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ABSTRACT

Mobile genetic elements (MGEs) and diversity-generating mechanisms (DGMs) are paramount in
microbial and viral evolution. These elements provide evolutionary leaps, conferring novel pheno-
types, including those detrimental to human health, such as antimicrobial resistance. Unfortunately,
state-of-the-art algorithms to detect these elements have many limitations, including reliance on
reference genomes, assemblers, and heuristics, resulting in computational bottlenecks and limiting the
breadth of biological discoveries. Here we present DIVE, a novel statistical, reference-free paradigm
for de novo discovery of MGEs and DGMs by identifying k-mer sequences associated with high
rates of sequence diversification. We use DIVE to analyze hundreds of samples to rediscover thou-
sands of known MGEs and DGMs, quantify their activity, study their within-element variability, and
identify their preferential integration loci. Using DIVE, we rediscover CRISPR, identify previously
unreported CRISPR direct repeats in Escherichia coli, discover a novel CRISPR direct repeat in
Ruminococcus bromii, identify antisense RNAS as a putative novel class of non-coding RNA prone
to integrate MGEs and identify the boundaries of antibiotic resistance hotspots in SXT integrative
and conjugative elements in Vibrio cholerae. DIVE also identifies thousands of sequences associated
with high diversity rates that cannot be mapped to known MGEs or DGMs, pointing to a substantial
gap in the characterization of the microbial sequence space.

Keywords horizontal gene transfer - mobile genetic elements - diversity-generating mechanisms - CRISPR -
transposable elements - integrative and conjugative elements - non-coding RNA

Introduction

The microbial and viral sequence universe is vast: recent estimates predict the existence of 10°° bacterial cells on
earth [1] and 1 trillion microbial species [2], with unknown numbers of strains, all of which are continually evolving
([3], [41, [5]). Mobile genetic elements (MGE) contribute to this vast diversity, and include plasmids, integrative and
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conjugative elements, transposons, retrotransposons, and prophages. While point mutations lead to slow but continuous
evolution, MGEs abruptly modify the structure and organization of genomes ([6], [7], [8], [9]), and serve as a vehicle
to transfer antimicrobial-resistance genes ([10], [11], [12]). The rapid spread of these elements is causing a surge of
multidrug-resistant microbial strains [13].

Despite the importance of identifying MGEs, state-of-the-art algorithms remain dependent on annotations, references,
and heuristics, failing to capture the genetic complexity of MGEs themselves or their insertion sites within hosts
([141, [15], [16], [17]). This is not surprising: due to microbial and MGE sequence space diversity, reference-based
approaches to identify MGE:s are likely to miss many MGEs, including those driving microbial evolution [18]. Further,
the complexity of the sequence space poses computational challenges for typical bioinformatic algorithms unless they
are restrictive or impose ad hoc filtering steps.

Like MGEs, the acquisition of portions of phage or foreign genomes into bacterial hosts is a process that has been long
known to diversify bacterial genomes. This phenomenon is most well known in the clustered regularly interspaced short
palindromic repeats (CRISPR) systems. However, it has historically been observed that some MGE tend to integrate
into specific loci, such as in genomic regions coding for transfer RNA ([19], [20], [21], [22]). Because of the continual
acquisition of phage elements, it is impossible to represent their diversity in reference genomes. Since >40% of
sequenced bacteria lack annotated CRISPR systems [23], it is of great interest to flag other hotspots of phage integrants
to identify novel molecular pathways that could be similar in function to CRISPR-Cas. No published algorithm provides
such a framework. Illustrating this, state of the art methods to discover CRISPR repeat arrays rely on heuristics and
prior knowledge such as repeat composition or protein domains related to the Cas system ([24], [25], [26], [27], [28],
[29], [30]), hampering discovery.

To address these challenges, we present DIVE, a purely statistical and completely annotation-free algorithm that proposes
a new conceptual approach to discovering k-mer sequences associated with high rates of sequence diversification.
DIVE is an efficient algorithm designed to identify sequences that may mechanistically cause sequence diversification
(e.g., CRISPR repeat or transposon end) and the variable sequences near them, such as an insertion site (Fig. 1). The
identified sequences are assigned statistical scores for biologists to prioritize them.

We ran DIVE on large collections of isolate sequencing from the best-studied human pathogens: E. coli and V. cholerae,
as well as samples from the N. gonorrhoeae isolates and rotavirus infection metagenomic samples, to both evaluate
DIVE’s ability to rediscover known MGE and CRISPR direct repeats and show its discovery power. We show that
DIVE identifies sequences enriched in true positives, such as known MGEs, and their insertion sites, and finds highly
variable sequences interspersed in non-coding RNA (ncRNA) loci in E. coli and V. cholerae, which are known to be
magnets of foreign genetic material. In addition, DIVE identifies putative cargo gene hotspots in SXT integrative and
conjugative elements (ICEs) and antisense RNA as a potential new class of ncRNA subject to MGE insertion in V.
cholerae. Furthermore, DIVE finds 23,125 unique sequences associated with high levels of sequence diversification
in E. coli and V. cholerae that do not map to known elements (BLAST ¢>0.25), pointing to a potential for a currently
unannotated universe of MGEs and phage integration hotspots even in well studied bacterial species.

Reference-free method for diversity-generating and mobile genetic elements discovery

DIVE is a statistical algorithm that operates directly on sequencing reads. It is built from the following simple
observation: a mobile genetic element such as a transposon is defined by its bounding sequence or ‘transposon arms’
A. These arms mechanistically enable mobility, but they also define the element in an algorithmic sense: the constant
sequence A will be flanked by a highly diverse set of sequences if A is indeed the arm of an MGE. Note this principle
also applies to sequence elements that are magnets for phage integration, as well as other assemblies of constant and
variable sequences such as CRISPR repeats. Thus, we reasoned that it is possible to identify MGE, phage insertion sites,
and CRISPR repeats de novo by identifying sequences “A" with highly diverse (to be defined) neighboring sequences.

DIVE makes the preceding logic into a statistical algorithm. To explain the DIVE algorithm, we define “anchor"
and “target," both k-mers of a predefined length k in a sequencing read. DIVE aims to find anchors that behave like
transposon arms in that they neighbor statistically highly diverse sequences, the targets. In the transposon example,
targets are sequences neighboring these arms (Fig. 1). DIVE takes as an input a FASTQ file and processes each read
sequentially using a sliding window to construct target dictionaries for each k-mer (anchor) encountered in each read.
DIVE then computes a score for each anchor to quantify levels of target diversity. Annotation and references are not
used during any step of DIVE, except as a post-facto option for interpretations (see below).

DIVE operates symmetrically, forming upstream and downstream scores for each anchor; we describe the procedure
here for downstream targets. For each anchor, DIVE generates a target dictionary with an online clustering method
that collapses targets within “sequencing error" distance. It then models the number of clusters formed at each step
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Figure 1: Motivating examples and DIVE algorithm. a. Sequencing adapters, transposable elements,
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palindromic repeats (CRISPR) arrays, and sequences near cargo gene hotspot boundaries in integrative and conjugative elements
(ICE) contain a diverse set of neighboring sequences. Sequencing adapters serve as technical positive controls. b. Flow diagram of
DIVE’s logic while parsing a FASTQ file. c. Cluster formation process based on Jaccard similarity (JS) for a given anchor. Each
anchor has an upstream and a downstream target sequence dictionary. The example illustrates the cluster formation process for the
downstream case. d. DIVE processes reads sequentially through a sliding window that moves along the sequencing reads, recording
for each anchor k-mer the upstream and downstream k-mers, or target sequences, in the corresponding dictionary. e. DIVE takes a
FASTQ file as input and stores the output in two output files. The anchor significance file contains information about each anchor,
including the statistics and p-values, in addition to other metrics as nucleotide content. DIVE also produces an anchor-target pair file
which contains information about the stored target sequences in the dictionary, the direction and the count for each anchor.
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using a Poisson-Binomial model (Fig. 1; Methods). An anchor must be observed sufficiently often (> Np;, times,
see Methods) to have adequate statistical power to call its targets more diverse than expected by chance. To keep
the memory footprint low, for every 100k reads, DIVE computes the probability that an anchor will be observed at
least Ny, times in the FASTQ file (Vi = 25). If this probability is <1%, DIVE does not accept newly observed
anchors into the dictionary (Methods). After the FASTQ file is completely traversed, DIVE uses a Poisson-Binomial
model to compute the probability Py, (Cn > cn | V) that the number of clusters Cy exceeds the observed value ¢y
under the null hypothesis that the observed target diversity is due to background variability (Methods). DIVE uses
the Benjamini-Hochberg (BH) correction to control the false discovery rate (FDR) (Methods). Anchors producing
significant target diversity are clustered using DBSCAN with the Levenshtein edit distance as a metric to remove
redundancies. Within each anchor cluster, the anchor with the largest effect size in each direction is picked as the
representative anchor (Methods). The subsequent analysis in this paper has been done using the representative anchors,
which we will refer to as RAs from here on out. Representative anchors, the number of clusters (C'), the number of times
a target was observed with the anchor (IV), the effect size (log,(cn/E[Cn | N]), and corrected p-values are reported.
All numbers described above, such as k, 1%, and 100k, are user-adjustable parameters. To facilitate interpretation,
DIVE aligns the RAs (BLAST) to a set of databases provided by the user (Methods).

Artificial sequences such as sequencing adapters will exhibit statistical signatures like bona fide MGEs (highly variable
downstream sequences) and serve as positive controls (Fig. 1). DIVE identified several such sequences, and we removed
them before proceeding to the rest of the downstream analysis (Methods). We also discarded RAs with low nucleotide
entropy (H < 3) to remove other potential technical artifacts (Methods).

DIVE is designed to quantify target diversity and evaluate its statistical significance (Fig. 1). The effect size computed
by DIVE can be used to prioritize actively diversifying CRISPR arrays over less active arrays or highly mobilized
over ancestral MGEs. We sought to compare DIVE to a naive algorithm that quantified properties of the RA sequence
(e.g., abundance, repetitiveness) by correlating DIVE’s effect size and the number of observations N, a proxy for the
degeneracy of a k-mer (OLS R? = 0.02). The lack of correlation supports the point that k-mer prevalence alone cannot
predict diversifying sequences (Fig. S1). To further show that DIVE captures information, we compared the proportion
of RAs annotated as known MGE, CRISPR direct repeats, and CRISPR spacers to the fraction chosen randomly among
all RAs detected in E. coli and V. cholerae. DIVE RAs are strongly enriched for mapping to annotated MGEs in both E.
coli and V. cholerae (Table S3; ORg .,;i=4.87, ORy, choterae=3-.15), whereas RAs annotated as CRISPR direct repeats
showed the largest enrichment in both datasets (ORg .,i=161.31, ORy; choterae=647.49). The vast presence of MGEs
in bacterial genomes makes it plausible for a random k-mer to originate from such an element by chance. We also
observed an enrichment of eukaryotic transposable elements (TEs). However, all the matches to the eukaryotic TE
database (>80% identity) corresponded to tRNA genes present in the database and not actual TEs.

MGEfinder, a de novo MGE detection tool, outperformed state-of-the-art methods in a recent benchmark [17]. However,
this tool requires a reference genome, the quality of which affects the algorithm’s sensitivity. In addition, the algorithm
relies on detecting target site duplication (TSD) events, which are not always present. Furthermore, MGEfinder does
not detect within-MGE variability (e.g., cargo gene turnover in ICE). To test if the increased theoretical power of DIVE
compared to MGEfinder is born out in real data, we ran DIVE on data highlighted in the MGEfinder study. We analyzed
200 N. gonorrhoeae isolates used in [17] and compared the detection power of DIVE to reported results by MGEfinder.

DIVE completed in <1 hour per sample, using less than 100Gb. DIVE reported 81,792 unique RAs mapping to 190
different TEs (BLAST e<0.01) compared to 28 TEs reported by MGEfinder in the 891 isolates analyzed in [17]. TEs
detected by DIVE could constitute ancestral TEs present in the N. gonorrhoeae genome. To test this, we ran DIVE
on unaligned reads after mapping (bowtie2) to the reference genome as in [17] (overall alignment rate 88%). DIVE
called 868 unique RAs mapping to 107 different TEs (Table S4, Fig. 2). Tn3 transposons TnXcS5, TnTspl, and TnArsp6
were most prevalent, whereas TnXAj417 and Tn3434 showed the largest median effect size. The large effect sizes
found in reads failing to align to the reference genome lead us to hypothesize that these elements are active TEs in N.
gonorrhoeae. The reporting between DIVE and MGEfinder is not comparable since the latter does not cross-reference
with any TE database.

DIVE rediscovers MGE and CRISPR systems in single-isolate sequencing and provides
quantitative estimates of their activity

We ran DIVE on 514 E. coli isolates from environmental sources sequenced by the FDA (Methods) since this organism
is well-studied and annotated, including its CRISPR systems. Each sample took approximately 40 minutes to process
using less than 100 Gb of RAM.

30% of the total 166,335 unique RAs called by DIVE, mapped (BLAST e<0.01, Methods) to 3,412 known MGEs,
218 eukaryotic and 206 and prokaryotic TEs, 219 ICEs, 774 CRISPR spacers, 307 CRISPR direct repeats, and 627
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Figure 2: DIVE quantifies activity of MGE and DGMs. a. Number of reads containing an anchor mapping to each transposable
element (TE) detected by DIVE among unaligned reads in N. gonorrhoeae data from Durrant et. al 2020. b. Boxplot of the ratio
of number of clusters to the number of observation (C/N) of the anchor sequence GTGTTCCCCGCGCCAGCGGGGATAAAC
called by DIVE in E. coli. The target diversity in four environments (shown in blue) is significantly larger than that of the rest of
environments (Methods). c. Putative direct repeat TAGTGTAAATCTATAAGGTAGTAAAAC detected by DIVE in the Rotavirus
dataset. The anchor reported by DIVE is two substitutions away of a known CRISPR direct repeat, and maps to the genome assembly
of a newly characterized phage (ctAYv1) following the disposition of a canonical CRISPR array. d. Alignment of all significant
anchors from the V. cholerae analysis to the six available sequences of integrative and conjugative elements (ICEs) in the ICEberg
database. The annotated genes for each SXT ICE are shown above the plot (yellow genes: integrases; red genes: antibiotic resistance).
Below the ICE, a heatmap shows the coverage of anchors with respect to the element. Anchors tended to cluster in the neighborhood
of known antibiotic resistance genes in all but ICEVchBan8, where they overlap with a known transposase.
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RNA genes from Rfam (Table S1, S2, Methods). 12% of RAs called by DIVE were unannotated (BLAST ¢>0.25).
Because CRISPR repeats arrays have a unique organization, we tested if DIVE could identify repeat arrays using purely
statistical features.

In E. coli, RAs mapping to CRISPR DRs showed the largest median effect size (Fig. S1) and represented 301 known
DRs. Their target sequences map to 774 known spacers (bowtie2). In addition, DIVE RAs perfectly matched 50/100
DRs previously reported in E. coli, and 8 DRs reported in Enterobacteria (7) and Proteobacteria (1) but not annotated
as present in E. coli (Table S5). Note, however, that out of the 100 DRs previously reported in E. coli, only 91 are
actually present in the dataset and only 59 had the minimum sample size required in at least one sample (N, = 25).
Notably, RAs mapping to CRISPR DRs were distinguishable from all other RAs. These consisted of representative RAs
belonging to anchor clusters with bidirectional significance and appeared repeated in the sequence adjacent to the RA in
at least a read. Imposing these requirements yields ten RAs perfectly mapping to six CRISPR DRs known in E. coli
(Table S6), achieving 100% specificity for CRISPR DRs and suggesting a statistical method to identify un-annotated
repeats de novo, including ones that lack annotated Cas proteins in cis.

To test if this were possible, we ran DIVE on metagenomic sequencing of a Rotavirus infection (Methods). DIVE called
133,528 unique RAs mapping to 2,991 MGEs and 575 CRISPR DRs. Imposing the above criteria revealed one RA did
not perfectly match any known DR in the DR database but aligned 15 times (BLAST e<0.01) to a phage identified
in metagenomic data [31](Fig. 2). The RA was not found in any other sequence on the NCBI nucleotide collection
(nr/nt) or the DR database but has 2 mismatches from the closest DR. We note that BLAST of the RA to the NCBI
WGS database restricted to the bacterium Ruminococcus bromii (taxid:40518) gives perfect matches in a locus with
CRISPR-associated (Cas) genes very similar to that in the phage contig (other parts of the phage contig also match to R.
bromii). 13/43 targets mapped (BLAST e<0.01) to Siphoviridae (13/13), Podoviridae (2/13), and Myoviridae (1/13),
supporting it as a CRISPR system. Thus, we hypothesize this RA constitutes a novel functional CRISPR DR.

DIVE provides additional information about CRISPR repeats beyond discovering them de novo. Available CRISPR
detection algorithms do not estimate the activity level of CRISPR systems in response to environmental changes.
DIVE’s effect size establishes a framework to estimate variation in spacer turnover in CRISPR arrays as a function
of an isolate covariate (Methods). In the E. coli dataset, five RAs mapped to E. coli CRISPR DRs had an effect size
that was a statistically significant function of the isolation source (Fig. 2, Fig. S4). For example, for DR GTGTTCCC-
CGCGCCAGCGGGGATAAAC, the target diversity varies 10-fold between isolates obtained from blueberry and bulk
flour (Fig. 2). Beyond CRISPR, 77 RAs mapping to lambdoid phages, ICEs, TEs, and RNA had target diversity that is a
statistically significant function of the isolation source (Fig. S2, S5, S6).

Non-coding RNA loci show large target sequence hyper-variability

Non-coding RNAs (ncRNA) loci are known magnets for foreign genetic material ([19], [20], [21], [22]). In tRNA,
MGEs contain a primer binding site presenting complementarity with the corresponding primer tRNA [20]. Thus, we
decided to investigate whether DIVE would rediscover this known phenomenon and potentially identify new primers
used by MGE:s. Indeed, DIVE found strong target diversity among RAs mapping to ncRNAs, including several examples
where the target variability was a function of available covariates (Fig. S6).

In E. coli, DIVE called 712 unique RAs that showed target hyper-variability mapping to 84 different Rfam accessions
annotated as tRNA genes (BLAST e<0.01). The target diversity of seven RAs, mapping to four unique tRNA genes,
was significantly associated with the isolation source (Table S7; Fig. S6). These included Met-tRNA, a known target
of retrotransposons [32], and a valU operon encoding three tRNA genes. The RAs tended to align to the ends of the
gene and accrued up to 3,000 unique targets resulting in 1,400 clusters (Methods). However, no RA mapped within an
individual genome on the NCBI nucleotide database more than eleven times (BLAST e<0.01), suggesting the observed
target variability cannot be explained alone by the within-genome variability. Only 2% of the targets mapped tRNA
genes (bowtie2), suggesting the observed variability was not due to subtle modifications in the tRNA sequence.

Among ncRNA genes showing a significant association with the isolation source, we identified an E. coli nucleoid-
associated noncoding RNA 4 (naRNA4) gene (U00096.3/900752-900832). naRNA4 genes are encoded in repetitive
extragenic palindrome (REP) regions, previously observed at the recombination junctions of lambda phages [33] and
described as hotspots for transposition events [34]. 823 unique RAs mapped (BLAST e<0.01) to 82 Rfam accessions
annotated as distinct naRNA4 genes, concentrating at the ends of the gene (Table S8). The maximum number of
times a RA aligned within an individual genome on NCBI was 131 (BLAST e<0.01), whereas RAs had up to 140,000
distinct targets, comprising over 500 sequence clusters (Methods). Furthermore, over 90% of targets did not align to
any naRNA4 gene (bowtie2), suggesting the observed variability was not due to subtle modifications to the naRNA4
sequence.
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DIVE produced similar results for four tRNA genes in the V. cholera isolate data (Methods). DIVE also identified 264
RAs mapping (BLAST e<0.01) to 26 Rfam accessions annotated as antisense RNA 5 (asRNAS), including four RAs
mapping to two V. cholerae O1 biovar el Tor asRNAS5 genes showing a target diversity significantly associated with
available covariates (Table S9). RAs showed no bias in their alignment position. Although no RA mapped within an
individual genome on NCBI more than 51 times (BLAST e<0.01), some RAs reached 160 target clusters. Furthermore,
over 75% of targets did not map to any asRNAS5 gene (bowtie2), suggesting the observed target diversity was not due
to subtle modifications to the asRNAS5 sequence. To our knowledge, no type of antisense RNA has been previously
characterized as an insertion site for MGEs.

DIVE identifies preferential insertion sites of transposons near cargo gene hotspots in V.
cholerae

We next sought to study whether DIVE could identify within-MGE variability. Integrative and conjugative elements
(ICEs) confer various properties to their hosts, such as phage and antibiotic resistance, through cargo genes [35]. In V.
cholerae, SXT ICEs determine phage resistance, and deletion of hotspot five in SXT ICEs leads to susceptibility to
ICP1 phage infection [36]. SXT ICE variants share a set of core genes and differ in the cargo genes found in hotspots.
Thus, we hypothesized that DIVE could recognize the boundaries of the hotspots.

We ran DIVE on 247 V. cholerae isolates and aligned the resulting RAs to six known SXT ICEs. RAs accumulated
nearby antibiotic resistance genes (Fig. 2), which define cargo gene hotspots. In particular, RAs clustered near known
hotspots in SXT ICE variants ICEVchInd4, ICEVchIndS, ICEVchMO10, ICEVchBan9, and ICEVchChn956. In addition,
we found a unique RA cluster in ICEVchBanS8 in a different location, overlapping a known transposase. Furthermore,
when we aligned the corresponding set of targets to a transposable element (TE) database (TnCentral), we found
alignment rates of 10% (bowtie2), consistent with the fact that cargo genes mobilize via transposons [37]. Only targets
derived from RAs aligning to ICEVchBan8, a variant lacking annotation information on the database, produced an
alignment rate of 0.02%. Nevertheless, in 19% of the targets of RAs aligning to this SXT variant, we observed [A]"
or [T]" homopolymers, with n >3, at the ends of the targets, consistent with the insertion signature of non-LTR
transposons. Thus, we hypothesize these RAs point to a putative hotspot in ICEVchBan8. The percentage of targets
among the other SXT variants enriched in A/T homopolymers ranged from 25 to 31%.

Unexplained genetic diversity in E. coli and V. cholerae

Given the potential of DIVE to discover unannotated genetic hyper-variability, we sought to identify interesting
examples that could be the subject of future work. To that end, we filtered the unannotated RAs to keep the most
promising examples with at least a median effect size of two and a sample prevalence of at least 5%, resulting in a
shortlist of 5 anchors among E. coli isolates and 29 among V. cholerae isolates (Table S10).

In E. coli, RA CCGCCATATCACCTCCGTGATGGTTGC showed the largest median effect (ES=4.22,
prevalence=5.28%). The RA produced a single match in at least one hundred NCBI accessions, mainly of E. coli
strains. In at least three references, the RA lies within the coding sequence of the KdsD gene (arabinose-5-phosphate
isomerase), approximately 60 bp from the stop codon (Fig. 3). Only two targets were observed upstream (n=514),
but 1,653 different targets (697 clusters) were observed downstream. We found strong agreement upstream of the
RA across reads (>99% nucleotide identity) and a significant decay downstream in nucleotide identity across reads,
with some positions showing less than 35% agreement (Fig. 3, Supplementary Material). This diversity was not well
represented on the reference genomes on NCBI, with only 21 targets (1% of different target sequences) producing hits
on the database (BLAST e<0.5). In addition, sequence hyper-variability extended well beyond the range of the target
sequence, spanning over 100 nt, and the variation included substitutions and indels altering the protein sequence of
KdsD.

In V. cholerae, RA CGACTGGTTAAACCACAACCAAATGCA showed the largest median effect size (ES=3.47,
prevalence=5.17%). The RA produced a single match in at least one hundred NCBI accessions, all V. cholerae strains,
mapping to the intergenic region between tRNA-Cys and the artP gene (arginine ABC transporter ATPase), with the
former being in the direction of more target diversity (Fig. 3). The RA only had two upstream targets but 396 different
targets (95 clusters) downstream. We found strong agreement upstream of the RA across reads (>99% nucleotide
identity) and a significant decay downstream in nucleotide identity across reads, with some positions showing less than
45% agreement (Fig. 3, Supplementary Material). This diversity was not well represented on the reference genomes
on NCBI, with only 61 targets (15% of different target sequences) producing hits on the database (BLAST e<0.5). In
addition, sequence hyper-variability extended well beyond the range of the target sequence, spanning over 100 nt, and
the variation included substitutions and indels (Fig. 3).
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Figure 3: DIVE discovers unexplained hyper-variability in E. coli and V. cholerae. a. The unannotated anchor CCGCCATAT-
CACCTCCGTGATGGTTGC showed the largest median effect among unannotated anchors with over 5% prevalence in E. coli
(effect size=4.22, prevalence=5.28%). The anchor produces a unique match in E. coli O157 overlapping isomerase Arabinose
5-phosphate isomerase (kdsD). The multiple sequence alignment (CLUSTALW) of a random selection of 20 reads containing the
unannotated anchor is shown below. The reads were selected at random from the samples where the anchors were deemed to be
significantly associated with target hyper-variability. The sequence consensus (black bars) is approximately 100% upstream of the
anchor (light blue), whereas downstream of the anchor the sequences found across the reads diverge significantly and introduce
substitutions and indels. b. The unannotated anchor CCGCCATATCACCTCCGTGATGGTTGC showed the largest median effect
size among unannotated anchors with over 5% prevalence in V. cholerae (ES=3.47, prevalence=5.17%). The anchor produced a
single match in at least one hundred NCBI accessions, all V. cholerae strains, mapping to the intergenic region between tRNA-Cys
and the artP gene (arginine ABC transporter ATPase), with the former being in the direction of more target diversity. The multiple
sequence alignment (CLUSTALW) of a random selection of 20 reads containing the unannotated anchor is shown below. The reads
were selected at random from the samples where the anchors were deemed to be significantly associated with target hyper-variability.
The sequence consensus (black bars) is approximately 100% upstream of the anchor (light blue), whereas downstream of the anchor
the sequences found across the reads diverge significantly and introduce substitutions and indels.
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Discussion

DIVE is a new reference-free paradigm for discovering sequences associated with statistically high rates of sequence
diversification. We have implemented DIVE in a user-friendly python package, which allows the user to perform
analysis by writing a few lines of code. To the best of our knowledge, DIVE is the first algorithm that detects MGEs
and DGMs from FASTQ files alone, without relying on a reference genome or assembly during the detection step.

DIVE identified hundreds of technical and biological positive controls, including thousands of mobile genetic elements
and hundreds of CRISPR direct repeats. DIVE also identifies large amounts of unexplained genetic diversity (over 23k
unannotated representative anchors), pointing to a substantial gap in characterizing microbial sequence space. Here
we highlighted the two examples showing the largest median effect size in E. coli and V. cholerae. This gap is likely
growing daily as new and highly active elements will evade assemblers and reference-based attempts to keep pace.

Using DIVE, CRISPR direct repeats can be found very specifically and fast, imposing a simple criterion on DIVE’s
output. In doing so, DIVE identified a novel direct repeat in a locus that has the hallmarks of a functional CRISPR
locus. DIVE also enables the discovery of CRISPR micro-arrays since the algorithm does not rely on repetitiveness
patterns, unlike most state-of-the-art algorithms.

We have also shown how DIVE enables quantification of the activity level of a CRISPR array and that using the output,
different conditions or time points can be compared. Using DIVE, we discovered several known CRISPR direct repeats
in E. coli showing up to a 10-fold difference in the target variability depending on the isolation source. We also show
that this analysis can be done for other elements, such as MGEs or their corresponding insertion sites, highlighting
examples involving lambdoid phages and ncRNA (tRNA, naRNA4, asRNAS).

We further validated DIVE by identifying anchors associated with target hyper-variability mapping to ncRNA genes,
which are known magnets of foreign genetic material. DIVE found at least three types of ncRNAs associated with
hyper-variability and, in some instances, correlating with available covariates such as time-points or environment,
providing further evidence of functional relevance. In addition to tRNA and naRNA4, we hypothesize Vibrio asRNAS
could constitute another ncRNA class prone to accept MGEs.

Studying cargo genes within ICEs is paramount in addressing the growing antibiotic resistance among bacteria. Using
DIVE, we identified putative insertion sites for transposable elements in SXT-like ICEs in V. cholera near loci containing
antibiotic resistance genes. This discovery shows the potential of DIVE for detecting not only insertions of MGEs into
a genome but also for studying genetic variability within elements. Importantly, these sites are of particular relevance
since they commonly introduce cargo genes conferring the host with antibiotic resistance and other phenotypes.

Overall, DIVE offers a new reference-free paradigm for studying genetic bacterial, archaeal, and viral evolution,
enabling the discovery and quantification of the activity level of MGEs and DGMs. More importantly, given the
generality of the principle used, DIVE also enables the discovery of completely novel biological mechanisms. In
future work, we plan to reduce the memory requirements of DIVE and to introduce online hyper-variability calling to
improve the efficiency of the method. The proposed paradigm could have other applications, such as immune receptor
recombination and extensive alternative splicing.

Methods

DIVE configuration. Here we defined the k-mer size k to be 27, striking a balance between the memory requirements
and the specificity of the sequence. DIVE also allows the user to introduce a gap in between the anchor and the targets
of an arbitrary distance g, which here we set at g = 0. We defined the minimum and the maximum number of targets
per anchor to be Ny, = 25 and Ny = 75, respectively. Finally, to strike a balance between power and computational
resources, we decided to limit the number of FASTQ records processed per sample to 2.5M.

Clustering targets on the fly. Upon observing a target k-mer, DIVE checks whether the k-mer produces a Jaccard
similarity (JS) larger than a given threshold (0.2) with any of the previously observed targets. If so, the counter of that
key is increased by one, and, with a probability of 50%, the key is replaced by the newly observed target sequence. If
no such target sequence exists in the dictionary, a new key is created, and its counter is initialized at one. To calculate
the JS between two targets of length k£ = 27, DIVE splits each one into smaller k-mers of length seven and computes
the JS similarity between the two using

X1 N X
JS (X1, Ay) = ﬁ (N

where X is the set of 7-mers in the ¢-th target sequence.
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Minimum and maximum N. For each anchor, DIVE requires a minimum number of targets observed Np, to proceed
with the downstream statistical analysis. In addition, since it might not be necessary to keep all the targets observed
exhaustively, DIVE also imposes a maximum number of targets Ny, to be observed for each anchor. This allows the
algorithm to skip anchors for which it has already observed NV, targets in each direction and move faster along the
FASTQ file. Here we set these parameters to Ny, = 25 and Npax = 75.

Minimum sample size prediction. To manage the memory burden and make the algorithm more efficient, we impose a
minimum number N, of targets to be observed by the end of the FASTQ file. We let the total number of FASTQ
records in the file be L and the number of observed records so far be [. Then, letting ppin—n,,;,/ be the probability that
we will observe a target sequence for any given anchor in a single read at least once, we compute the probability that,
after [ records observed, we have observed zero instances using

PN = 0;1] = (1 - prmin)’ )

When this probability becomes smaller than 0.01 this implies that the rate we are observing targets for the anchor is too
slow for us to observe N, by the end with 99% probability. Thus, DIVE does not accept new anchors into the anchor
dictionary DA past this point. This condition allows us to discard new anchors that appear late in the FASTQ file, which
will likely not produce enough data to test for hyper-variability, reducing an unnecessary burden for dictionary D 4. Past
the point where DIVE does not accept new anchors, DIVE also anticipates the number of targets that will be observed
for each anchor remaining in the dictionary to decide whether a given anchor should remain in the dictionary D 4. More
precisely, the oracle used by DIVE computes the probability that we will observe at least Ny, targets by the end of the
FASTAQ file. Letting L be the total number of FASTQ reads, x the number of targets observed, and [ the number of
FASTQ reads processed so far, we can compute

PN > Ny z,1] = XL: ( L ) (%)n (1- (%))Lin 3)

n:Nmin

where x/] is an empirical estimate of the probability of observing a target sequence for the given anchor at least once in
a single read. However, we use the normal approximation to the binomial distribution for efficiency to compute this
probability. The anchor is conserved in the dictionary D 4 if this probability is larger than 50%. Otherwise, the anchor
is removed to reduce the size of the dictionary and speed up the algorithm.

Target sequence hyper-variability. We let X, be a binary random variable indicating whether we created a new key in
the target sequence dictionary upon observing the n-th target sequence for a given anchor and direction. Let C, be the
total number of keys target sequence clusters (keys) formed after observing the n-th target sequence. Then, assuming
that X, is independent and distributed according to a Bernoulli distribution with success probability p,,, we have that
Cn ~ PoissBin(p, ..., pn). Upon observing a set of trajectories {C1, Co, ..., Ci}, the success probabilities {p, }
can be estimated from the data by simply computing

M
~ Zm:l xm,n

Pn =
Sy 1{Ni > n}

This follows from the fact that we can assume that most of the anchors will not be nearby hyper-variable regions.
Nevertheless, the following test will be more conservative if we happen to include anchors adjacent to hyper-variable
regions by chance. For a given C'y = ¢, we can compute the probability under the null hypothesis that the observed
value c can be explained by the background biological (e.g., point mutations) and technical variability (e.g., sequencing
errors) using

4)

N N N
1
Py, [Cn > = Y N1 > BRI (14 (R = 1) pn) (5)
k=Cn =0 n=1

The resulting p-values are corrected using the Benjamini-Hochberg (BH) correction, resulting in a list of g-values that
allow us to perform false discovery rate (FDR) control.

Efficient Benjamini-Hochberg correction. To correct for multiple hypothesis testing, we DIVE implements a memory-
efficient version of the Benjamini-Hochberg (BH) correction. DIVE records the total number of statistical tests
performed m and drops non-significant cases (p > 0.1). Then, it adjusts the remaining m’ p-values by using the
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following procedure. First, it ranks the remaining mn/ p-values {p; } in ascending order {p("), p® ... p(™)} Then, it
computes the adjusted p-value using ¢(9) = p(i)m/ 1, and it reports the anchors for which ¢ < 0.1. Note that p-values
computed for overlapping k-mers will be positively correlated. Nevertheless, the BH correction can still control the
FDR under that form of dependence [38].

Clustering of anchors. Once the BH correction is applied to the computed p-values, DIVE uses DBSCAN (Levenshtein
edit distance) to cluster the anchor sequences to avoid redundancies in the output. This is done using the function
DBSCAN from the python package sklearn with parameters eps=2 and min_samples=1. For each anchor cluster, a
representative anchor is chosen for each direction (upstream and downstream) by picking the anchor that maximizes the
effect size.

Effect size computation. The effect size is quantified using the log-fold change between the observed number of clusters
cn and the expected number of clusters for a given number of observed targets, as quantified by N, and it is given by

ES (ex) = log, 77 el ©)

Cn | N]
This quantity can be used to rank the results in terms of effect size and allows the user to filter out positives with small
effect size and thus little biological interest.

Annotation of DIVE’s output. To validate our results, we used blastn-short 2.11.0 [39] to align the detected k-mers
to a set of sequence databases stored in FASTA format comprised of CRISPR direct repeats (CRISPR-Cas++ [30]),
transposable elements (Dfam [40]; TnCentral [41]), mobile genetic elements (ACLAME [42]), internal transcribed
spacers 1 and 2 (ITSoneDB [43], ITS2 [44]), integrative and conjugative elements (ICEberg [45]), and RNA sequence
families of structural RNAs (Rfam [46]). Furthermore, we cross-referenced our results with Illumina adapter (obtained
from TrimGalore) and UniVec sequences (NCBI) to remove technical artifacts. We classified each k-mer as unannotated
if no BLAST produced e<0.25, questionable if 0.05<e<0.25, and annotated if the lowest e<0.05 with the corresponding
annotation. Here we chose this comprehensive set of annotation files. Nevertheless, DIVE can take an arbitrary number
of annotation files as input, and thus this step can be adjusted depending on the application.

Removal of low entropy anchors. To prevent technical artifacts, we remove anchors with low entropy for downstream
analysis. To that end, we compute an empirical estimate of the entropy based on 5-mers using

H=" p(x)logp(x) (7

TES5

where p(x) is estimated from the anchor by partitioning it into overlapping 5-mers and where we take the convention
that 0log 0 = 0. We require H > 3 for the anchor to be considered in the downstream analysis.

Enrichment analysis of positive controls. A total of 100,000 27-mers were chosen at random among the entire E. coli
dataset, allowing for repetition. We used BLAST to align this set of random anchors to the set of annotation files we
used during our analysis. Then, we deemed anchors as unannotated and annotated if their BLAST e-values were e>0.25
and e<0.01, respectively. Then, we used the function fisher_exact python’s scipy package to perform a two-sided
Fisher’s exact test comparing the proportions of annotated to unannotated between this set of random anchors and the
set of DIVE anchors.

Binomial regression. To find associations between the target variability and a set of covariates given by x, we use a
binomial regression model such that C' ~ Binomial(N; p(x)), such that

1

- - 8
14 eB8Tx ®

p(x)
For E. coli isolates, we used the isolation source as a covariate, whereas for V. cholerae isolates we used the environment,
date, country, as well as first-order interactions.

A posteriori clustering of targets. To cluster the targets across samples a posteriori, we used a greedy clustering
approach. We rank the targets based on their total count across the entire dataset. Starting from the most prevalent
target, we recruit all targets for which the JS>0.2 and eliminate these from the list. We proceed with the most prevalent
target sequence remaining in the list the same way, and we repeat this procedure until no sequences are left. The number
of times we repeat this procedure defines the number of across-sample target sequence clusters.

Data availability. The data sets analyzed in this paper are publicly available and published. The E. coli isolate
sequencing data used was generated by the GenomeTrakr Project, US Food and Drug Administration (PRJNA230969).
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We used 514 samples encompassing 62 different isolation sources (Table S11). The V. cholerae sequencing data was
downloaded from SRA (PRJNA723557). We used all the 247 V. cholerae isolates sequenced as part of this project
(Table S12). The rotavirus metagenomics sequencing data was downloaded from SRA (PRINA729919). We used 102
in our analysis (Table S13). Finally, the N. gonorrhoeae data was downloaded from SRA (PRINA298332), from which
we used 200 samples in our analysis (Table S14).

Code availability. The code used in this work is available at https://github.com/jordiabante/biodive.
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b.

ACCAGACGGTTCAGGCTGTACGCTTAC CCGCCATAACAAGCTGGGTCAGTATTA
MGE (ACLAME):gene:proph:163915 MGE (ACLAME):gene:vir:468
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GGTCGGCGGTTCGATCCCGTCATCACC
RNA (Rfam):X17321.1/66-138 E.coli valU operon encoding tRNAlys

CGGTTCAAATCCGGCCCCCGCAACCAA
RNA (Rfam): M21681.1/156-228 E.coli Met-tRNA (metY and metZ) genes
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