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Summary  

 

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

mobile gene cassettes. Recently, a sub-set of gene cassettes have facilitated the global spread of 

antibiotic resistance, however, outside of clinical settings, very little is known about the function 

and ecology of these cassettes. Here, I sequenced whole cassettes from soils sampled across 

Australia and Antarctica, and recovered 44,970 cassettes that encoded 27,215 unique proteins. This 

represents an order of magnitude more cassettes than previous sequencing efforts. Cassettes had 

extremely high local richness, with estimates ranging from 4,000 to 18,000 unique cassettes per 0.3 

grams of soil. Gene cassettes exhibited a rapid spatial turnover and had a heterogeneous distribution 

across space. More than 84% encoded unknown proteins, 64% of which had no homologs in 

existing databases. These findings provide insights into gene cassette ecology, and highlight the 

diversity in this metagenome. This diversity can generate genomic complexity and drive bacterial 

evolution. I also explore the potential use of integron gene cassettes in accelerating the discovery of 

novel proteins. The gene cassette metagenome represents a huge untapped resource that provides an 

efficient means to shed light on the dark matter of the protein universe. This resource is thus of 

substantial biotechnological importance, particularly for developing small-molecule therapeutics 

and engineering molecular tools.  
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Chapter 1 – Introduction 

 

Types of integrons 

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

and expressing mobile gene cassettes. These elements are common in diverse 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 (1-3), which together 

with their broad taxonomic distribution, suggest they are ancient elements.  

In recent years, one type of integron, the class 1 integron, has received much attention 

because of its role in the dissemination of antibiotic resistance determinants (5). Class 1 integrons, 

due to their association with mobile DNA elements, particularly the Tn402 family of transposons 

(6), have transferred into at least 72 bacterial species (7), and have collectively acquired over 130 

different antibiotic resistance genes (8).  

All integrons of clinical relevance (classes 1 to 5) are found embedded in transposons and 

conjugative elements, providing a distinction with chromosomal integrons, that lack this mobility. 

In general, mobile integrons carry few cassettes, generally encoding resistance to antibiotics. 

Chromosomal integrons encompass hundreds of integron classes and can carry a much larger 

number of gene cassettes of mostly unknown function. Some Vibrio species are known to carry 

hundreds of cassettes within a single integron (9, 10). These large chromosomal integrons have 

been referred to as ‘super-integrons’. Chromosomal integrons are believed to be the ancestors of 

mobile integrons (11, 12).  

Integrons have likely been present in bacterial genomes for hundreds of millions of years. 

This is evident from the phylogeny of chromosomal integrons, which is roughly congruent with the 

16S rDNA phylogeny of their hosts (11, 13). Thus, the occurrence of chromosomal integrons likely 

predates host speciation.  

The distinction between mobile and super-integrons is not as clear cut as has been portrayed 

in the literature, since there is a continuous spectrum of integron structures (14, 15),  nevertheless 

these terms highlight some important characteristics. Mobile integrons facilitate rapid lateral 

transfer into a broad range of taxa, along with the genes they carry, while chromosomal integrons 

drive genomic complexity and phenotypic diversity within lineages (16). 

 

The integron platform: structure and function 

All integrons have three key features that together ensure the successful insertion and expression of 

exogenous gene cassettes. The first is intI, a gene that encodes an integron integrase (IntI), 

responsible for catalysing the insertion of gene cassettes at the second core feature, the integron 
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recombination site (attI) (Fig. 1a) (17). The third feature is the integron promoter (Pc), which drives 

the transcription of integron gene cassettes, with decreasing expression with distance from the 

promoter (Fig. 1a) (18).  

In general, gene cassettes are promoterless, circular open reading frames (ORFs) that 

possess a cassette-associated recombination site (attC) (19). Gene cassettes are commonly 

integrated via recombination between the attC site of the cassette, and the attI site of the integron 

platform (Fig. 1a). Multiple gene cassettes can be sequentially inserted to form an integron cassette 

array. Cassettes may be lost over time, as any gene cassette can be excised from the array. This 

occurs through recombination between two attC sites, resulting in the excision of the intermediate 

gene cassette as a circular DNA molecule (Fig. 1b). In some cases, the excised circular gene 

cassette may be reinserted at the attI site, bringing the cassette closer to the integron promoter 

where its expression can be maximised (Fig. 1b).  

 

attI attC attC

Strength of cassette expression

Pc

intIa

b intI

Pc

Fig. 1. Integron structure and model for gene acquisition and excision. All integrons carry an integron 

integrase gene (intI), an integron recombination site (attI), and gene cassette promoter (Pc). (a) Incoming 

gene cassettes are inserted into the integron at the attI site via attC x attI recombination. (b) Any gene 

cassette can be excised from the cassette array via attC x attC recombination and may be lost or reinserted at 

the attI site where expression is maximised.  
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The insertion and excision of gene cassettes relies on attC sites, which act as recombination 

substrates recognised by IntI. The structure of attC sites involves two core features: the R”-L” arm 

and the L’-R’ arm, separated by a highly variable spacer (16-109 bp) (Fig. 2a) (20, 21). Among 

these domains, only R” and R’ have conserved sequences: 5’-RYYYAAC and 5’-GTTRRRY, 

respectively. Although there is a lack of sequence conservation between attC sites, they do exhibit a 

highly conserved palindromic arrangement. The palindromic arrangement allows the formation of a 

single-stranded cruciform structure by pairing R” with R’ and L” with L’ (Fig. 2b) (22, 23).  

Since gene cassettes are promoterless, it is essential that they be inserted at the attI site in 

the correct orientation, to allow expression from the integron promoter. This is ensured by IntI 

binding specifically to the cruciform of the bottom attC strand (attCbs) only, which is recognised by 

the presence of two to three extrahelical bases (Fig. 2b) (2, 24-27). Therefore cassette insertion (attI 

X attC recombination) involves only the bottom strand of the attC site, forming a single-stranded 

Holliday junction, which is resolved after replication (28). Since attC sites rely more on their 

structure than their sequence, evolutionarily distinct IntI proteins can capture any available gene 

cassette, which collectively carry very different attC sequences. This makes integrons extremely 

successful loci for generating rapid diversity and novel adaptive phenotypes.  

 

 

 

Evolutionary outcomes of gene cassette insertion and excision 

Cassette insertion involves the formation of a single-stranded attC structure, which is then resolved 

via replication (28). Cassette insertion is mediated by IntI, a member of the tyrosine recombinase 

family, which also includes the λ phage integrase and the P1 phage Cre recombinase. In general, 

this family of enzymes follows a common pathway of site-specific recombination as follows. First, 

the recombinase cleaves a single strand of DNA from each of the recombining substrates (29). This 

allows the first strand exchange between the two substrates, forming a recombination structure 

5’ RYYYAAC       ––––––––––

3’ YRRRTTG –––––––––––––

R box

G T

L box

5’ RYYYAAC––––––––C––––––A––––––//––––––––––––––––GTTRRRY 3’

3’ YRRRTTG––––––––G––––––T––––––//––––––––––––––––CAAYYYR 5’

R’’ R’L’L’’

attCts

attCbs
ds-attC

ss-attC attCbs

//

a

b

Fig. 2. Conserved structure of gene cassette attC sites. (a) Palindromic structure of the non-

recombinogenic double-stranded attC (ds-attC). (b) The folded cruciform structure of the recombinogenic 

bottom attC strand (attCbs). Extrahelical bases that extrude out of the folded single-stranded structure are 

shown in bold. 
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known as a Holliday junction (Fig. 3a) (29). This structure is then resolved by a second strand 

exchange, completing the recombination reaction (Fig. 3a) (29).  

Cassette insertion, however, involves the recombination between a double-stranded attI site 

and a single-stranded attC site (bottom strand only), thus ensuring correct orientation of the inserted 

cassette (25, 26). The resulting recombination structure represents an asymmetrical Holliday 

junction (Fig. 3b). Consequently, resolution of this structure via the typical second strand exchange 

would result in abortive recombination products. Instead, this atypical Holliday junction is resolved 

after replication of the complete molecule (28). Therefore, an incoming gene cassette will only be 

inserted into one of the two daughter molecules. Replication of the recombinogenic strand resolves 

the Holliday junction, resulting in the integration of the gene cassette, while replication of the 

alternate strand generates the original substrate prior to the recombination event (Fig. 3b).  

 

 

Replicative resolution thus generates cassette array diversity between daughter molecules. In 

turn, this allows for direct competition between the two daughter integrons, one with the newly 

inserted cassette, and one without. Whichever daughter molecule provides the greatest selective 

advantage will outcompete the other and be driven to fixation. This provides the potential for any 

Fig. 3. Two different pathways for site-specific recombination. (a) The general recombination pathway 

catalysed by members of the tyrosine recombinase family. A single strand on each of the recombining 

substrates is cleaved, allowing for a single strand exchange. This generates a symmetrical Holliday junction, 

which is resolved after a second strand exchange. (b) The integron recombination pathway during cassette 

insertion involves a single strand exchange between the double stranded attI site (ds-attI) and the bottom stand 

of the attC site (attCbs). This generates an atypical Holliday junction, which is resolved after replication (dotted 

black arrows; lagging strand not shown) of the complete molecule. Replication results in one recombinant 

daughter molecule that possesses the inserted cassette, and one daughter molecule that represents the original 

substrate prior to the recombination reaction. 

1st strand 
exchange

2nd strand 
exchange

1st strand 
exchange

Replication 
of Holliday 
junction

ds-attI

attCbs

a

b
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available gene cassette to be sampled with the possibility of returning to the original genotype if the 

novel cassette reduces host fitness.  

 Since replicative resolution during cassette insertion (attI x attC recombination) is a product 

of the single-stranded folding of attC, the same mechanism is likely to be involved in cassette 

excision (attC x attC recombination) (28). This implies that the excision and reinsertion of a 

cassette can result in gene duplication. The excision of a gene cassette will generate one daughter 

molecule that still carries the excised cassette after replication. Consequently, the reinsertion of this 

cassette at the attI site can give rise to an integron that carries two copies of this gene (28). Gene 

duplication has long been recognised as a driving force in evolution (30, 31). It provides the raw 

material for the evolution of new gene functions, where mutations can accumulate in one of the 

gene copies. These mutations can lead to the diversification of gene cassettes and the generation of 

altered or novel functions. Indeed, we see multiple families of gene cassettes that share high 

sequence homology spanning the whole ORF and attC site (8, 32). This diversity may be, at least in 

some part, a product of gene duplication events. Replicative resolution may help explain not only 

the diversification of integron cassette arrays, but also of the gene cassettes themselves.  

 

Gene cassette genesis 

It is still unclear in which genomic backgrounds gene cassettes originate and how they are initially 

formed. The fact that gene cassettes are generally comprised of a single ORF with minimal non-

coding sequence, and lack a promoter region, has led to the hypothesis that cassettes are generated 

by reverse transcription of an mRNA molecule (19, 33). Under this hypothesis, the attC site may be 

added to the gene, either prior to or after the reverse transcription event, to result in the final 

structure of an integron gene cassette.  

Since attC sites resemble rho-independent transcriptional terminators, they may have been 

present in the original transcripts. This in turn would provide a suitable priming site for some as yet 

unidentified reverse transcriptase. This attC-primer RT model, however, has been disputed (34, 35). 

This is largely because a number of gene cassettes, which have their own promoter, or are in the 

reverse orientation relative to their attC site, do not fit this model. A noteworthy example is that of 

the toxin-antitoxin (TA) gene cassettes, which possess their own promoter required for 

autoregulation. TA systems are selfish genes that ensure their own propagation by causing post-

segregational death of any daughter cell that does not inherit the TA locus (36). TA cassettes, which 

are often found in large super-integrons, cause the death of any cell in which the TA cassettes are 

lost. All TA systems are autoregulated by the binding of the antitoxin to their own promoter (37). 

Thus, the presence of a promoter within TA cassettes is inconsistent with this model, since the 

promoter motif cannot be present in the original RNA transcript. 
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The reverse transcription hypothesis has since been updated and proposes gene cassette 

formation to be mediated by group II introns. Bacterial group II introns are both ribozymes and 

mobile elements. They are comprised of a catalytic RNA and an intron-encoded protein, containing 

reverse transcriptase activity. The intron-encoded protein mediates the self-splicing of its mRNA 

transcript, to which it subsequently binds, forming a ribonucleoprotein complex. The intron RNA is 

then inserted into a DNA target site, where it is reverse-transcribed by the intron-encoded protein 

(38). In particular, group IIC introns are known to insert immediately before or after transcriptional 

terminators or similar stem-loop motifs (39, 40). Interestingly, several cases of IIC introns inserted 

immediately prior to attC sites have now been observed (41-44). The intron-encoded proteins of 

these IIC-attC introns have been shown, at least in vitro, to exhibit both RNA-dependent and DNA-

dependent DNA polymerase activity (4). This has led to the proposal of a specific gene cassette 

formation model via IIC introns (Fig. 4) (4, 42).  

The proposed model involves two independent intron insertion events (Fig. 4a). The result is 

one intron downstream of a gene, inserting prior to its transcriptional terminator, and another intron 

copy in an isolated attC site (Fig. 4b). Homologous recombination between the two intron copies 

would bring the gene and the attC site together, forming a gene-intron-attC intermediate (Fig. 4c). 

Self-splicing of the intron from the transcribed intermediate (Fig. 4d-e), followed by reverse 

transcription of the gene-attC RNA template would lead to the formation of a DNA gene cassette 

(Fig. 4f) (4). The newly formed cassette could then be inserted into an integron platform (Fig. 4g).  

orf attC

orf terIIC intron

orf

IIC intron

ter attC

attCIIC intron

orf attCIIC intron

5’

RT5’

orf attC

intI attI

Separate intron insertion events

Homologous recombination between two intron copies

Transcription

Intron self-splicing and formation of ribonucleoprotein

Reverse transcription mediated by ribonucleoprotein

Insertion of new cassette into an integron platform

a

b

c

d

e

f

g
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This model may also address the issues concerning the traditional attC-primer RT 

hypothesis. Gene cassettes that carry an ORF in the reverse orientation could be explained by the 

initial intron insertion site occurring after the transcriptional terminator, rather than before it. This 

would instead allow for the capture of the downstream ORF, which may run in the reverse 

orientation. Such instances would generally prevent expression of the cassette once inserted into an 

integron, and thus be rarely observed. Furthermore, the synthesis of TA cassettes carrying 

promoters could be explained by the possible DNA-dependent DNA polymerase activity of IIC 

introns, although an exact pathway is yet to be presented.    

 

Gene cassette diversity and functionality 

Gene cassettes associated with mobile integrons largely confer resistance to antimicrobial agents. 

More than 130 different antibiotic resistance genes, collectively conferring resistance to nearly all 

classes of antibiotics, have been found associated with mobile integrons (8).  

 Chromosomal gene cassettes, however, encode for proteins of largely unknown functions. 

An analysis of 1,677 gene cassettes from Vibrionales revealed 67% of cassettes encoded completely 

novel proteins, while a further 13% encoded proteins with homologs of unknown functions (3). 

Similarly, Koenig et al. (45) sequenced 2,145 cassettes from four marine sediment samples, and 

found ~80%  encoded proteins with no known homologs (45). There is a small proportion of 

environmental cassettes with characterised homologs. These encode proteins with a wide range of 

predicted functions. The most prevalent of these include acetyltransferases, DNA modification, 

phage-related functions, and TA systems (2, 3). Moreover, 10% to 30% of cassette-encoded 

proteins contain signal peptide domains necessary for membrane association or cellular export (45, 

46), and about 30% of cassettes encode proteins with transmembrane domains (46). The very few 

cassette-encoded proteins that have had their functions experimentally determined include 

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

and dNTP pyrophosphohydrolases (11, 47, 48). Together, these findings suggest gene cassettes can 

provide significant adaptive potential to bacteria and facilitate their interactions with the 

surrounding environment. 

Fig. 4. Proposed model for gene cassette formation via group IIC introns (4). (a) Two separate intron 

insertion events, resulting in (b) one intron copy immediately downstream from a gene (orf), prior to its 

transcriptional terminator (ter), and a second copy prior to an isolated attC site. (c) Homologous 

recombination between the two intron copies results in an orf-intron-attC fusion product. (d) The orf-intron-

attC product is transcribed into mRNA. (e) The intron RNA is spliced out of the transcript, forming an RNA 

lariat that associates with the intron-encoded reverse transcriptase protein (RT) to form a ribonucleoprotein 

complex. (f) Reverse transcription of the mRNA molecule, mediated by the ribonucleoprotein complex, 

generates a DNA gene cassette, which can be (g) inserted into an integron platform at an integron-

associated attachment site (attI). 
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 Analysing the protein-encoded diversity of the gene cassette metagenome could accelerate 

contributions to protein discovery. Existing methods, specifically whole genome and environmental 

metagenomic sequencing, often fail to capture the vast pool of novel proteins that are encoded by 

rare genes. Such rare gene clusters are unlikely to be represented within environmental DNA 

libraries (49). This is demonstrated by the large proportion of proteins that can be assigned 

functions using such methods. Specific functions can be assigned to 76% of ORFs predicted from 

environmental metagenomic data, and 83% of ORFs for completely sequenced genomes (50). 

These proportions increase to 83% and 86%, respectively, when non-specific functions are 

considered (50). 

To overcome this limitation in protein discovery, targeting of rare genes for sequencing may 

be used to prospect the unknown regions of the protein universe. PCR amplification has been 

successfully used to recover entire gene cassettes from environmental DNA (1, 45, 51-53). 

Conserved regions within the attC site of cassettes allow PCR priming (51). This could facilitate 

protein discovery at an unprecedented rate, given the high proportion of novel proteins encoded by 

integron gene cassettes. The gene cassette metagenome thus represents a useful tool that can help 

shed light on the dark matter of the protein universe. This is important for understanding the vast 

array of traits shared by bacteria, and is also of substantial biotechnological importance, particularly 

for developing small-molecule therapeutics and engineering molecular tools. 

 

How big is the gene cassette metagenome? 

Exploration of the cassette metagenome show that it is diverse and ubiquitous. Gene cassettes have 

been recovered from every environment surveyed, including soils and aquatic sediments, human 

and animal microbiomes, the phyllosphere, aquatic biofilms, seawater, and deep-sea hydrothermal 

vents (6, 54-59). These observations suggest that the cassette metagenome encompasses extensive 

genetic novelty, however, the extent of gene richness captured by the cassette metagenome is still 

unknown.  

 Several studies have attempted to address this question, but none has achieved the 

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

estimate. Michael et al. (53) estimated a richness of 2,343 cassettes within a 50 m2 sampling area. 

This estimate, however, was based on cassette length, determined by polyacrylamide gel 

electrophoresis, rather than sequence data. In this study, cassette ‘types’ were defined by size 

differences, with the assumption that there were only two cassettes per size class. 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 for four marine sediment samples (45). This, 
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however, relied upon cloning of 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 a meaningful richness estimate, sampling should also be 

implemented over large spatial scales. This is of particular importance, given that soil samples 

taken from 1-m intervals reveal different PCR-amplification profiles (51), suggesting significant 

spatial heterogeneity of gene cassettes. Determining the rate of spatial turnover and distribution of 

gene cassettes is the first step in understanding the true diversity within the gene cassette 

metagenome. 

In this thesis, I have examined the spatial distribution of integron gene cassettes across sites 

from Australia and Antarctica to assess the biogeography of their functional gene diversity. I found 

that gene cassettes exhibit extremely high local richness, largely encoded novel proteins, have a 

rapid turnover through space, and show great spatial heterogeneity. The gene cassette metagenome 

is thus a vast pool of genetic diversity that can facilitate bacterial genome evolution, and can shed 

light on the dark matter of the protein universe. 
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Chapter 2 –The biogeography of integron gene cassettes: A window into the 

protein universe 

 

This chapter is written as a manuscript for submission to Proceedings of the National Academy of 

Sciences and is formatted accordingly. Figures have been inserted within the text at appropriate 

positions to allow ease of reading and comprehension. Line numbers within the manuscript have 

been removed to conform with the rest of the thesis. 
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Abstract 

One of the goals of genome sequencing is to assemble a catalogue of all existing protein folds. A 

global representation of all proteins is likely to be achieved long before we have sequenced Earth’s 

total biodiversity. However, current sequencing methods are inefficient ways to capture the vast 

pool of novel proteins encoded by rare genes. Integron gene cassettes may provide an alternate and 

rapid means of assessing the diversity of the protein universe. Here, we sequenced whole gene 

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

encoded 27,215 unique proteins, representing an order of magnitude more cassettes than previous 

sequencing efforts. We found that cassettes have an extremely high local richness, with estimates 

ranging from 4,000 to 18,000 unique cassettes per 0.3 grams of soil. We show that gene cassettes 

exhibit a rapid spatial turnover, have a heterogeneous distribution across space, and 84% encoded 

unknown proteins, 64% of which are undocumented in existing databases. Our findings provide 

useful insights into the vast array of traits available to bacteria with access to the gene cassette 

metagenome. We also highlight the cassette metagenome as a huge untapped resource that sheds 

light on the dark matter of the protein universe.  
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Significance statement 

Novel protein discovery is exhibiting diminishing returns from genomic and metagenomic analyses. 

Consequently, the size and diversity of the protein universe remains unknown. Here, we show that 

by targeting environmental gene cassettes from integrons, we can raise the discovery rate of entirely 

novel protein-encoding genes to more than 50% of recovered sequences. We show that this resource 

is extremely rich and that cassettes have a rapid spatial turnover. This diversity, spatial 

heterogeneity, and novelty highlight the gene cassette metagenome as a vast resource for bacterial 

evolution. Their recovery efficiently illuminates the dark matter of the protein universe. Targeted 

sequencing of integron gene cassettes, as proposed here, could facilitate the complete mapping of 

the global protein-fold repertoire. 
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Main Text 

Our understanding of the protein universe relies on existing data from sequencing projects. A 

comprehensive protein catalogue could be assembled long before we have sequenced the global 

biome (1). This is primarily due to the inherent similarity between proteins, resulting from a shared 

evolutionary origin (1). Consequently, a global representation of the entire protein-fold repertoire, 

which must ultimately be finite (2), may be within reach.  

Current sequencing methods, however, provide diminishing returns in terms of protein 

discovery (1, 3). Specifically, whole genome and environmental metagenomic data often fail to 

capture the vast pool of novel proteins that are encoded by rare genes. Such rare gene clusters are 

unlikely to be represented within environmental DNA libraries (4). To overcome this limitation, 

targeting rare genes will enhance protein discovery. Integron gene cassettes can be useful for this 

purpose since they are widespread in nature, and largely encode novel proteins (5).  

Integrons are bacterial genetic elements that can capture, rearrange, and express mobile gene 

cassettes. They are ancient elements that act as hotspots for generating genomic complexity and 

adaptive phenotypes. Integrons and their gene cassettes have recently played a significant role in 

disseminating antibiotic resistance among pathogens (6, 7). However, little is known about gene 

cassettes outside of clinical settings, even though we know they play an important role in bacterial 

adaptation and genome evolution (8, 9). All integrons of clinical relevance (classes 1 to 5) are 

embedded within mobile DNA elements, which provides a point of distinction from chromosomal 

integrons that lack this mobility. In general, mobile integrons carry few cassettes, often encoding 

resistance to antibiotics. Chromosomal integrons, which include hundreds of integron classes, 

generally carry a much larger number of gene cassettes of mostly unknown function. Some Vibrio 

species carry hundreds of cassettes within a single integron (8, 10).  

Gene cassettes are 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 (11-15). In these locations, the gene cassette metagenome acts as a 

vast, floating resource for bacterial evolution. However, the extent of genetic diversity and gene 

richness captured by the gene cassette metagenome remains unknown. In general, 65% to 80% of 

open reading frames (ORFs) in cassettes have no known homologs (16-18). Exploring the nature and 

ecology of the cassette metagenome is a priority for better understanding bacterial diversity and 

integron-mediated adaptation. 

 Gene cassettes are flanked by conserved recombination sites (attC) that can be targeted by 

PCR, allowing entire cassettes to be recovered from environmental DNA (5, 17-19). This approach 

facilitates sequence-independent recovery of diverse ORFs present in bacterial communities. This 

has a two-fold benefit: first, the diversity, richness, and biogeography of gene cassettes can be 
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explored; and second, novel proteins may be discovered at an unprecedented rate, given that 

cassettes commonly encode proteins with unknown functions. The gene cassette metagenome is 

therefore a key tool for exploring the protein universe, and for asking critical questions about the 

biogeography of functional gene diversity. 

 Here, we examine the spatial distribution of mobile gene cassettes across diverse sites in 

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

richness, largely encode novel proteins, have a rapid spatial turnover, and show great spatial 

heterogeneity. We show that the gene cassette metagenome carries a vast pool of genetic diversity 

and highlight its potential use in sampling the protein universe. 

 

 

 

 

 

 

 

 

 

 

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 Macquarie University 

campus (blue circle), and 13 from Herring Island (red triangle). 
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Table 1. Location and description of sampling sites.  

Site Site description GPS coordinates Number of samples 

Macquarie University 

campus (NSW) 

Urban parkland 33°46’18.26”S 

151°6’39.89”E 

11  

Herring Island 

(Antarctica) 

Antarctic soil 66°24’36.76”S 

110°39’17.40”E 

13 

Rodges (Sturt National 

Park, NSW) 

Semi-arid sandy soil 29°7’1.67”S 

141°36’32.25”E 

6 

Corner (Sturt National 

Park, NSW) 

Semi-arid sandy soil 29°1’29.11”S 

141°10’40.28”E 

6 

Olive Downs (Sturt 

National Park, NSW) 

Semi-arid rocky soil 29°6’36.38”S 

141°57’7.99”E 

6  

Pulgamurtie (Sturt 

National Park, NSW) 

Semi-arid rocky soil 29°5’4.47”S 

141°38’9.80”E 

6 

 

 

Results and Discussion 

Gene cassette abundance and richness 

We sequenced 44,970 gene cassettes from the 48 soil samples listed in Table 1. This represents the 

largest gene cassette library currently available. The cassette library encoded 27,215 unique 

proteins (see Methods section for redundancy criteria). 

Gene cassettes had extremely high local richness. Chao 1 (20) and squares (21) estimates 

(using 100 randomizations of the data) predict 4,000 to 18,000 unique cassettes in any one 0.3 g soil 

sample (Fig. S1-S3). 

Any of these gene cassettes could potentially be inserted into any of the hundreds of classes 

of integron that have now been described (19, 22, 23). This highlights the role of the gene cassette 

metagenome in facilitating genomic complexity and adaptation in bacterial communities. These 

numbers are likely to be underestimates of cassette diversity due to primer bias during PCR 

amplification. The primer pair used here was originally designed against a database that largely 

contained attC sites from antibiotic resistance gene cassettes found on class 1 integrons (5). It is 

clear that the primer set does not cover the full diversity of this family of recombination sites. 

Nevertheless, it provides the best richness estimate of gene cassettes to date. 

 

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 localized occurrence (Fig. 2). Very few cassettes occurred at high abundance. Even 
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high abundance cassettes predominantly exhibited 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. Under this hypothesis, the 

majority of cassettes are likely to be short-lived, occur at low abundance, and possess very limited 

spatial distributions. However, in the rare case where a gene cassette provides a substantial selective 

advantage, it can rapidly increase in both abundance and distribution.  

The majority of cassette types 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% – 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). 

 

 

 

 

 

 

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

coverage per million Illumina sequence reads (colour 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. 
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A small subset of cassettes was found in all samples across all sites (Fig. 3d). 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 involved 

in virulence, cell membrane association, protein secretion, signal transduction, defence 

mechanisms, transport, energy production, protein modification, DNA recombination, and DNA 

repair and ligation, and even included a CRISPR-associated helicase. For a full list of functions 

associated with these ubiquitous cassettes, see Table S1. 

 

 

 

 

 

 

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

selection, dispersal, and time. We propose that a gene cassette is locally generated within a single 

cell. This is likely to be the present state of most gene cassettes on the planet, existing as a single 

copy, or very few copies, at a single location on the globe. If, however, a newly generated cassette 

provides a significant selective advantage, its abundance will increase, initially through clonal 

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. 
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expansion. Its presence may then become detectable across multiple samples within the same 

locality as selection increases a cassette’s abundance and prevalence. 

  Over larger spatial scales, dispersal ability must play a major role for the distribution of 

gene cassettes. 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, which are embedded within transposons, plasmids and integrative-conjugative elements 

(ICEs) (9, 11). The most notable examples include antibiotic resistance cassettes, which have 

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

integrons, and of the gene cassettes themselves (7, 24). However, most classes of integrons are 

located on bacterial chromosomes, where horizontal transfer is a much rarer occurrence. 

Consequently, they depend on vertical transfer within shorter timeframes (9, 25). 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 (26), by proxy, will also have an 

increased capacity for dispersal.  

  Colonisation of a wide range of environments is dependent on both the ability to disperse 

and the ability to confer a selective advantage in new locations. This limits the number of individual 

gene cassette types that can occur at multiple locations. Conversely, there are a number of cassettes 

that can be found in all samples, regardless of location, suggesting that these cassettes confer 

phenotypes with general utility (Fig. 3). Gene cassettes that are able to provide a selective 

advantage in diverse types of environments are also likely to provide an advantage across long 

temporal scales. Therefore, the number of cassettes that occur ubiquitously will likely accumulate 

over time. 

 Gene cassettes that can disperse across global scales and provide a universal selective 

advantage are likely to be present everywhere. Indeed, some gene cassettes that occurred in every 

sample in the present study have also been captured using the same PCR-system in additional sites 

from Australia, Canada, and France (18, 19, 27, 28). 

 

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-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. 

The rate of decay over distance varied between regions (Fig. 4), with individual slopes ranging from 
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-0.05 to -0.15. This suggests that site ecology affects the degree of spatial turnover, and that rates of 

cassette dispersal are dependent 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 floating genome that can be drawn upon by diverse bacteria, and that could 

be exploited as a new source of gene diversity. 

 

 

 

 

 

 

Functional novelty of gene cassettes 

In addition, our results suggest that the gene cassette metagenome may provide a significant 

untapped resource for protein discovery. This is highlighted by the extremely high diversity at a 

given sampling point, as well as the functional novelty of uncovered cassettes. Approximately 54% 

of the cassettes we recovered encoded proteins with no known homologs, and a further 30% had 

homologs, but were of unknown function. This is comparable to a previous analysis of gene 

cassettes from Vibrio, which found 78% were either novel or of unknown function (16), and other 

metagenomic approaches, which determined 78% – 80%  of cassettes encoded novel proteins (17, 

18). Targeting gene cassettes for sequencing could therefore provide an unprecedented capacity for 

protein discovery.  

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

distances. Across all data, pairwise similarities for gene cassette composition (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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The proportion of novel proteins with no known homologs recovered by the methodology 

presented here is much greater than existing methods. Specific functions can be assigned to 76% of 

ORFs predicted from environmental metagenomic data, and 83% for completely sequenced 

genomes (3). These proportions increase to 83% and 86%, respectively, when non-specific 

functions are considered (3). Our PCR-based approach thus represents an efficient strategy to 

prospect for novel ORFs in the unknown regions of the protein universe.  

 

Methods 

Isolation of environmental DNA 

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

Park, NSW; and Macquarie University, NSW) and one Antarctic location (Herring Island) (Fig. 1; 

Table 1). Details of sample collection have been previously described for Sturt National Park (29, 

30), which comprised of two semi-arid rocky land systems (Pulgamurite 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 m, and 102 

m. DNA was isolated from 0.3 g of each soil sample by previously described bead-beating methods 

(31). 

 

PCR amplification and DNA sequencing 

To amplify complete integron gene cassettes, the primers HS286 and HS287 were used (5). These 

primers target the conserved sequences for integron attC recombination sites, which flank integron-

associated gene cassettes. 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, 72°C for 5 min for 35 cycles; and a final 

cycle at 72°C for 5 min. PCR efficiency was assessed using 1% agarose gel electrophoresis. 

 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 samples from Macquarie University, and 13 samples from Herring Island. Prior to 

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

per the manufacturer’s instructions. All PCR products were sequenced on an Illumina HiSeq2500 

platform in two runs (24 samples multiplexed) at the Macrogen sequencing facility (Seoul, South 

Korea).    
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DNA sequence assembly and gene cassette annotation 

Illumina paired-end (101 bp) reads were first trimmed using Sickle (v1.33) (32) 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) (33). Paired-end reads and single reads were assembled using the 

Megahit Metagenomic Assembler (v1.1.1) (34).  

 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) (35). 

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 the conserved attC regions at each terminus (5).  

Genes and translated proteins were called from the filtered contigs using Prokka (v1.12-

beta) (36). To measure the total number of unique protein-coding gene cassettes, all translated 

proteins were compiled into a non-redundant database using CD-HIT (v4.6) (37, 38). A sequence 

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

was implemented during clustering. 

 

Pairwise protein alignments 

A total of 1,128 pairwise protein alignments between the 48 metagenomic samples were made using 

DIAMOND (v0.8.33.95) (39). The similarity between any two samples was measured using a 

rescaled Forbes index (40). The Forbes index was selected as it is less downward-biased relative to 

other pairwise similarity coefficients for highly diverse datasets (40). Within a pairwise 

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

above-mentioned redundancy criteria. 
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Chapter 3 – Final discussion and concluding remarks 

 

In this thesis, I have shown that integron gene cassettes have an extremely high local richness, 

ranging from 4,000 to 18,000 cassettes per 0.3 grams of soil, have a rapid turnover through space, 

exhibit significant spatial heterogeneity, and largely encode novel proteins. Several important 

implications arise from these findings. First, this study provides the most in-depth analysis to date 

of the ecology of the gene cassette metagenome; second, the extent to which gene cassettes can 

facilitate genome complexity and drive bacterial evolution is shown; and finally, these results 

highlight the potential use of integron gene cassettes in accelerating the discovery of novel proteins. 

 

Gene cassette ecology 

 Gene cassettes are predominantly rare. This was evident from the majority of cassettes being 

present in only one soil sample. 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. This pattern fits the hypothesis that gene cassettes are ubiquitous and 

are generated at any given locality across a landscape. However, somewhat more surprisingly, the 

number of gene cassettes that were present in 80% to 100% of samples increased again. This 

indicates that a subset of the gene cassette pool is extremely common, or even ubiquitous, within 

the global soil microbiome. While most gene cassettes have a limited spatial distribution, a select 

few must confer a universal advantage and thus have the capacity to disperse and persist in a broad 

range of environment types across the globe. The functions of these cassettes are clearly worth 

further investigation. The widespread distribution of these cassettes may be a result of their mobile 

nature, facilitating repeated horizontal transmission events, or as a consequence of host cell 

dispersal over time.  

Cassettes that are able to provide a universal advantage are also likely to provide an 

advantage across long temporal scales. Therefore, the number of cassettes that occur ubiquitously 

likely accumulate over time. This opens the possibility of a floating genome to be shared among 

diverse bacteria existing in very different environment types. 

 It should be noted that among the cassettes detected here, there were no instances of the 

typical antibiotic resistance cassettes that are commonly associated with clinical integrons (1). This 

further demonstrates the rarity of any particular cassette type within an environmental sample. It is 

likely that the cassettes currently driving the global resistance crisis have become common in 

clinical contexts precisely because of the drivers outlined above. Under antibiotic selection, capture 

of resistance cassettes conferred a significant advantage, and their location on mobile elements then 
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allowed rapid dispersal between cells. Colonisation of human commensal and pathogenic bacteria 

then provided a means for global dissemination over the last 80 years (2, 3). 

 The extremely high local richness of gene cassettes, in conjunction with their spatial 

heterogeneity and rapid turnover through space, indicates that the gene cassette metagenome is of 

immense size. Any bacterium in possession of the gene-capturing integron system has access to the 

genetic diversity within this metagenome. Since gene cassette acquisition relies more on the 

conserved structure of attC sites, evolutionarily distinct integrons can capture any available gene 

cassette, which collectively carry very different attC sequences (4, 5).  

 One interesting observation to be made is the disproportionately large number of resistance 

cassettes that are carried by mobile integrons. Such integrons, embedded within mobile DNA 

elements, can rapidly spread across broad phylogenetic boundaries with access to a significant 

portion of the gene cassette metagenome. Indeed, cassettes associated with mobile integrons appear 

to have been collected from multiple genomic backgrounds. This can be inferred by the inconsistent 

codon usage of their cassette ORFs, and the vast sequence diversity of their attC sites (6). In 

contrast, chromosomal integrons have cassette arrays with highly similar attC sites (7-10). 

Homologous attC sites are species-specific and cluster according to host topology (8, 9). This 

provides a clear distinction, whereby chromosomal integrons generally recruit gene cassettes of 

intraspecific origin, while mobile integrons disperse between species sampling cassettes of diverse 

origins. Despite the heterogenous origins of cassettes associated with mobile integrons, they exhibit 

remarkably homogenous functionality, with the majority of cassettes conferring resistance to 

antibiotics.  

  A likely explanation is that resistance cassettes largely function as single genes, with 

minimal disturbance to the existing genome. In general, the successful integration of heterologous 

genes in a new host depends on their interaction with specific components of gene regulatory 

networks and host physiology (11, 12). Cassettes associated with chromosomal integrons are 

unlikely to disturb host physiology and metabolism given their intraspecific origin. In mobile 

integrons, however, heterologous cassettes are much more likely to be disruptive to host fitness. 

This may explain why the majority of cassettes associated with mobile integrons encode antibiotic-

modifying enzymes that function without significant cellular interactions (1). These cassettes 

largely encode acetyltransferases, β-lactamases and nucleotidyl transferases (1). In contrast, genes 

conferring antibiotic resistance through regulatory mechanisms are rarely observed within mobile 

integrons (1). This suggests that mobile integrons would never have proliferated if it were not for 

the sustained selection pressure from human antibiotic use. Such elements are now being classed as 

xenogenetic DNAs, which are defined as DNA molecules with a recent origin, and whose assembly 

and dissemination was driven by human activities (13). 
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Functional diversity of gene cassettes 

Outside of clinical settings, it is clear that the gene cassette metagenome encodes a functionally 

diverse range of proteins. This is evident from the examination of the 596 gene cassettes that were 

found in all samples in the present study. General functions could be assigned to less than 13% of 

these ubiquitous cassette-encoded proteins, yet even these cover a wide range of biological 

functions. These include virulence factors, cell membrane association, protein secretion, signal 

transduction, defence mechanisms, transport, energy production, protein modification, DNA 

recombination, and DNA repair and ligation. Interestingly, one of these ubiquitous cassettes 

encoded a CRISPR-associated helicase. For a full list of functions associated with these ubiquitous 

cassettes, see Table S1 (Appendix). 

Such functional diversity supports findings from previous studies. Similarly, functions that 

have been previously assigned to the few chromosomal gene cassettes with characterised homologs 

also exhibit considerable diversity. These include DNA modification, toxin-antitoxin systems, 

phage-related functions, isochorismatases, acetyltransferases and virulence factors (6, 14, 15). 

Further, a number of gene cassettes have had their functions experimentally determined, including 

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

and dNTP pyrophosphohydrolases (9, 16, 17). To add to this functional repertoire, a large number 

of cassette-encoded proteins possess conserved domains involved in membrane association and 

cellular export (8, 15). Such domains signify the role gene cassettes play in mediating interactions 

between host bacteria and their surrounding environment.  

Here, I have shown the extremely high gene richness existing within the cassette 

metagenome, which, along with its considerable functional diversity, indicate that gene cassettes 

must play a significant role in driving phenotypic diversity and adaptation in bacteria.   

 

Sampling the protein universe 

 This broad functional diversity, however, is associated with a small proportion of gene 

cassette that encode proteins with characterised homologs. This study compiled the largest gene 

cassette library to date and revealed that 84% of cassettes encoded proteins that were novel or of 

unknown function. Similarly, previous studies estimated between 78% – 80%  of cassettes encoded 

novel proteins (15, 18). The high number of novel proteins detected, relative to the sequencing 

effort of this PCR-based approach, presents a promising opportunity for protein discovery.  

Our understanding of the protein universe relies on existing data from previous sequencing 

projects, and a globally representative map should be reached long before we have sequenced 

Earth’s biodiversity (19). Existing sequencing methods, however, provide diminishing returns in 
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regards to protein discovery (19, 20). To capture the diversity of existing protein families, efforts 

should focus on the vast pool of novel proteins that are encoded by rare genes. Such rare gene 

clusters are unlikely to be represented within environmental DNA libraries (21). The 

overrepresentation of rare and novel proteins encoded by the gene cassette metagenome, as shown 

in this thesis, indicates that a targeted metagenomic approach via gene cassette PCR can help 

increase rates of novel sequence accumulation. Furthermore, the high local richness and spatial 

heterogeneity of gene cassettes implies that repeated cassette sequencing projects would 

substantially increase the number of known proteins. Consequently, a full representation of the 

global protein fold repertoire, which must ultimately be finite (22), may be within reach. 

In order to enhance our understanding of the gene cassette metagenome, and more generally, 

the protein universe, further gene cassette sequencing projects would be useful. Additional 

sampling across greater spatial scales may allow for a global estimate of the size of the gene 

cassette metagenome. Furthermore, sampling over temporal scales may provide information on the 

timeframes in which gene cassettes are generated. Such studies are necessary to reveal the ecology 

and evolution of integron gene cassettes. 
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Appendix – Supplementary data 

 

 

 

 

  

Fig. S1. Richness extrapolation curves for Macquarie University samples. Cassette richness 

obtained from number of Illumina sequence reads based on Chao 1 (red) and squares (blue) 

analyses. Plots a to k correspond to the 11 samples from the Macquarie University sampling site.  
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Fig. S2. Richness extrapolation curves for Herring Island samples. Cassette richness obtained 

from number of Illumina sequence reads based on Chao 1 (red) and squares (blue) analyses. Plots 

a to m correspond to the 13 samples from Herring Island, Antarctica. 
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Fig. S3. Richness extrapolation curves for Sturt National Park samples. Cassette richness 

obtained from number of Illumina sequence reads based on Chao 1 (red) and squares (blue) 

analyses. Plots a to f correspond to the 6 samples from Rodges; g to l correspond to the 6 samples 

from Corner; m to r correspond to the 6 samples from Olive Downs; and s to x correspond to the 6 

samples from Pulgamurtie. 
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Table S1. Proteins encoded by the 596 gene cassettes that were present in all 48 soil samples.  

Cassette-encoded protein 

 

Number of cassettes that 

encode protein 

Novel hypothetical protein 394 

Conserved hypothetical protein 125 

Transposase 4 

Type II secretion system protein 3 

HNH endonuclease 3 

Glyoxylase / bleomycin resistance family protein 3 

TonB energy transducer 2 

Cation transporter 2 

GNAT family N-acetyltransferase 2 

Barnase inhibitor 2 

Cas3, CRISPR-associated helicase  1 

Putative membrane protein 1 

GFA family protein 1 

DNA ligase, LigD 1 

2-hydroxy-3-oxopropionate reductase 1 

Electron transfer Ferredoxin protein 1 

Periplasmic TRAP transporter protein 1 

COXI, cytochrome c oxidase subunit I 1 

Phosphoribosylglycinamide formyltransferase 1 

carbamoyl-phosphate synthase large subunit 1 

Glycoside hydrolase superfamily protein 1 

Methionine synthase I 1 

TP_methylase superfamily protein 1 

Dihydrofolate reductase 1 

Carboxypeptidase-like, regulatory domain 

superfamily 1 

ACT domain-containing protein 1 

Suppressor of fused protein domain protein 1 

Virulence factor protein 1 

1,4-dihydroxy-2-naphthoyl-CoA synthase 1 

Malate dehydrogenase 1 

DNA methylase 1 

luciferase family oxidoreductase 1 

Dehydrogenase 1 

glycine/betaine ABC transporter substrate-binding 

protein 1 
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Fe-S cluster assembly protein SufB 1 

Putative lactoylglutathione lyase 1 

NDP-hexose 4-ketoreductase 1 

NACHT domain-containing protein 1 

Epoxide hydrolase 1 

Peptidase 1 

Dihydrolipoyl dehydrogenase 1 

Homoserine kinase 1 

RecF DNA replication and repair protein 1 

Sensor histidine kinase 1 

Deaminase 1 

6-carboxytetrahydropterin synthase 1 

Beta-lactamase 1 

PKD domain protein 1 

ATP-binding protein 1 

XRE family transcriptional regulator 1 

ATP-dependent Clp protease ATP-binding subunit 1 

Putative transcriptional regulator 1 

Endolytic transglycosylase 1 

Helix-turn-helix transcriptional regulator 1 

Modification methylase PaeR7I 1 

SnoaL-like domain protein 1 

Nucleotidyltransferase 1 

DNA primase-like protein 1 

N-acetyltransferase 1 

MBL fold metallo-hydrolase 1 

Carbohydrate ABC transporter permease 1 

HAD family hydrolase 1 

Glycosyl transferase 1 

FAD-binding protein 1 

DNA polymerase III alpha subunit 1 

VWA domain-containing protein 1 
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