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of antimicrobial resistance and niche adaptation
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Michael R. Gillings,"? and Sasha G. Tetu'#*

SUMMARY

Integrons are genetic elements, found among diverse bacteria and archaea, that capture and rearrange
gene cassettes to rapidly generate genetic diversity and drive adaptation. Despite their broad taxonomic
and geographic prevalence, and their role in microbial adaptation, the functions of gene cassettes remain
poorly characterized. Here, using a combination of bioinformatic and experimental analyses, we exam-
ined the functional diversity of gene cassettes from different environments. We find that cassettes
encode diverse antimicrobial resistance (AMR) determinants, including those conferring resistance to an-
tibiotics currently in the developmental pipeline. Further, we find a subset of cassette functions is univer-
sally enriched relative to their broader metagenomes. These are largely involved in (a)biotic interactions,
including AMR, phage defense, virulence, biodegradation, and stress tolerance. The remainder of
functions are sample-specific, suggesting that they confer localised functions relevant to their micro-
environment. Together, they comprise functional profiles different from bulk metagenomes, representing
niche-adaptive components of the prokaryotic pangenome.

INTRODUCTION

Integrons are genetic elements that act as gene capture and expression systems.'” They are hotspots of genetic diversity and can facilitate
the rapid adaptation of host cells. Integrons capture and express small mobile elements, known as gene cassettes, which generally consist
of an open reading frame and a cassette recombination site, attC.* Capture of gene cassettes is mediated by the integron integrase, Intl,
and involves recombination between the attC site of the inserting cassette and the endogenous integron recombination site, attl.””" Mul-
tiple gene cassettes can be inserted at the attl site to form an integron cassette array, which, in some bacterial chromosomes, can consist
of more than 200 consecutive cassettes.! A promoter, Pc, located within intl in many characterised integrons, facilitates expression of in-
tegrated gene cassettes at the start of the array.® These cassette arrays are dynamic, as Intl activity can lead to the excision of any gene
cassette within the array. Excised cassettes can either be lost or re-inserted at the attl site, where expression might be maximised due to
the proximity to the promoter. Integrons are mostly known for the capture and dissemination of antimicrobial resistance gene cassettes
among diverse bacteria, however, they are extremely versatile systems that can generate genomic complexity and facilitate rapid adap-
tation “on demand.”

Integrons were originally thought to only exist in Bacteria, but have recently been discovered in Archaea.” Consequently, integrons can
facilitate the capture of archaeal gene cassettes by bacteria, driving cross-domain gene transfer between Archaea and Bacteria.” Thus, inte-
gron activity has important implications for the ecology and evolution of prokaryotes. They are also extremely prevalent elements that can be
detected in every environment surveyed.'® However, despite their broad taxonomic distribution, geographical prevalence, and evolutionary
potential, the functions of gene cassettes remain poorly characterised.® We propose that such investigations should be considered high pri-
ority as they can help us understand the functional and adaptive potential of integron-carrying archaea and bacteria, and uncover traits that
could be readily shared between these two domains.

To further investigate the functional diversity of gene cassettes, we employed cassette-targeted amplicon sequencing and whole meta-
genome sequencing from diverse environmental samples. Samples, which consisted of soil, sediment and biofilm material, were obtained
from sites spanning terrestrial and aquatic environments to maximize the functional diversity of gene cassettes recovered in the present study.
We identified functions that are enriched among gene cassettes relative to whole metagenomes from the same samples. We find that a sub-
set of functions is universally enriched, largely comprising those that mediate biotic and abiotic interactions. The remainder of cassettes are
generally sample-specific, often encoding rare, uncharacterized proteins, and generating distinct functional profiles relative to whole
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Figure 1. COG functional profiles of gene cassettes and metagenomes

(A) Percentage of proteins within a sample with hits to domain profiles within the COG database.

(B) Average percentage per sample (£ 1 SEM) of each COG functional category ranked according to the relative difference in abundance the gene cassette pool
and the associated metagenome.

metagenomes. Gene cassettes are thus enriched in niche functions from the prokaryote pangenome, which we hypothesize to have specific
relevance to their microenvironment.

RESULTS AND DISCUSSION

Here, we sequenced integron gene cassette amplicons and whole metagenomes from twelve environmental samples collected from a
range of terrestrial and aquatic sites across Australia and Antarctica. The average assembled metagenome size from each sample was
48.9 megabases (Mb), ranging from 3.6Mb to 154.9Mb. Together, the assembled metagenomes encoded a total of 817,555 proteins
(b = 68,130; 4,867-217,132 per sample). From the same samples, amplicon sequencing of integron gene cassettes yielded a total of
45,399 cassette-encoded proteins (u = 3,783; 1,193-6,989 per sample). See Tables S3 and S4 for a summary of all sequencing and assembly
information.

Enriched functions of cassette-encoded proteins

Cassette-encoded proteins exhibited distinct functional profiles relative to their broader metagenomes. Functional predictions were made by
protein homology searches against the Clusters of Orthologous Genes (COG)'' and Pfam 35.0'% databases. First, we note that gene cas-
settes, relative to the metagenomes, were significantly enriched with regard to proteins that have no matches to COG domain profiles (Wil-
coxon test, p = 1.83e-05; Figure 1A). Similarly, there was a significantly lower proportion of cassettes with Pfam hits (u = 24%) relative to the
metagenomes (u = 40%; T-test, p = 4.2e-06). This supports the idea that gene cassettes are an untapped resource of genetic novelty that is not
captured by standard genomic and metagenomic sequencing approaches, which provide diminishing returns for protein discovery.'”

We found that gene cassettes with domain hits exhibit distinct profiles in terms of COG functional categories relative to the metagenomes
(x? test, p < 2.2e-16; Figure 1B). In particular, of the categories with known biological functions, cassettes were significantly enriched in the
categories “Defense mechanism” and “Secondary metabolite biosynthesis, transport and catabolism,” as determined by Pearson'’s residuals
(Figure 2A). Further, we examined the 30 most overrepresented Pfams with known biological functions, also determined by Pearson’s resid-
uals (Figure S1). These comprised detoxification and stress tolerance proteins, including acetyltransferases, MAPEG-family proteins, gluta-
thione-dependent formaldehyde-activating enzymes, vicinal oxygen chelate (VOC) enzymes and a freeze-responsive protein; there were
also diverse toxin-antitoxin system proteins, polyketide antibiotic synthesis proteins, different membrane-associated proteins, a peptidase,
and a DNA-binding protein. These dominant Pfams were generally found across all samples, regardless of environment type (Figure S1), sug-
gesting that they could provide significant advantages across broad environmental contexts.

Anti-phage and defense functions

The "Defense mechanism” COGs largely included toxin-antitoxin systems; anti-phage functions (comprising restriction endonucleases and
CRISPR-associated proteins); and functions related to defense against antimicrobials and reactive metabolites (Figure 2B). Cassettes encod-
ing the CRISPR-associated protein Csa3 (COG3415) were universally enriched across all samples (Figure 2B). Csa3 is a transcriptional regulator
involved in type | CRISPR adaptation and type Il CRISPR RNA interference, indicating the potential for the functional coupling of integrons
and CRISPR-Cas systems. Additionally, restriction-modification (RM) systems also appear to be commonly enriched among the gene cassette
pool (Figure 2B). Such systems, including the Xbal RM system, have been previously observed within integron gene cassettes.'* These find-
ings add to the growing evidence of integrons mediating anti-phage defense, highlighting potential concerns that integron gene cassettes,
detrimental to the success of phage therapy, will be selected in clinical settings, similar to what has previously occurred with antibiotic
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Figure 2. Enriched COG functions among gene cassettes relative to metagenomes

(A) Enrichment of COG categories among cassette-encoded proteins within each sample relative to the broader metagenome, as determined by Pearson’s
residuals. Colored scale bar indicates range of Pearson’s residuals, where positive values (blue) are overrepresented among cassettes, and negative values
(red) are underrepresented. Size of circles indicates the degree to which each category is over- or under-represented among cassette-encoded proteins.

(B) Enrichment of individual COGs within the “"Defense mechanism” category.

(C) Enrichment of individual COGs within the “Secondary metabolite biosynthesis, transport and catabolism” category.

therapy.® Together, the abundance and prevalence of defence-related functions encoded by integrons likely provide a means for host cells to
rapidly acquire and change the genetic cargo of cassette arrays to defend against a variety of biotic and abiotic threats.

The ubiquitous and diverse vicinal oxygen chelate family cassettes include novel resistance genes

The enrichment of the category “Secondary metabolite biosynthesis, transport and catabolism” was largely driven by a single COG
(COG0346), belonging to the vicinal oxygen chelate (VOC) family of enzymes (Figure 2C). VOC enzymes catalyze a wide range of chemical
reactions, including the degradation of aromatic hydrocarbons (catechol 2,3-dioxygenase), highly toxic methylglyoxal (glyoxalase 1), anti-
microbial compounds, fosfomycin and bleomycin, and the phytotoxin, toxoflavin.'® We found that cassette-encoded VOC enzymes were
present in every sample, and were significantly enriched in cassette pools relative to the wider metagenomes in all environment types
(Figure 2C).

Phylogenetic analysis of these VOC enzymes suggest that cassettes collectively encode many of the characterised functions among this
diverse superfamily (Figure 3A). To experimentally validate the activity of some of these cassette-encoded proteins, we synthesised and ex-
pressed VOC family gene cassettes in E. coli. We found that two different VOC cassettes could confer increased resistance to fosfomycin (2- to
4-fold MIC increase) and bleomycin (2-fold MIC increase), with one of these cassettes providing simultaneous resistance to both antibiotics
(Figures 3B and 3C). This represents the first instance of a characterised integron gene cassette conferring resistance to both of these com-
pounds. It is important to note that these cassettes were expressed from a multi-copy vector (~40 copies/cell), and, therefore, their observed
AMR activity may be context dependent. However, since we do not know the genomic context of these cassettes, it is conceivable that they
might indeed exist at high-copy numbers, given AMR cassettes are routinely detected on multi-copy plasmids in clinical contexts. This sug-
gests that, at least in clinical settings, these cassettes are likely to confer antibiotic resistance. Interestingly, bleomycin resistance VOC pro-
teins are functionally distinct from other members of the superfamily, having lost the metal-binding sites characteristic of VOC enzymes in
place of a hydrophobic cavity for bleomycin adhesion.'® Thus, a VOC gene cassette that confers resistance to both bleomycin and fosfomycin
(Figures 3B and 3C) reveals the capacity for substrate flexibility among this superfamily. This finding, together with their broad phylogenetic
diversity, suggest that VOC cassettes can collectively degrade a wide range of compounds, which would explain their prevalence and enrich-
ment across diverse environments.
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Figure 3. Functional diversity of vicinal oxygen chelate (VOC) family gene cassettes

(A) Maximum-likelihood phylogeny of VOC cassette-encoded proteins. Included in the phylogeny are experimentally characterised VOC members
involved in bleomycin resistance (WP_001242578.1, AAA73391.1, AKJ21157.1), fosfomycin degradation (WP_014714131.1, WP_215810875.1, B9IY29.1,
A6QJHA.1, AYW42209.1), glyoxalase | activity (NP_310387.1, ZP_01887743.1, CAA74673.1, AAG06912.1, AAG04099.1, AAG08496.1, AAN69360.1), catechol
2,3-dioxygenases (AAR90133.1, AAD02148.1, AAC79918.1), and taxoflavin degradation (ANS71543.1). The functions of gene cassettes GC1 and GC2 (black
arrows) have been experimentally confirmed via fosfomycin, B, and bleomycin, C, resistance assays.

(B and C) Growth of E. coli BL21(DE3) in the presence of fosfomycin and bleomycin, respectively, while expressing gene cassettes GC1 (pink) and GC2 (purple), as
well as with the empty expression vector pET2%9b (green). Results indicate average OD600 measurements (+1 SEM) for n = 4 (fosfomycin), or n = 3 (bleomycin)
replicates.

Cassette functional profiles are niche-specific and distinct from their broader metagenomes

Cassettes are modular, interchangeable units that can be rapidly incorporated, rearranged or discarded. Their insertion and excision
are driven by the SOS response, a global gene regulatory system that can be triggered by DNA-damaging stress.'”"'® For this reason,
they might encode diverse functions that are conditionally beneficial to their host cell depending on prevailing conditions. One
exception to this general rule is toxin-antitoxin (TA) genes, which are selfish, parasitic entities. This explains the abundance of TA
genes among the gene cassette pool, as they cannot be lost from an integron without killing the host cell. However, under specific
circumstances, these TA cassettes may also be advantageous to their host cell. In addition to stabilising large cassette arrays, the
antitoxin product of TA cassettes can inactivate the toxin from homologous TA systems of phages and plasmids, thus providing de-
fense from newly invading mobile elements.'”?” Beyond TA cassettes, however, the benefit, and thus, the stability of any gene
cassette will be highly dependent on environmental conditions, which will vary over time and space. Indeed, cassette content within
soils rapidly change at centimetre scales,'® suggesting that cassettes have functions directly relevant to their particular
microenvironments.

Indeed, we found that beyond the subset of cassette functions that were universal, the remaining cassettes were largely sample-specific
(Figure 4). When examining significant correlations among Pfams, cassette-encoded functions clustered according to sample, and samples
further clustered into environment type (Figure 4). This suggests that while there are cassettes whose functions are broadly relevant in all en-
vironments (Figures 1 and 2), a majority of cassettes encode functions that are sample- and environment-specific. This strongly suggest that
most functions of cassette-encoded genes are context-specific. Consequently, cassette populations and functions turn over at small spatial
scales, reflecting the microenvironments occupied by their host cells.

Further, we found that the Pfam profiles of cassettes were distinct from those of the broader metagenome (Figure S2). Thus, cassettes
generally encode functions that are distinct from the overall pool of functions present in metagenomes, and enrich specific, niche functions
from the prokaryotic pangenome. It further suggests that the examination of cassette-encoded proteins will recover functions unlikely to be
found via the examination of metagenomes.
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Figure 4. Correlation network of cassette-encoded Pfam functions

The network depicts significant correlations (p < 0.05) between Pfam functions (nodes) encoded by gene cassettes. The network is comprised of 1,158 protein
families, comprising ~6% of all families within the Pfam r35.0 database. Labels indicate individual samples. Colors indicate the environments from which the
samples were collected. Pfams linked to more than one environment are shown in overlapping colors. The size of the node is relative to the node authority
(based on degree of correlation). Edges (connecting lines) represent correlations between Pfams. Edges are colored based on the overlapping color of the
two nodes that they connect.

Facilitators of cell interactions: Cassette-encoded transmembrane and secretory proteins

Cassette-encoded proteins were significantly enriched with signal peptides (16.1%) relative to the broader metagenome (6.8%; Wilcoxon test,
p = 1.83e-05; Figure 5A). Signal peptides are tags that direct proteins to be transported into or across the cell membrane. Such proteins
mediate interactions with other cells and with their surrounding environment. Indeed, functional predictions of these cassette-encoded trans-
membrane and secretory proteins suggest that they facilitate local biotic and abiotic interactions. We found that the cassette proteins with
signal peptides could be grouped into three main types of interactions. These were “Microbe-microbe,” “Microbe-environment,” and
"Microbe-host” interactions (Figure 5B).

The dominant cassette proteins facilitating “microbe-microbe” interactions were involved with the inactivation and production of
antimicrobial compounds. Such functions are known to be key regulators of the structure and function of microbiomes, suggesting
that integrons could influence community dynamics. Proteins associated with “microbe-environment” interactions were mainly
involved with detoxification, stress tolerance, environment-mediated cell signaling, and energy transduction. These cassettes likely
help their host cell to adapt and thrive under changing environmental conditions. Potential virulence gene cassettes involved in cell
invasion and immune evasion comprised the “microbe-host” interaction category. These latter cassettes highlight the ongoing po-
tential for integrons to mediate negative impacts on plant and animal health.”’ The dynamic nature of these different types of inter-
action makes integrons a key resource for the microbes involved, by providing a “plug-and-play” system that responds to environ-
mental change.

Cassette-encoded antimicrobial resistance

A diverse set of putative antimicrobial resistance (AMR) determinants were encoded by gene cassettes. Although these constituted a little less
than 1% of cassette-encoded proteins, this still represents almost an order of magnitude increase in relative abundance in the cassette pool
compared to the broader metagenomes (Figure 6A). Gene cassettes were predicted to encode resistance to a diverse range of antibiotic
classes (Figures 6A and 6B). Within each sample, cassettes encoded putative resistance to between two to five different antibiotic classes
(Figure 6A). The most abundant AMR cassettes were those predicted to confer resistance to B-lactam antibiotics, followed by aminoglyco-
sides (Figure 6B). Despite the observed diversity of putative AMR cassettes, it is evident that their full diversity was not captured, since the
AMR gene accumulation curve shows no sign of saturation (Figure 6C).

Most predicted AMR cassettes appear to be isolated with no other AMR cassette on the same contig. Although, as a caveat, it must be
considered that due to the use of primers targeting locations within attC sites, a single integron might be assembled into multiple contigs
due to the amplification of different parts of the cassette array that do not overlap. However, we note that AMR gene cassettes that do co-
occur on the same integron are often within the same class of resistance family (Figure S3). This shows that integrons can accumulate
different genes that confer resistance to similar sets of antimicrobial compounds, potentially providing higher levels of resistance to a
given class of antibiotic.

iScience 26, 108301, November 17, 2023 5
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Figure 5. Functions of cassette-encoded transmembrane and secretory proteins

(A) Percentage of proteins with prokaryotic signal peptides, which target proteins into, or across, cell membranes.

(B) Dominant functions of cassette proteins with signal peptides. The y axis (logqo scale) denotes a prevalence/abundance score calculated as the product of the
average percentage of a functional annotation across all samples and the number of samples it occurred in. This metric was used to consider both abundance and
prevalence of each functional annotation. The x axis denotes each functional annotations, while their broader functional roles are annotated above each bar. Bars
are colored based on the interaction type as per the legend panel.

The prevalence of integron-mediated resistance around the globe?”?* is an example of the power of selection imposed by
human activities. Although we found that AMR genes make up only ~1% of environmental gene cassettes, they constitute
more than one-third of cassettes in clinical integrons.”” This is particularly concerning for AMR cassettes that are yet to make
their way into clinical settings. We found that 108 (36.4%) putative AMR cassettes, which encode 41 different resistance determi-
nants, were not present in the global integron database, INTEGRALL? (Table S5). In particular, we detected gene cassettes that
potentially confer resistance to elfamycin and pleuromutilin. Resistance to these two classes of antibiotics have, to the best of our
knowledge, never been associated with integrons. Due to the rapid rise of resistance to approved antibiotics and the slowing of
novel antibiotic discovery, both elfamycin and pleuromutilin antibiotics are now being developed for human therapeutic use.”’*®
The pre-existence of cassettes that putatively confer resistance to these alternate antibiotics, coupled with the capacity of inte-
grons to rapidly spread and increase the abundance of resistance upon selection raises serious concerns for their long-term suc-
cess as therapeutic agents.

Conclusion

Integrons provide a source of on-demand genetic diversity for their host cell.”? Investigations into the functional diversity of integron-borne
genes has important implications for our understanding of the ecology and evolution of Archaea and Bacteria. Here, we examined the func-
tional diversity of integron gene cassettes with a particular focus on those functions enriched relative to the broader metagenomes. The PCR-
based approach used here offers a significant advantage in analysing environmental integrons due to the capacity to sequence a significantly
larger proportion of the gene cassette pool compared to screening bulk metagenomic data. For example, bioinformatic screening of meta-
genomes yields an average of only 0.003 unique cassette ORFs per megabase of assembled data, compared to our approach, with an average
rate of 22 cassette ORFs per megabase of assembled data.

The subset of dominant integron-encoded functions that appear to be universal in their distribution are largely involved with biotic and
abiotic interactions, including antibiotic biosynthesis and inactivation, detoxification, stress tolerance, biodegradation, phage defense, envi-
ronment-mediated cell signaling, energy transduction and virulence. Integrons can thus provide traits that facilitate host cells to survive,
adapt, and interact with their surrounding environment, and provide the means to exchange these traits to best suit prevailing conditions.
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Figure 6. Abundance and diversity of antimicrobial resistance (AMR) gene cassettes

(A) From left to right: the percentage of gene cassettes that encode AMR determinants; the fold-increase in AMR % relative to the broader metagenomes, and
whether this increase is significant (red) or not (blue), as determined by the %2 test for proportions; and presence/absence of resistance to different antibiotic
classes detected within each sample.

(B) Abundance (count) across all samples of each AMR cassette. Bars are colored according to the class of antibiotic to which they confer resistance.

(C) AMR cassette accumulation curve along with 95% confidence intervals (denoted by the black vertical lines). Note, that the curve shows no sign of saturation,
indicating that the full diversity of AMR cassettes was not sampled.

Importantly, integron gene cassettes and the traits that they encode can be shared between integron-carrying archaea and bacteria, high-
lighting integrons as important genetic elements for the ecology and evolution of prokaryotes.

While the dominant functions are widely distributed, most functions contained within the gene cassette pool were distinct to each sample,
indicating that specific microenvironments likely select for bespoke sets of cassettes encoding relevant adaptive functions. Notably, the total
functional reservoir of gene cassettes differs from the broader metagenome of each environment, likely representing important, niche-adap-
tive components of the prokaryotic pangenome.

The genetic novelty and diversity of gene cassettes suggest that they might also provide a fruitful avenue for protein discovery. In general,
most protein functions remain unknown, encoded by small, rare protein families.>° Their characterisation remains a key goal for various fields,
including environmental sciences, medicine, and synthetic biology.®' Protein discovery improves our understanding of microbial community
function and microbial interactions, adding to our catalog of known biochemical functions that can be drawn upon for therapeutic or synthetic
biology applications. New proteins that lack sequence or structural homology to known protein families are key candidates for activity-based
approaches that might help speed up the rate at which new functions are discovered. The genetic cargo of integrons, which are significantly
enriched in genetic novelty, and likely represent single-gene/single-trait entities, are ideal for such functional screening. ™’

Limitations of the study

Limitations of this study are the variation in the assembled size and eukaryotic content of the metagenomes. Such variation has the potential
to confound functional enrichment patterns. Some of the metagenomic assemblies were relatively small (Table S1), which might limit the func-
tional diversity captured within a sample. Similarly, given that integron gene cassettes are specific to prokaryotes, an abundance of eukaryotic
ORFs in the metagenomes might also have an influence on observed enrichment patterns. Taxonomic analysis of all metagenomic ORFs
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revealed a small, albeit variable, proportion of eukaryotic ORFs among the metagenomes (Table S6). Although, in total, these made up a
minor proportion, with only 0.89% ORFs across all samples (Median: 1.12%; Range: 0%—10% per sample) derived from eukaryotic microorgan-
isms. Given that the dominant cassette-encoded functions are universally enriched across all environment types, regardless of the size or eu-
karyotic content of the metagenomes, it is unlikely that these limitations are having a genuine effect on the observed enrichment patterns.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

Escherichia coli BL21(DE3)

Pharmacia Biotech

E. coli BL21(DE3)

Chemicals, peptides, and recombinant proteins

Fosfomycin disodium salt
Bleomycin sulfate

Kanamycin sulfate

IPTG, Isopropyl B-D-thiogalactoside

Ligation Sequencing Kit

Native Barcoding Expansion Kits

Flow Cell Wash Kit

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Oxford Nanopore Technologies

Oxford Nanopore Technologies

Oxford Nanopore Technologies

P5396; CAS: 26016-99-9
BP971; CAS: 9041-93-4

60615; CAS:
70560-51-9

16758; CAS:
367-93-1
Cat#SQK-LSK109

Cat#EXP-NBD104,
Cat#EXP-NBD114

Cat#EXP-WSHO004

Deposited data

Raw sequence data of the cassette amplicons

Raw sequence data of the whole metagenomes

This paper
This paper

SAMN21354384 to SAMN21354431
SAMN27966069 to SAMN27966080

Oligonucleotides

Primer HS286 Stokes et al.,”” 2001 N/A
GGGATCC TCSGCTKGARCGAMTTGTTAGVC

Primer HS287 Stokes et al.,*” 2001 N/A
GGGATCC GCSGCTKANCTCVRRCGTTAGSC

Recombinant DNA

PET29b(+) Novagen Cat#69872
PET29b(+)-GC1 This paper N/A
PET29b(+)-GC2 This paper N/A

Software and algorithms

Guppy v.4.3.4

NanoFilt v2.8
Canuv2.0

BBTools v35

Minimap2 v2.22-r1101
Racon v1.4.20
attC-screening pipeline
Flye v2.9-b1768
ONT_polish pipeline
Prodigal v2.6.3
RPS-BLAST v2.12.0
hmmer v3.2

SignalP v5.0
eggNOG-mapper v2.0.1b
PathoFact v1.0

Oxford Nanopore Technologies

De Coster et al.*>*

Koren et al.**

Bushnell**

Li36

Vaser et al.*’

Ghaly et al.”

Kolmogorov et al.*®

This paper
Hyatt et al.””
NCBI

Eddy*®
Almagro et al.”!

Cantalapiedra et al. 2021

De Nies et al.*?

https://nanoporetech.com/
https://github.com/wdecoster/nanofilt
https://github.com/marbl/canu
https://sourceforge.net/projects/bbmap/
https://github.com/Ih3/minimap2
https://github.com/isovic/racon
https://github.com/timghaly/integron-filtering
https://github.com/fenderglass/Flye
https://github.com/timghaly/ONT_polish
https://github.com/hyattpd/Prodigal
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml
http://hmmerorg/
https://services.healthtech.dtu.dk/services/SignalP-5.0/
https://github.com/eggnogdb/eggnog-mapper
https://git-r3lab.uni.lu/laura.denies/PathoFact
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BLAST v2.71 Madden® https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
vegan 2.5-6 R package Jari et al.** https://CRAN.R-project.org/package=vegan
CATv5.2.3 Von Meijenfeldt et al.*® https://github.com/dutilh/CAT

Hmisc v4.5-0 R package Harrell & Dupont*® https://CRAN.R-project.org/package=Hmisc
Gephi Bastian et al.”’ https://gephi.org/

MAFFT v7.508 Katoh & Standley”® https://mafft.cbrc.jp/alignment/software/
trimAl v1.4.rev15 Capella-Gutiérrez*’ http://trimal.cgenomics.org/trimal

IQ-TREE v2.2.0.3 Minh et al.”® http://www.igtree.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Timothy Ghaly
(timothy.ghaly@mgq.edu.au).

Materials availability

The plasmid vector, pET29b(+), used in this study is available from Twist Bioscience (USA). DNA sequences of cloned gene cassettes are avail-
able as Table S2.

Data and code availability

e Raw sequence data have been deposited in the NCBI SRA database and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Cassette amplicons are available under NCBI BioProject PRINA761546 (BioSample ac-
cessions: SAMN21354384 to SAMN21354431). Whole metagenomes are available from under NCBI BioProject PRINA833246
(BioSample accessions: SAMN27966069 to SAMN27966080).

e The code used for correcting the Nanopore assemblies is available at https://github.com/timghaly/ONT_polish, and the code used for
filtering sequences to ensure that they represent amplicons from genuine integrons is available at https://github.com/timghaly/
integron-filtering. All bioinformatic software and input parameters are described under the ' method details’ heading. All other
code used for data analysis is available at https://github.com/timghaly/Gene_cassette functional_enrichment.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The microbial strain, Escherichia coli BL21(DE3), was used in this study. After, electroporating the different vectors (see ‘method details’), each
strain was maintained in Muller-Hinton (MH) medium supplemented with kanamycin (50 pg/mL) at 37°C.

METHOD DETAILS

Sample collection, DNA extraction and PCR amplification

All samples were collected as previously described.”” These consisted of duplicate samples collected from six different sites: three terrestrial
and three aquatic. Terrestrial samples consisted of soils collected from Herring Island, Antarctica, Sturt National Park, New South Wales
(NSW), Australia, and Macquarie University campus, NSW.'® Aquatic samples were comprised of freshwater biofilms from Mars Creek,
NSW, freshwater sediment from Lane Cove River, NSW, and estuarine sediment from Parramatta River, NSW.”> Samples were collected
across a wide spatiotemporal range, from centimetres to kilometres scales within sampling sites, spanning 22 years of collection
(Table S1). DNA was extracted from 0.3g of sample material using standard bead-beating methods.”’

Integron gene cassettes were amplified from extracted DNA using the PCR primers HS287 and H5286. These primers anneal to the semi-
conserved flanking regions of cassette attC sites in outward-facing orientations to amplify the intervening gene cassettes(s). Amplification was
carried out using the long-range Phusion Hot Start Il DNA Polymerase (ThermoFisher Scientific, Waltham, MA, USA). All PCRs conditions and
reagent concentrations were as previously described.”

Nanopore sequencing of cassette amplicons and whole metagenomes

All cassette amplicons and whole metagenomes were sequenced using Oxford Nanopore Technologies (ONT). PCR products were multi-
plexed into a single sequencing library using the ONT Ligation Sequencing Kit (SQK-LSK109) and the ONT Native Barcoding Expansion
Kits (EXP-NBD104 and EXP-NBD114). The DNA library was sequenced using a MinlON MK 1B on an R10.3 flow cell for 24 h. Basecalling
of the resulting nanopore signal data was carried out with Guppy v.4.3.4°% using the high accuracy basecalling model.
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Whole metagenomic DNA extracted from each of the twelve samples were multiplexed into three sequencing libraries using the ONT
Ligation Sequencing Kit (SQK-LSK109) and the ONT Native Barcoding Expansion Kit (EXP-NBD104 and EXP-NBD114). Each DNA library
was sequenced using a MinlON MK 1B on an R9.4.1 flow cell for 48 h. After 24 h, each flow cell was washed using the ONT Flow Cell
Wash Kit (EXP-WSH004) and the same DNA library was re-loaded and sequenced for a further 24 h. Basecalling was carried out with Guppy
v.4.3.4°? using the fast basecalling model.

Sequence processing and quality control

The sequence processing and quality control of sequenced cassette PCRs were as previously described.”” Briefly, reads with an average qual-
ity score below 10 were removed using NanoFilt v2.8>° [parameters: -q 10]. High-quality reads were assembled using Canu v2.0** [parameters:
genomeSize = 5m minReadLength = 250 minOverlapLength = 200 corMinCoverage = 0 corOutCoverage = 20000 corMhapSensitivity = high
maxInputCoverage = 20000 batMemory = 125 redMemory = 32 oeaMemory = 32 batThreads = 24 purgeOverlaps = aggressive]. Next, the
tgStoreDump script within Canu was used to pool assembled contigs and unassembled reads together [parameters: -consensus -fasta]. The
BBTools v35” dedupe script was used to remove any sequence redundancy, including reverse complement redundancies. The remaining
sequences were corrected with four iterations of polishing with Minimap2 v2.22-r1101% [parameters: -x map-ont -t 24] and Racon v1.4.20 [pa-
rameters: -m 8 -x 6 -g —8 -w 500 -t 24].* To ensure sequences represented genuine gene cassettes, and not off-target PCR products, we
applied our recently established cassette filtering pipeline, attC-screening (available: https://github.com/timghaly/integron-filtering).””
This pipeline screens all sequences for gene cassette attC sites and discards those that lack a complete attC site. Thus, only high-confidence
amplicons that contain multiple cassettes intervened by complete attC sites were retained for downstream analyses.

The metagenomic reads were assembled using Flye v2.9-b1768°%°° [parameters: —nano-raw —genome-size 250m —meta -i 0 —threads 24].
The metagenome assemblies were then polished using the ONT_polish pipeline (https://github.com/timghaly/ONT_polish) [parameters: -m
r941_min_fast_g303 -t 24], which applies four iterations of Minimap2*® and Racon® correction, followed by Medaka>* polishing.

Functional analyses

Open reading frames (ORFs) were predicted from the whole metagenome and cassette amplicon data using Prodigal v2.6.3%7 [parameters: -p
meta -q]. We assigned putative functions to ORFs using both COG'" and Pfam'? databases. To assign COG functions, we employed a
conserved domain search using RPS-BLAST v2.12.0 [command: rpsblast -query $i -db Cog -evalue 0.01 -outfmt 11 | rpsbproc -q -e 0.01 -m
rep]. For Pfam annotations, we used hmmscan from the hmmer v3.2 package® against Pfam release 35.0. Only Pfam hits with an hmmscan
e-value less than 0.001 were retained for downstream analysis.

To predict genes that encoded transmembrane or secreted proteins, we used SignalP v5.0" [parameters: -org arch|gram-+|gram- -format
short]. These SignalP parameters search for all prokaryotic signal peptide tag sequences, which target proteins into, or across, membranes.
Additional functional analysis was carried out for proteins with detectable signal peptides using eggNOG-mapper v2.0.1b, based on
eggNOG v5 orthology data, executed in DIAMOND®® mode. We examined the most dominant of these functions based on a prevalence/
abundance score above 6.5e-4, which we define here as the product of the average percentage of a functional annotation across all samples
and the number of samples it occurred in. This metric was used to consider both abundance and prevalence of functions associated with
cassette transmembrane and secretory proteins. All statistical analyses to determine functional enrichment were implemented using base R.

Genes encoding antimicrobial resistance (AMR) determinants were predicted using PathoFact v1.0** with default parameters. PathoFact is
a pipeline that combines DeepARG™® and RGI”’ to predict AMR genes. To determine the number of AMR cassettes found within the integron
database, INTEGRALL?® [downloaded: 2022-Apr-14], we performed a BlastP search using BLAST v2.71 43 with default parameters against the
translated database. Hits with an amino acid identity >95% and a query cover >80%, were considered to be represented in the INTEGRALL
database. The AMR cassette accumulation curve was generated using the specaccum function within the vegan 2.5-6 R package.’” The
Lomolino model was fitted to the exact accumulation using fitspecaccum function in vegan [parameters: model = "lomolino"].

Given that integron gene cassettes are specific to prokaryotes, we retrospectively assessed the potential confounding role that eukaryotic
ORFs in the metagenomes might have on the observed functional enrichment patterns. To do this, we taxonomically classified all metage-
nomic ORFs using CAT v5.2.3%° with default parameters. CAT first attempts to classify all metagenomic ORFs based on protein homology
against the complete NCBI non-redundant (nr) database. It then classifies whole contigs using a voting algorithm based on the classifications
of every ORF along a contig to provide robust taxonomic classifications. Consequently, it can classify ORFs with no homology matches by
using the surrounding ORFs on the same contig. We assigned domain-level classifications to all ORFs based on their whole contig
classifications.

The functional networks were generated as previously described.”*® Briefly, Pearson’s correlations, based on correlations between Pfam
functions, were calculated using the Hmisc v4.5-0 R package.*® The networks were visualised from all correlations with p values less than 0.05
using the Yifan Hu force-directed layout algorithm®? within the Gephi software.”’

Phylogenetic analysis of vicinal oxygen chelate (VOC) gene cassettes
Gene cassettes annotated as vicinal oxygen chelate (VOC) family enzymes (COGO0346) were selected for phylogenetic analysis. Their protein
sequences, along with those of characterised VOC family proteins were aligned using MAFFT v7.508" [parameters: —localpair -maxiterate

100], and trimmed using trimAl v1.4.rev15"” [parameters: -automated1]. Characterised VOC proteins consisted of bleomycin resistance pro-
teins (WP_001242578.1, AAA73391.1, AKJ21157.1), fosfomycin degrading enzymes (WP_014714131.1, WP_215810875.1, B9IY29.1, A6QJH4.1,
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AYWA42209.1), glyoxalase | (NP_310387.1, ZP_01887743.1, CAA74673.1, AAG06912.1, AAG04099.1, AAG08496.1, AAN69360.1), catechol 2,3-
dioxygenase AAR90133.1, AAD02148.1, AAC79918.1), and a taxoflavin-degrading enzyme (ANS71543.1). A maximum-likelihood tree was
generated from the alignment using IQ-TREE v2.2.0.3°%° with the best-suited protein model determined by ModelFinder®' and 1,000 boot-
strap replicates [parameters: -m MFP -bb 1000].

Functional assays of VOC family proteins

Eight gene cassettes predicted to encode VOC family enzymes were synthesised and cloned in-frame into Ndel and Xhol sites of the expres-
sion vector pET29b(+) (Twist Bioscience, USA). DNA sequences of the synthesised genes are available as Table S2. Constructs were trans-
formed into electrocompetent Escherichia coli BL21(DE3) and maintained in Muller-Hinton (MH) medium supplemented with kanamycin
(50 pg/mL) at 37°C. Minimum inhibitory concentrations (MIC) of fosfomycin sulfate (Sigma-Aldrich) and bleomycin disodium salt (Sigma-
Aldrich) were determined via broth dilution method® in 94-well plates with a final volume of 200 pL. Overnight E. coli cultures carrying
the constructs were subcultured at a 1:10 dilution, and gene insert expression was induced with 0.4 mM IPTG for 2 h at 37°C and 200 rpm.
The cultures were then diluted to 5 x 10° CFU mL™" and added to the microplates. MH media was supplemented with 0.4 mM ITPG and
kanamycin (50 pg/mL) to maintain gene expression. Breathable films were used to seal the plates and incubated at 37°C with shaking for
24 h. OD600 measurements were taken every 15 min (PHERAstar FSX, BMG Labtech). All experiments were conducted with at least three
biological replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using base R, unless otherwise specified. Specific statistical tests used can be found in the ‘results and
discussion” section. Significance was defined as p < 0.05.
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