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Abstract
Several bacterial reverse transcriptases (RTs) protect cells from phage, yet some fit no known family.
Screening 189,630 genomes, we found an RT that none of our comparisons (known RT types, trees,
predicted structures) places in a known family (nearest published-library RT at most 34.6% identical),
which we call ESOL RT. It sits beside a gene cassette in 16 genomes, chosen for carrying it, from lake,
river, pond and other waters in nine countries on five continents, all in one Bacteroidota genus,
Pollutibacter. The cassette has a conserved upstream element and four genes at fixed positions,
including a MIDAS-motif protein and a predicted metalloprotease-like one lacking H[EDQ]xxH. At
27 further Pollutibacter loci, 97 of 99 observable positions beside the RT hold a cassette part, both
exceptions at one locus. No observable copy of the four neighbouring genes is disrupted, codon
models suggest purifying selection, and long reads from other freshwater samples span up to six
modules. In a post hoc search of 794 genomes, the element lies upstream of an RT at 18 of 19 hits, the
19th cut by a contig end. Yet relatives of the −1 and +3 genes occur as an adjacent pair with no RT
detected nearby in 54 of 149 genera carrying a +3-type gene, so why does the cassette keep the RT's
company? The pairing is observed; two questions remain: did the RT join an existing module, and
does it work with it, as DRT10 is reported to with an RNA and a protein partner?

1  Introduction
Reverse transcriptases (RTs) are common in bacteria, where they occur as group II introns, retrons,
diversity-generating retroelements (DGRs), the UG/Abi families (RT groups of unknown function
and of abortive-infection systems) and several other groups [1–4]. A survey of bacterial genomes
grouped these RTs into 17 main groups [1], the UG/Abi family alone has since been divided into 42
groups [4], and RTs linked to CRISPR–Cas systems into 15 clades [5]; the counts depend on the
classification used and are not additive. Many of these RTs serve host functions: retrons protect cells
from phage [6], with their accessory genes predicted and classified computationally [7], and several
UG/Abi and defence-associated RT (DRT) groups protect cells too [4,8], DGRs diversify target
proteins [9], and RT–Cas1 fusions acquire CRISPR spacers from RNA [10].

Four preprints from three author teams (Sánchez-Nieto et al. 2026; Tang et al. 2025 and Ramirez et al.
2026, which share a senior author; Chen et al. 2026) describe DRT10 (UG17) as a tripartite system of a
structured non-coding RNA (ncRNA), a SLATT (SMODS and SLOG-associating two-transmembrane)
effector protein and an RT, and Sánchez-Nieto et al. and Tang et al. report all three components as
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required for defence in the E. coli systems they tested [11–14]. Wang et al. (Cell 2026; author
manuscript) report selective synthetic lethality between DRT3 and loss of RecBCD (ΔrecB) and
between DRT9 and loss of ExoI (ΔsbcB), and that the phage RecBCD inhibitor Gam triggers DRT3-
mediated abortive infection [8]. van den Berg et al. (bioRxiv preprint, 2025), working with
Pseudomonas aeruginosa gene clusters, describe bacterial systems that protect against phage as
highly modular, with sensing, signal-transmission and effector components frequently exchanged
among gene clusters [15].

In Bacteroidota, Toro (mSystems 2026) reports that 170 of 232 type XI-like retron candidates of the
SPIRE (Searchable planetary-scale microbiome REsource) representative collection are in
Bacteroidota, 167 of the 232 (72%) being low-confidence calls, and also computationally predicted
candidate msr/msd-like ncRNA motifs (msr and msd are the two elements of the retron ncRNA)
upstream of the RT in subsets of loci of two candidate lineages, with no experimental validation
reported [16]. We make no claim that the RT described here belongs to these retron-like candidates or
to the UG17 subtypes, and we describe it by comparison, composition and co-occurrence only.

Showing that an RT lies outside the known types is hard. RT sequences diverge deeply: a similarity
search cannot say whether a divergent RT is a remote member of a known family or a separate
lineage, and trees built from the RT core saturate. A claim that an RT is unassigned also depends on
the libraries that were checked: during this project, candidate groups that looked unassigned
matched published families that were missing from our library. We therefore treat unassigned as a
statement about specified comparisons and not as a claim that a lineage is new, and we ask a second
question that does not depend on the answer: what stands beside such an RT, and how far can that be
shown from public sequence data?

We began with a census of RT loci in 189,630 bacterial species-representative genomes of the Genome
Taxonomy Database (GTDB) release R232, in which 32 of 98 candidate groups remained unassigned
against the published libraries then available, and one of the 98 stood out for recurring neighbours of
the same kinds. We call its RT ESOL RT, after the working label ESOL (“enigmatic standalone ORF
lineage”), which carries no claim that the RT is a lineage; whether it is a separate lineage or a
divergent member of a known one stays open, and we describe it as unassigned. The RT keeps
company: we call the neighbourhood the ESOL cassette, an upstream non-coding element and
protein slots at positions −1, +1, +2 and +3 relative to the RT open reading frame (ORF), defined by
position alone, with no claim of mobility or function. Throughout, ESOL RT means the single RT that
stands beside the cassette, which the figures label the cassette RT.

We describe an RT that none of our comparisons assigns to a named lineage, the cassette beside it, the
16 water samples (lake, river, pond and other waters in nine countries on five continents; the
continents are derived from the country field) from which the cassette-bearing metagenome-
assembled genomes (MAGs) come, and the Bacteroidota genus Pollutibacter, in which we find it
within the range we searched. The centre of the work is a puzzle: the cassette's parts also occur
without an RT in other genera, yet in the single genus where the cassette is found they keep an RT's
company, so we ask why. We tested four alternative explanations. A known RT type: no gate assigns
it (0 of 9 repeat pairs DGR-type on the contigs of 12 of the 14 members, 0 of 17 members with a group
II maturase domain, nearest published-library RT at most 34.6% identical among 30 ESOL queries). A
decaying relic: no observable module copy is disrupted. An assembly artefact: among reads from
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samples and studies that gave no genome to our reference, 36 cross a junction between adjacent
cassette modules (11 in the frozen layer, which was fixed after the first hits were seen, and 25 in post
hoc layers added later). A detection gap: in a reference-pool emulation matched on identity and not
on alignment coverage, the unchanged tool thresholds called 49 of 49 known units but 0 of 16 cassette
RT units, a contrast that is not evidence in either direction, so this explanation stays open. What
remains after these tests is a puzzle that we state as two separate questions, whether the RT joined a
module that already existed and whether it works with that module, and for each we name the
observation that would decide. We state what the evidence shows (the cassette's parts, their
arrangement and intact state, and the company the RT keeps) and what it leaves open (where that
company comes from and what it does), and no wet-laboratory result is reported here, although wet-
laboratory experiments are under way.

2  Results
A reverse transcriptase that none of our comparisons assigns to a known family keeps the same
company of genes (Figure 1) in 16 genomes from 16 water samples (lake, river, pond and other
waters) in 9 countries on five continents, yet all 16 belong to one genus, Pollutibacter. The cassette is
therefore found across five continents but within a narrow lineage: within the range we searched it
lies in one genus, Pollutibacter, whose close relatives count as one lineage in any test of independent
recurrence (Figure 2), and the open question is why this RT and this company stay together. The
results follow the logic of the question: what the RT is, what stands beside it, whether that company
is real and intact, where in the world it turns up and in which genus, and why it might be there; Table
1 defines the terms we use.
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Figure 1. The cassette RT and the gene families beside it: a gene map, the position of the RT among named RT
lineages, integrity of the gene families at assembled loci and cassette-specific sequence on unassembled long
reads. A, Gene map of one seed MAG locus whose contig spans the whole array (contig k141_1107029, 37,912
bp), drawn from the annotation table in the cassette orientation, with positions in kb from the start of the RT
ORF. Hatching marks objects of the 16 seed MAGs from which the family models were built, so the genes of this
locus are circular by construction, and the 16 MAGs were selected for carrying the cassette and belong to one
genus. B, The RT compared with named RT lineages by five routes, with the result of each; dashed outlines mark
post hoc definitions or analyses and hatching marks comparison sets built from the seed MAGs. C, State of the
five gene families (−1, RT, +1, +2, +3) at 22 loci of one genus, 16 seed MAG loci and 6 public genomes, of which
20 loci are flagged circular in Supplementary Data S1 (the 16 seed MAG loci and 4 of the public genomes;
hatched in the src column): of 110 slots, 74 hold an intact copy, 12 a copy truncated by the end of the contig and
24 are not observable because the contig ends before the slot. D, Unassembled long reads: each of the 15 reads of
the frozen layer is drawn on the cassette coordinates of the reference contig to which its main alignment block
aligns, anchored at the start of the RT ORF and grouped by the number of cassette modules covered by that
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block; one read of 7.6 kb is placed in the 2–3 group because a second alignment block on another contig, not
drawn, adds a fourth module, so four of the 15 reads cover four or more modules in Figure 7C and
Supplementary Data S2 (country codes: MW, Malawi; US, United States; IN, India; n.r., not recorded).

Alt text: Four-panel figure on the cassette RT. A, a gene map of one seed locus on contig k141_1107029
(37,912 bp), with an axis in kb from the start of the RT ORF and genes from xseA-like to RecD-like;
the five families are coloured and the hatched cassette bar marks objects built from the seed MAGs
(circular). B, five boxed comparisons of the RT with named RT lineages, with results from “direction,
not membership” to “unresolved”; dashed outlines mark post hoc analyses. C, a grid of 22 loci by
five families: 74 intact, 12 truncated, 24 not observable. D, 15 long reads grouped by modules
covered: ≥4, 2–3, 1 and 0.
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Figure 2. Evidence ladder for the ESOL RT and its cassette: what each kind of observation can say, what it cannot
separate, and how the headline claim follows from it. In panel A each ladder gives the counting units of one kind
of observation on a log scale, with counts kept per layer and never added across layers; cassette-positive calls are
a post hoc operational class (a −1 gene on the strand of a K-family RT); filled symbols are record counts, open
symbols are counts made with a detector or reference built from the cassette-bearing MAGs, and a ring marks
the effective independent unit. The two grey-filled rungs without counts are marked Extended Data only: the
RNA-seq counts are shown in the Extended Data and in Section 2.6, no headline claim rests on them, and the
junction read pairs are shown in the Extended Data only. Panel B follows the headline claim through a chain for
each part of it, each with the strongest objection and our reply beneath it; hatched squares mark premises that
depend on models built from the cassette-bearing MAGs, and dashed outlines mark post hoc premises. Panel C
lists six claims that this paper does not make: biological role, expression, generality beyond one genus, mobility
as a unit, habitat or prevalence, and a lineage assignment or name.
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Alt text: Three-panel evidence figure. A, a table of observation kinds with units counted on a log
scale from 1 to 100k, what each can say and what it cannot separate; genus (1) is the effective unit for
assembled genomes and the catalog scan, water systems (4) for long reads, and two rows marked
Extended Data only have a grey fill and no counts: the RNA-seq counts are shown in an Extended
Data figure and in Section 2.6, and no headline claim rests on them. Filled dots are record counts,
open circles are counts from a detector or reference built from the cassette MAGs, and rings mark the
effective independent unit. B, premises leading to the headline claim, each half with a strongest
objection and a reply; hatched squares mark circular premises, dashed outlines post hoc ones. C, six
boxed claims this paper does not make.

2.1  An orphan by our comparisons: an RT that none of them assigns to a known family
We found the RT by asking what the known RT families leave behind: of 122,323 RT loci in 189,630
bacterial species-representative genomes of GTDB R232 [17], 109,524 matched a known RT family,
8,178 could not be measured and 4,621 reached a library entry but no family (diverged); 3,750 of these
formed 98 candidate groups, 32 of which the census partition left unassigned, and one of the 98,
ESOL, stood out for recurring neighbouring genes of the same kinds (Supplementary Table S1, table
H; Supplementary Table S1, table I).
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Table 1. Terms for the RT, the cassette and the sets of related RTs.

Term Refers to Defined by

ESOL RT The RT that anchors the ESOL cassette
(called the cassette RT in some panels and
legends)

The RT encoded beside the cassette in the cassette-
bearing MAGs

ESOL cassette The arrangement around that RT Position alone: an upstream non-coding element and
protein slots at −1, +1, +2 and +3 relative to the RT; a
RecD-like gene at +4 is noted and not counted as a
cassette part

Module (part) One position-defined part of the ESOL
cassette: the upstream element or the protein
at −1, +1, +2 or +3

Position alone; "module" and "part" are used for the same
thing and imply no joint movement, joint origin or
function

Cassette-
bearing MAG
(seed MAG)

One of the 16 MAGs from which the cassette
models were built

Selected because the assembly carries the cassette contig
of the study's module table; a selection and not a
detection, so circular; 14 of the 16 are also cassette-
positive calls

Cassette-
positive call

A K-family RT locus with a −1 gene on its
strand in the catalogue scans (31 of the 489
K-family RT rows of the nucleotide-window
catalogue; Figure 8, Methods); called
cassette-type in the supplementary tables

A −1 gene on the strand of a K-family RT: a post hoc
operational class that does not require the upstream
element or the +1, +2 and +3 genes, so a call is not a
complete cassette

Cassette RT
clade

RTs closely related to the ESOL RT Identity to the ESOL RT; in the range we searched,
confined to one genus, Pollutibacter

K family (K-
family RTs)

A wider post hoc set of related RTs, mostly
distant relatives, that includes the ESOL RT;
not a clade

A profile score and a paired-identity rule; K is an
arbitrary label of our analysis tables and not a lineage
name

ESOL RT
group

RTs that hit the ESOL RT profile in our
census

Profile hits above a score and length threshold

The sets differ in breadth and are not alternative names for one thing: the ESOL RT is a single RT, the
cassette RT clade is its close relatives, and the K family is a much wider post hoc set that includes
both; the ESOL RT group and the K family were defined separately and overlap by identifier
mapping only.

Against a library of retron, UG/Abi and Toro 2014 RTs [1,4,7] the nearest identity of the 30 ESOL
queries (14 census-group members, 3 further genome members and 13 metagenomic RTs) has a
maximum of 34.6% (31.7% for the census-group members alone), and against 306 retron-RT
candidates assigned to Bacteroidota in a recent metagenome survey (39% of them high-confidence)
[16] no comparison places an ESOL member in a retron group (Supplementary Table S2, table M).

Trees and predicted structures give no better answer: in sequence trees the K-family RTs, a wider post
hoc set of related RTs that includes the ESOL RT (Table 1), are not monophyletic; in predicted
structures their main clade points toward UG17 (DRT10) as a direction and not a membership; and
the position of the RT in sequence trees is unresolved (Figure 3). The nearness to DRT10 is not
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specific: against a random bacterial RT null no structural unit passes the pre-set rule (the rule on the
template-modelling score, TM-score), although the positive-control map is dominated by retrons and
the rule has low sensitivity.

Figure 3. What each comparison shows and cannot show about the position of the ESOL RT among named RT
groups. Panel A lists five numbered entries, four comparisons of the ESOL RT, the RT of the 16 cassette RT loci,
with named RT groups and a fifth that summarises its sequence-tree position, and gives for each entry its result,
its positive control where this figure shows one, and what limits it. Each entry carries the evidence level of the
result it rests on, with hatching where the result is circular and a dashed outline where it rests on a set defined
after the fact. The K family, to which the cassette RT belongs by a post hoc definition, is not monophyletic in RT-
domain maximum-likelihood trees. None of the 16 structural units of the K family meets the DRT10-specificity
rule on the two TM-score scales (panel B); on the secondary Foldseek-bit scale 5 of 16 units pass, none of them a
cassette-lineage unit. DefenseFinder calls none of the 16 cassette RT loci a retron, DRT or Abi system (panel C),
and PADLOC makes no RT-type call either. In sequence trees the signal lies beside UG3 and UG17 (DRT10), and
in predicted structures UG17 is the nearest non-K class, each a direction and not a membership.



10 / 36

Alt text: Three-panel figure on the position of the ESOL RT among named RT groups. A, a ladder of
five numbered entries in two groups, “Does it match a named class?” and “Where does it sit in
trees?”, each giving result, positive control, what limits it and an evidence-level badge (Negative
result, Suggestive, post hoc, Supported or No information); hatched squares mark circular entries
and dashed squares post hoc ones. B, dot plots on a log axis from 0.01 to 1 for three scales, on which
0/16, 0/16 and 5/16 units pass the rule; cassette RT models are orange. C, rows of circles for classifier
calls: 0 of 16, 7 of 39 and 6 of 7.

A DRT10 reading has two sides, and we give both. In a post hoc stratification of K-family RT loci in
GTDB R232 representative proteomes by nearest reference class (assigned from RT sequence identity
alone), a same-strand SLATT-type gene beside the RT was far more frequent at loci whose nearest
class is UG17 (DRT10) than at other K-family units, and it was not seen in matched null windows or
beside non-K RTs; the K-family list is itself derived from the cassette, and the literature set of DRT10
RTs, which is defined by SLATT association, gives no independent support. Against this reading, no
SLATT-type gene was detected beside the few assessable loci and genus units of the K main clade
that contains the cassette (a low-power negative), no SLATT-family protein was found in the
proteomes of the cassette-bearing MAGs, and the ESOL RT shows no C-terminal serine or tyrosine
priming residue of the kind that preprints report for DRT10 RTs [12–14], although absence in
incomplete assemblies does not exclude a divergent partner. These are descriptive comparisons
within one genus: they do not place the cassette RT in DRT10 and do not show that it works with
such a module. So the RT is an orphan: the predicted structures of the main K clade sit nearer UG17
than UG3, but no gate, tree or structure assigns the RT to a named lineage, and we infer no new
lineage from them (Question 1); the company it keeps is the better clue. Further detail on the census
group, the post hoc sister-candidate comparisons and the upstream element is in Supplementary
Results S1.1.

2.2  The RT keeps company: an upstream element and four genes at fixed positions
Many RT systems are encoded together with their partners, as DRT10 is with its ncRNA and SLATT
protein, so we asked what stands beside the orphan, and found a company. We define the ESOL
cassette by position alone: an upstream non-coding element and protein slots at −1, +1, +2 and +3
relative to the RT, drawn for one fully arrayed seed locus in Figure 1A and set out module by module
in Figure 4 and Table 2 (the component cards are in Supplementary Table S3), with a RecD-like gene
at +4 that we do not count among the modules. Around the RT stand a conserved upstream element,
a protein at −1 that carries a MIDAS (metal-ion-dependent adhesion site) motif in every −1 ORF we
could evaluate, proteins at +1 and +2, a protein predicted to fold like a metalloprotease at +3, and a
RecD-like helicase at +4 whose Walker A/B motifs are intact in every island copy we could evaluate
(in the 8 Pollutibacter genomes with a complete +4 ORF it is the only RecD-like protein found in the
assembly; a second copy on an unassembled contig is not excluded). Among the complete ORFs of
the 16 seed contigs, none of the +1, +2 or +3 proteins matches an entry of the Pfam, NCBIfam or CDD
libraries, which is a result at the level of the annotation libraries and not a statement about their folds
(the third layer of Figure 4 and Table 2, 3Di, is a Foldseek search of predicted structures in the 3Di
structure alphabet, and its codon-model columns use the site-wise test FEL, the fixed effects
likelihood method, and the recombination screen GARD, the genetic algorithm for recombination
detection).
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Figure 4. Component card mosaic of the ESOL cassette, with one row for each of the −1, RT, +1 and +2 genes, the
N and C parts of the +3 gene and the RecD-like +4 gene. Panel A gives for each row the annotation layers
searched, the motif counts, the codon-model ω with FEL and the structure-level reading. Panel B gives the
evidence level of every cell of panel A with its circular and post hoc marks. Evidence levels are shown by grey
shading that is darker for a stronger level (three levels: supported, descriptive only, and suggestive, post hoc),
hatching marks a circular value, and a dashed frame marks a value that rests on a post hoc result. In panel A the
dashed frames mark the RT structure cell (the K family is a post hoc set), the RT catalytic box (the pattern was
widened after two copies had been seen) and the −1 ω cell, whose partitioned value (†) comes from an interim
recombination model. In panel A a dashed bar is the 3Di structure-alphabet search, the frame of an empty motif
bar is hatched when its value is circular, and a cell marked not shown here is not drawn in this figure.

Alt text: Two-panel component card mosaic of the ESOL cassette. A, a table with one row per
component (−1, RT, +1, +2, +3 N, +3 C and +4) and four columns: annotation layers, with bars for the
fraction of open reading frames with a hit, such as 12/14; motif counts, such as 19/19; codon-model
ω with FEL, drawn as a dot (M0) and a diamond (GARD ω), for example 0.180 (0.168†) for −1; and



12 / 36

single-sequence structure predictions. B, a grid of the evidence level of each cell (descriptive,
supported or post hoc), in darker grey for stronger levels, with hatching for circular values. Dashed
frames mark post hoc results: the RT motif and structure cells and the −1 ω cell.

Table 2. Composition of the ESOL cassette by position relative to the RT open reading frame (ORF), with the
RecD-like +4 gene shown as auxiliary (not a module) and two neighbouring genes outside the cassette for
orientation.

Position
Gene family (annotation
layers Pfam / CDD / 3Di)

Protein length range in
aa (n ORFs)

Observable
copies
(intact /
total) Motif results (n/N)

Codon-model
omega range

Upstream
element

element-model hit
(nucleotide profile); no
ORF assessed

not applicable (no ORF);
element-model hit 138–
141 nt in each of 16 seed
windows (the call at the
seed loci of the co-
occurrence census gives
48–141 nt, one hit being
cut by the window, in
Supplementary Table
S3)

not
applicable
(no ORF)

not applicable not applicable
(no ORF)

−1 vWA-like (clue); Pfam
0/14, CDD 12/14, 3Di
14/14

198–239 (14 of 15) 18/18 (22
loci)

MIDAS D-S-S-[T/S]-D
18/18 (DSSTD 15,
DSSSD 3)

0.168–0.180 (15
seq.)

RT (anchor) RT (RVT_1); Pfam 13/13,
CDD 13/13, 3Di 13/13

377–425 (12 of 16) 17/17 (22
loci)

aromatic-x-DD box
19/19 (YADD 17, FADD
2; pattern widened after
the FADD copies were
seen)

0.088–0.090 (16
seq.)

+1 no family assigned; Pfam
0/10, CDD 0/10, 3Di 8/10

261–294 (10 of 11) 15/15 (22
loci)

not testable (no reference
motif)

0.156–0.165 (14
seq.)

+2 no family assigned; Pfam
0/8, CDD 0/8, 3Di 0/8

152–163 (8 of 10) 13/13 (22
loci)

not testable (no reference
motif)

0.084–0.111 (12
seq.)

+3, N-
terminal part

metzincin-like (clue); Pfam
0/7, CDD 0/7, 3Di 7/7

355–372 (7 of 8; whole
+3 ORF)

11/11 (22
loci; whole
+3 ORF)

H[EDQ]xxH absent
12/12 in the N-terminal
test (absent 13/13 over
the full ORF)

0.110–0.113 (11
seq.; whole +3
alignment)

+3, C-
terminal part

no family assigned; Pfam
0/7, CDD 0/7, 3Di 0/7

355–372 (7 of 8; whole
+3 ORF)

11/11 (22
loci; whole
+3 ORF)

not applicable 0.110–0.113 (11
seq.; whole +3
alignment)

+4, RecD-like
(auxiliary, not
a module)

RecD-like; Pfam 5/5, CDD
5/5, 3Di 5/5

592–622 (5 of 6) 8/8 (22 loci) Walker A/B and ATP-
contact class intact 8/8

0.084–0.086 (8
seq.)

Adjacent
genes outside
the cassette
(slot −2 M54-
like; slot −3
xseA-like)

−2 M54-like (Pfam 5/5,
CDD 5/5, 3Di 5/5); −3
xseA-like (clue only; no
layer search)

−2: 208–213 (5 ORFs);
−3: not recorded

not recorded −2: H[EDQ]xxH present
7/7 (positive control);
−3: not recorded

not recorded
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The positions are operational and assign no activity or biological role, and a term such as vWA-like or
metalloprotease-like is a clue and not an assignment; the xseA-like term is an annotation label read
from a library model and was not tested. Observable copies and motif counts refer to the assembled
loci of one genus. The columns refer to different sets, so their denominators differ (for the cassette
positions, length ranges, layer counts and the element length come from the annotation of the 16 seed
contigs, observable copies from the 22 loci), and the ω range spans the unpartitioned and the
recombination-partitioned codeml M0 estimates; the lower end of the −1 range (0.168) is the
partitioned value of an interim recombination model and is post hoc. The calls of every ORF in the
three layers are in Supplementary Table S3, file SI-04_layer_calls_per_orf.

In an alignment of 15 upstream sequences from other genera and from metagenomic assemblies, the
most conserved stretch of 60 consecutive columns lies 25 to 84 positions upstream of the RT start,
with a mean frequency of the most common base of 0.77 against 0.72 over all 141 columns (Extended
Data Figure 1). The identity of the element is unresolved (Question 6) and its form description is not
diagnostic; in the scans of host-lineage genomes described in Supplementary Results S1.2, element-
plus-RT pairs are found in 20 genomes, 15 species and 4 genera (Supplementary Table S4, table A20),
a count that comes from those scans and not from the 794-genome search described later.

Every evaluable −1 ORF carries the MIDAS (metal-ion-dependent adhesion site) motif (18 of 18): in
14 the five positions were read by structure mapping onto ESMFold-predicted models [18] and in 4
by transfer of the aligned columns from those mappings (Extended Data Figure 2). The +3 protein is
predicted to fold like a metalloprotease, yet the canonical HExxH motif (searched as H[EDQ]xxH) is
absent from all 13 of its ORFs (11 of them complete), whereas the same motif is present in all 7
Peptidase_M54-like ORFs from the same loci and in human MMP1; the absence is a property of the
whole +3 family (nearly all free-standing +3-like sequences also lack it: 2 of 127, one per genus, carry
it; Supplementary Table S5, table T10, rows H-8 and H-9), and whether the protein is an active
protease is an open question (Question 4). A profile-to-profile search did not support the +3 N-
terminal domain as a catalytic-site-loss variant of an M54 peptidase (it sees only relationships about
as close as that between the −1 gene and vWA-type proteins), and a post hoc comparison of predicted
structures resembles an archaemetzincin-type fold, so the +3 protein is described by a predicted-
structure resemblance and not by an assigned family. In a pre-set structure-level comparison, the
cassette −1 and +3 proteins scored below the lower quartile of free-to-free pairs of RT-free −1-type
and +3-type proteins, so both pre-set rules were only partly met, although the scores exceeded those
of unrelated folds. Further detail on the upstream element's structure and covariance-model scan, the
catalytic and helicase motif integrity and the structure annotation of the −1 protein is in
Supplementary Results S1.2.

2.3  The company is found with the RT inside one genus, and nowhere else we can see
If the company is a unit of the RT, it should stand beside the RT wherever the RT occurs, so we
anchored on the RT and counted what stands in each slot, first inside Pollutibacter, then outside it,
and then from the side of the parts (Figure 5). The RT does not stand alone in Pollutibacter: at 27
further RT loci in 24 genomes, beyond the 16 seed assemblies, 97 of 99 observable neighbour slots
(upstream element, −1, +1, +2, +3; a slot beyond a contig end is not scored) carry the cassette part and
the 2 absences sit at a single locus; after removing every genome of the ANI95 clusters (clusters of
genomes by average nucleotide identity, ANI; Section 4.2) that also contain a seed MAG, the 15
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remaining loci (14 genomes, 14 units) still carry the element in 9 of 9, −1 in 7 of 7, +1 in 14 of 15, +2 in
11 of 12 and +3 in 10 of 10 (post hoc). The locus with the two absences has an RT only 0.388 identical
to the cassette RT; its upstream element, −1 and +3 positions are unobservable, and hidden deletions
could not be checked.

Outside Pollutibacter, for this detector and this scanned range, no cassette part is found beside a K-
family RT: among 445 K-family RT loci, 0 of 334 observable −1, 0 of 305 +1, 0 of 258 +2 and 0 of 233 +3
slots carry a cassette part (0 of 1130 slots in all). The outside zero is not evidence of absence: nearly all
of the 445 outside loci have an RT of low identity to the cassette RT, so for those loci the zero cannot
be told apart from the detector failing to reach so low an identity. Two profile detectors that do not
use the cassette profile hidden Markov models (HMMs) find the +3-type protein at none of the 445
outside loci and at none of 1,127 control windows around non-K RVT_1 RTs; the leave-one-out family
profile detects every real +3-type pair-family member it was tested on in the two identity bands (18 of
18 and 39 of 39; Supplementary Table S4, table R01; Supplementary Table S4, table R02), so for the +3
part the zero is an informative absence for these detectors, these loci and these windows only. Hits of
the upstream-element model do occur beside K-family RTs outside Pollutibacter (95 of 395 outside
loci with an observable element window), but at those 95 loci none of the observable −1, +1, +2 or +3
slots carries a cassette part (none of 54, 59, 45 and 39 observable slots), so the element-plus-RT layer
and the cassette-part layer are counted separately.
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Figure 5. The companions of the ESOL RT are counted inside Pollutibacter (A), outside it (B), from the side of the
parts (C) and in a scan of −1/+3-type pairs (D), and the layers are shown side by side and not summed. Hatched
fills and open symbols mark values that are partly circular because the detector profiles were built from the 16
seed MAGs, dashed lines and frames mark post hoc analyses, and the horizontal bars of panels B and C are
Wilson 95 percent intervals. (A) At 27 non-seed Pollutibacter loci (24 genomes) the observable slots carry the
upstream element in 20 of 20, the −1 gene in 17 of 17, +1 in 25 of 26, +2 in 18 of 19 and +3 in 17 of 17. (B) Outside
Pollutibacter, for this detector and this scanned range, no cassette part is found beside a K-family RT: 0 of 334
observable −1, 0 of 305 +1, 0 of 258 +2 and 0 of 233 +3 slots at 445 loci carry one. The strip under panel B gives
the recorded identity to the cassette RT of each locus: 26 of the 27 loci inside Pollutibacter reach 0.70 or more,
none of the 445 loci outside does (maximum 0.33), and 430 of the outside loci have a recorded identity of 0,
which can mean not reported. (C) In Pollutibacter genome units (190 genomes: 186 GTDB R232 Pollutibacter
genomes and 4 unlabelled near-relatives; post hoc), the 11 RT-bearing genomes carry a strict −1 gene, a strict +3
gene and the element somewhere in the genome in 10, 10 and 10 of them. At the anchor level a strict −1 or +3
gene has an RT of any kind nearby in 30 of 904 and 15 of 374 anchors, 6.9 and 10.2 times a positional null, and
none of 157 re-detected −1/+3 pair loci (0 of 47 with a full neighbourhood) has a strict cassette-lineage RT (any
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RT: 6 of 157 and 2 of 47); the pair-locus rows are post hoc (dashed). (D) Over 23,901 GTDB R232 Bacteroidota
species representatives, the pre-specified strict detectors find 26 same-strand −1/+3-type pairs (15 genera, 12
families, 9 orders), of which 3 have an RVT_1 domain between the genes.

Alt text: Four-panel figure counting the companions of the ESOL RT. A, a grid of 27 Pollutibacter loci
by element, −1, +1, +2 and +3 slots, in a group of 12 loci in seed clusters and a post hoc group of 15,
with hatched cells present, black cells observed absent and pale grey cells not observable; totals
include 20/20 for the element and 25/26 for +1. B, outside Pollutibacter, 445 loci give 0 of 334
observable −1 slots with a part, against 17/17 inside, and a strip of recorded identities marks 430
outside loci as “identity not recorded (0)”. C, a post hoc genome-level block and anchor-level rows,
with four dashed-frame pair-locus rows (0/157, 6/157, 0/47, 2/47). D, a bar chart of 26 pairs by gene-
number distance, from 3 to 12.

Within Pollutibacter the parts are carried by the RT-bearing genomes more often than the RT is
carried by the part-bearing genomes: of 11 RT-bearing genomes among 190 examined, 10 carry a
strict −1 gene, whereas of 35 genomes with a strict −1 gene only 10 carry the RT, and +3 shows the
same asymmetry (10 of 39 genomes with a +3 gene carry the RT). These genome-level counts come
from the same genomes as the anchored census, so they are one observation counted again and not
independent evidence. Further detail on the census scope, the stratification by RT identity, the
detector reach and control windows, and the genome-level coexistence count is in Supplementary
Results S1.3.

2.4  No copy we can see is disrupted, and the codon models are consistent with purifying
constraint
A cassette that is decaying should carry broken copies, and one that is kept should not, so we scored
every observable copy of the five families for frameshifts, premature stops and truncating deletions
and asked how strongly selection constrains their codons (Figure 6; Extended Data Figure 3,
Extended Data Figure 4 and Extended Data Figure 5 give variants and controls). Across every
observable module instance, the assembled contigs show no frameshift, premature stop or truncating
deletion; the observed defect counts sit far below the neutral-drift expectation, and the detection
positive control passed, so the strict form of the decay prediction is rejected (Figure 6; Supplementary
Data S1). This rejection rests on an exact calculation of premature stop codons on the observed trees
and holds only while the stop frequency exceeds 0.29 to 1.10 per cent depending on the series
(Supplementary Table S6, file SI-10_A6_break_even_stop_frequency): with the stop frequency set by
the observed coding composition (no stop codon observed; 0.022 to 0.074 per cent) the probability
that every leaf is free of premature stop codons is 0.35 to 0.75 in all 20 cells and nothing is rejected, so
the calculation gives no information on a model in which stop gain is suppressed by selection or by a
mutation bias that the composition does not capture. In post hoc sensitivity checks, dropping any one
of the 10 studies behind the 16 MAG loci leaves at least 48 of the 57 observable neighbour-module
copies, none of them disrupted (two-sided exact upper limit 0.0740 at 48), and keeping one locus per
study together with the 6 public-genome loci leaves 37 to 46 copies, none disrupted (upper limit
0.0949 at 37); these checks change the denominator and not the count of disrupted copies.
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Figure 6. No frameshift, premature stop or truncating deletion is seen in any observable copy of the five cassette
families at 22 assembled loci of one genus, and the codon-model ω (codeml M0) of the five families lies between
0.084 and 0.185 in each of the five variants shown in C. A, Each of 22 loci (16 MAG loci and six public-genome
loci; rows, complete arrays first) is scored for the five cassette families (columns) as intact, cut by the contig end
(edge) or not observable (n/o). B, Exact two-sided 95% upper limits for the per-copy disruption rate with 0 of n
copies disrupted, drawn solid by copy and dashed by allele cluster (post hoc). C, Codon-model ω (codeml M0)
of each family for the ANI95 representative set with alignment columns kept at more than 50% occupancy
(trim50; primary, boxed, with its number of sequences n at left), all members, no column filter, gap-free columns
only (strict) and GARD recombination partitions (codon-length-weighted mean of segment-wise ω; for −1 the
partitions come from an interim GARD model, because the run stopped at its time limit, and are post hoc, †).
Hatching in A, B and C marks circular items, because the family profiles were built from the cassette MAGs; in A
the mark is on the 20 of 22 loci flagged circular in Supplementary Data S1 (the 16 seed MAG loci and 4 public
genomes), and the bracket marks the 8 complete arrays. D, Left, a six-frame detector recovered 12 of 12 planted
lesions, which checks the detector wiring and gives no estimate of its sensitivity at other positions, and the
controls for +1 and +2 are in Extended Data Figure 5. D, Right, an exact pruning calculation (not a simulation) on
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the observed tree of each series gives the probability P that every leaf is free of premature stop codons at every
site under the strict neutral model (ω = 1 for every non-synonymous change, stop gain included, stop codons at
a composition-neutral equilibrium; the 30 cell values are in the source data of this figure).

Alt text: Four-panel figure on lesions in the five cassette families. A, a grid of 22 loci by −1, RT, +1, +2
and +3, coloured where intact, with edge for cut by the contig end and n/o for not observable; a
bracket marks complete arrays (8); totals 74 intact, 0 disrupted, 12 cut at contig edge and 24 not
observable. B, bars of upper limits of the per-copy disruption rate, from 0.049 to 0.308, solid by copy
and dashed (post hoc) by allele cluster. C, codon-model ω for five variants, from 0.084 to 0.185, with a
dashed frame on 0.168† for the −1 recomb. partition. D, 12 of 12 planted lesions recovered, and log10
P intervals from −60 to 0.

In codon models the ω of every module lies far from the neutral value in the purifying direction,
which is consistent with purifying selection, with negative sites at many codons and, in FEL without
synonymous-rate variation, at most one positive site (in −1, unpartitioned only; with synonymous-
rate variation at most two per family), and the +3 family, which lacks the catalytic H[EDQ]xxH motif,
shows the same direction while its function stays undetermined (Supplementary Table S6; Extended
Data Figure 3). In a post hoc check of the FEL output for the +3 alignment, the synonymous rate α
equals exactly 1.000 at 349 of 354 sites in each of two HyPhy builds, so site-wise synonymous rates
are not resolved there and its negative calls are β below 1.000 under α fixed at 1.000; the cause of the
α pattern is undetermined. The constraint is intermediate.

2.5  Single unassembled long reads carry several modules of the cassette
Sequence seen only in assemblies could be an artefact of assembly, so we asked whether the cassette
exists on single unassembled long reads from public sequencing runs, and whether such reads could
be chimeras (Figure 7; Extended Data Figure 6, panel D). In the frozen layer of public freshwater
long-read data, 15 unassembled reads from 7 samples in 4 studies match the cassette; none of these
samples or studies contributed a genome to the reference, a reversed-sequence decoy produced no
hit, the reads were re-checked with BLASTN, minimap2 and strict protein blastx, and their host
genus was not determined. Pooled over all strata, single public long reads cover all six cassette
modules and reach beyond the cassette on the recC/recD side; these post hoc strata were chosen after
hits were seen and do not fit random-sample statistics.
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Figure 7. The ESOL cassette on single, unassembled long reads. (A) Each row is one of 49 public Oxford
Nanopore reads (15 from the frozen screen and 34 from post hoc strata) whose retained alignment blocks lie on 8
reference contigs from cassette-bearing metagenome-assembled genomes (MAGs), drawn in cassette direction
with positions in kb relative to the RT start and each block coloured by its identity. The module map above the
rows and the module boxes in B and D are hatched because they are annotations of the reference contigs, which
derive from the cassette-bearing MAGs. (B) The 8,727-nt Lake Malawi read has one main alignment block of
8,148 bp (counted in alignment columns; 8,062 nt of the read against 8,067 bp of the reference) at 0.834 identity
that covers the six cassette-specific modules (colours), the +4/RecD-like gene and part of the RecC-like gene
(grey). (C) Bars give the cassette-specific modules (dark) and the flanking genes (grey) covered by each read in
the row order of A, and the coloured chips and the table give the source study, the number of reads and the
number of multi-module reads, for all strata and for the frozen stratum (in brackets). (D) Reads that join two
contigs of one MAG are drawn with the unaligned stretch between their blocks (post hoc table), and the controls
and limits report the reverse-sequence decoy reads, the shuffled-read controls, the re-finding of the reads by
three search tools, the reads with discordant order or orientation, the synthetic chimeras flagged and the
expected against the observed number of multi-module reads.
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Alt text: Four-panel figure of the cassette on unassembled long reads. A, one horizontal bar per read
for 49 reads, drawn against a hatched module map on an axis from −6 to 8 kb relative to the RT start;
15 frozen-stratum reads have solid outlines and 34 post hoc reads dashed outlines, shaded by block
identity from 0.50 to 1.00. B, one 8,727-nt Lake Malawi read with one main block of 8,148 bp (plus a
short block on a second contig), identity 0.834, covering six cassette-specific modules, and bars of per-
module overlap. C, bars of modules covered per read and a table of source studies, total 49 (15) reads.
D, six contig-break reads with gaps of 266, 228, 227, 228, 226 and 266† nt, and a table of controls.

Random joining of two molecules predicts at most 1.61 × 10⁻⁴ multi-module reads (reads covering
two or more modules) even if every cassette read were a chimera, yet public long-read data contain
34, 10 of them in the frozen stratum (Figure 7; Supplementary Data S2, file SI-
12_RANDOM_PAIRING_TOTALS). The comparison holds only under random pairing, and non-
random pairing in a PCR-selected library was not tested. The long reads come from 9 runs in 4 water
systems, and one PCR-selected study supplies 31 of the 34 multi-module reads and 43 of the 49
cassette reads (Supplementary Data S2, file SI-12_RANDOM_PAIRING_BY_RUN). Under the pre-
specified strict variant, which counts every read aligned to two contigs of the same MAG, in a
reference that holds more contigs than the 16 cassette-bearing ones, as at odds with it, the share at
odds is 2 of the 34 multi-module reads (0.059), 5 of the 46 reads covering two or more modules of any
class (cassette-specific, host-adjacent or the −2 and −4 flank genes; 0.109) and 5 of all 49 reads (0.102);
this is a sensitivity analysis and not a finding about chimeras, and all 5 reads come from 4 samples of
one study (Supplementary Data S2, OBS_READS). Further detail on the multi-module reads, the
junction-crossing reads from samples and studies outside the reference, and the frozen-stratum
comparison with random pairing is in Supplementary Results S1.5.

2.6  Traces in public RNA and in culture DNA: present, but RNA and DNA are not told apart
Public RNA-sequencing runs from Lake Erie, from a Beijing culture lineage and from Sandusky Bay
and Wyoming extensions made after the result was seen contain reads matching the cassette window
under a counting rule fixed beforehand, which shows that matching sequence is present in those
libraries, not that the cassette is transcribed (Extended Data Figure 6, panels A and B). In a post hoc
full-depth remapping of one public freshwater metatranscriptome run (SRR6466487), done after a
first targeted signal, we recovered three distinct fragments (six reads) of high identity to the cassette
and no decoy reads, which shows that cassette-like sequence is present in that run and nothing more;
the full-depth rescan of the same run under the counting rule of Supplementary Table S7 counts six
matching fragments, and the two counts are not comparable (Supplementary Table S8); these are
distinct molecules from one sample, not independent samples, sites or lineages. In post hoc strand-
specific total-RNA libraries from one lake series (Beaver Lake), cassette-specific reads lie on the same
strand as host mRNA, an imbalance that double-stranded DNA contamination alone would not
produce, but this cannot tell RNA from single-stranded DNA, the bias depends on the library kit and
is also seen in other runs, and the evidence comes from one lake series. In the unstranded libraries of
the Beijing series, a single culture series from one study, the density of cassette reads relative to host
reads does not exceed what DNA alone would give, so public sequencing reads cannot currently tell
whether cassette-matching reads derive from RNA or from DNA.



21 / 36

In DNA from a laboratory culture series of a single study (4 whole-genome shotgun runs, WGS), a
separate assembly carries one cassette-clade RT locus on a 4,566 nt contig whose five module
proteins, including the RT, are each 100.0% identical in amino acid sequence to those of a seed MAG
from run SRR9061301 (99.93% nucleotide identity over the module contig; post hoc comparison;
Supplementary Table S7, table T12); this is an existence observation from one study and one genus,
the detectors were built from the seed MAGs, and no host, origin or function is assigned.

Screens of public long-read RNA runs are uninformative in either direction: the candidate runs were
dominated by amplicon libraries and small datasets, and almost none contained reads from the host
lineage, so a lack of cassette reads in them cannot separate not seen from not there. No RNA
sequencing runs were found in the 10 studies that supplied the cassette-bearing MAGs (a lookup in
the European Nucleotide Archive, ENA, at the time of the search), and no RNA run shared a
BioSample with the source sample of any sampled cassette locus, so expression was not tested from
public data here, and these lookups do not show that no RNA data exist elsewhere. So the public data
we could screen cannot say whether the cassette is transcribed; the next question is where in the
world the cassette has been found. Further detail on the rationale for searching public RNA data, the
pond RNA read search and the archive lookups of RNA runs for source studies and samples is in
Supplementary Results S1.6.

2.7  Where in the world: lake, river and pond waters on five continents, and one genus
Where does the company occur? We turned to the public records of the genomes and reads that carry
it (Figure 8). Cassette-bearing genomes turn up in lake, river and pond waters in 9 countries on 5
continents: 16 genomes from 16 different samples in 10 submission projects (Canada, Switzerland,
Korea, Chile, Rwanda, Israel, the USA, India and China; the continent is derived from the recorded
country) (Figure 8). Formal GTDB-Tk classification places all 16 cassette MAGs, which were selected
because their assembly carries the cassette contig (14 of them are also called cassette-positive by the
catalogue scan; Section 4.2; Supplementary Table S9, MAG_SOURCES), in Pollutibacter, and the 16
are distinct ANI-level units from 16 separate samples, only half of them high-quality assemblies.
These records show where the cassette-bearing genomes were found and not how common the
cassette is.

The free text of none of the 16 records names soil, sediment, a host, wastewater or marine water,
which describes these records and says nothing about other habitats. In the wider Pollutibacter sets
the records are not uniformly environmental-sample records: 114 of the 190 distinct BioSamples
behind the genomes examined carry 'sample type = metagenomic assembly', against none of the 16
records, so for the wider sets the country, coordinate and environment text come from MAG
submission records and the originating sample records were not followed. Because the genus
background is already fresh water (152 of the 186 GTDB R232 genomes of Pollutibacter carry a
freshwater label from a dictionary reading that failed its manual pre-check, so every habitat
statement here is post hoc), the data cannot test whether the cassette prefers fresh water to the other
habitats of the genus (Extended Data Figure 7).
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Figure 8. Source records of the 16 cassette-bearing MAGs (map, unit ladder and continents) and the 489 K-family
RT rows of the nucleotide-window catalogue by tier. A, Source samples of the 16 cassette-bearing MAGs are
drawn at the coordinates given in their public BioSample records (15 of 16 samples), one circle per sample,
colored by BioProject for the three BioProjects that contribute three samples each and gray for the seven
BioProjects that contribute one (10 BioProjects). The Maryland sample has no coordinate pair and is shown in the
dashed strip below the map, together with the four long-read water systems, which have no coordinates in the
records we hold. B, The 16 MAGs are counted at seven grains: one genus, ANI95 genome clusters, BioSamples,
BioProjects, geographic clusters of the 15 samples with coordinates, countries and continents. C, Upper, the 489
K-family RT rows of the nucleotide-window catalogue (a row is one K-family RT gene in one source table; 31 of
the rows are cassette-positive calls, a post hoc operational class defined as a −1 gene on the RT strand and not
the whole arrangement, and all 31 lie in T1) are shown by dataset and tier: T1, a recorded identity to a cassette
RT at or above the tier boundary (59 rows, 15 of them in other genera at 0.33 identity or less, so a tier is not a
clade); T2, an element-model hit upstream of the RT without T1 (106 rows); T3, neither of these in an observable
window (277 rows); and 47 rows not observable (n/o); circ. marks rows from the seed MAGs or from genomes
on which the detectors are circular (32). Lower, the recorded identity to a cassette RT of the 59 rows that have
one, coloured by genus label; rows with a recorded identity of 0, which can mean not reported, are not drawn,



23 / 36

and the tier boundary is provisional. D, The 16 cassette-bearing MAG samples are counted by the continent
derived from the country text of their BioSample records, which gives five named continents; the three Korean
samples are unclassified by the frozen rule, and mapping Korea to Asia was added after the fact (dashed
segment, Asia 5+3).

Alt text: Four-panel figure on the sources of the 16 cassette-bearing MAGs. A, a world map of source
samples coloured by BioProject (Canada ×3, China ×3, Korea ×3, grey for seven single-sample
projects), with open squares for long reads and a dashed box for samples without coordinates. B, bars
of units: genus 1, ANI95 clusters 16, BioSamples 16, BioProjects 10, countries 9, continents 5, and
dashed geographic clusters of 14, 13 and 12 at 10, 50 and 100 km. C, bars of 489 K-family RT rows by
tier, T1 59, T2 106, T3 277 and n/o 47, with a histogram of 59 recorded identities. D, continents:
Europe 1, North America 5, Asia 5+3 (dashed part: three Korean samples), Africa 1, Oceania 0, South
America 1.

Within the range we searched and for this detector, every cassette-bearing genome we can place is
Pollutibacter, which is not evidence that the cassette is absent elsewhere: is the pairing genus-bound,
or just unseen outside it? Further detail on the matching public long reads, the source sample records
and the catalogue scan loci is in Supplementary Results S1.7.

2.8  Two pieces that meet in one genus: the −1/+3 pair recurs without the RT, and the element is
found with it
The reverse question matters as much: do the parts need the RT to exist? We asked whether the −1
and +3 genes occur as a pair with no RT hit in the surrounding window, and whether anything lies
upstream of the pair that could mark a shared control (Extended Data Figure 8). Not within this
detector's range: the −1/+3 gene pair occurs with no RT in its window in 54 of 149 anchor genera,
those that carry a +3-type gene, of the confirmatory population (pre-specified rule met), and “strong”
attaches to the existence of the recurrence only, in a biased, non-random subset of annotated public
Bacteroidota genomes, with function and origin untested (Extended Data Figure 8; Supplementary
Table S10).

A stricter scan asked the same question of all 23,901 Bacteroidota species representatives of GTDB
R232 with detectors fixed beforehand: it found 26 same-strand −1/+3-type gene pairs (15 genera, 12
families, 9 orders; 23 of the pairs lie in 14 genera outside the cassette-lineage genera), and the 3 pairs
with an RVT_1 domain between the two genes all lie in Pollutibacter, in the cassette arrangement.
These counts belong to these detectors, which derive from the cassette (broader profiles give 55 pairs
in 26 genera; Supplementary Table S4, table B02 (config_id), detector variant 4), and the scan is not an
independent confirmation of the single-genus result. In a post hoc extension of the adjacent-pair
recurrence to this larger spacing, the genera outside the cassette-lineage genera exceed the 1.26
expected from a rotation null by a factor of 11.1, but the null was calibrated only at short distances,
many of the pairs have a member in a further adjacent pair, and genera are not independent units;
restricting to pairs without such a partner keeps 9 genera outside the cassette lineage (10 pairs).

The upstream element behaves the other way round. In a post hoc search anchored on the element in
794 genomes (all 190 Pollutibacter genomes, representatives of the element-bearing genera, and two
negative groups of 150 and 139 genomes; this selection overlaps only in part with the genomes
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scanned in Supplementary Results S1.2; Supplementary Table S4, table A13), 19 element hits were
called: 18 lie upstream of an RT (any RT hit, not only the cassette RT) in sense orientation and 1 has
its RT side cut by a contig end, so no observable element hit lacked an RT after a rule added once the
results had been seen (before that rule, 1 did), and the 289 genomes of the negative groups gave no
hit. The element model derives from the cassette, and the population is centred on element-bearing
genera, so this describes these genomes and this detector.

The RT-free pairs are laid out differently from the cassette. Counted again from the genomes, of 172
strong −1/+3-type pairs with no RT of any kind in the window, 151 have the two genes adjacent,
with a median gap of 24 nt from the −1-type to the +3-type gene, whereas at the 30 main cassette loci
(the 31 cassette-positive calls of the nucleotide-window catalogue less one locus known from a
protein set only, which has no flanking sequence) the −1 to RT gap has a median of 189 nt; an overlap
of exactly 4 nt is rare between the paired genes (9 of 151) and usual between +1 and +2 (17 of 19), and
the nominal P values describe the layout and do not test an origin (Supplementary Table S10, sheet
F2; Supplementary Table S11, file SI-07_spacing_all_loci).

In a post hoc comparison added after the primary results had been seen, flanking sequence next to
RT-free pairs never matched flanking sequence next to cassettes in related Pollutibacter genomes (0 of
627 flank comparisons; 0 of the 27 between genomes at 91.96 to 99.71 per cent genome-wide
nucleotide identity and 0 of the 10 within one species-level unit), whereas the same method matched
flanks in 15 of 17 pair-to-pair and 22 of 22 cassette-to-cassette comparisons at those identities
(Supplementary Table S10, table T). This suggests that in these genomes the pairs and the cassettes sit
at different sites, and three genomes carry both, each on different contigs, but the 27 comparisons are
24 unordered genome pairs (25 combinations of a pair-bearing and a cassette-bearing genome)
formed by 6 genomes with a pair and 11 with a cassette, 26 of them compare one flank only, and the
Fisher P values that treat comparisons as independent overstate the evidence. The one pre-specified
comparison of neighbouring gene families (255 combinations) found a shared family in 29 against a
null mean of 1.35, but 26 of the 29 come from one small protein family, the count is 0 with a narrower
window or a stricter identity cut-off, and without that family (post hoc) 3 combinations remain
against 1.39, so the pre-specified result is neither evidence that pairs and cassettes share flanking sites
nor evidence against it.

The host tree gives no direction either. On the GTDB R232 Bacteroidota species tree of 23,901 tips the
RT-free adjacent pair is carried by 362 tips and the cassette arrangement by 3 tips, all in Pollutibacter;
the pair state clusters on the tree more than a label permutation does (265 changes against a
permutation mean of 360.3; Supplementary Table S4, table O13), but ancestral-state reconstruction
depends on the model (the ordered model gives the pair state to the Pollutibacter ancestor with
probability 0.68 and the all-rates-different model with 0.98, whereas the hidden-rate model, which
has the lowest Akaike information criterion (AIC), gives no pair state 0.93), and only 1 independent
genus-level tip carries the cassette arrangement. In gene trees of the 22 RT-free pair genes of
Pollutibacter, the 6 cassette genes of public Pollutibacter genomes and the pair members of other
genera, the cassette genes form a separate branch with ultrafast bootstrap support 100 in both the −1-
type and the +3-type tree, a branch that also holds 5 Pollutibacter genes of neither class (median
distance from a cassette gene to a free-pair gene of Pollutibacter 6.17 substitutions per site for the −1-
type gene against 1.27 among those free-pair genes, and 3.41 against 1.43 for the +3-type gene;
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Supplementary Table S4, table O07); distances in the saturated range are not informative about
timing, so the ratios show that the cassette genes sit on long, separate branches and not how long ago
the branches separated, and they do not say which came first. One reading is that the cassette
consists of two pieces that are found apart elsewhere, an element beside an RT and a −1/+3 pair, and
that Pollutibacter is the only genus in which we find the two together; nothing we ran says which
came first (Question 3). Further detail on the same-strand pairs in other genera, the upstream
palindrome, the junction repeat scans and the gene-tree and structure-based direction analyses is in
Supplementary Results S1.8.

2.9  Is this orphan unusual, and how far can the search be trusted?
The ESOL RT is more isolated by nearest identity than the candidates of an untargeted hunt that did
not target it, although the alignments differ in coverage (Supplementary Results S1.9): its 30 queries
(13 of them metagenomic RTs; 29 with a published-library hit) have a median nearest identity to
published RTs of 29% (maximum 35%), against cluster medians of 32% to 50% for the 9 of 15
unassigned candidate clusters of our own hunt, scored with DefensePredictor [19], that lay beside
retron lineages; the other 6 reduced to known types.

Our own pipeline is nearly blind to lineages that have a published relative: of 37 published RT
lineages removed from its libraries, it re-found only 4 (11%; confidence interval 4 to 25%;
Supplementary Table S12, file SI-28_removed_lineage_recall). The pipeline therefore finds a lineage
with no relative in the published libraries but tends to classify a close relative of a published lineage
as known, so the absence of other candidates is not evidence that none exist. Further detail on the
untargeted searches, the neighbour-domain hunt, the metagenome-assembled genome comparison
and the sequence-archive clustering is in Supplementary Results S1.9.

2.10 Two pre-set predictions: a contrast at matched identity, and a tree test that told us nothing
In an emulation of existing detection tools, matched for amino-acid identity, profiles rebuilt from a
reference pool called 49 of 49 known UG17, UG3 and UG8 units (matched to the 24.8 to 33.3 per cent
identity range of the 12 full-length cassette RTs to their closest reference in the pool; the matched
units lie at 26.9 to 33.2 per cent; 2 of the 49 are UG17 units) but 0 of 16 cassette RT units
(Supplementary Table S2, table Q1). This is a reference-pool emulation within one genus, matched on
identity alone, and not a holdout run of the tools themselves. The match was on identity and not on
alignment: the matched known members align to their closest reference with a median query
coverage of about 98 per cent (Supplementary Table S2, table Q1), against 45.2 to 70.7 per cent for the
12 full-length cassette RTs, so the calls the tools would make at the alignment distance the cassette
RTs show cannot be tested with known members at all, and the 49 of 49 versus 0 of 16 contrast is not
evidence in either direction. In a post hoc exploratory analysis, known UG17 members, UG17 being
the nearest reference lineage of 11 of the 12 full-length cassette RTs, were cut to the profile columns
that the cassette RTs align to: 0 of 336 were called at the shipped threshold, against 335 of 336 full-
length members, so at the coverage the cassette RTs show a missing call is not readable as a property
of their RT lineage (Supplementary Table S2, table Q4).
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The gene trees of the 4 neighbouring cassette families did not meet the pre-specified congruence
condition against the cassette RT tree in 4 of 4 families, so under the pre-specified rule the congruence
condition is not met for any of them. At the pre-specified threshold the tree-consistency test therefore
yields no information on whether the neighbouring families share the RT's descent: its 4-of-4 negative
result is neither a refutation nor support for shared descent, because its own positive control failed
and because, in a post hoc control that compared two column halves of the same gene, where shared
descent holds by construction, the same rule still returned a supported conflict in 7 of 15 replicates
(Supplementary Table S12, test T15). Further detail on the pre-set predictions, the reference-pool
profile comparison and the gene trees of the neighbouring cassette families is in Supplementary
Results S1.10.

2.11 Hypotheses the data leave open, and the observations that would decide them
Question 1 — What is the RT, in name? Every known-type gate failed to place the ESOL RT: 0 of 9
repeat pairs on the contigs of 12 of the 14 census-group members were DGR-type, 0 of 17 members
carried a maturase domain, 0 of the 8 census-group loci with annotated neighbours had a Cas
domain nearby, and the nearest library identity of the 30 ESOL queries, 13 of them metagenomic RTs,
was at most 34.6% (median 29.3% over the 29 queries with a hit; 31.7% and 28.5% for the 14 census-
group members alone; Supplementary Table S2, table M and Supplementary Table S2, table N); in
sequence trees it cannot be placed in a UG3/UG17-adjacent group or as a relative of the array-
associated RTs (ART) [20] or of UG27 [4] because distances are saturated and the joins are weak, so
the result is unassigned (Extended Data Figure 9).

Question 2 — Does the cassette depend on a host nuclease? Wang et al. (Cell 2026, author
manuscript) [8] report selective synthetic lethality between DRT3 and loss of RecBCD and between
DRT9 and loss of ExoI; by analogy this motivates the question for a cassette whose +4 part is RecD-
like, but it is not support: no experimental test exists, and our genome-association tests of general
RecBCD- and SbcB-dependence rules were negative or uninformative (see Limitations).

Question 3 — Why did none of the 1,130 observable slots beside the 445 K-family RT loci outside
Pollutibacter carry a cassette part for this detector and range, while the parts recur without an RT in
other genera? Under hypothesis 1, sampling and detector reach limit a one-genus result: the zero
outside the genus cannot be separated from detector failure and the true distribution may be wider
than the atlas. Under hypothesis 2, the combination arose once and stayed in Pollutibacter while the
parts coexist elsewhere without the RT. So far nothing gives such a history a direction: reconstruction
of the state of the Pollutibacter ancestor on the Bacteroidota species tree depends on the model,
rooting of the −1 gene tree with outgroups was untestable under the pre-specified saturation rules
(Extended Data Figure 10), and flanking sequence next to RT-free pairs never matched flanking
sequence next to cassettes in related Pollutibacter genomes (0 of 27 post hoc comparisons, whereas
the same method matched flanks in 22 of 22 cassette-to-cassette comparisons), which suggests
different sites without saying which came first. Outside Pollutibacter, in a post hoc read-level re-
examination of three consecutive ORFs of a Ferruginibacter RT island (an ORF upstream of the RT,
the RT and a RecD) that are identical between a Ferruginibacter genome and a CAINEC01 genome
from different studies and samples, the public bin assemblies of the two studies contain exactly four
contigs with the full identical block: three from mesocosm bins that are nearly identical to one
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another and so form one clonal lineage, and one short CAINEC01 contig that appears in no other bin
and whose source cannot be attributed, so a second host is neither established nor excluded and no
direction or donor is inferred.

Question 4 — Is the +3 protein catalytically active? The +3 protein lacks the canonical zinc motif
HExxH (searched as H[EDQ]xxH) in every recovered ORF, yet codon models place its gene in the
purifying direction, so whether that constraint reflects a function stays open; those ORFs are close
relatives within one genus, the absence is not specific to the cassette, and composition-matched
shuffles would lack the motif in a set of that size about half the time (0.44 to 0.51, depending on
whether the N-terminal region or the whole ORF is shuffled; Supplementary Table S5, table T10,
rows H-8 and H-9), so this describes sequence and does not test activity, and active and inactive both
remain open.

Question 5 — Does the +3 protein bind the palindrome? It has not been tested here. The palindrome
(core CAAGCTTG, upstream of the start of the −1 gene in the free −1/+3 unit) met the pre-set rule as
written in held-out genera, but the genera are not independent lineages (most of the held-out genera
in orders unseen in training are Chitinophagales), strict sites occur in 78 of 103 genera and not in all,
its non-coding position is an exploratory call, and co-inheritance of a mobile locus is not excluded, so
binding and co-inheritance both remain open.

Question 6 — What is the element — a retron msr/msd pair, a non-coding RNA of another kind, or
something unannotated? Toro (2026) reports computationally predicted msr/msd-like ncRNA motifs
upstream of the RT in subsets of loci of two candidate type XI-like lineages, with no experimental
validation; no identity is asserted between that element and ours, and the distance of our element to
catalogued retron msr/msd pairs is not resolved here. Further detail on the RecBCD pairing and
partner comparisons, the detector-reach and rooting analyses, the read-level re-examination of one
island and the protein structure predictions is in Supplementary Results S1.11.

3  Discussion

3.1  What we found, and what it might mean
Of 122,323 RT loci in 189,630 genomes, one candidate group of divergent RTs stood out for recurring
neighbours of the same kinds, and the cassette built from them is found beside the RT in 16 genomes,
chosen for carrying it, from 16 separate samples in nine countries on five continents (the continent is
derived from the recorded country). The central claim is composition and co-occurrence: the
assemblies that define the cassette's clade come from 16 water samples on five continents (six from
lakes, three from one river, two from ponds and five described only as freshwater, surface or aquatic
water), and the free text of none of the 16 records names soil, sediment, a host, wastewater or marine
water; within the range searched, the RT of that clade, which none of our comparisons assigns to a
named lineage, occurs in one genus, beside the cassette in the genomes that define it and at further
loci that played no part in defining it. At 27 further loci of that genus the slots beside the RT hold the
cassette parts in 97 of 99 observable cases (the two gaps lie at one locus whose RT is only 0.388
identical to the cassette RT), the copies we can see are whole and show a purifying direction of
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selection, and public long reads that span two or more cassette-specific modules are far more
numerous than random pairing of two molecules allows; the parts also recur without an RT in other
genera (Figure 5 to Figure 7; Extended Data Figure 8).

Sánchez-Nieto et al. report in a preprint that no viable transformants carrying the DRT10 system
were recovered in an E. coli ΔsbcB strain, that is, that DRT10 activity is toxic in the absence of SbcB
(ExoI) [11]; like the DRT3 and DRT9 reports, this is a source of hypotheses for a cassette with a RecD-
like part and not an explanation of the pairing.

The puzzle is why the RT keeps this company: in Pollutibacter the company is present in 97 of 99
observable slots, yet beside 445 K-family RTs outside the genus the detectors find none, and at that
distance they could not see it (detection near zero for nearly all of the 445). Profile detectors that
reach lower find no +3-type protein beside those RTs either (none of 445 loci), which is an informative
absence for that part, so the zero is not only a failure of reach. Meanwhile relatives of the −1 and +3
genes occur as an adjacent pair with no RT in the window in 54 of the 149 genera of the confirmatory
population that carry a +3-type gene; the existence of this RT-free repeat is supported under the pre-
specified rule, against a positional null that is not calibrated (Supplementary Results S1.8), though its
function and origin are untested. The element, by contrast, was found upstream of an RT at all of the
observable element hits of a post hoc search, so the RT-free pair and the element beside an RT look
like two pieces that exist apart and that we find together only in Pollutibacter (Question 3).

Two questions follow, and they are separate. Origin: did the RT join a module that already existed
without it, or did the unit arise together? The paired parts recur without an RT in a non-random
subset of annotated public Bacteroidota genomes, but the direction of gain or loss cannot be told
without polarity-resolved trees. Function: does the RT work with its company, as preprints describe
for DRT10, a tripartite system of a structured ncRNA, a SLATT protein and an RT? Nothing here tests
it, and the answers are independent, since an RT that joined an older module could have become
essential to it, and an RT that arrived with the unit could still be an incidental passenger.

What we do not claim is function, a mobility mechanism, a vertical or horizontal origin, or generality
beyond the genus and range searched, and these are the questions that the tests below are for. The
strongest objection is that detectors built from the cassette MAGs re-find what they were built from:
hits in genomes that did not enter the models are new observations, and the checks probe taxon
dependence, but sensitivity cannot be judged with the same models, so some circularity remains.

Each reading we leave open comes with an observation that would end it (Questions 1 to 6; Extended
Data Figure 9): a second genus that carries the cassette parts beside a K-family RT, a structure-based
placement that resolves the RT into a known lineage at strong support, outgroup-rooted trees for
which polarity can be tested, a 5′-end map of the RT transcript and an activity assay of the +3 N-
terminal domain. A wet-laboratory programme is under way to run these tests: constructs, primers
and controls are designed and checked in silico (Supplementary Note S1), and no wet-laboratory
result is reported here. Further detail on the related literature, the flanking-sequence comparisons in
related genomes and the search for unassigned candidate clusters is in Supplementary Discussion
S2.1.
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3.2  Limitations
Within the range we surveyed, the cassette occurs in one genus, Pollutibacter, in genomes from 16
separate samples in 10 projects and nine countries. Because these genomes are close relatives, they
count as one lineage in any test of independent recurrence, so the data bear on the existence and
arrangement of the cassette but not yet on its host range or on how often it arose. That the RT is
unassigned is a statement about the comparisons and libraries listed here, the cassette is defined by
position alone, and the 16 seed MAGs and every detector built from them are circular. Nor can the
genome arrangement say which came first: at only 6 of the 30 main cassette loci (the 31 cassette-
positive calls of the nucleotide-window catalogue less the one known from a protein set only; Section
2.8) is the sequence beside the locus informative on both sides, only one genome that lacks the
cassette is a close relative of a cassette genome and all 6 of its flank hits end at a contig edge, and no
empty cassette site and no filled pair site was observed in the pre-specified flank-mapping analysis,
so it cannot say whether the RT joined or left a module.

The pre-specified part detectors lose sensitivity at identities well above those of most RTs outside the
genus, so an absence of a cassette part at lower identity is uninformative, and the one-genus
observation is bounded by detector reach as well as by biology (Question 3). Two further profile
detectors reach lower for the +3 part than for the −1 part, and they find the +3-type protein at none of
the 445 outside loci, so the outside zero is informative for +3 within these detectors and loci and
limited to detector reach for −1; every detector family still derives from the seed MAGs of one genus,
so a variant unlike the seed would not be seen. The estimate of detector reach depends on one model
of sequence evolution and on detectors derived from the cassette, and no model-independent check
has reproduced it.

No wet-laboratory result is reported, so nothing here shows what the cassette or its parts do: the
intact neighbouring genes and the purifying direction of the codon models are consistent with
constraint but are not evidence of function. Our genome-association tests of a general RecBCD-
dependence rule did not support one or were uninformative: K-carrying genomes occur in genera
with no RecBCD at all, and the pre-set test of RecC companionship, run with an element-based K
definition, was uninformative. Under a rule fixed before the check, no cultured isolate qualifies as a
candidate for follow-up work: every distinct genome in which the upstream element was called at a
K-positive RT locus within the scanned range is a metagenome-assembled genome, which describes
genomes in which a seed-dependent element call was made, in that range only, and does not show
whether cultured strains carry the element or the cassette. Further detail on the circularity of the part
detectors, prevalence estimates, false-negative rates for absence calls and long-read detection limits is
in Supplementary Discussion S2.2.

4  Methods

4.1  Census data, RT detection and clustering
The census is the search for RT loci in 189,630 bacterial species-representative genomes with the Pfam
RVT_1 model, followed by clustering and the known-type gates, and the later hunt is the untargeted
search over the protein collection of 199,923 genomes; both are described in the Results. In both
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stages the independent unit of the cassette observations is the genus, and the census group and the
K-family loci are related only by identifier correspondence, for which no sequence was aligned.

The census covered the 189,630 bacterial representatives that have an NCBI assembly (archaea were
not included, and 171 further bacterial representatives have no retrievable assembly). The later hunt
read the GTDB tarball of predicted proteins for all species representatives, 199,923 genomes (189,801
bacterial and 10,122 archaeal), which contains every census genome. The Genomes from Earth's
Microbiomes (GEM) catalogue was used as the published protein tarball with Prodigal coordinates.

RTs were called with the Pfam RVT_1 model at the gathering threshold (HMMER [21], Pfam [22])
with a protein length filter.

Clusters were formed at 50% identity with 80% coverage (DIAMOND-based clustering for the GTDB
hunt and MMseqs2 [23] for GEM). The published-library reference combined the RT sets of retrons
and UG/Abi systems [4,7] and the bacterial RT classification of Toro and Nisa-Martínez [1].

Every candidate cluster was checked against the following gates and the result was recorded as a
column in the candidate table. G1 (DGR) looked for the bAvd Pfam model [22] and for
template/variable repeat pairs with adenine-biased mismatches [9]. G2 (group II intron) looked for
maturase and HNH domains, the YADD motif and a gene-splitting arrangement. G3 (published
library) took the nearest identity to the library. G4 (Toro retrons) repeated this against the 306
Bacteroidota retron-RT candidates and is limited to that phylum. G5 (CRISPR–Cas1) looked for a
Cas1 domain fused to the RT or among its neighbours. G6 (defence-system names) matched the
nearest library label against the names in DefenseFinder and PADLOC and works at the level of
names only.

4.2  Data sources, denominators and sample provenance
We scanned public genome catalogs for K-family reverse transcriptase (RT) loci, and we report
coverage as genomes processed and never as completeness. We call a locus cassette-positive when a
−1 gene lies on the strand of a K-family RT, which is a post hoc operational class and not a clade, and
which does not require the upstream element or the +1, +2 and +3 genes.

We computed ANI with skani 0.3.2 and joined two genomes into one ANI95 unit when their ANI was
at least 95 per cent and the larger of their two alignment fractions was at least 50 per cent, by single
linkage.

We count a set of genomes and their source samples at up to seven rungs, the genus, the ANI95 unit,
the BioSample, the BioProject, the coordinate cluster, the country and the continent, and we never
add counts of different rungs. For the cassette the independent unit is the genus, and the counts at
the other rungs describe source records of the same genomes. The number of ANI95 units depends
on the skani mode and the alignment-fraction rule, and the 16 seed MAGs are samples selected
because they carry the locus, so they must not be used to estimate carriage. The scan called a −1 gene
on the RT strand in 14 of the 16 seed MAGs and a K-family RT in all 16; in the other two MAGs the
call could not be made, because the RT is the first ORF of its contig in one and the upstream ORF is
cut by the contig end in the other, and because the detector was built from these MAGs the 14 is a
plumbing check and not a measure of sensitivity.
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4.3  Locus definition, cassette-type call and atlas states
Each component of a locus is one cell with one of four states: present, absent but observable, not
observable, or not applicable (NA). We report "not detected" only for cells that are absent but
observable, and it means not found by this detector inside the observable window.

4.4  Detection models
We detect the modules around K-family RTs with profile HMMs built from the cassette's own ORFs
in 16 cassette-bearing MAGs. K-family RT candidates and the calls around them follow fixed rules,
which are given with the models, seed lists, thresholds and tool versions in Supplementary Table S13
and Supplementary Data S3, and every call is reported as a result in the deposited tables.

4.5  Motifs, structure prediction and structure-based placement
An ORF cut by a contig end was excluded from motif calls and counted as not evaluable, never as
absent.

For the −1 gene we took the metal-ion-dependent adhesion site (MIDAS) positions from the I domain
of human ITAL (UniProt P20701), D162, S164, S166, T231 and D264, which are D137, S139, S141, T206
and D239 in chain A of PDB 1T0P. A −1 ORF was called MIDAS-retained when the five residues fell
in the classes D or E, S or T, S or T, S or T, and D or E, MIDAS-partial when three or four did, and
MIDAS-lost when two or fewer did.

The K unit is the smallest clade containing the ESOL RT tips, and the K clade is the largest clade
reached by climbing from the K unit while each added sibling clade consists of at least 50% K-family
tips.

4.6  Defense-system classifier comparison and the gap test
An ESOL RT counted as called when either tool placed it in a Retron, DRT or Abi (AbiA, AbiK,
AbiP2) system.

To ask whether the missing calls reflect the RT lineage or a loss of sensitivity of the classifier profiles
at the distance of the ESOL RTs from known RTs, we ran a gap test with a rule that we sealed before
any call, recovery or holdout result of the test was seen.

4.7  Intactness census and selection analyses
The intactness census asks whether the coding sequences of the cassette modules carry a frameshift, a
premature stop codon or a truncating deletion in assembled contigs. It covers 22 loci, the 16 loci of
the MAG bins that carry the cassette and 6 loci in 6 public Pollutibacter genomes, one for each of the
6 ANI95 units that hold a public genome whose RT has at least 50% identity to an ESOL RT (the locus
atlas lists 13 such public loci in 11 genomes; the 7 loci in 5 further genomes of the same units are not
part of the census), and the six slots RT, −1, +1, +2, +3 and +4 at each locus; the RecD-like +4 slot is
assessed as an annotation slot but is not counted as a cassette part (Supplementary Data S1,
CENSUS_SLOTS genome_origin).
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4.8  Long-read screen, chimera baseline and read-level controls
We looked for reads of the ESOL cassette in public sequencing runs with four kinds of analysis: a
screen of long-read metagenome runs, screens of long-read transcriptome runs, rescans of short-read
transcriptome and matched metagenome runs, and read-level controls on the reads that these screens
returned. The long-read observation is the presence of cassette-sequence reads in the frozen sample;
it is not the presence of an assembled contig, and the host genus of a read was not determined. The
independent unit of these observations is the water system and not the sample, and one study
supplies many of the samples.

The frozen sample holds 265 processed runs, 263 of the freshwater stratum and 2 of the sediment
stratum, with 202.9 Gbp of reads, and 799 candidate runs were not reached.

4.9  Co-occurrence census, pair-anchor scan, part recurrence, palindromes and outgroup trees
The co-occurrence census (named co-travel in the file and column names of the deposited tables)
asks, for single loci, genomes and genera, how often the parts of the ESOL cassette are found together
with a K-family RT, and in which direction the association runs. It is a descriptive census that re-
aggregates existing detector tables after the fact, and it detects no new loci except in supplementary
scans of genomes that the existing tables did not cover.

The pair-anchor scan re-ran a count of same-strand −1/+3-type gene pairs and of RVT_1 genes
between their members, with detectors, ranges, an RT definition and null models fixed beforehand,
and it reports what the new detectors give whether or not this matches the count made before sealing
(Supplementary Table S10, sheet F2).

The universe was the 23,901 GTDB R232 species representatives of the phylum Bacteroidota.

To ask whether −1 and +3 gene pairs without an RT recur in public Bacteroidota genomes, the
analysis fixed its detectors, population, null and decision rules before any pair was counted.

4.10 Pre-specification and sealing
Before an analysis was run, a rule file was written. A rule file was sealed by recording its SHA-256
hash and the time; the stamps are internal records and not third-party evidence of the time, and
changes made after results were seen are marked as such. The protocol record compiles the rule files
of the study; each rule file was sealed by hash before the analysis that it governs, the compiled record
was itself sealed later, and its date and SHA-256 digest are given in the guide to the Supplementary
Information.

4.11 Software and public catalogues
Sequences were aligned with MAFFT [24] and trees inferred with IQ-TREE [25]; covariance models
were built and searched with Infernal [26], 15 Rfam models [27] were also searched, and consensus
structures used RNAalifold from ViennaRNA [28]. Predicted structures were searched with Foldseek
[29], geNomad [30] was run with default thresholds, and the classifiers were DefenseFinder [31] and
PADLOC [32]. Gene coordinates for the GEM proteins came from Prodigal [33], and clusters were
formed with DIAMOND [34] for the GTDB hunt and MMseqs2 [23] for GEM. Among the public
catalogues we searched were the GEM catalogue [35], Logan [36] and SPIRE [37]. ANI was computed
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with skani [38]; codon-model ω was estimated with codeml of PAML 4 [39], site-wise selection with
HyPhy [40] (FEL [41]) and recombination breakpoints with GARD [42]. Long reads were re-checked
with minimap2 [43] and BLAST+ [44]. Taxonomy followed GTDB release R232 [17,45], and the
cassette MAGs were classified with GTDB-Tk [46].
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