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Originality-Significance Statement 

Integrons are bacterial genetic elements that promote genome evolution by capturing, 

rearranging and expressing mobile gene cassettes. Here we present the largest sequence 

library of integron gene cassettes available. We show that gene cassettes exhibit extremely 

high local richness, specifically, an order of magnitude greater than has previously been 

estimated. Further, we show that cassettes have significant spatial heterogeneity and turn over 

rapidly with distance. Together, these data provide insights into the formation, diversity and 

spatial ecology of integron gene cassettes, and highlight this metagenome as a vast shared 

resource for bacterial evolution.  
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Summary 

Integrons are genetic elements that promote rapid adaptation in bacteria by capturing 

exogenous, mobile gene cassettes. Recently, a subset of gene cassettes has facilitated the 

global spread of antibiotic resistance. However, outside clinical settings, very little is known 

about their diversity and spatial ecology. To address this question, we sequenced integron 

gene cassettes from soils sampled across Australia and Antarctica. We recovered 44,970 open 

reading frames that encoded 27,215 unique proteins, representing an order of magnitude 

more cassettes than previous sequencing efforts. We found that cassettes have extremely high 

local richness, significantly greatly than previously predicted, with estimates ranging from 

4,000 to 18,000 unique cassettes per 0.3 grams of soil. We show that cassettes have a 

heterogeneous distribution across space, and that they exhibit rapid turnover with distance. 

Similarity between samples drops to between 0.1% and 10% at distances of as little as 100 

metres. Together, these data provide key insights into the ecology and size of the gene 

cassette metagenome.  
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Introduction 

 

Integrons are genetic elements that promote rapid adaptation in bacteria by capturing, 

rearranging, and expressing mobile gene cassettes (Stokes and Hall, 1989). These elements 

are common in bacterial genomes, and they have access to a vast pool of gene cassettes, 

known as the cassette metagenome. Integrons themselves are extremely diverse, being 

categorised into hundreds of classes (Boucher et al., 2007; Cambray et al., 2010; Abella et 

al., 2015), which together with their broad taxonomic distribution, suggest that they are 

ancient elements.  

Recently, integrons have played a significant role in spreading antibiotic resistance 

among pathogens by capturing and disseminating cassettes that encode resistance 

determinants (Gillings et al., 2008; Partridge et al., 2009). All integrons of clinical relevance 

(classes 1 to 5) are found embedded in transposons, plasmids or integrative-conjugative 

elements, in contrast to sedentary chromosomal integrons that lack this mobility. In general, 

mobile integrons carry few cassettes, and these generally encode resistance to antibiotics. 

Sedentary chromosomal integrons encompass hundreds of integron classes and can carry a 

much larger number of gene cassettes of mostly unknown functions. Some Vibrio species 

carry hundreds of cassettes within a single integron cassette array (Chen et al., 2003; 

Escudero et al., 2015). 

Little is known about cassettes outside clinical settings, even though these play an 

important role in bacterial adaptation and genome evolution (Mazel, 2006; Escudero et al., 

2015). Only a small proportion of environmental cassettes have characterised homologs. 

 4 

This article is protected by copyright. All rights reserved.



Where known, these encode proteins with a wide range of predicted functions. The most 

prevalent functions include acetyltransferases, DNA modification, phage-related functions, 

and toxin-antitoxin systems (Boucher et al., 2007; Cambray et al., 2010). Moreover, 10% to 

30% of recovered cassette-encoded proteins contain signal peptide domains for membrane 

association or cellular export (Rowe-Magnus et al., 2003; Koenig et al., 2008), and about 

30% contain transmembrane domains (Rowe-Magnus et al., 2003). The very few cassette-

encoded proteins that have had their functions experimentally determined include restriction 

or methylation systems, sulfate-binding proteins, lipases, polysaccharide biosynthesis 

proteins, and dNTP pyrophosphohydrolases (Rowe-Magnus et al., 2001; Smith and 

Siebeling, 2003; Robinson et al., 2008). Together, these findings suggest that gene cassettes 

can provide significant adaptive potential to bacteria and, in particular, encode proteins that 

facilitate interactions with their extracellular environment. 

Integron gene cassettes appear to be ubiquitous, having been recovered from every 

environment surveyed, including soil and aquatic sediments, the microbiota of plants and 

animals, aquatic biofilms, seawater, and deep-sea hydrothermal vents (Goldstein et al., 2001; 

Gillings et al., 2005; Elsaied et al., 2007; Gillings et al., 2009; Bailey et al., 2010; Elsaied et 

al., 2011; Ghaly et al., 2017). Further, in silico analysis has detected integron gene cassettes 

in the sequenced genomes of a range of major bacterial taxa, including γ-Proteobacteria, β-

Proteobacteria, Spirochaetes, Chloroflexi, Chlorobi and Planctomycetes (Cury et al., 2016). 

However, the diversity, richness and biogeography of the cassette metagenome remain 

unknown. 
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Several studies have successfully recovered entire cassettes from environmental DNA 

(Stokes et al., 2001; Nemergut et al., 2004; Koenig et al., 2008; Koenig et al., 2009; Abella 

et al., 2015). Gene cassettes within an integron are flanked by conserved recombination sites 

(attC) that can be targeted by PCR (Stokes et al., 2001), allowing sequence-independent 

recovery of diverse genes present in bacterial communities. However, no study has achieved 

the sequencing depth nor sampled at the spatial scales required to gain an accurate 

understanding of the diversity and biogeography of gene cassettes. 

Michael et al. (2004) estimated a richness of 2,343 cassettes within a 50 m2 sampling 

area. This estimate, however, was based on cassette size differences, determined by 

polyacrylamide gel electrophoresis, rather than sequence data. As such, their richness 

calculation is likely to be a gross underestimate. The first sequence-based approach estimated 

a richness of ~3,000 gene cassettes across four marine sediment samples (Koenig et al., 

2008). This, however, relied upon cloning PCR products to obtain DNA sequences. 

Consequently, the depth of sequencing was unlikely to be sufficient to provide an accurate 

cassette richness estimate. 

To overcome these issues, a shotgun sequencing approach may provide an appropriate 

depth of sampling. However, to obtain meaningful ecological insight, sampling should also 

be implemented over large spatial scales. Here, we used Illumina sequencing of cassette-PCR 

amplicons to examine the spatial distribution of gene cassettes across diverse sites in 

Australia and Antarctica (Fig. 1; Table S1). We find that gene cassettes have extremely high 

local richness, specifically meaning an order of magnitude larger than previously estimated 
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(Koenig et al., 2008); exhibit great spatial heterogeneity; and have rapid turnover with 

distance. 

 

Results and Discussion 

Gene cassette abundance and richness 

We sequenced 87,892 cassette-PCR products (post-quality screening) from the 48 soil 

samples listed in Table S1. These varied in size from 200 to 3,798 bp in length, with 92.7% 

of assembled amplicons falling within the 300 to 700 bp range. These amplicons contained 

44,970 open reading frames (ORFs), of which, 36,992 encoded proteins. This represents the 

largest gene cassette library available. Collectively, the ORFs encoded 27,215 unique 

proteins (see Experimental Procedures for redundancy criteria). 

Gene cassettes had extremely high local richness. Chao 1 (Chao, 1984) and squares 

(Alroy, 2018) estimates (using 100 randomisations of the data) predict 4,000 to 18,000 

unique cassettes in any one 0.3 g soil sample (Fig. S1-S3). This vastly increases previous 

richness estimates, which ranged from 800 to 2,000 cassettes per sample (Koenig et al., 

2008). 

Since cassette insertion relies more on the highly conserved palindromic structure of 

their attC sites, rather than a specific DNA sequence, evolutionarily distinct integrons can 

capture any available gene cassette, which collectively carry diverse attC sites (Cambray et 

al., 2010; Boucher et al., 2011; Abella et al., 2015). Thus, any of these gene cassettes could 

potentially be inserted into any of the hundreds of classes of integrons that have now been 

described (Cambray et al., 2010; Boucher et al., 2011; Abella et al., 2015). This highlights 
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the role of the gene cassette metagenome in facilitating genomic complexity and adaptation 

in bacterial communities.  

These numbers, however, are likely to be underestimates of cassette diversity due to 

primer bias during PCR amplification. The primer pair used here was designed against a 

database that largely contained attC sites from gene cassettes found on class 1 integrons 

(Stokes et al., 2001), and probably does not cover the full diversity of this family of 

recombination sites. However, mobile class 1 integrons disperse between species sampling 

cassettes of diverse origins, and thus acquire cassettes that are representative of a much larger 

population of attC sites (Cambray et al., 2010). In addition, DNA extraction efficacy, and the 

proportion of isolated DNA that is actually used for Illumina sequencing will further lead to 

underrepresentation of cassette diversity. Regardless of these caveats, however, the data 

provide the best richness estimates for gene cassettes to date. 

 

Membrane association or cellular export of gene cassette products 

Previous studies have found that proteins that are involved with membrane transport or are 

exported from the cell are over-represented in the gene cassette metagenome (Rowe-Magnus 

et al., 2003; Koenig et al., 2008). Such proteins facilitate interactions between the cell and its 

external environment. To test this hypothesis, we examined our library of cassette-encoded 

proteins for signal peptide regions, which signal the protein for membrane targeting or 

secretion from the cell. We found that 13.6% of cassettes encoded signal peptide domains. 

This is lower than previous findings which suggested up to 30% of cassettes encode signal 

peptides (Rowe-Magnus et al., 2003; Koenig et al., 2008). An analysis by Koenig et al. 
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(2008) found that 17.3% of randomly sampled genes from bacterial genomes encoded signal 

peptides. Thus, our results are inconsistent with the previous findings that signal peptides are 

over-represented in the gene cassette metagenome.  

 

Spatial distribution of gene cassettes 

Our data show that gene cassettes exhibit significant heterogeneity across space (Fig. 2). 

Individual gene cassettes are predominantly rare, with the majority of cassettes occurring at 

low abundance and with very localised occurrence (Fig. 2). Very few cassettes occur at high 

abundance. Even high-abundance cassettes predominantly exhibit a restricted distribution 

across the sample space (Fig. 2). This supports the idea that the generation of gene cassettes 

is a dynamic and universal process, occurring continuously at any given location in a 

landscape. 

  A subset of cassettes was found in all samples across all sites. Of these, 66% encoded 

entirely novel proteins, while 21% did have homologs, but with no identified function. The 

remaining cassettes encoded a functionally diverse set of proteins. These included proteins 

are involved in virulence, cell membrane association, protein secretion, signal transduction, 

defense mechanisms, transport, energy production, protein modification, DNA 

recombination, and DNA repair and ligation, and even include a CRISPR-associated helicase. 

For a full list of functions associated with these ubiquitous cassettes, see Table S2.  

  Some gene cassettes that occurred in every sample across Australia and Antarctica in 

the present study have also been captured during independent studies at additional sites in 

Australia, Canada, and France (Holmes et al., 2003; Michael et al., 2004; Koenig et al., 2009; 
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Abella et al., 2015). This is even more remarkable because these study sites comprise a 

diverse range of sample types, including soil, freshwater sediment and tar pond sludge. The 

functions of these cassettes are unknown, but their apparent universality suggest that these 

functions are worth further investigation. 

 The majority of cassettes, however, occurred in only one sample (Fig. 3). 

Examination of cassettes present in more than one sample revealed that as occurrence in 

multiple samples increased, the numbers of individual cassettes with that prevalence rapidly 

decreased (Fig. 3). Interestingly, however, the number of cassettes present in 80% to 100% of 

samples increased again (Fig. 3). This pattern was found when examining each environment 

type separately (Fig. 3a–c), or when pooled (Fig. 3d). 

 We suggest that this distribution pattern can be explained by a combination of three 

factors: selection, dispersal, and time. Gene cassettes must originally form within a single 

cell, and our data suggest that this is likely to be the current state of most gene cassettes on 

the planet, existing as a single copy, or very few copies, at a single location on the globe. For 

cassettes that are detectable over larger distances, dispersal ability must play a major role. 

 Integron gene cassettes are mobile genes, and thus have the potential to disperse 

through repeated horizontal transfer events. This is most apparent for cassettes found on 

mobile integrons. The most notable examples include antibiotic resistance cassettes, which 

have successfully disseminated into all regions of the globe via horizontal transfer of whole 

integrons, and of the gene cassettes themselves (Partridge et al., 2009; Gillings, 2017). 

However, most classes of integrons are in sedentary chromosomal locations, where horizontal 

transfer is a much rarer occurrence. Consequently, they depend on vertical transmission 
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within shorter timeframes (Mazel, 2006; Gillings, 2014). Gene cassettes can also disperse 

along with their bacterial hosts. Cassettes present in bacteria with high dispersal abilities, 

such as planktonic or spore-forming bacteria, or in bacteria translocated by anthropogenic 

activities, such as via waste disposal, tourism, or global transport (Zhu et al., 2017), by 

proxy, will also have an increased capacity for dispersal. 

 In addition to dispersal ability, selection may also influence cassette colonisation of 

new locations. Cassettes that confer phenotypes with general utility have the ability to 

provide a selective advantage across a wide range of environments. Cassettes might also be 

co-selected by either being linked to advantageous cassettes within a cassette array, or by 

being ‘hidden’ from selection, if located distal to the integron promoter (Lévesque et al., 

1994). Having the capacity for dispersal and the ability to confer a selective advantage 

constrains the number of individual gene cassettes that can have broad distributions. 

Cassettes that have the capacity to disperse across all of the present sampling sites, regardless 

of location and distance (Fig. 3d), are also likely to persist across long temporal scales. 

Therefore, the number of cassettes that occur ubiquitously will likely accumulate over time. 

This hypothesis may help explain the observed spatial distribution pattern. 

  

Spatial turnover of gene cassettes 

The similarity of gene cassette composition decayed significantly with distance (r2 = 0.733, P 

< 0.0001). Pairwise similarity between samples dropped to 0.1% – 10% beyond an inter-

sample distance of 100 metres. This indicates an extraordinarily rapid rate of spatial turnover 

of gene cassette composition. Regression of probit-transformed similarity against log-
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transformed distance through all of the data yields a slope of -0.343 (Fig. 4), with a 95% CI 

between -0.360 and -0.326. However, the rate of decay over distance varied between regions 

(Fig. 4), with individual slopes ranging from -0.05 to -0.15. This suggests that site ecology 

affects the degree of spatial turnover, and rates of cassette dispersal may depend on the 

spatial scale being examined.  

Given the high local richness and rapid turnover through space, the size of the gene 

cassette metagenome is likely to be extensive. It thus represents a vast shared genome that 

can be drawn upon by diverse bacteria, and that could be exploited as a new source of gene 

diversity. 

 

Experimental Procedures 

Isolation of environmental DNA 

Soil samples were collected from a 1-cm-depth layer at two locations in Australia (Sturt 

National Park, New South Wales; and Macquarie University, New South Wales) and at one 

Antarctic location (Herring Island) (Fig. 1; Table S1). Details of sample collection have been 

previously described for Sturt National Park (Green et al., 2004; Oliver et al., 2004), which 

comprises two semi-arid rocky land systems (Pulgamurtie and Olive Downs) and two semi-

arid sandy land systems (Rodges and Corner). Sampling at Macquarie University involved 

three transects within a 20-m grid at 0°, 45°, and 90° angles. Soil samples were collected at 0 

m, 1 m, 5 m, and 20 m along the transects. The Herring Island samples were collected on a 

linear transect at 0 m, 0.1 m, 0.2 m, 0.5 m, 1 m, 2 m, 5 m, 10 m, 50 m, 100 m, 100.1 m, 101 
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m, and 102 m. DNA was isolated from 0.3 g of each soil sample by previously described 

bead-beating methods (Yeates et al., 1998). 

 

PCR amplification  

To amplify complete integron gene cassettes, primers HS286 and HS287 were used (Stokes 

et al., 2001). These primers target the conserved sequences for integron attC recombination 

sites. 1 μL of DNA was PCR amplified using GoTaq white (Promega, Madison, WI, USA) 

and GenereleaserTM (Bioventures, Murfreesboro, TN, USA) as per the manufacturer’s 

protocol. The following thermal cycling program was used: 94°C for 3 min for 1 cycle; 94°C 

for 30 s, 55°C for 1 min, 72°C for 2 min 30 s for 35 cycles; and a final cycle at 72°C for 5 

min. PCR efficiency was assessed using 1% agarose gel electrophoresis. 

 

DNA library preparation and sequencing 

 In total, 48 samples were selected for sequencing based on the strength of the banding 

patterns of the electrophoresed PCR products. Twenty-four samples were selected from Sturt 

National Park, 11 from Macquarie University, and 13 from Herring Island. Prior to 

sequencing, PCR products were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA, 

USA) as per the manufacturer’s instructions.  

PCR products were fragmented, and Illumina adapters ligated using the TruSeq® 

Nano DNA Library Prep Kit at the Macrogen sequencing facility (Seoul, South Korea). 

Samples were pooled and sequenced in two runs (24 samples multiplexed), using Illumina 

HiSeq 100 bp paired-end sequencing. 
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DNA sequence assembly and gene cassette annotation 

Illumina paired-end reads were first trimmed using Sickle (v1.33) (Joshi and Fass, 2011) to 

reach a minimum quality score of 21. Reads shorter than 20 bp after trimming were 

discarded. If one end of the paired reads had acceptable quality, it was used as a single read. 

The quality of reads was then inspected using FastQC (v0.11.4) (Andrews, 2010). Paired-end 

reads and single reads were assembled using the Megahit Metagenomic Assembler (v1.1.1) 

(Li et al., 2015) [Options: default settings].  

 To ensure that the assembled contigs represented real integron gene cassettes, 

sequences that were not flanked by both PCR primers were removed using the BBMap 

package (v35.x) (Bushnell, 2014) [Options: copyundefined=t k=9 rcomp=f mm=f]. Contigs 

that were flanked by at least 9 bp from the 3’end of both forward and reverse primers were 

accepted. After filtering, 60 contigs were randomly sampled for manual inspection, of which 

100% could be identified as putative integron gene cassettes. This was assessed based on the 

length of the contig (~200 – 1000 bp) and possession of a ORF flanked by the partial attC 

regions at each terminus (Stokes et al., 2001).  

 To provide further validation that assembled products represented real gene cassettes, 

we screened all contigs greater than 1,500 bp for complete internal attC sites. Contigs of this 

size are more likely to represent amplicons of multiple cassettes in an array. A total of 41 

contigs contained two or more ORFs. Of these, 40 contigs (97.5%) were found to carry 

complete, valid attC sites situated between consecutive ORFs. The only contig that had no 

detectable attC site was comprised of two ORFs in the reverse orientation. It is possible, 
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however, that this is still a legitimate cassette, as such cassette structures are often found in 

Vibrio integrons (Mazel et al., 1998; Stokes et al., 2001). 

Genes and translated proteins were called from the filtered contigs using Prokka 

(v1.12-beta) (Seemann, 2014) [Options: --metagenome]. To measure the total number of 

unique protein-encoding gene cassettes, all translated proteins were compiled into a non-

redundant database using CD-HIT (v4.6) (Li et al., 2001, 2002). An amino acid sequence 

identity cut-off of 97% and minimal alignment coverage greater than 97% for the longer 

sequence was implemented during clustering. 

 The relative abundance of cassettes in each sample was measured as fold-coverage 

per 106 sample reads. Quality-trimmed reads for each sample were mapped back to a 

concatenated nucleotide library of all gene cassette ORFs using the BBMap package (v35.x) 

(Bushnell, 2014). 

 

Cassette-encoded functions 

To determine general functions encoded by cassettes, predicted cassette-encoded proteins 

were aligned against the NCBI nr database (as of June 2018). Alignments were made using 

DIAMOND (v0.8.33.95) (Buchfink et al., 2015) with a maximum e-value cut-off of 0.0005. 

 To investigate the hypothesis that proteins that are involved with membrane transport 

or are secreted from the cell are over-represented in the cassette metagenome, we examined 

all cassettes for signal peptide sequences. To do this, we used SignalP (v4.1) (Petersen et al., 

2011) [Options: default settings] to predict the presence of signal peptide cleavage sites for 

both Gram-positive and Gram-negative prokaryotes.  
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Pairwise protein alignments 

The complete protein catalogue from each sample was aligned against all the proteins from 

every other sample. This gave a total of 1,128 pairwise sample alignments between the 48 

metagenomic samples, which were made using DIAMOND (v0.8.33.95) (Buchfink et al., 

2015) [Options: --query-cover 97 --subject-cover 97]. The similarity between any two 

samples was measured using a rescaled Forbes index (Alroy, 2015). The Forbes index was 

selected as it is less downward-biased relative to other similarity coefficients, that calculate a 

lower pairwise similarity when applied to highly diverse datasets (Alroy, 2015). Within a 

pairwise comparison, any two amino acid sequences were considered the same protein 

according to the above-mentioned redundancy criteria. 

 

Data availability  

All sequence data were deposited in GenBank as BioSample accession numbers 

SAMN09812219 to SAMN09812266. These BioSample accessions are linked to the 

BioProject PRJNA485646. All other relevant data are available in the main text or 

supplementary materials. 

 

Acknowledgments  

The authors acknowledge Sasha Tetu and Martin Ostrowski for advice on bioinformatic 

analyses; and Louise Chow, Marita Holley, Liette Vandine, Amy Asher and Carly Maddox 

for technical assistance. TMG would like to give a special thanks to Mary Nolan for loving 

 16 

This article is protected by copyright. All rights reserved.



support as well as comments on early drafts of the manuscript. This work was funded by the 

Australian Research Council Discovery Program, Grant # DP130103839. The authors declare 

no conflict of interest.   

 17 

This article is protected by copyright. All rights reserved.



References 

 

Abella, J., Fahy, A., Duran, R., and Cagnon, C. (2015) Integron diversity in bacterial 

communities of freshwater sediments at different contamination levels. FEMS Microbiol 

Ecol 91: fiv140-fiv140. 

Alroy, J. (2015) A new twist on a very old binary similarity coefficient. Ecology 96: 575-586. 

Alroy, J. (2018) Limits to species richness in terrestrial communities. Ecol Lett in press. 

Andrews, S. (2010) FastQC: a quality control tool for high throughput sequence data 

(Version 0.11.4) [Software]. 

Bailey, J.K., Pinyon, J.L., Anantham, S., and Hall, R.M. (2010) Commensal Escherichia coli 

of healthy humans: a reservoir for antibiotic-resistance determinants. J Med Microbiol 59: 

1331-1339. 

Boucher, Y., Labbate, M., Koenig, J.E., and Stokes, H. (2007) Integrons: mobilizable 

platforms that promote genetic diversity in bacteria. Trends Microbiol 15: 301-309. 

Boucher, Y., Cordero, O.X., Takemura, A., Hunt, D.E., Schliep, K., Bapteste, E. et al. (2011) 

Local mobile gene pools rapidly cross species boundaries to create endemicity within global 

Vibrio cholerae populations. MBio 2: e00335-00310. 

Buchfink, B., Xie, C., and Huson, D.H. (2015) Fast and sensitive protein alignment using 

DIAMOND. Nature Methods 12: 59-60. 

Bushnell, B. (2014) BBMap: a fast, accurate, splice-aware aligner. In: Ernest Orlando 

Lawrence Berkeley National Laboratory, Berkeley, CA (US). 

Cambray, G., Guerout, A.-M., and Mazel, D. (2010) Integrons. Annu Rev Genet 44: 141-166. 

 18 

This article is protected by copyright. All rights reserved.



Chao, A. (1984) Nonparametric estimation of the number of classes in a population. 

Scandinavian Journal of Statistics 11: 265-270. 

Chen, C.-Y., Wu, K.-M., Chang, Y.-C., Chang, C.-H., Tsai, H.-C., Liao, T.-L. et al. (2003) 

Comparative genome analysis of Vibrio vulnificus, a marine pathogen. Genome Res 13: 

2577-2587. 

Cury, J., Jové, T., Touchon, M., Néron, B., and Rocha, E.P. (2016) Identification and analysis 

of integrons and cassette arrays in bacterial genomes. Nucleic Acids Res 44: 4539-4550. 

Elsaied, H., Stokes, H., Nakamura, T., Kitamura, K., Fuse, H., and Maruyama, A. (2007) 

Novel and diverse integron integrase genes and integron ‐l ike gene cassettes are prevalent in 

deep ‐sea hydrothermal vents. Environ M icrobiol 9: 2298-2312. 

Elsaied, H., Stokes, H.W., Kitamura, K., Kurusu, Y., Kamagata, Y., and Maruyama, A. 

(2011) Marine integrons containing novel integrase genes, attachment sites, attI, and 

associated gene cassettes in polluted sediments from Suez and Tokyo Bays. The ISME 

Journal 5: 1162-1177. 

Escudero, J.A., Loot, C., Nivina, A., and Mazel, D. (2015) The integron: Adaptation on 

demand. Microbiology Spectrum 3: MDNA3-0019-2014. 

Ghaly, T.M., Chow, L., Asher, A.J., Waldron, L.S., and Gillings, M.R. (2017) Evolution of 

class 1 integrons: Mobilization and dispersal via food-borne bacteria. PLoS One 12: 

e0179169. 

Gillings, M., Boucher, Y., Labbate, M., Holmes, A., Krishnan, S., Holley, M., and Stokes, 

H.W. (2008) The evolution of class 1 integrons and the rise of antibiotic resistance. J 

Bacteriol 190: 5095-5100. 

 19 

This article is protected by copyright. All rights reserved.



Gillings, M.R. (2014) Integrons: past, present, and future. Microbiol Mol Biol Rev 78: 257-

277. 

Gillings, M.R. (2017) Class 1 integrons as invasive species. Curr Opin Microbiol 38: 10-15. 

Gillings, M.R., Holley, M.P., and Stokes, H. (2009) Evidence for dynamic exchange of qac 

gene cassettes between class 1 integrons and other integrons in freshwater biofilms. FEMS 

Microbiol Lett 296: 282-288. 

Gillings, M.R., Holley, M.P., Stokes, H., and Holmes, A.J. (2005) Integrons in Xanthomonas: 

a source of species genome diversity. Proc Natl Acad Sci U S A 102: 4419-4424. 

Goldstein, C., Lee, M.D., Sanchez, S., Hudson, C., Phillips, B., Register, B. et al. (2001) 

Incidence of class 1 and 2 integrases in clinical and commensal bacteria from livestock, 

companion animals, and exotics. Antimicrob Agents Chemother 45: 723-726. 

Green, J.L., Holmes, A.J., Westoby, M., Oliver, I., Briscoe, D., Dangerfield, M. et al. (2004) 

Spatial scaling of microbial eukaryote diversity. Nature 432: 747-750. 

Holmes, A.J., Gillings, M.R., Nield, B.S., Mabbutt, B.C., Nevalainen, K., and Stokes, H. 

(2003) The gene cassette metagenome is a basic resource for bacterial genome evolution. 

Environ Microbiol 5: 383-394. 

Joshi, N., and Fass, J. (2011) Sickle: A sliding-window, adaptive, quality-based trimming 

tool for FastQ files (Version 1.33) [Software]. 

Koenig, J.E., Sharp, C., Dlutek, M., Curtis, B., Joss, M., Boucher, Y., and Doolittle, W.F. 

(2009) Integron gene cassettes and degradation of compounds associated with industrial 

waste: the case of the Sydney tar ponds. PLoS One 4: e5276. 

 20 

This article is protected by copyright. All rights reserved.



Koenig, J.E., Boucher, Y., Charlebois, R.L., Nesbø, C., Zhaxybayeva, O., Bapteste, E. et al. 

(2008) Integron ‐associated gene          

pool in marine sediments. Environ Microbiol 10: 1024-1038. 

Lévesque, C., Brassard, S., Lapointe, J., and Roy, P.H. (1994) Diversity and relative strength 

of tandem promoters for the antibiotic-resistance genes of several integron. Gene 142: 49-54. 

Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015) MEGAHIT: an ultra-fast 

single-node solution for large and complex metagenomics assembly via succinct de Bruijn 

graph. Bioinformatics 31: 1674-1676. 

Li, W., Jaroszewski, L., and Godzik, A. (2001) Clustering of highly homologous sequences 

to reduce the size of large protein databases. Bioinformatics 17: 282-283. 

Li, W., Jaroszewski, L., and Godzik, A. (2002) Tolerating some redundancy significantly 

speeds up clustering of large protein databases. Bioinformatics 18: 77-82. 

Mazel, D. (2006) Integrons: agents of bacterial evolution. Nat Rev Microbiol 4: 608-620. 

Mazel, D., Dychinco, B., Webb, V.A., and Davies, J. (1998) A distinctive class of integron in 

the Vibrio cholerae genome. Science 280: 605-608. 

Michael, C.A., Gillings, M.R., Holmes, A.J., Hughes, L., Andrew, N.R., Holley, M.P., and 

Stokes, H. (2004) Mobile gene cassettes: a fundamental resource for bacterial evolution. The 

American Naturalist 164: 1-12. 

Nemergut, D., Martin, A., and Schmidt, S. (2004) Integron diversity in heavy-metal-

contaminated mine tailings and inferences about integron evolution. Appl Environ Microbiol 

70: 1160-1168. 

 21 

This article is protected by copyright. All rights reserved.



Oliver, I., Holmes, A., Dangerfield, J.M., Gillings, M., Pik, A.J., Britton, D.R. et al. (2004) 

Land systems as surrogates for biodiversity in conservation planning. Ecol Appl 14: 485-503. 

Partridge, S.R., Tsafnat, G., Coiera, E., and Iredell, J.R. (2009) Gene cassettes and cassette 

arrays in mobile resistance integrons. FEMS Microbiol Rev 33: 757-784. 

Petersen, T.N., Brunak, S., von Heijne, G., and Nielsen, H. (2011) SignalP 4.0: 

discriminating signal peptides from transmembrane regions. Nature Methods 8: 785-786. 

Robinson, A., Guilfoyle, A.P., Sureshan, V., Howell, M., Harrop, S.J., Boucher, Y. et al. 

(2008) Structural genomics of the bacterial mobile metagenome: an overview. In Structural 

Proteomics: High-Throughput Methods. Kobe, B., Guss, M., and Huber, T. (eds). Totowa, 

NJ: Humana Press, pp. 589-595. 

Rowe-Magnus, D.A., Guerout, A.-M., Biskri, L., Bouige, P., and Mazel, D. (2003) 

Comparative analysis of superintegrons: engineering extensive genetic diversity in the 

Vibrionaceae. Genome Research 13: 428-442. 

Rowe-Magnus, D.A., Guerout, A.-M., Ploncard, P., Dychinco, B., Davies, J., and Mazel, D. 

(2001) The evolutionary history of chromosomal super-integrons provides an ancestry for 

multiresistant integrons. Proc Natl Acad Sci U S A 98: 652-657. 

Seemann, T. (2014) Prokka: rapid prokaryotic genome annotation. Bioinformatics 30: 2068-

2069. 

Smith, A.B., and Siebeling, R.J. (2003) Identification of genetic loci required for capsular 

expression in Vibrio vulnificus. Infect Immun 71: 1091-1097. 

Stokes, H., and Hall, R.M. (1989) A novel family of potentially mobile DNA elements 

encoding site ‐specific gene‐ integration fun     3: 1669-1683. 

 22 

This article is protected by copyright. All rights reserved.



Stokes, H.W., Holmes, A.J., Nield, B.S., Holley, M.P., Nevalainen, K.H., Mabbutt, B.C., and 

Gillings, M.R. (2001) Gene cassette PCR: sequence-independent recovery of entire genes 

from environmental DNA. Appl Environ Microbiol 67: 5240-5246. 

Yeates, C., Gillings, M., Davison, A., Altavilla, N., and Veal, D. (1998) Methods for 

microbial DNA extraction from soil for PCR amplification. Biol Proced Online 1: 40-47. 

Zhu, Y.-G., Gillings, M., Simonet, P., Stekel, D., Banwart, S., and Penuelas, J. (2017) 

Microbial mass movements. Science 357: 1099-1100. 

 

  

 23 

This article is protected by copyright. All rights reserved.



Figure legends 

 

Fig. 1. Sampling locations. Soil samples were collected from sites in Australia and 

Antarctica. 24 samples were collected from Sturt National Park (purple square), 11 from the 

Macquarie University campus (blue circle), and 13 from Herring Island (red triangle). 

 

Fig. 2. Relative abundance of gene cassettes. Abundance of each cassette was defined as 

fold coverage per million Illumina sequence reads (color scale bar). The 48 samples include 

11 from Macquarie University, Australia; 13 from Herring Island, Antarctica; and 24 from 

Sturt National Park, Australia (comprises Rodges, Corner, Olive Downs and Pulgamurtie). 

Note that many gene cassettes reach high local abundance, but are rare or absent in all other 

samples.  

 

Fig. 3. Spatial distribution of gene cassettes. Number of samples where individual gene 

cassettes were observed expressed as a percentage of the total number of samples. Samples 

were divided into different environment types (a-c), or pooled for all environment types (d). 

The majority of cassettes are found in a few, closely adjacent sampling points, while a subset 

of cassettes are found in all locations. 

 

Fig. 4. Probit-transformed pairwise similarity of gene cassette content over log-

transformed distances. Across all data, pairwise similarities for gene cassette composition 
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(based on the Forbes index) decline significantly for sampling points separated by 100 metres 

or more. Rates of distance decay vary between environment types. 
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