percentage ANI between the genomes of that row
and column, computed with fastANI v1.34. Rows and columns are
ordered by UPGMA hierarchical clustering on the distance 100 — ANI,
so that related genomes are adjacent. The colour ramp is sequential
from 83% to 100% with its inflection fixed at 95%, the conventional
prokaryotic species threshold. Brackets on the right delimit the
blocks obtained by single—linkage clustering at that threshold and
are labelled with the corresponding species name: the red bracket
marks the outgroup Bacillus pseudomycoides DSM 12442T. Coloured strain labels

indicate the three strains sequenced in this study. The three values displayed as 100.0 in the L4J2
/ AM65-52 / HD-789 trio are 99.97% rounded to one decimal place; these are not identical
genomes.

Each study strain had a single, well-separated closest relative (Fig. 1, Additional file 1: Fig. S2).
GM18 shared 98.87% ANI with BCT-7112T, the type strain of B. toyonensis [85], and its
second-closest genome, Bt407, lay 7.29 percentage points further away at 91.58%. IB84 shared
97.82% ANI with N35-10-2T, the type strain of B. albus [6], and its second neighbor, FCC41,
lay 4.11 points away at 93.71%. L4J2 was a different case: it shared 99.97% ANI with HD-789



and effectively the same value with AM65-52 (a margin of 0.01 points), two reference strains of
B. thuringiensis subsp. israelensis, so the three were near-clonal, and no single nearest relative
can be identified among them. None of the three strains fell in the 95-96% band in which the
ANI criterion is least reliable [39, 36, 42]. The margin to the second neighbor matters as much as
the absolute value: a high ANI with a narrow margin would indicate a continuum of divergence
rather than a discrete species. For GM18 and IB84, that margin was wide, and the ANI step at
the block boundary was abrupt. For L4J2, the margin was negligible because its two closest
relatives were themselves near-identical to it, which is why we describe L4J2 by its clade rather
than by a nearest-neighbor species name. GTDB-Tk R232 returned the same three assignments
independently: B. toyonensis, B. albus, and B. thuringiensis within the B. cereus group, at
closest-genome ANI values of 99.07%, 98.12%, and 99.11% respectively [34, 24].

Digital DNA—-DNA hybridization resolved all 190 pairs of the panel and agrees with the ANI
assignments throughout. GM 18 against the B. foyonensis type strain gave 90.5%, and IB84
against the B. albus type strain gave 80.2%, both far above the 70% species threshold [41]. L4J2
against the B. cereus type strain ATCC 14579T gave 65.4%, below that threshold, which is
consistent with its GTDB assignment to a thuringiensis clade rather than to B. cereus sensu
stricto and is a further reason to describe it by clade. The two criteria were quantitatively
consistent across the panel: a degree-two polynomial fitted to dDDH against ANI left a residual
standard deviation of 1.112 percentage points, and none of the 54 pairs involving a study strain
fell outside three standard deviations of that fit (Additional file 1: Fig. S1, Additional file 2:
Table S1).

The core—genome phylogeny, inferred from 3399 filtered core gene
alignments under GTR+F+I+R9, was essentially fully resolved: 16 of
its 17 internal branches reached 100% ultrafast bootstrap support
(Fig. 2) [43, 44, 45, 46]. GM18 was the sister taxon of BCT-7112T and
IB84 the sister taxon of N35—-10—-2T, both at 100% support. L4J2 fell
inside a near—clonal clade with AM65—-52 and HD—-789, with terminal
branch lengths of the order of 10—6 substitutions per site. The single
branch below 100% was the bifurcation separating L4J2 from AM65—-52,
at 88%, and it should not be read as uncertainty about where L4J2 sits:
its membership of the clade was supported at 100%, and the 88%
reflected the absence of phylogenetic signal to order two genomes
that share 99.97% ANI. The 95% ANI blocks corresponded to
monophyletic clades of this tree without exception.
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Fig. 2. Core-genome maximume-likelihood phylogeny of twenty Bacillus cereus group genomes.
Core-genome alignment built with Panaroo v1.8.0 and inference with IQ-TREE2 v2.3.6 under
the GTR+F+I1+R9 model selected by ModelFinder, with 1000 ultrafast bootstrap replicates; the
tree is rooted on Bacillus pseudomycoides DSM 12442T. Support values are shown only at nodes
below 100%: the sole exception is the split separating L4J2 from AM65-52 (88%), which
distinguishes two genomes sharing 99.97% ANI and does not indicate uncertainty about L4J2’s
placement, since its membership of the clade is supported at 100%. Coloured tips mark the three
strains sequenced in this study; italics give the species assigned by genome-based classification
and the brackets on the right the blocks delimited by ANI at 95%. The outgroup branch is
graphically shortened to preserve legibility and its true length is printed at the break mark; any
distance measured on the figure in that region is not the real one. Scale bar, 0.01 substitutions per
site.

A second phylogeny inferred from 20 vertically inherited marker genes placed all three study
strains correctly — GM 18 as the direct sister of BCT-7112T at 100% bootstrap support, IB84
with N35-10-2T, and L4J2 with HD-789 at 99% — but it did not recover the topology of the
core-genome tree as a whole (Additional file 1: Fig. S3, Fig. S4). Four internal nodes were
shared between the two trees, giving a Robinson—Foulds distance of 26 out of a possible 34 [52].
Two indications identify this as loss of resolution rather than an alternative evolutionary history:
the inference declared three genome pairs exactly identical under this marker set
(HD73 = HD-1, L4J2 = HD-789, HS18-1 = A1100), and the discrepancies
concentrate in precisely the regions of the tree where divergence is
lowest. A third, stronger indication emerged from re—analysis. When



one assembly of the panel was replaced by a more contiguous version
of the same strain, the core—genome topology did not change at all
(Robinson-Foulds distance 0, all 17 splits preserved), whereas the
marker—gene topology moved by a Robinson-Foulds distance of 16. A
20—gene sample is therefore sensitive to assembly input in a way that
a 3399—gene core alignment is not, and we report the marker tree as a
limit of that approach rather than as independent corroboration.

The 95% species boundary does not resolve the B. cereus group, and the
deposited name does not predict the genomic assignment

Varying the clustering threshold from 90.0% to 99.5% ANI showed that the conventional cut
landed in a flat region rather than at a natural break (Additional file 1: Fig. S5). At 95%, a single
cluster absorbed 12 of the 20 genomes — A1100, AM65-52, ATCC 14579T, BMB171, Bt407,
HD-1, HD-789, HD133, HD73, HS18-1, L4J2 and ST7 — placing the type strain of B. cereus,
several B. thuringiensis reference strains and one study strain in the same putative species. The
total number of clusters remained fixed at seven throughout 93.8-96.5%: the panel did not
reorganize anywhere near the threshold in general use. GM18 and IB84 were entirely robust to
this choice, persisting as clean two-genome clusters with their respective type strains; L4J2 was
the opposite case, and its assignment to one nominal species or another depended wholly on the
cut applied. We therefore describe L4J2 by its clade and its gene content rather than by a species
name that the criterion does not sustain.

The consequence for nomenclature was direct (Fig. 3, Additional file 2: Table S4). Of the ten
reference strains deposited as B. thuringiensis, seven were assigned to B. cereus on genomic
criteria: HD-1, HD73, BMB171, Bt407, HD133, A1100 and ST7. Only HD-789, AM65-52 and
HS18-1 retained a thuringiensis designation. Eight of the 17 reference genomes (47%) showed
some disagreement between deposited name and genomic assignment, and BD59S, deposited
without a species epithet, was assigned to B. pacificus. The conflict was sharpest in the best-
characterized strains in the field: HD-1 and HD73 are the subsp. kurstaki strains that have
underpinned commercial Bt formulations for decades [11, 12] and HD133 is the subsp. aizawai
reference, and all three were called B. cereus here. None of the three study strains showed any
such conflict.
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Fig. 3. Deposited species names versus genome-based classification. For each of the twenty
genomes, the name under which it is deposited or described in the literature (left) is set against
the name assigned by GTDB-Tk R232 (right). Red lines mark genomes where the two disagree
at species level: seven of the ten reference strains deposited as B. thuringiensis, among them the
kurstaki strains HD-1 and HD73 used in commercial formulations, are assigned to B. cereus on
genomic criteria. The three strains sequenced in this study receive consistent names in both
systems. Neither column is the correct one: the left encodes a phenotype-anchored nomenclature
with historical priority, the right an operational classification of the chromosome. The
comparison is made at species level; the subspecies and serovars of the left column have no
equivalent in the genomic system, which recognises no infraspecific ranks. GTDB placeholder
suffixes of the form _S are omitted here and retained in Additional file 2: Table S4.

Neither of the two classifications compared in Fig. 3 is the correct one. The deposited names
encode a phenotype-anchored nomenclature with historical priority; the genomic assignment is
an operational classification of the chromosome. That the two disagree for B. cereus and B.
thuringiensis has been argued since whole-genome comparisons first became available [3, 4, 5],
and the reason is mechanistic: the trait that classically separates the two species, production of
parasporal insecticidal crystals, is encoded on plasmids [7, 8], which the chromosomal
classification does not see. The remainder of this section quantifies that explanation on our own
panel.



Gene content analysis of the three focal strains

The three strains cover the three possible combinations of name and arsenal (Fig. 4, Additional
file 1: Fig. S6, Fig. S7, Table 2, Additional file 2: Table S2).

Table 2. Pesticidal protein gene families of the three study strains, with sequence evidence and
replicon location. Families are reported separately under the classical Cry/Cyt/Vip nomenclature
and the current structure-based nomenclature; because the two schemes classify partly
overlapping sets of proteins, locus counts must not be summed across the two panels. Strongest
sequence evidence is the highest identity tier reached by any locus of that family in that genome,
against the BPPRC database. Replicon location for these three strains is a prediction from contig
classification, not a declaration in a sequence record, and is least reliable for L4J2 given its 799-
contig assembly.

Nomencl Strongest
ature sequence Locion % on
Strain panel Family Loci evidence plasmid plasmid
GMI18 classical  Vpbl 3 distant 2 67
Cry/Cyt/ (<45%)
Vip
GM18 structure  App4 1 named 1 100
-based (>=95%)
GM18 structure  Bmpl 2 distant 2 100
-based (<45%)
GM18 structure  Mpp45 1 distant 1 100
-based (<45%)
GM18 structure  Mpp75 1 distant 1 100
-based (<45%)
GM18 structure  Mpp93 1 distant 1 100
-based (<45%)
GM18 structure  Sppl 5 same 3 60
-based subclass
(78-
95%)
GM18 structure  Tpp78 1 distant 1 100
-based (<45%)
GM18 structure  Vpb4 1 distant 1 100
-based (<45%)
GM18 structure  Xpp22 2 distant 2 100
-based (<45%)
B84 structure  Sppl 1 same 1 100
-based subclass
(78-

95%)
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B84
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L4)2
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L4)2

L4)2

L4)2

L4)2

L4)2

L4J)2

L4J)2

L4J)2

Nomencl
ature
panel

structure
-based

structure
-based

classical
Cry/Cyt/
Vip
classical
Cry/Cyt/
Vip
classical
Cry/Cyt/
Vip
classical
Cry/Cyt/
Vip

classical
Cry/Cyt/
Vip
classical
Cry/Cyt/
Vip

structure
-based

structure
-based

structure
-based

structure
-based

structure
-based

structure
-based

Family
Tpp78

Xpp22

Cryl0

Cryll

Cry69

Cytl

Cyt2

Mpp60

Mitx1

Sppl

Vpb4
Xpp22

Xpp86

Loci

Strongest
sequence
evidence

distant
(<45%)
distant
(<45%)
named
(>=95%)

named
(>=95%)

named
(>=95%)

same
family
(45-
78%)
named
(>=95%)

named
(>=95%)

named
(>=95%)
distant
(<45%)
same
subclass
(78-
95%)
distant
(<45%)
distant
(<45%)
distant
(<45%)

Loci on
plasmid

1

\9)

% on
plasmid

100
100

100

100

100

100

100

100

100

100

100
100

100
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Fig. 4. Insecticidal toxin gene families carried by each genome.
Presence of the thirty Cry, Cyt, Vip, Vpa and Vpb protein families
detected in the panel, identified with BtToxin_Digger v1.0.10 and
verified independently by homology search against the BPPRC
database. The number in each cell gives the loci of that family
present in that genome and the colour the strongest sequence
evidence reached, from distant match (<45% identity) to named gene
(295%); grey marks absence of the family. Rows follow the order of the
core—genome phylogeny and coloured labels mark the three strains
sequenced in this study. L4J2 carries the Cry4-Cryl0-Cryll-Cytl-Cytl
cassette characteristic of mosquitocidal activity at named—gene
identity, identical in composition to that of AM65—-52 and HD-789:
IB84 carries no gene of this class at all, and GM18 carries only three
Vpbl loci, all of them distant matches. Colour reflects sequence
identity, not insecticidal activity: a named locus does not imply a
functional protein, and reading—frame integrity is assessed
separately in Fig. S8. Family—level aggregation groups subclasses
that may differ in activity spectrum.

L4J2 carried the complete canonical mosquitocidal cassette. It had 14
loci in the classical insecticidal panel. Thirteen of them belonged to
five families — Cry4 (eight loci), Cryl0 (one), Cryll (one), Cytl (two)
and Cyt? (one), and every one of the 13 reached named—gene identity
(295%); the fourteenth was a Cry69 locus at family—1level identity.



This combination defines dipteran—1larvicidal activity in B. thuringiensis
subsp. israelensis [13, 14]. The two israelensis reference genomes of the panel, AM65-52 and
HD-789, carried the same five families, and at subclass resolution all three strains carried the
same seven proteins: Cry4Aa, Cry4Ba, Cryl0Aa, Cryl1Aa, Cytl Aa, CytlCa and Cyt2Ba. This
was not a diffuse resemblance but an identical repertoire in a genome sharing 99.97% ANI. A
screen guided by the deposited species name would have discarded L4J2, which is deposited as
B. cereus group.

GM18 carried neither cry nor cyt genes at all. It carried just three /oci in the classical panel that
belonged to the Vpbl family, a component of a vegetative binary toxin, and all three were distant
matches below 45% identity. The distinction matters, and it corrects a framing used earlier in this
project: “GMI18 carries toxin genes” and “GM 18 carries cry genes” are not interchangeable
statements. In the structure-based panel, GM18 carried 15 /oci across the widest set of families
of the three strains — the second-highest count in the panel after A1100 — including one App4
locus at named-gene identity, which is notable in a B. toyonensis, a species absent from the
classical parasporin literature. The rest of that load was almost entirely low confidence
(Additional file 1: Fig. S7): five Sppl /oci at subclass identity and nine distant matches below
45%. The defensible statement is therefore that GM 18 carried one identified App4 locus, five
Spp1 loci that carry no discriminating information for the reason given below, and nine distant
candidates — not that it has a high parasporin load.

IB84 carried no classical insecticidal locus whatsoever, despite having come from sampling
directed at B. thuringiensis. It was not alone in this: five of the 20 genomes carried no classical
insecticidal locus, the others being the B. cereus type strain ATCC 14579T, the unnamed isolate
BD59S, and BMB171 and Bt407, two strains deposited as B. thuringiensis that are themselves
acrystalliferous or Cry-negative references and were included in the panel for that reason. B84
functioned as an internal negative control: a close, non-toxigenic relative within the same group,
whose company in that category includes two genomes bearing the thuringiensis epithet. Its three
structure-based loci comprised the near-ubiquitous Sppl and two distant candidates.

Two panel-wide observations condition how all of these counts should be read. First, the two
classes differed sharply in the strength of the evidence behind them (Additional file 1: Fig. S7):
63 of the 138 entries in the classical insecticidal panel (45.7%) reached named-gene identity,
whereas in the 133-entry structure-based panel only a small minority did and the large majority
were distant matches below 45% identity. A count of parasporin-like loci is therefore largely a
count of candidates, whereas a count of classical insecticidal loci means roughly what it appears
to; any figure quoted for the former must state the identity threshold applied. Second, the
structure-based family Spp1 was present in 19 of the 20 genomes — the sole exception being
BCT-7112T — at a consistent 78—84% identity, including in all three genomes used as negative
controls for the classical panel. It carried essentially no discriminating information and was
excluded from presence/absence interpretation, being retained only in the raw call table. Across
the panel, the highest raw counts were also the least informative: ST7 led with 20 classical loci
but concentrated most of them in a single low-confidence family, while HD133’s named Cryl
loci are exactly what a subsp. aizawai reference should have. Sixteen loci carried a classification
under both nomenclatures, so locus totals must not be summed across the two panels: the 271
locus entries of the two panels together corresponded to 243 distinct loci, and the 16 dual-



classified loci do not by themselves account for that difference, so the merge must also collapse
duplicate calls within a panel. We report both totals and do not interpret the gap between them.

Toxin-locus integrity differs between the three strains, and for different
reasons

Of the 271 locus entries assessed, 170 had an intact reading frame, 57 were complete but
truncated relative to their reference, 21 were fragments at a contig edge, 16 were pseudogenes
confirmed independently by both annotation pipelines, four were flagged by one annotation only,
two had no coding sequence called, and one carried an internal stop codon (Additional file 1:
Fig. S8a, Fig. S8b).

The three study strains separate cleanly on this measure. IB84 had all three of its loci intact — on
a denominator of three, which makes the percentage statistically fragile, reason why we reported
it as 3/3 rather than 100%. GM18 retained 12 of 18 loci (67%) and L4J2 11 of 24 (46%).

For GM 18, the integrity deficit was biological rather than an artefact of assembly, and the re-
analysis established this directly. The strain was re-examined on a markedly more contiguous
assembly of the same genome — 156 contigs instead of 1193, with the N50 rising from 23 kb to
172 kb — and the pseudogene load did not move: Bakta called 44 pseudogenes on both
assemblies, and the PGAP pseudogene fraction went from 4.93% to 4.95%. Contiguity was
therefore not what limited GM18’s intact-ORF fraction, and long-read sequencing would not be
expected to recover the missing reading frames. Five of GM18’s six incomplete loci were
nonetheless contig-edge fragments, so the particular assignment of individual loci to failure
modes remains provisional even though the aggregate does not.

For L4J2 the pattern was different in kind. Its losses included pseudogenes confirmed
independently by both annotation pipelines alongside six contig-edge fragments, in the genome
that carried by far the largest integrated prophage burden of the three (10 integrated prophages
occupying 3.98% of the genome) and the most fragmented assembly of the panel. Both the
biological and the technical contributions were therefore larger in L4J2 than in the other two
strains, and they cannot be separated on these data.

The applied consequence is specific. L4J2’s mosquitocidal cassette was present at named-gene
identity, but fewer than half of its total toxin loci had an intact reading frame. An intact reading
frame 1s necessary but not sufficient for protein production — it says nothing about expression,
secretion or crystal formation.

Published bioassays are concordant with the genomic predictions

Preliminary phenotypic characterizations of all three strains were reported in their genome
announcements, and they agree with the gene content described here (Additional file 2: Table
S9). L4J2, the only one of the three carrying the mosquitocidal cassette, was the only one
reported to kill larvae of Aedes aegypti [21]. GM18, which carried no cry or cyt kind gene, was
reported to have no insecticidal activity, while its solubilized inclusion proteins displayed
cytotoxic activity against to several cancer cell lines buy not to sheep erythrocytes [20] — a
phenotype consistent with a parasporin-like rather than an insecticidal repertoire, and one that
makes its single named App4 locus worth following up. IB84, which carried no classical



insecticidal locus, produced a small parasporal crystal whose proteins were not toxic to the
insects tested but it showed biocidal activity against some cancer cell line [22].

The concordance should not be overstated. These are presence or absence observations from
preliminary assays reported in announcement format; no dose-response relationship, no LC50
and no expression data exist for any of the three strains, and none were generated in this work.
What the agreement supports is the direction of the inference — that gene content and not
species name is what tracks the phenotype — and not any quantitative prediction of potency.

Genomic relatedness does not predict toxin repertoire

Across the 190 pairs, repertoire overlap measured as the Jaccard index over toxin family sets was
low and essentially flat against ANI below the species threshold, tightening only among near-
clonal pairs above 99% ANI (Fig. 5, Additional file 2: Table S3). Knowing that two genomes
share 91% or 94% identity conveys no information about which toxins they carry.
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Fig. 5. Toxin-family repertoire overlap versus average nucleotide identity. Each point is one of
the 190 possible genome pairs, with average nucleotide identity on the abscissa and the Jaccard
index between their toxin and parasporin-like family repertoires on the ordinate. The line is a
local regression with a 95% confidence band and the dashed line marks the 95% ANI species
threshold; open points mark pairs in which either genome carries fewer than five families, a
condition under which the index is unstable and which must not be read as biological similarity.
Below the species threshold, repertoire overlap is low and independent of ANI; only among



near-clonal pairs do the two quantities correspond. The two contrasting cases illustrate the effect:
L4J2 and the references AM65-52 and HD-789 share 99.97% identity and identical or near-
identical repertoires, whereas GM18 and the type strain of its own species, BCT-7112T, share
98.87% identity but almost no toxin content — a consequence of these genes residing mainly on
plasmids and mobile elements transmitted independently of the chromosome. The index is
computed on family presence and absence, without weighting by locus count or evidence tier.
The local regression is descriptive and its confidence band widens where pairs are sparse; it must
not be read as prediction.

The two contrasting cases are both drawn from the study strains. L4J2 against AM65-52 and
HD-789: 99.96% and 99.97% ANI and, respectively, an identical family set (Jaccard 1.00,
twelve families each) and a near-identical one (0.92, eleven families). This is why L4J2 carried
the israelensis cassette — not functional convergence, but the same lineage still holding the
same plasmids. GM18 against BCT-7112T: 98.87% ANI, unambiguously the same species and
the same chromosomal backbone, but almost no shared toxin content. The substance of this
second contrast is best stated as counts rather than as an index: GM18 carried 18 loci across 10
families, whereas the type strain of its own species carried a single locus in a single family. We
note explicitly that the Jaccard value for this pair (0.10) rests on a repertoire of one family in
BCT-7112T and is for that reason unstable.

That instability is general and constrains the figure. Family counts per genome ranged from one
(BCT-7112T) to 15 (FCC41), and IB84 carried only three, so pairs in which either genome had a
small repertoire could reach high Jaccard values for trivial reasons — IB84 against ATCC
14579T scored 0.67 on two shared families, neither of them an insecticidal arsenal. Those pairs
are marked as open points in Fig. 5 and are not interpreted as biological similarity. The index is
also computed on family presence and absence, without weighting by locus count or evidence
tier, so given how few structure-based loci reach named-gene identity, repertoire overlap in that
class is considerably more uncertain than in the classical one. Finally, this is a negative result: it
demonstrates absence of association within this panel and does not prove that no relationship
exists at other sampling densities or taxonomic scales.

The mobilome accounts for the decoupling between taxonomy and gene
content

If these genes travel on replicons that are inherited independently of the chromosome, then
neither ANI nor a core-genome phylogeny — both of which measure the chromosome — can
predict them. Four lines of evidence from this dataset support that account.

The genes were on plasmids. Of the 271 locus entries, 185 (68.3%) resided on plasmids and 86
on chromosomes (Additional file 1: Fig. S9). The two classes behaved differently: classical
insecticidal families were markedly plasmid-borne, whereas the structure-based class was
radically heterogeneous, ranging from entirely plasmid-borne families to essentially
chromosomal ones (Additional file 1: Fig. S10, Fig. S11, Additional file 2: Table S5). Sppl, the
most ubiquitous family of the panel, was also among the least plasmid-borne of its class, which
is the profile of a conserved chromosomal gene rather than a mobile parasporal determinant. In
the three study strains the pattern was unusually clean (Table 2): all 14 of L4J2’s classical
insecticidal loci were plasmid-borne, as were both of its named Mpp60 loci, and the single locus
it carried on a chromosome was an Spp1 call. All three of IB84’s loci were plasmid-borne, as



were 16 of GM18’s 18, including its named App4 locus. That L4J2’s entire mosquitocidal
cassette sits on plasmids is precisely how a strain can carry the arsenal without carrying the
name.

The plasmid localization was specific to this gene class, not a general property of the panel.
Under a Monte Carlo null that redistributes loci across replicons in proportion to replicon length,
toxin loci were enriched 4.54-fold on plasmids, at 68.3% observed against 15.0% expected, p <
0.0001 (Fig. 6). The test discriminated sharply between categories: CRISPR spacer targets were
enriched 7.81-fold (29 of 29 on plasmids), insertion sequences 3.57-fold (769 of 1596),
bacteriocins 2.47-fold (23 of 62), defense systems 2.34-fold (82 of 261) and biosynthetic clusters
1.59-fold (56 of 256), all significant, while antimicrobial resistance genes showed no enrichment
(1.04-fold, 21 of 139 loci, p = 0.47) and virulence factors fell below expectation (0.46-fold, 27 of
429, p = 1.00). Six of the eight categories tested were significantly enriched. The contrast
between toxins and virulence factors is the most informative result of this test: two gene classes
with opposite inheritance patterns in the same genomes, which is what one expects if the
insecticidal arsenal is an accessory mobile module superimposed on a stable chromosomal
background. Because the test is one-sided and designed to detect enrichment, the virulence result
licenses the description “not enriched” rather than “significantly depleted”.

CRISPR spacer targets @ 7.81x 100% of 29 loci
Toxin and parasporin loci @  4.54% 68% of 271 loci
Insertion sequences 3 3.57% 48% of 1596 loci
Bacteriocin genes @  2.47x 37% of 62 loci
Antiviral defence systems @  2.34x 31% of 261 loci
Biosynthetic gene clusters @  1.59% 22% of 256 loci
Resistance genes 1.04x 15% of 139 loci
Virulence factors ).46% 6% of 429 loci
0x 2% 4x B 8x

Fold enrichment on plasmids over the genome-wide expectation

Not significant ~ ® Significant (p < 0.05) Locitested @ 400 . 800 . 1200

Fig. 6. Plasmid enrichment of genomic feature categories. For each category, the enrichment
factor is the observed proportion of loci on plasmids divided by the proportion expected under a
null model that redistributes loci at random across replicons in proportion to replicon length,
assessed by Monte Carlo randomisation. Point size is proportional to the number of loci tested
and colour indicates statistical significance; the vertical line marks absence of enrichment. Toxin
and parasporin-like loci are enriched 4.54-fold, with 68.3% of their loci on plasmids against



15.0% expected, whereas virulence factors fall below expectation and resistance genes show no
significant enrichment. The null model assumes loci could lie on any replicon in proportion to its
size, which is an idealisation. The test is one-sided and designed to detect enrichment, so the
virulence value of 0.46-fold licenses the description “not enriched” rather than “significantly
depleted”. The test aggregates the twenty genomes and does not distinguish between them.

The loci sat in insertion-sequence-rich neighbourhoods. Toxin loci lay closer to insertion
sequences than expected under random placement within the same replicon, and the excess was
strongest at the shortest range: 100 loci fell within 1 kb of an insertion sequence against 71.2
expected (a 1.40-fold excess), 146 within 5 kb against 109.2 expected (1.34-fold) and 168 within
10 kb against 131.6 expected (1.28-fold) (Additional file 1: Fig. S12) [65, 66]. Insertion
sequences are a well-documented driver of gene inactivation and genome rearrangement in
bacteria [86]. Specificity, rather than the excess itself, is the finding: at the 10 kb window,
virulence factors (66 against 59.5 expected, 1.11-fold), resistance genes (50 against 40.2, 1.24-
fold) and biosynthetic clusters (166 against 159.1, 1.04-fold) depart far less from expectation
under the same test. Bacteriocin genes show a sharp excess at the shortest range (18 against 5.6
expected at 1 kb, 3.21-fold) that decays by 10 kb (26 against 20.4, 1.27-fold), but on a much
smaller base than toxins, which makes that estimate less stable; we report it rather than
presenting toxins as the only associated class. Four caveats bound this analysis. It is restricted to
the complete genomes of the panel, because contig edges prevent reliable distance measurement
in drafts, so the three study strains do not contribute to it directly. The three window sizes are
nested and therefore not independent. We observed and expected counts and their ratios, and do
not attach significance levels to them, because the per-category significance of this test was not
recomputed in the final analysis. And association does not establish direction: insertion
sequences may insert preferentially near these loci, both may favor the same genomic regions, or
the loci may have moved into regions already rich in them.

The plasmids demonstrably circulated, and the bacteria retained the record. Only five of the 20
genomes carried a complete CRISPR-Cas system, all of subtype I-C (GM18, DSM 12442T, HD-
1, HD133 and HS18-1), so only five could accumulate spacer memory at all; the remaining
fifteen are absent from Additional file 1: Fig. S13 for that reason and not for lack of encounters.
Among those five, 45 confident spacer matches against mobile elements were recovered, 41 of
them against elements carried by other genomes of the panel, and of the targets identified, 29
were plasmids rather than prophages: what these lineages have learned to recognize is
predominantly plasmid DNA [74]. GM 18 was the only study strain with such memory,
contributing six spacer matches against foreign elements, and it was also the genome with the
largest number of defense systems in the panel (25, of which one was plasmid-resident)
(Additional file 1: Fig. S14, Fig. S15). Spacer targets were the most plasmid-enriched category in
the entire analysis (7.81-fold, every target on a plasmid). Absence of memory does not imply
absence of encounter, and a spacer match dates and directs nothing; what the analysis establishes
is that plasmid-borne elements move between lineages of this group. All three study strains
additionally carried conjugative plasmids of at least 10 kb — three in GM 18, three in IB84 and
two in L4J2 — so the mobility inferred from spacer memory has a plausible mechanism in these
genomes.



Biosafety-relevant gene content, and the limits of reading it

The virulence repertoire was largely uniform across the panel and was dominated by
determinants shared throughout B. cereus sensu lato rather than by strain-specific factors
(Additional file 1: Fig. S16). Confident virulence-factor clusters ranged from three to nine per
genome, and the study strains sat inside that range: GM18 carried five, the fewest of the three,
and IB84 and L4J2 eight each. The non-haemolytic enterotoxin NHE, the haemolysin BL
complex HBL and the immune inhibitor InhA were present in all 20 genomes, including the most
divergent. These are the determinants associated with B. cereus foodborne illness [1, 2], and their
presence across much of the panel — including reference strains in long-standing commercial
use — is the context in which any equivalent finding for the study strains must be read: it does
not distinguish a candidate strain from formulations deployed for decades. Two explicit safety
checks returned negative results in all 20 genomes: no complete cereulide synthetase operon was
detected, with only an orphan cesH hit in BMB171 and no cereulide cluster among the 256
biosynthetic regions [83], and no anthrax toxin genes were found.

Antimicrobial resistance content was dominated by the intrinsic chromosomal -lactamases Blal,
Blall and Blalll, present across essentially the whole panel and part of the B. cereus group gene
pool rather than acquired resistance (Additional file 1: Fig. S17). Panel-wide, 139 resistance loci
were called and only 21 of them lay on plasmids, which is no more than expected from replicon
length (1.04-fold, p = 0.47). L4J2 carried the highest number of resistance loci in the panel (11,
four of them plasmid-located), IB84 nine (two plasmid-located) and GM18 seven (one plasmid-
located); the reference strains in established commercial use carry comparable repertoires, so
none of the three is anomalous within the group. A vanR/vanS pair was detected in IB84 and was
assigned to the chromosome. Detection of a resistance gene is in any case not evidence of
resistance, which requires susceptibility testing, and none was performed here.

Secondary metabolite capacity was highest in L4J2, with 17 biosynthetic regions, the maximum
of the panel, out of 256 across all 20 genomes (Additional file 1: Fig. S18). This is largely a
property of the clade rather than of L4J2 specifically, though it remains a real and reportable
feature of the strain; it should also be read alongside L.4J2’s contamination estimate, since
redundant sequence would inflate a region count. GM18 and 1B84 each carried 13 regions and
sat in the lower-middle of the panel. The bacteriocin repertoire was modest and uniform, with no
strain standing out: the confident calls were Lactococcin 972 and UviB in GM 18, UviB in 1B84,
and UviB and uberolysin in L4J2 (Additional file 1: Fig. S19). Petrobactin and bacillibactin
siderophore systems were detected concordantly by two independent routes. A predicted
biosynthetic region does not imply production of the metabolite, which depends on expression
and growth conditions.

The mobile compartment, strain by strain

The three strains differed markedly in mobile-element content, and the within-genome
distribution was more informative than the totals. Plasmid sequence accounted for 20.7% of
GM18, 22.7% of IB84 and 26.3% of L4J2; the panel maximum was HD133 at 28.1%, so none of
the three was exceptional in this respect. Insertion-sequence density, however, was strongly
partitioned by replicon in all three: GM18 carried 2.26 IS per Mb on its chromosome against
57.47 per Mb on its plasmids, IB84 1.97 against 30.49, and L4J2 2.13 against 22.25. Across the
panel 769 of 1596 insertion sequences lay on plasmids, a 3.57-fold enrichment (Additional file 1:



Fig. S20). The plasmid compartment of these genomes was where both the insecticidal loci and
the transposition machinery were concentrated, which is the replicon-level statement of the
association reported above.

Integrated prophages follow the same asymmetry between the study strains but not the same
ranking: GM18 carried two integrated prophages occupying 0.87% of its genome and IB84 one
occupying 0.31%, whereas L4J2 carried ten occupying 3.98%, three of them on plasmids
(Additional file 1: Fig. S21). L4J2’s burden was among the highest of the panel, though ST7 and
A1100 each carried eleven. Defence systems were distributed in the opposite direction: GM18
carried 25, the panel maximum, against 16 in IB84 and 18 in L4J2, and only one of GM18’s was
plasmid-resident. Panel-wide, 82 of 319 defence systems (25.7%) were plasmid-resident. GM18
was thus the one study strain that combined an active CRISPR-Cas system, the largest defence-
system complement of the panel and a plasmid compartment dense in insertion sequences,
without carrying any classical insecticidal locus.

Pangenome context

The pangenome of the 20 genomes comprised 20 731 gene families, of which 1934 were core
(present in 99-100% of strains), 1647 soft core, 4954 shell and 12 196 cloud [43]. Variation
between strains resided almost entirely in the accessory and strain-specific compartments
(Additional file 1: Fig. S22), which is the expected signature of an open pangenome. eggNOG-
mapper assigned a function to 16 257 of the 19 909 gene-cluster representatives (81.7%) [55,
56]. The strain-specific compartment was small in all three study strains and smallest by far in
L4J2 (276 genes in GM18, 240 in IB84 and 12 in L4J2), the last reflecting the near-clonal
reference genomes that flank it in the panel rather than any property of the strain itself
(Additional file 1: Fig. S23). Poorly characterized categories dominated the strain-specific
compartment in every genome, and among the categories with defined function, replication,
recombination and repair were over-represented relative to a typical genome (Additional file 2:
Table S6) — consistent with a compartment enriched in transposases, integrases and phage genes
(Additional file 1: Fig. S24). The three study strains showed no anomalous functional profile
relative to the references. That toxin genes reside in this accessory, mobile compartment rather
than in the core is the pangenome-level statement of the same result: the arsenal is not part of
what the species shares.

Discussion

Taxonomic identity and insecticidal gene content behaved as independent properties in this
panel. The first is a property of the chromosome, recovered concordantly by average nucleotide
identity, digital DNA-DNA hybridization and a fully-resolved core-genome phylogeny. The
second sits on plasmids, in neighbourhoods dense in insertion sequences. In a compartment that
the CRISPR memory of these same genomes showed to be circulating between lineages. Below
the species boundary, neither predicts the other.

The three strains examined here make the point in a form that a statistical statement cannot. L4J2
is deposited as B. cereus group and carried the complete canonical mosquitocidal cassette at

named-gene identity, in the same five families and the same seven proteins as the two israelensis
references, entirely plasmid-borne: a screen guided by the species name would have discarded it.



GM18 is unambiguously B. toyonensis, sharing 98.87% ANI, 90.5% dDDH and a 100%-
supported sister relationship with the type strain of its species. Yet it carried no cry or cyt gene
and held 18 toxin loci across 10 families, where the holotype strain maintained one locus in one
family: identifying a strain to species conveys no information about its arsenal, even when the
identification is correct and precise. IB84 shows that absence is equally informative — it came
from sampling directed at B. thuringiensis and carried no classical insecticidal locus whatsoever,
making it a clean internal negative control and a non-toxigenic close relative worth having in the
panel. It is not alone in that condition: BMB171 and Bt407, both deposited as B. thuringiensis,
were equally empty of classical insecticidal loci, which is the same dissociation seen from the
opposite direction. The operational recommendation follows directly: in prospecting for
biocontrol agents, species identification is not a substitute for direct profiling of pesticidal gene
content, and the profiling must report sequence-identity tiers and reading-frame integrity rather
than locus counts alone.

In all three strains, it was the gene content, and not the species name under which they had been
identified, that tracked the activity reported for them (Additional file 2: Table S9). That
agreement is the only external test of the inference available here, and it is qualitative: it supports
the direction of the argument and has no quantitative prediction. It also gives the GM18 result a
concrete follow-up. Parasporal proteins from isolates of this same collection are cytotoxic to the
human leukemia line MOLT-4 [87], so GM18’s single named App4 locus — in a B. toyonensis,
a species absent from the parasporin literature — is the first candidate worth testing against that
panel of cell lines.

These three cases also show what genome sequencing contributes to a strain collection
assembled on phenotype. All three were recovered by a selective procedure designed to isolate B.
thuringiensis [18] and were maintained and reported under that name on the classical criteria:
formation of a spore-associated parasporal crystal in all three, and flagellar serotyping in the case
of GM 18, which was assigned a new H serotype [20, 22, 21]. Each of the three was observed to
produce a parasporal inclusion, so that character was satisfied in every case. Yet whole-genome
comparison placed GM18 in B. toyonensis and 1B84 in B. albus, neither of which the phenotypic
criteria separate from B. thuringiensis, and it showed L4J2 — the one strain not reported under
the thuringiensis name — to be the one carrying the complete mosquitocidal cassette. Parasporal
crystal formation is thus a capacity shared across several species of this group rather than a
diagnostic character for one, and a collection curated on that character will accumulate a mixture
of species under a single label. The mixture becomes visible only when the chromosomes are
sequenced. This is no criticism of the original identifications, which were sound by the criteria
available when they were made; it is the reason a collection of applied interest repays genomic
re-examination even when no new taxon is proposed, and the reason the two properties that
matter for biocontrol — what the strain is and what it carries — have to be established
separately.

A nomenclatural corollary strengthens the same argument from the taxonomic side. Seven of the
ten reference strains deposited as B. thuringiensis were assigned to B. cereus on genomic criteria,
including HD-1 and HD73, the subsp. kurstaki strains that have underpinned commercial
formulations for decades. This is not a defect of the data; it is the expected consequence of
classifying on a chromosome a group whose defining applied phenotype lives on plasmids. The
practical implication is that “B. thuringiensis” denotes different things in the applied literature
and in genome taxonomy, and that any study using the name should state which system it means



— a convention we have followed explicitly throughout. We note that our panel does not contain
the type strain of B. thuringiensis, so these observations concern the reference strains examined
and not the taxon as a whole.

The mechanism we document also carries a less comfortable implication for applied use. The
mobility that spreads a toxin cassette between lineages is the same mobility that degrades it
within one. Toxin loci were enriched 4.54-fold on plasmids and lay closer to insertion sequences
than expected at every window tested, while virulence factors — not plasmid-enriched, and no
closer to insertion sequences than expected — were not; and L4J2, which carried ten integrated
prophages occupying 3.98% of its genome, retained an intact reading frame in only 11 of its 24
toxin loci, including pseudogenes confirmed independently by two annotation pipelines.
Carrying a cassette and expressing it are different claims, and at no point does this work claim
insecticidal activity. For a candidate biopesticide, this bears on product stability, as a plasmid-
borne determinant can be lost during culture, and on regulatory assessment, since a mobilizable
replicon carrying accessory genes may transfer. The specificity of the association is what makes
it interpretable: under the same test, virulence genes, resistance genes and biosynthetic clusters
depart far less from expectation than toxin loci do, so this is not a general property of these
genomes. Three constraints apply. The test establishes association and not direction. It rests on
the 14 closed genomes of the panel and therefore not on the three strains reported here, whose
contig edges prevent reliable distance measurement. And we report observed and expected
counts with their ratios but attach no significance levels to them, because the per-category
significance of this test was not recomputed in the final analysis.

One methodological result has interest beyond this group. A set of 20 vertically inherited marker
genes placed each of the three study strains correctly, yet it did not recover the topology that the
complete core-genome alignment supports at near-universal 100% bootstrap: the two trees
shared only four internal nodes and differed at 26 of a possible 34 bipartitions, and the marker
inference declared three genome pairs exactly identical. The discrepancies concentrate where
divergence is lowest, which points to insufficient resolution rather than an alternative history. A
direct test of that interpretation arose in the course of this work. When one assembly of the panel
was replaced by a more contiguous version of the same strain, the 3399-gene core-genome
topology was unchanged (Robinson—Foulds distance 0), whereas the 20-gene topology moved by
a Robinson—Foulds distance of 16 and relocated that strain from a position outside its own
species to its correct sister relationship with its type strain at 100% bootstrap support. A reduced
marker scheme is thus sensitive to assembly input at a magnitude that the core alignment absorbs
entirely. Reduced marker schemes are under-powered inside the B. cereus group, and a marker-
based tree should not be presented as corroborating a core-genome tree in a panel containing
many pairs above 95% ANIL

Reading the biosafety-relevant content requires the same care. The enterotoxin determinants
associated with B. cereus foodborne illness are present across most of the panel, including in
reference strains in long-standing commercial use, so their presence does not distinguish a
candidate strain from deployed formulations; two explicit checks — for the cereulide synthetase
operon and for anthrax toxin genes — were negative in all 20 genomes. Resistance content is
dominated by intrinsic chromosomal -lactamases of the group rather than acquired
determinants, and panel-wide only 21 of 139 resistance loci lay on plasmids, with no significant
plasmid enrichment for that category. One observation warrants explicit declaration: a vanR/vanS



pair was detected in IB84 and assigned to the chromosome. Detection of a resistance or virulence
gene is not evidence of the phenotype, which requires susceptibility testing.

Three corrections to the published record follow from this analysis, and we state them explicitly
rather than leaving them to be inferred. First, the genome announcement for GM18 reported two
cry-like coding sequences in that strain [20]. The present analysis, which screens the deposited
assembly against both the classical and the structure-based nomenclature with identity tiers
declared, finds no cry or cyt gene in GM18 at any identity threshold; its only classical-panel loci
were three distant Vpbl matches below 45% identity. The earlier report should be read as a
database annotation that the tier-resolved screen does not support, and GM 18 should not be cited
as a cry-bearing strain. Second, an earlier version of our own analysis reported a blaTEM-116
allele in GM18. That call lay on an isolated 888 bp contig which the NCBI contamination screen
subsequently removed from the deposited assembly; it is absent from the sequence analyzed here
and was contamination rather than a GM18 gene. We withdraw it, and we note that analyzing the
deposited assembly rather than a local re-assembly is what surfaced the error.

Third, the genome announcement for L4J2 tabulates a genome size of 7 649 903 bp at 35.23
mol% G+C [21], whereas the assembly deposited under GCA_042535225.1 — the sequence
analyzed here — comprises 7 016 826 bp in 799 contigs at 34.96 mol% G+C. The difference
arises after submission: NCBI’s contamination screen removed whole contigs from the submitted
assembly without splitting or trimming any of those retained, and the removed material accounts
for both the missing length and the shift in G+C content. The announcement’s figures also pair a
contig count filtered at 500 bp with an unfiltered total length, so they are not mutually consistent.
We therefore cite the deposited record throughout and treat the announcement’s genome size as
an erratum. This is a general point about provenance rather than a criticism of that report: when
the analyzed sequence is a local assembly, post-submission curation can silently separate the
published numbers from the public record, which is the reason we analyzed deposited assemblies
for all three strains.

Limitations

Everything reported here is genomic potential. There is no genetic expression data for any of the
three strains, and the only phenotypic information available is the qualitative characterization in
their genome announcements; any phenotypic facts generated in this work. The sequence-
identity tiers we report are thresholds against a reference database.

Two assembly-level constraints bound specific numbers. L4J2’s contamination exceeds the 5%
high-quality ceiling on both independent estimates (CheckM2 5.97%, PGAP CheckM 9.07%),
and it is the most fragmented assembly of the panel at 799 contigs, so its genome size and every
count that scales with it — biosynthetic regions, prophages, locus totals — are upper bounds
pending a closed assembly. GM18’s intact-ORF fraction, by contrast, is not an assembly artefact:
re-examining the strain on an assembly of 156 rather than 1193 contigs left the pseudogene load
unchanged, so long reads would not recover the missing frames, although the assignment of
individual loci to failure modes remains provisional.

Several measures are lower bounds or restricted in scope. Plasmid reconstruction from drafts is
incomplete, so plasmid counts are minimal, and mobility is predicted from genetic determinants
rather than demonstrated; replicon assignment is declared only for the 14 closed genomes. Most



structure-based parasporin-like assignments fall below 45% identity; the reported numbers
represent candidates rather than confirmed hits, and the ubiquitous Spp1 family was excluded
from presence/absence interpretation. The Jaccard index is unstable for small repertoires, and
pairs with fewer than five families are marked and not interpreted. The insertion-sequence
proximity analysis excludes the draft genomes and is reported as observed and expected counts
without significance levels, since the per-category test was not recomputed in the final analysis.

Finally, there are two gaps in the source data. The two nomenclature panels yield 271 locus
entries against 243 distinct loci after merging, and the 16 dual-classified loci do not account for
the difference, so we report both totals and interpret neither. The exact sampling dates of the
three isolates are not recorded in the collection material available to us.

Conclusions

A twenty-genome panel built with deliberate internal controls — one strain with the arsenal but
not the name, one with the name but not the arsenal, and one with neither — allows the
decoupling of taxonomy from applied function in the Bacillus cereus group to be demonstrated
quantitatively rather than argued from anecdote. Species identity is recovered from the
chromosome, concordantly and robustly; the insecticidal arsenal travels on plasmids, in
insertion-sequence-rich neighbourhoods, and is gained and lost independently of that
chromosome. The consequence for anyone screening environmental isolates for biocontrol
candidates is concrete: identify the strain but profile its genes.
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1. Genome assemblies of the three study strains. GM 18, GenBank assembly
GCA 015620955.1 (RefSeq GCF_015620955.1; WGS project JADNYSO01; BioSample
SAMNI16746850; BioProject PRINA676032). IB84, GCA 015620945.1 (RefSeq
GCF_015620945.1; WGS JADNYTO1; BioSample SAMN16746851; BioProject
PRINA676033). L4J2, GCA_042535225.1 (RefSeq GCF_042535225.1; WGS
JBFBPHO1; BioSample SAMN42206399; BioProject PRINA1130484).

2. Raw sequencing reads, used to validate each deposited assembly by read mapping, are in
the Sequence Read Archive: GM18, run SRR13402414 (experiment SRX9821488, study
SRP301246); IB84, SRR13427799 (SRX9842884, SRP301583); L4J2, SRR29744432
(SRX25245429).

3. Prior reports of the three genomes. The assemblies and the preliminary phenotypic
characterizations were first described in three genome announcements: GM18,
doi:10.1128/mra.00008-21; IB84, doi:10.1128/mra.00274-21; L4J2,
doi:10.1128/mra.01180-24. Where the figures tabulated in those reports differ from the
deposited records, the deposited records are cited here, and the discrepancy is addressed
in the Discussion.

4. The 17 comparison genomes are publicly available; their assembly accessions are listed
in Additional file 2: Table S7 and repeated in the Methods.

5. Underlying data for every figure. Additional file 2: Tables S1-S6 and S9 contain the per-
pair, per-locus, per-family and per-strain values behind each figure of the main text and
are supplied as supplementary files.

6. Software. Every tool is listed with version, purpose, non-default parameters, and
reference-database version in Additional file 2: Table S8, and each is cited in the
Methods with the DOI of its primary publication.

7. Code. No custom algorithm was developed for this study. The analysis scripts that
generated the figures and tables of this work are archived at Zenodo under
do1:10.5281/zen0do.23322269 (https://doi.org/10.5281/zen0do0.23322269).

8. Phenotypic data. No phenotypic, bioassay, or gene-expression data were generated in this
study. The qualitative phenotypes compared with gene content in Additional file 2: Table
S9 are taken from the three genome announcements cited in item 3.
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Additional files

Additional file 1. File name: Additional file 1 Figures S1-S24.pdf. Format: PDF. Title of data:
Supplementary figures S1-S24. Description: the twenty-four supplementary figures cited in the
text, one per page in citation order (Fig. S8 is supplied as the two panels S8a and S8b on
consecutive pages). Legends are listed below.

Supplementary figures

Fig. S1. Average nucleotide identity versus digital DNA-DNA hybridisation, all 190 genome
pairs. Agreement between two independent species-delineation criteria across all 190 pairs: ANI
against digital DNA-DNA hybridisation (GGDC formula 2). All 190 pairs resolved. The grey
line is a degree-two polynomial fit of hybridisation on identity, over which the residual standard
deviation is 1.112 percentage points; none of the 54 pairs involving a study strain falls outside
three standard deviations of that fit. Dashed lines mark the equivalent species thresholds of the
two criteria and the shaded area the region logically inconsistent between them. The two criteria
are therefore mutually corroborating rather than merely co-reported.

Fig. S2. Closest relative of each genome by average nucleotide identity. Closest relative of each
genome by average nucleotide identity, with the amber band marking the 95-96% range in
which the criterion is least reliable and the dashed red line the 95% threshold. GM18 and 1B84
exceed the threshold and are separated from their second-closest neighbour by 7.29 and 4.11
percentage points respectively. L4J2 is the exception: its two closest relatives, HD-789 and
AMG65-52, are themselves near-identical to it, so its margin to the second-closest genome is 0.01
points and no single nearest relative can be identified among the three.



Fig. S3. Maximum-likelihood phylogeny from twenty vertically inherited marker genes.
Maximum-likelihood phylogeny from twenty vertically inherited marker genes (VBCG v1.3,
RAxXML, 100 bootstrap replicates), rooted on the same outgroup to permit comparison. Brackets
mark the ANI species blocks, which cease to be clades in this tree: GM18 separates from the B.
toyonensis type strain and AM65-52 leaves the L4J2 / HD-789 group. Three genome pairs were
declared identical under this marker set, indicating loss of marker resolution rather than an
alternative evolutionary history. This figure must not be presented as confirming Fig. 2. Branch
lengths are not comparable in magnitude with Fig. 2; only topology is. Scale bar, 0.01
substitutions per site.

Fig. S4. Topological comparison of the core-genome and marker-gene phylogenies. Face-to-face
comparison of the two phylogenies, drawn as cladograms because only topology is comparable
between inferences on different character sets. Lines join the same genome in the two trees and
their colour indicates the 95% ANI species block. The abundance of crossings reflects extensive
topological discordance (Robinson—Foulds distance 26 of a possible 34; 4 of 17 internal nodes
shared). The vertical ordering of taxa is chosen by the drawing algorithm to minimise crossings
and has no biological meaning. The Robinson—Foulds distance counts unshared bipartitions
without weighting by support, treating a 100% bootstrap node and a 23% node alike.

Fig. S5. Species clusters recovered as a function of the identity threshold applied. Single-linkage
clustering of the twenty genomes at every ANI threshold between 90.0% and 99.5%. The orange
series gives the number of genomes in the largest cluster and the blue series the total number of
clusters recovered. The amber band marks the 95-96% range and the dashed line the
conventional 95% threshold, at which a single cluster contains twelve of the twenty genomes,
including the type strain of B. cereus, four B. thuringiensis reference strains and strain L4J2.
GM18 and 1B84 persist as two-genome clusters with their respective type strains throughout the
range examined. Single linkage chains genomes through intermediates and is deliberately
permissive: it is the appropriate choice for testing whether a threshold separates a set, and is not a
classification proposal. The two steps in the blue series near 99% reflect the separation of near-
clonal pairs and carry no taxonomic meaning.

Fig. S6. Parasporin-family gene families carried by each genome. Parasporin-like gene families
carried by each genome under the structure-based App/Bmp/Mpp/Mtx/Sip/Spp/Tpp/Xpp
nomenclature. Unlike the classical class, this one is nearly universal in the panel, with family
Spp1 present in nineteen of the twenty genomes, so the distinguishing feature is the breadth of
families and the confidence level reached. Sixty-three per cent of locus entries are distant
matches below 45% identity and only eight per cent reach named-gene identity; any figure
quoted for parasporin load must state the threshold applied. Selective cytotoxicity cannot be
inferred from sequence similarity.

Fig. S7. Sequence-evidence strength behind each toxin locus assignment. Strength of the
sequence evidence behind each detected locus, for the classical insecticidal class (a) and the
structure-based class (b), broken down by the identity of the best BPPRC match into four tiers
plus a category for loci detected only by hidden Markov model profile. The two classes differ
markedly: 46% of classical loci reach named-gene identity against only 8% of structure-based
loci, of which 63% are distant matches. The tiers are identity thresholds against a reference
database, not measures of biological activity; a named locus may be pseudogenised. Horizontal
axis scales differ between panels.



Fig. S8. Coding integrity of insecticidal toxin and parasporin-family loci in each genome. (a)
Coding integrity of insecticidal toxin loci in each genome. (b) Coding integrity of parasporin-
family loci in each genome. The 271 detected locus entries were classified by direct translation,
checking length, internal stop codons and length ratio against the reference protein, and cross-
referencing the result with two independent pseudogene call sets. Each bar corresponds to a
genome and its total length to the number of loci detected; the text on the right gives the
percentage of loci with an intact frame and the total on which it is computed. Rows follow the
order of the core-genome phylogeny. All three loci of IB84 are intact; GM18 retains 12 of 18,
with losses attributable to pseudogenisation that improved contiguity did not reverse; L4J2
retains 11 of 24 and includes independently confirmed pseudogenes, in the most fragmented
assembly of the panel and the genome with by far the largest integrated prophage burden of the
three study strains. Percentages for genomes with very few loci are fragile, which is why the
denominator is always printed; the contig-edge category is an assembly artefact rather than a
biological observation. The horizontal axis scales differ between panels.

Fig. S9. Replicon location of insecticidal and parasporin loci in each genome. Replicon location
of toxin loci in each genome, separated by protein class. Loci were assigned to chromosome or
plasmid by combining contig classification with RFPlasmid in the draft genomes, the declared
sequence headers in the complete genomes, and an independent assignment with MOB-suite
v3.1.9. The text on the right gives the percentage of loci on plasmids and the class total for that
genome. In aggregate, 185 of 271 locus entries (68.3%) reside on plasmids. Replicon assignment
is declared in the sequence record only for the 14 closed genomes; for the six drafts it is a
prediction. That a gene lies on a plasmid does not imply it is mobilisable, which depends on the
plasmid carrying conjugation or mobilisation systems (Fig. S14).

Fig. S10. Proportion of each gene family located on plasmids. Proportion of the loci of each gene
family located on plasmids, aggregated across the twenty genomes, for the classical (a) and
structure-based (b) classes. Point size is proportional to the number of loci and the dashed line
marks the overall proportion of 68.3%. Families with fewer than three assigned loci are
excluded, since small families give unstable proportions. The aggregation mixes complete
genomes, where the replicon is declared, with drafts, where it is predicted. A family that is
plasmid-borne in this panel need not be so throughout the group.

Fig. S11. Replicon location of each toxin family in each genome. Replicon location of each toxin
family in each genome, showing locus counts and whether they reside on plasmid, chromosome
or both. White cells indicate that the genome does not carry the family. A family may sit on
different replicons in different genomes, which is what is expected of genes that move. Cells
containing a single locus admit no intermediate category.

Fig. S12. Insertion sequences within 10 kb of each class of locus. For each class, the ratio of the
observed number of loci with at least one insertion sequence within 10 kb to the number
expected under random placement within the same replicon, shown with the observed and
expected percentages. Elements were detected with ISEScan v1.7.3 and named by comparison
with the ISfinder reference database; the analysis is restricted to the complete genomes, where
contiguity permits reliable distance measurement, and loci close to one another are merged so
that a single neighbourhood is not counted repeatedly. Toxin and parasporin-like loci lie closer to
insertion sequences than expected, with 168 of them within 10 kb of an insertion sequence
against 46% expected, whereas virulence factors, resistance genes and biosynthetic clusters do



not depart from expectation; bacteriocin genes also reach significance, though on a far smaller
locus base. Association does not establish direction. The 10 kb window is one choice among
three examined, which are nested and therefore not independent, and p-values are not corrected
for multiple comparisons across the category, replicon and window combinations tested.

Fig. S13. Foreign mobile elements recorded in the CRISPR memory of each genome. Foreign
mobile elements recorded in the CRISPR memory of each genome. Spacers were extracted with
CRISPRCasTyper v1.9.0 and CRISPRDetect v2.4 and compared against the plasmids and
prophages carried by the other genomes of the panel using CRISPRTarget and BLASTN,
retaining only matches supported by both methods; matches against a genome’s own elements
are excluded. All twenty genomes are shown: the fifteen lacking a complete CRISPR-Cas system
appear without a bar because they lack the machinery to record any memory at all, not because
they encountered nothing. Of the seventy-one matches recovered, most correspond to plasmids
of other genomes, documenting effective circulation of plasmid elements between lineages of the
group. The analysis establishes neither the direction nor the date of any transfer, and a false-
positive rate was bounded with a shuffled-spacer control.

Fig. S14. Plasmid content, largest plasmid and plasmid mobility class per genome. Plasmid
content, largest plasmid and mobility class per genome. Plasmids were reconstructed and typed
with MOB-suite v3.1.9, with independent typing by PlasmidFinder. The left panel gives total
plasmid content in megabases, the centre panel the size of the largest individual plasmid in
kilobases, and the right panel the number of plasmids of at least 10 kb classified as conjugative,
mobilisable or non-mobilisable. Reconstruction from draft assemblies is incomplete, so counts
are lower bounds, plasmid reconstruction from drafts being incomplete for at least 10 kb in the
complete genomes. Mobility classification is predictive, based on the presence of the genetic
determinants of conjugation rather than on a demonstration of transfer. The three panels use
different units and should not be compared with one another.

Fig. S15. Antiviral defence systems and CRISPR-Cas content of each genome. Antiviral defence
systems and CRISPR-Cas content per genome. The left panel gives the number of defence
systems identified by reconciling DefenseFinder v3.0.0 and PADLOC v2.0.0, split by
chromosomal or plasmid residence. The right panel gives the number of confident CRISPR
repeats detected with CRISPRDetect v2.4 and marks in colour the genomes that additionally
possess a complete CRISPR-Cas system typed with CRISPRCasTyper v1.9.0, with its subtype.
Only five of the twenty genomes possess a complete system and all are subtype I-C; among the
study strains only GM 18, which also holds the largest number of plasmid-resident defence
systems of the panel. Absence of a complete system is the majority state in this panel and must
not be read as a deficiency of a particular strain. Detection counts are lower bounds, reflecting
rapidly expanding databases.

Fig. S16. Virulence factor clusters detected in each genome. Virulence factor clusters detected in
each genome (ABRicate v1.4.0 against VFDB, April 2026 release, after identity and coverage
filtering). Columns are ordered by decreasing frequency in the panel. The repertoire is largely
uniform and includes, in most genomes, the enterotoxigenic determinants characteristic of the
Bacillus cereus group, also present in the reference strains used commercially as bioinsecticides.
Presence of a virulence gene is not virulence: this figure must not be cited as a risk assessment,
and detection depends on database coverage biased towards well-studied pathogens.



Fig. S17. Antimicrobial resistance gene families detected in each genome. Antimicrobial
resistance gene families detected in each genome (ABRicate v1.4.0 against CARD, ResFinder,
ARG-ANNOT, MEGARes and the NCBI catalogue, with calls reconciled by genomic coordinate
to avoid counting one locus several times). The repertoire is dominated by intrinsic chromosomal
B-lactamases of the Bacillus cereus group. Presence of a resistance gene is not phenotypic
resistance, which can be established only by susceptibility testing, and this figure does not
distinguish intrinsic from acquired determinants; the distinction relevant to biosafety is plasmid
location.

Fig. S18. Biosynthetic gene clusters by class in each genome. Biosynthetic gene clusters per
genome by chemical class (antiSMASH v8.0.4, full database). L4J2 has the highest number of
regions in the panel, a trait shared with its closest relative AM65-52 and therefore characteristic
of the clade rather than of the strain. A predicted region does not imply production of the
metabolite, and region counts covary with assembly contiguity, so GM18’s value should be read
with that caveat.

Fig. S19. Bacteriocin genes by structural class in each genome. Bacteriocin genes per genome by
structural class, from homology search against the class I, IT and III reference protein panel of
BAGEL4 and cross-checked against independently detected biosynthetic regions. The repertoire
is modest and uniform across the panel. A sequence match does not imply bacteriocin production
or antimicrobial activity, and the method detects only bacteriocins with sufficient similarity to
the reference panel.

Fig. S20. Insertion sequence families in each genome. Insertion-sequence families present in
each genome (ISEScan v1.7.3, named against ISfinder, complemented by a TnCentral search for
transposons outside this class). Element density is substantially higher on plasmids than on
chromosomes and is associated with pseudogenisation of toxin loci. In fragmented assemblies
the count is inflated, because each contig edge generates truncated calls; GM18’s value must not
be compared directly with those of complete genomes. Detection does not distinguish active
elements from degraded, immobile copies.

Fig. S21. Integrated prophages per genome and their replicon location. Integrated prophages per
genome and their replicon location, from independent detection with geNomad v1.12.0 and
PhiSpy v5.0.10 using the Bacillus model, with region completeness assessed by CheckV vI1.1.1.
L4J2 carries the highest prophage load of the panel, including several prophages integrated into
plasmids. Prophage detection is predictive: it identifies regions with viral signature, not
demonstrably inducible phages, and region boundaries are approximate.

Fig. S22. Pangenome compartments in each genome. Partition of the pangenome in each genome
into core, accessory and strain-specific gene clusters (Panaroo v1.8.0 strict mode, complemented
by the independent BPGA v1.3 partition). The size of the strain-specific compartment depends
on the number of genomes in the panel and is not transferable to other studies; it also includes
fragments and annotation artefacts in fragmented assemblies, which affects GM18 most.

Fig. S23. Strain-specific genes and their functional annotation. Strain-specific gene clusters per
genome and the fraction with a functional assignment from eggNOG-mapper v2.1.15. In
fragmented assemblies, genes split across contig boundaries inflate this count; L4J2, with 799
contigs, is the most affected genome of the panel. Lack of functional annotation does not imply
novelty.



Fig. S24. Functional categories of the strain-specific genes. Functional categories of strain-
specific genes, grouped into the four conventional divisions of the orthologous-group system.
The denominator is the number of category assignments rather than the number of genes, since a
gene with several category letters contributes to each. Poorly characterised categories dominate
in every genome, as is usual for this compartment.

Additional file 2. File name: Additional file 2 Tables S1-S9.xlsx. Format: XLSX. Title of
data: Supplementary tables S1-S9. Description: the nine supplementary tables, one worksheet
per table, holding the per-pair, per-locus, per-family and per-strain values underlying the figures
of the main text. The caption of each table is listed below.

Supplementary tables

Table S1. Pairwise genome relatedness for all 190 genome pairs. One row per pair of the
twenty-genome panel, giving average nucleotide identity, digital DNA-DNA hybridization
under formulas 1, 2 and 3, the dDDH value predicted from ANI by the degree-two
polynomial fit, the standardised residual of that fit, and the audit fields used to verify the
returned result set.

Table S2. Pesticidal protein gene content by strain and family. One row per strain and gene
family (150 rows), giving the number of loci detected and the strongest sequence-evidence
tier reached, for both the classical Cry/Cyt/Vip and the structure-based nomenclature
panels.

Table S3. Genomic relatedness against toxin-repertoire overlap for the three study strains.
One row for each study strain paired with every other genome of the panel (54 rows), giving
average nucleotide identity, the Jaccard index over toxin family sets, and the smaller of the
two family counts, which marks the pairs that are not interpreted as biological similarity.

Table S4. Deposited species name against genome-based assignment for the twenty
genomes. One row per genome, giving the name under which the strain is deposited, the
assignment returned by GTDB-Tk R232, and whether the two conflict.

Table S5. Replicon location of each toxin family in each strain. One row per nomenclature
panel, family and strain (149 rows), giving the number of loci, how many received a
replicon assignment, how many lie on plasmids, the resulting percentage, and whether the
assignment is declared in the sequence record or predicted.

Table S6. Functional categories of the strain-specific genes. One row per strain and
orthologous group category letter (311 rows), giving the collapsed functional division and
the number of strain-specific gene clusters assigned to it.

Table S7. The twenty-genome panel. One row per genome, giving the deposited species
name, the subspecies or serovar where applicable, the role the genome plays in the panel,
assembly level, assembly accession, and the method by which it was retrieved from NCBI.



Table S8. Software inventory. One row per analysis step and tool (52 rows), giving the
version used, its purpose, every non-default parameter, and the name and version of the
reference database queried.

Table S9. Published qualitative phenotype beside the genomic calls for the three study
strains. One row per strain, giving the insecticidal and other activities reported in the
genome announcements, the named toxin classes detected here, and the fields recording
which observations were excluded from interpretation.
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