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Abstract

The shrinking antibiotic development pipeline together with the global increase in antibiotic
resistant infections requires that new molecules with antimicrobial activity are developed.
Traditional empirical screening approaches of natural and non-natural compounds have identified
the majority of antibiotics that are currently available, however this approach has produced
relatively few new antibiotics over the last few decades. The vast amount of bacterial genome
sequence information that has become available since the sequencing of the first bacterial genome
more than 20 years ago holds potential for contributing to the discovery of novel antimicrobial
compounds. Comparative genomic approaches can identify genes that are highly conserved within
and between bacterial species, and thus may represent genes that participate in key bacterial
processes. Whole genome mutagenesis studies can also identify genes necessary for bacterial
growth and survival under different environmental conditions, making them attractive targets for
the development of novel inhibitory compounds. In addition, transcriptomic and proteomic
approaches can be used to characterize RNA and protein levels on a cellular scale, providing
information on bacterial physiology that can be applied to antibiotic target identification. Finally,
bacterial genomes can be mined to identify biosynthetic pathways that produce many intrinsic
antimicrobial compounds and peptides. In this review, we provide an overview of past and current
efforts aimed at using bacterial genomic data in the discovery and development of novel
antibiotics.
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1. Introduction

Widespread antibiotic resistance poses an important threat to modern medicine. Infections
caused by antibiotic resistant strains from multiple bacterial species continue to increase in
incidence, and in some cases there are only a few antibiotics with appropriate antimicrobial
activity that continue to be effective. Recent reports describing the identification and spread
of antibiotic resistance genes that reduce susceptibility to “last resort” antibiotics such
carbapenems and colistin add to concerns that infections that are untreatable with currently
available antibiotics may become a reality [1,2]. The United States Centers for Disease
Control and Prevention published a “Threat Report” in which it was estimated that more
than 2 million individuals acquire antibiotic resistant infections every year in the U.S. alone,
resulting in approximately 23,000 deaths [3]. The future global impact of antimicrobial
resistance has potential to be devastating, as a government commissioned study in the United
Kingdom estimated that by the year 2050, 10 million deaths per year could result from
antimicrobial resistance in certain bacterial, viral and parasitic infections if current trends
continue [4]. The economic implications of antimicrobial resistance also warrant concern
given estimates from the same study indicating that by 2050 the unabated increase in the
incidence of resistant infectious and their associated mortality could result in a reduction in
the global gross domestic product of between 2% and 3.5% (approximately $100 trillion
between 2014 and 2050).

In light of these estimates, it may seem obvious that efforts to develop new antibiotics with
novel mechanisms of action should be a priority. However, in spite of the fact that the need
for new antibiotics has been outlined by a number of experts [5,6,7], there has been a dearth
of novel molecules approved for clinical use over the last three decades [8,9]. A major factor
contributing to the dwindling antibiotic pipeline is the decreasing number of companies
within the pharmaceutical sector that continue to pursue the development of novel
antimicrobials [10]. While decreased profitability compared to other clinical indications that
require longer term therapy is commonly cited as a major contributing factor to a reduction
in active antibiotic development programs, there are other factors that likely also play a role
in this decline. The antibiotics that have been developed to date using traditional discovery
methods that employ high throughput screening of natural compounds may be those
molecules that are most readily identified using these methodologies [11]. For example, the
screening of natural products synthesized by actinomycetes and different fungal species has
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been successful in identifying novel antimicrobial compounds. However, the molecules that
were previously identified may represent the antimicrobial compounds that are most
commonly produced by these microorganisms, and were thus more easily detected using
these traditional approaches. Although natural product screening can continue to be
optimized to identify less abundant molecules, the yield of these techniques in terms of the
number of new compounds that are identified may not return to levels seen during the
decades between the 1930’s and 1970’s, which saw the introduction of multiple new
antibiotics with novel mechanisms of action. For these reasons, the chemical modification of
previously identified molecules with known targets is increasingly being employed for
antibiotic development [12,13]. An obvious limitation of this approach is that only a finite
number of modifications can be made to existing compounds. Perhaps more worrisome,
however, is the fact that this approach may not result in the development of new compounds
with novel mechanisms of action, an issue of critical importance given that resistance to one
compound within an antibiotic class often produces cross resistance to other antibiotics
within the same class.

The increasing number of bacterial genome sequences, together with techniques that permit
global transcriptional and proteomic profiling of bacterial cells under different conditions,
may provide information that can be applied to the development of novel antimicrobials. In
this review, we provide an overview of how bacterial genomes have been employed in the
search for new antibiotics since the first complete bacterial genome sequence was available
in 1995 [14], and provide examples from the recent literature that demonstrate current
efforts related to antimicrobial development that are being undertaken in order to exploit the
massive amount of information that the genomic era has provided.

In this context, a number of recent initiatives aim to facilitate the development of novel
antimicrobials and their introduction into the clinic. In 2014 an Executive Order signed by
President Obama entitled Combating Antibiotic-Resistant Bacteria aimed to take a
comprehensive approach toward preventing the emergence of antimicrobial resistance and
developing next generation antibiotics (www.whitehouse.gov/the-press-office/2014/09/18/
executive-order-combating-antibiotic-resistant-bacteria). This initiative provides 1.2 billion
USD to fund a coordinated effort involving multiple government agencies in the fight
against antibiotic resistance. Additionally, the Innovative Medicines Initiative’s New Drugs
for Bad Bugs initiative, which is funded by the European Commission, aims to facilitate the
development and evaluation of novel antimicrobials by creating public private partnerships
that take advantage of capacities within the public sector to advance products in the
pharmaceutical industry’s antimicrobial pipeline [15]. In 2016, the CARB-X initiative was
launched in order to accelerate development of new antimicrobials in the preclinical stages
of development with the goal of advancing them into clinical testing. Over the first five
years, the CARB-X initiative aims to promote the advancement of at least 20 new
compounds into human trials [16].

2. Target based antibiotic discovery

Traditionally, the identification and development of compounds with antibacterial activity
has relied upon the empiric testing of both natural and non-natural compounds with
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exponentially growing bacterial cells. This approach, together with the development of
analogues of compounds showing antibiotic activity through chemical modification, has
been the mainstay of the pharmaceutical industry and has produced the majority of
antibiotics approved for clinical use. It is worth noting that the screening of compound
libraries and the modification of existing antimicrobials continue to be used extensively
within the pharmaceutical and biotechnology sectors for the identification of compounds
with antibacterial activity [11,13]. Over the last two decades, the availability of genome
sequencing techniques and transcriptomic and proteomic approaches that permit the global
characterization of bacterial components have raised the possibility that antibiotic discovery
can be performed by first identifying high value bacterial targets, and then developing
compounds that inhibit these targets. Once bacterial targets with the desired characteristics
are identified (discussed below), these targets can be incorporated into /n vitro biochemical
assays that permit high throughput screening of chemical libraries for the identification of
inhibitory compounds (Figure 1). The antibacterial activity of hits identified during high
throughput screening can then be characterized using standard assays with bacterial cells.
Leads that demonstrate adequate antimicrobial activity can then be further developed in
preclinical and clinical studies similarly to molecules identified using traditional discovery
methods.

The major advantage of target based antibiotic discovery is that, at least in theory, it
facilitates the identification of compounds that target bacterial components with desirable
characteristics. This approach thus prompts the question, “What characteristics should ideal
targets for the development of new antibiotics have?” A number of criteria that novel
antibiotic targets should meet have been proposed and used as the basis for studies aiming to
identify novel bacterial targets [13,17]. A key characteristic of novel targets is that they are
present in the majority of pathogenic strains within a species, and that they are highly
conserved at the sequence level between different strains. Fortunately, the increasing use of
molecular typing methods and the availability of dozens to thousands of bacterial genomes
for many pathogenic species facilitate these studies [18]. It is also desirable to exclude
potential targets that have human counterparts in order to avoid potential toxicity. While
toxicity studies must clearly be performed on any new compound intended for human use,
comparative analyses of potential bacterial targets and human genome sequences can
identify bacterial components that share homology, and may thus produce undesired effects
on the host. An additional critical characteristic of an antibiotic is that its target is expressed
and active during human infection, thus ensuring that inhibitory compounds have
antimicrobial activity under physiologic conditions. As described in detail later in this
review, advances in transcriptomic and proteomic techniques have greatly facilitated the
global characterization of bacterial gene expression under different environmental
conditions. A final consideration for the identification of novel targets for the development
of antibiotics is the essentiality of the bacterial component being targeted. It seems logical to
assume that bacterial components necessary for growth and survival would serve as ideal
targets for the identification of inhibitory compounds that demonstrate antibacterial activity.
As described below, the identification of so-called “essential genes” in bacterial genomes
has been an area of intensive study.
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Although target based approaches permit the identification of bacterial components with
characteristics that are desirable for the development of novel antibiotics, they are not
without their disadvantages. Perhaps the primary limitation associated with target based
approaches is the potential for compounds that demonstrate inhibitory activity against their
cognate target in biochemical assays to demonstrate poor antimicrobial activity when used
with bacterial cells. While biochemical assays with purified targets can provide very precise
data regarding the inhibitory capacity of compounds, they do not provide information
regarding the action of a compound on its target in the physiological context of a bacterial
cell. A number of possibilities could limit the activity of hits identified using /in vitro assays
in experiments that directly assess antimicrobial activity on bacterial cells. One possibility is
limited access of the inhibitory compound to its target due to low permeability of the
bacterial membrane, or the action of efflux pumps that remove the compound from the
interior of the cell. A second possibility is functional redundancy in which the function of
the inhibited target can be carried out by other bacterial components. An additional
limitation associated with the use of biochemical assays that are employed in target based
approaches is that certain bacterial processes, some of which have been shown to be
essential for viability, are difficult to reconstitute with /n vitro assays. This may be especially
relevant for some of the more complex bacterial processes, such as translation and
membrane biosynthesis, targets of previously developed antibiotic classes. A final limitation
associated with target based approaches is that, in contrast to empirical approaches, a large
amount of information (e.g. genome sequences from different strains/species) is typically
required in order to initiate studies aiming to identify high value targets.

3. Comparative Genomics

With the sequencing of the first bacterial genome in the mid-1990s [14] came the hope that
genomic information could be interrogated to identify novel targets that would facilitate
antibiotic discovery. In the following two decades, advances in sequencing technologies
enabled the rapid sequencing (a few hours) of microbial genomes at a cost that continues to
decrease, and can now be achieved for a few hundred dollars per genome [19,20]. Together
with the development of bicinformatic applications that facilitate assembly and annotation
[21,22,23], these advances have permitted the sequencing and analysis of thousands of
bacterial genomes. This is evidenced by the fact that in a span of only five years between
2009 and 2014 the number of prokaryotic genome sequence submissions to NCBI increased
from less than 1,000 to more than 14,000 [18].

As described above, antimicrobial compounds should ideally target highly conserved
bacterial components that are expressed in the majority of pathogenic strains within a
species. Comparative genomic approaches can facilitate the rapid identification of targets
that meet these criteria and provide information regarding the putative functions of identified
targets by identifying sequence homology to proteins with known functions. This purely
bioinformatic approach may be only the first step in elucidating genes of interest, as
subsequent experimentation aimed at characterizing the role of the identified target in
pathogenesis, the extent to which they are expressed during infection, and their essentiality
can provide additional information necessary for identifying high value targets. The
availability of numerous genome sequences for a given bacterial species permits the
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determination of the species’ core genome [24,25], those genes that are present in all, or the
majority, of sequenced strains. Based on the idea that the presence of these genes in the
majority of strains indicates that they are likely to participate in key bacterial processes, the
elucidation of core genomes can provide an initial step for antibiotic target identification.
Recently, core genomes have been proposed for multiple bacterial species associated with
multidrug resistance. Two studies with Escherichia colihave identified approximately 3000
genes as those comprising the core genome of the roughly 5000 genes that are typically
present in a single E. colistrain [18,26]. The potential that core genome analysis has in
excluding genes that may not represent ideal targets for antibiotic development is
demonstrated by that fact that in one of these studies, the £. coli pan-genome, the collection
of genes that are present in at least one of the strains used for analysis, consisted of
approximately 90,000 genes [18]. Interestingly, roughly one third of the genes making up
the pangenome were present in only one of the more than 2,000 genomes employed in the
study. A separate study employing 17 reference strains of Pseudomonas aeruginosa included
5,233 genes in the core genome [27]. These genes represented approximately 88% of the
number of genes in the strains used in the study, and consisted of genes encoding enzymes
involved in basic metabolic processes, virulence factors and antibiotic resistance
determinants. It is of note that of the 2304 genes encoding metabolic functions in the strains
included in the study, 1840 were identified as part of the core genome. Although these
studies exemplify the ability of core genome analysis to identify genes that are widespread
within a bacterial species, the number of genes identified using core genome analysis alone
(typically a few thousand) may not sufficiently reduce the number of identified genes to a
number that makes further characterization of all identified genes feasible. For this reason,
additional studies may provide information that can be used to focus subsequent
development on high value targets that meet desired criteria. These additional studies can be
purely bioinformatic in nature, for example determining the predicted function of core
genome genes by comparison with homologues in other species, or can be based on
experimental results, for example studies that identify genes that play a critical role in
infection. It is also worth noting that, in addition to intraspecies analyses, such as core
genome identification, cross- species comparative genomic approaches can also be
employed to identify genes conserved across bacterial species based on the idea that these
targets may be involved in critical bacterial functions [13,28]. For both intraspecies and
interspecies analyses, the quality of the results depends upon the epidemiologic diversity of
the strains and the number of sequenced genomes included in the analysis.

It is important to point out that, in spite of the initial enthusiasm that was generated in the
late 90s and early 2000s regarding the potential impact of comparative genomic approaches
on antibiotic development, these methods have led to the identification of few lead
compounds and have yet to result in a clinically approved antibiotic. An excellent summary
of the efforts undertaken by GlaxoSmithKline (GSK) between 1995 and 2001 gives a
detailed account of the use of comparative genomics in identifying targets for the
development of broad spectrum antimicrobials [13]. Over this seven year period, researchers
at GSK mined the genomes of Haemophilus influenza, Moraxella catarrhalis, Streptococcus
pneumonia, Staphylococcus aureus and Enterococcus fecalis to identify highly conserved
genes. Subsequent mutagenesis experiments were used to characterize gene essentiality in
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order to narrow the number targets that would developed for high throughput screening. In
total, more than 300 genes were identified as potential targets, resulting in 67 high
throughput screens. These screens led to the identification of sixteen hits that gave a positive
result /n vitro, five of which were developed as lead compounds. However, none of these
compounds advanced into clinical testing. As a consequence of these results, GSK
subsequently reorganized its antibiotic discovery program to employ more traditional
methods based on using chemical synthesis to develop novel agents that inhibit known
targets using novel mechanisms.

Potential reasons for the low yield of promising candidates obtained using approaches based
on the use of genomics for the identification of novel targets are (i) an insufficient number of
genomes used in the identification of potential targets, (ii) a lack of sufficient complexity in
the compound libraries that are employed in biochemical screening assays for hit
identification, and (iii) many bacterial processes cannot be effectively adapted to /n vitro
screening methodologies [11,13,17]. These considerations, together with reports describing
the lack of viable candidates that have emerged from target based screens, have led some to
suggest that these approaches may not be as robust as the traditional screening of natural
products for the identification of new compounds [11]. It is also worth considering the extent
to which genome based target identification will be able to identify novel targets in light of
analyses suggesting that there are few bacterial metabolic targets that remain unknown
[29,30]. In this context, it is probably justifiable to consider that genome based target
identification has not lived up to the original expectations that were widely expressed upon
entering into the genomics era [31,32,33]. In spite of these initial disappointments, however,
the use of genomic information for target identification continues to shed light on multiple
aspects of bacterial physiology and has potential to contribute to continued efforts aimed at
the identification and characterization of targets for antibiotic development using the method
described below.

The small number of targets that have been identified using comparative genomics has led to
the suggestion that additional screening methodologies may increase the yield of viable hits
[34]. Over the last two decades, multiple molecular modelling platforms have been
developed that permit the /n7 silico screening of potential inhibitors based on the proposed 3-
dimensional structures of identified targets [35,36,37]. These structural biology-based
approaches can identify potential inhibitors with predicted high-affinity binding to the active
site or allosteric sites of bacterial targets. “Hits” identified by /n silico screening can then be
tested using /7 vitro biochemical assays to directly assess their ability to inhibit targets. This
approach has the advantage of being rapid and comparatively inexpensive compared to high
throughput biochemical approaches, however the results are dependent upon the availability
of high quality structural information for both targets and potential inhibitors. Hit
identification and lead optimization using /n silico-based modelling approaches have already
contributed to the identification of multiple antiviral compounds [38,39,40]. An additional
structure-based screening approach that combines the purified target with potential inhibitors
and employs NMR in order to determine if binding occurs between molecules has been
developed [41]. This approach was recently used to characterize inhibitors of p-
hydroxydecanoyl-acyl carrier protein dehydratase from Pseudomonas aeruginosa [42].
These structure-based approaches, together with the biochemical characterization of
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potential targets together with high throughput screening of potential inhibitory molecules
may facilitate the identification of novel lead compounds.

The availability of thousands of complete genome sequences from hundreds of bacterial
species has provided evidence that a large number of biosynthetic pathways are cryptic,
meaning that they are not highly expressed under commonly-used culture conditions. The
identification of these cryptic gene clusters in antibiotic-producing soil bacteria (e.g.
Streptomyces species) raise the possibility that these pathways may code for enzymes
involved in the synthesis of molecules with antimicrobial activity [11]. A number of
approaches have been developed to identify these cryptic genes and characterize the
molecules that they produce. Sequence-based approaches have been developed that permit
the identification of these cryptic gene clusters and their promotors and then predict
characteristics of their biosynthetic products based on conserved enzyme motifs [43,44].
Culturing microorganisms that harbor these gene clusters under different conditions can then
be employed in order to facilitate the expression of the cryptic genes, and the identification
of their biosynthetic products [43,44]. A second approach is to introduce the cryptic gene
clusters into culturable microorganisms to facilitate their expression. This approach was
demonstrated to produce high yields of the antibiotic daptomycin in Streptomyces lividans
after introduction of the 128 Kb biosynthetic gene cluster [45]. The development of
methodologies that permit the identification of antimicrobial compounds from unculturable
microorganisms also holds potential for identifying novel target compounds. A recent
example is the iChip technology that was recently used to identify the new antibiotic
teixobactin [46]. This technology permits the isolation of single bacteria from environmental
sources, such as soil samples, and allows metabolic products (including antimicrobial
compounds) to diffuse through a permeable barrier for detection. This approach thus permits
the identification of molecules that are produced by microorganisms that are not culturable
under standard conditions.

4. Essential Genes as Targets for Antibiotic Discovery

Genes that are required for bacterial growth and survival are attractive targets for the
development of novel antibiotics since the development of compounds that inhibit the
functions encoded by these genes are, at least theoretically, more likely to demonstrate
antimicrobial activity than compounds targeting genes that encode non-essential functions.
As described above, comparative genomic approaches employ genome sequence data
together with bioinformatic approaches to identify genes that are likely to encode essential
functions based on their conservation and distribution within and across different bacterial
species. However, these sequence based analyses do not directly test the essentiality of
genes. Multiple techniques have been developed that empirically characterize the essentiality
of bacterial genes.

Traditionally, in order to determine if a gene of interest was essential for bacterial growth or
survival, bacterial mutants lacking the gene could be engineered using well-known
techniques for genome manipulation. An inability to obtain mutants that grow in the absence
of the target gene is suggestive of essentiality. A complementary approach places the gene of
interest under the control of an inducible promoter that, if the target gene is critical for
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growth/survival, results in no or impaired growth in the absence of induction. These targeted
approaches have been widely used, and are well suited for characterizing the essentiality of a
relatively small number of target genes that have been identified using complementary
methods, such as comparative genomics. Methods that aim to globally identify essential
genes, as opposed to characterizing the essentiality of a single gene, have also been
developed. One such approach is to generate mutant libraries using transposon mutagenesis
by transforming bacterial cells with a transposon that inserts itself into the bacterial
chromosome. Due to the fact that transposon insertion throughout the bacterial genome is
random, if a large enough number of mutants are characterized, genes that are essential can
be identified as they will not give rise to viable mutants. An example of this type of study
performed by Jacaobs et al. generated more than 30,000 mutants of Pseudomonas aeruginosa
by “saturating” the genome with transposon mutations such that each gene would be
expected to be interrupted in multiple individual transposon mutants [47]. The analysis of
viable mutants demonstrated that approximately 12% of all predicted open reading frames
were not represented in the collection of mutants, suggesting that these genes had a high
probability of being essential for survival. These data, in additional to further analysis, led
the authors to estimate that between 300 and 400 P, aeruginosa genes are essential for
growth on rich laboratory media. A separate study employing a different strain of 2
aeruginosa generated an ordered, non-redundant collection of all interruptible (non-
essential) genes by transposon mutagenesis [48]. Comparison of the data sets generated by
both studies permitted further prediction of essential genes across different strains. In a later
study, the essential genes identified with these collections of transposon mutants were used
to identify conserved A aeruginosa genes that are located within the cell membrane or
secreted from the bacterium [49]. Deletion mutants and strains that conditionally express
target genes were used to identify LptH, which participates in lipopolysaccharide transport,
and LolA, which plays a role in lipoprotein transport, as genes that are essential for growth
in vitro. One of the gene products, LptH was also shown to be necessary for producing
infection in experimental models of P aeruginosa infection. LolA, on the other hand, only
moderately affected the ability of P, aeruginosato produce infection. It is important to keep
in mind that whole genome mutagenesis approaches that aim to identify essential genes
based on the absence of viable transposon mutants only provide statistical evidence that a
gene is essential based on the likelihood that a sequence of a given length will be disrupted
by random mutagenesis. For this reason, determining that these genes are truly essential
must typically be confirmed using the targeted gene mutation methods described above.

A key aspect that must be taken into consideration when characterizing the essentiality of a
gene or performing studies aimed at the identification of essential genes is the environmental
context of the bacteria. Due to the fact that bacteria have evolved to survive and grow under
multiple different conditions, genes that are essential in one environment may not be
essential in a different environment. It may therefore be misleading in some cases to classify
genes as essential or non-essential since, for some genes, essentiality may be determined by
the environmental context. While it is likely that a subset of genes that encode critical
functions required for bacterial survival under all conditions are truly essential, some genes
may encode functions that are essential for growth/survival under certain conditions. It may
therefore be more appropriate to refer to the latter as conditionally essential genes. This
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aspect may be of special importance with respect to the identification of essential genes for
the development of antibiotic targets since the laboratory conditions that are often employed
to identify essential genes may exclude genes that are essential during host infection, or
include genes that are necessary for growth under laboratory conditions but not essential for
growth in the host. Multiple techniques have been developed for identifying conditionally
essential genes, and they have been used extensively to identify genes that play a role in
different aspects of host infection. One approach that has been broadly applied is to create
mutant libraries that contain strains that grow under laboratory conditions either through
random transposon mutagenesis or through the directed interruption of predicted bacterial
open reading frames. These mutants can then be individually screened for growth under
conditions that mimic the environment encountered by bacterial cells during colonization
and infection of the host. A salient example is a study describing the use of a collection of
Acinetobacter baumannii transposon mutants to identify genes that are essential for survival/
growth on media consisting of human ascites as an approach to elucidating genes necessary
for establishing infection [50]. Thirty-four of the genes that demonstrated impaired growth
on human ascites were evaluated in a rat model of A. baumanniiinfection, resulting in the
identification of 18 genes essential for growth /n vivo. The essential genes that were
identified included genes involved in nucleic acid synthesis, protein transport, metabolic
genes, two component systems and structural proteins. Importantly, the genes identified as
essential /n7 vivo overlapped poorly with genes that were previously identified as essential in
other Gram negative species under laboratory conditions, and none of them are targeted by
clinically used antibiotics or antimicrobial molecules that are currently being developed. In a
later study, the same authors validated one of the essential genes identified in this study, the
gene encoding the response regulator BfmR, as a potential target for the development of
novel antibiotics [51].

Recently, next generation sequencing technology has resulted in the development of
methods that can identify conditionally essential genes without the necessity of isolating and
phenotypically testing individual bacterial mutants. Techniques such as transposon
sequencing (Tn-seq), insertion sequencing (INseq) and high throughput insertion tracking by
deep sequencing (HITS) can characterize mutants in complex mixtures containing thousands
to tens of thousands of individual mutants [52,53], thus providing a powerful platform for
the identification of conditionally essential genes. These methods all employ random
insertion libraries that are typically generated using rich laboratory media. The massive
sequencing of the bacterial DNA adjacent to the transposon/insertion of the mixture of
mutants, and the mapping of these reads to the bacterial genome permits the identification
and quantification of the abundance of mutants corresponding to each gene in the mutant
library (Figure 2). Exposing this mixture of mutants to certain environmental conditions,
such as infection of experimental animals, followed by the identification and quantification
of the mutants that have survived under these conditions allows for the identification of
conditionally essential genes by detecting those genes that significantly decrease in
abundance after exposure to a given condition. The underlying basis for these approaches is
that mutants that encode functions necessary for growth or survival under a given condition
will be less abundant after exposure to this condition, as these strains will be less able to
thrive compared to those mutants containing interrupted genes that encode non-essential
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functions. A key advantage of these approaches compared to the phenotypic characterization
of individual transposon mutants described above is that they are well suited to identifying
genes that are essential for host infection since a mixture containing thousands of mutants is
used to infect a single animal [53]. A number of recent studies have employed these methods
to identify genes that play a role in different aspects of bacterial infection. Dembek et al.
used transposon mutagenesis to create a mutant library containing more than 70,000 unique
mutants in an epidemic strain of Clostridium difficile [54]. The authors then used
transposon-directed insertion site sequencing to identify approximately 400 genes that were
essential for growth of C. difficile in vitro and 798 genes that participate in C. difficile
sporulation. In a separate study, more than 25,000 random insertion mutants were generated
in the Klebsiella pneumniae reference strain KPPR1 and genes that participate in establish
lung infection in a mouse model were identified by comparing the relative abundance of
mutants in the initial inoculum and in the lung after infection [55]. This study identified
more than 300 genes that resulted in at least a two-fold reduction in abundance in lung tissue
when compared to the inoculum, and 69 genes with at least a 10-fold decrease in abundance.
Directed mutagenesis was used to create mutants in six of the identified genes, and their
necessity for full bacterial fitness during experimental infection was confirmed by
comparison with the wild type parent strain. The genes that contributed to fitness included
genes encoding enzymes that participate in amino acid synthesis, the transcription factor
RfaH, and a copper efflux pump CopA. In addition, a recent study employing approximately
300,000 transposon mutants in A2 aeruginosa used INSeq to identify genes involved in
infection [56]. Interestingly, this study demonstrated that 90% of the genes that were
nonessential for growth under laboratory conditions contributed to bacterial survival during
infection. These results underscore the importance of the conditions used to identify and
classify essential genes, as for some genes essentiality depends on the environmental
context.

It is important to point out that many of the studies aiming to identify essential and
conditionally essential genes were not carried out with the specific intention of elucidating
targets for the development of antibiotics, but with the goal of characterizing bacterial
physiology. Identifying genes that are essential under various conditions that mimic host
infection may provide additional genes that could serve as high value targets for the
antibiotic development. Notably, these approaches may also identify non-traditional targets,
such as bacterial virulence factors, which have recently been proposed as targets for the
development of antimicrobials with novel mechanisms of action [57,58].

Recently identified antibiotics with novel mechanisms of action support the idea that
essential bacterial functions may be high value targets for the development of new
antimicrobials. One example is the isolation and characterization of teixobactin (Figure 3A),
an antibiotic that has shown activity against Gram positive bacteria and mycobacteria
without producing resistance [46]. Teixobactin inhibitis peptidoglycan biosynthesis by
binding to both lipid 11 (a peptidoglycan precursor) and lipid I11 (a teichoic acid precursor)
and inhibits their incorporation into the bacterial cell wall. Interestingly, teixobactin was
isolated using iChip technology, a method that permits the identification of antibiotics
produced by unculturable microorganisms [46]. A second example is the identification and
characterization of inhibitors of the LpxC enzyme (Figure 3B), a zinc-dependent deacetylase
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that catalyzes the first committed step in lipid A biosynthesis in Gram negative bacteria
[59,60]. LpxC inhibitors have shown potent in vitro activity against the multidrug resistant
Gram negative species Klebsiella pneumoniae, Escherichia coliand Pseudomonas
aeruginosa [61,62], and have been demonstrated to potentiate the activity of currently-used
antibiotics on Acinetobacter baumannii [63]. Teixobactin and LpxC inhibitors both target
essential bacterial functions, peptidoglycan synthesis and lipopolysaccharide biosynthesis,
respectively, to achieve antimicrobial activity.

5. Transcriptomics and Proteomics in Antibiotic Target Discovery

The availability of complete genome sequences has facilitated the development of methods
that can quantify expression levels of all bacterial genes. While these transcriptomic
techniques have not been specifically applied to antibiotic target identification to the same
extent of comparative genomics, they may provide information useful for elucidating high
value targets. As mentioned above, for an antibiotic to be effective, it most likely must target
a bacterial component that is active during infection. Transcriptomic analyses can identify
genes that are highly expressed during conditions that mimic infection, providing evidence
that they contribute to bacterial processes that are important for establishing and/or
maintaining infection. Transcriptomic studies may also be useful for characterizing the
bacterial response to different antibiotics, and thus may facilitate that identification of
pathways that can be exploited for the development of compounds that potentiate the effects
of existing antibiotics [64,65].

Microarrays have been widely used for characterizing bacterial gene expression under
different conditions and in response to multiple environmental stimuli since their
development in the mid-1990s [66,67,68]. More recently, techniques such as RNA-seq,
which employs next generation sequencing technology in order to sequence individual
RNAs in a sample, have been employed in global transcriptional profiling studies [69]. For
RNA-seq, total RNA is extracted from samples, and after removal of high abundance
ribosomal RNAs, cDNASs are generated and sequenced, typically producing millions of
individual reads. Once sequenced, these RNAs can then be mapped to predicted open
reading frames in a reference sequence, allowing the quantification and identification of
transcripts. Unlike microarrays, RNA-seq does not employ predetermined probes based on
predicted open reading frames. For this reason, RNA-seq has the potential to detect and
quantify transcripts that are not predicted based on sequence analysis. In addition, RNA-seq
can provide information regarding individual transcripts that microarrays are unable to
provide, such as transcriptional start sites [69].

Multiple recent studies have used RNA-seq to characterize the transcriptional regulation of
bacterial species associated with antibiotic resistance under conditions that mimic human
infection. Scaria et al. used RNA-seq to perform global transcriptional profiling of virulent
C. difficile strains under physiologically relevant conditions related to nutrient concentration
and osmotic stress [70]. Significant transcriptional changes occurred in many core genes
related to multiple different bacterial processes including carbohydrate and nucleic acid
biosynthesis, and amino acid metabolism. In a separate study, RNA-seq was employed to
compare gene expression in 151 isolates of 2 aeruginosa, and characterize transcriptional
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regulation in response to 14 different environmental stimuli with a £ aeruginosa reference
strain [71]. The study identified multiple gene families that demonstrated significant changes
in different environmental conditions, some of which are relevant to those encountered by
bacteria during human infection, and concluded that environmental changes have a greater
effect on gene expression levels than the genetic background of the stain. The global
regulator LasR was also identified as a key regulator of £, aeruginosa gene expression in
response to environmental cues, and thus may represent a novel target for antibiotic
development. RNA-seq was recently employed to identify S. aureus genes whose expression
was upregulated during infection [72]. An experimental model of S. aureus osteomyelitis
was employed in order to characterize RNA levels during infection versus growth in
laboratory media. A total of 180 genes were found to be significantly overexpressed during
infection, and included genes involved in diverse processes such as iron metabolism, the
bacterial stress response, and carbohydrate metabolism. These recent studies represent only
a handful of those that have characterized global transcriptional profiles in bacterial species
associated with multidrug resistance. However, they provide clear examples of how this
technology can provide information useful for the elucidation of potentially novel antibiotic
targets.

The use of genome sequences together with mass spectrometry-based methods can identify,
and in some cases quantify, peptides within a complex sample. As with global
transcriptional profiling, these proteomic approaches can provide information regarding the
presence and level of expression of potential antibiotic targets in infection-like conditions.
For example, the technique isobaric tags for relative and absolute quantification (iTRAQ®)
involves differentially labelling peptides from separate proteolytically cleaved samples,
which are then identified and quantified using mass spectrometry [73]. The conjugation of
isobaric tags to the peptides from different samples permits their quantification. A recent
study employed iTRAQ® to identify P aeruginosa surface proteins that are overexpressed
during infection [74]. Protein levels in outer membrane extracts were quantified in a
reference strain and three isolates obtained from patients with cystic fibrosis after growth in
either M9 minimal media or in a defined media that mimics the composition of the lung
extracellular lining fluid. Protein quantification showed significant differences in multiple
membrane proteins between the reference strain and the clinical isolates, most notably in
multiple proteins associated with antibiotic resistance, such as MexY, MexB and MexC. A
separate study used iTRAQ® to compare protein levels in C. difficile grown in vitroand in a
pig ileal-ligated loop model [75]. Of the 705 proteins for which quantitative data was
obtained, 109 were differentially expressed between experimental conditions. Analysis of
clusters of orthologous group demonstrated that the differentially expressed proteins
participated in multiple key physiological functions such as energy production, cell division,
amino acid and carbohydrate transport and cell wall biogenesis. Taken together, these studies
demonstrate the potential of quantitative proteomic techniques in the identification of
bacterial gene products that participate in important bacterial processes during infection.

In addition to transcriptomic and proteomic methods, there are multiple emerging techniques
that can provide global information regarding different bacterial process. Examples include
metabolomics, phosphoproteomics and lipidomics, and their development and application
have been described elsewhere [76,77,78]. While these methods have not been widely used
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for antibiotic target elucidation, they may facilitate the identification of bacterial
components that participate in key aspects of bacterial physiology that have not yet been
explored as potential targets for antibiotic development.

6. Identification and use of novel ribosomally encoded peptide antibiotics

In addition to novel antibiotic targets, advances in metagenomics and rapid DNA sequencing
have made it possible to mine bacterial genomes for peptide antibiotics. As more genomes
are sequenced, the possibility of discovering peptides with novel mechanisms of action
increases. By capitalizing upon the competition that occurs between bacterial species,
bacteriocins (genetically encoded bacterial antimicrobial peptides) can be identified as
potential antibiotic lead compounds. Bacteriocins can have a narrow or broad spectrum of
activity. This activity can be further tuned as appropriate for specific molecular targets, using
gene-based protein engineering and rational design with library screening methods. This
makes bacteriocins an underutilized and extremely rich source of potential novel antibiotic
scaffolds.

6.1 Bacteriocin Classification

Bacteriocins are small, ribosomally synthesized, antimicrobial peptides produced by
bacteria. They fall into two main classes: modified (class 1) and unmodified (class I1) (Figure
4). Class | peptides, also known as ribosomally synthesized and post-translationally
modified peptides (RiPPS), undergo extensive post-translational modification prior to export
(PTM) [79,80]. The precursor peptide, transporters, modifying enzymes, and immunity
proteins involved in bacteriocin production are often encoded in the same biosynthetic
operon. All RiPPS precursor peptides contain a leader sequence and a core peptide domain.
The leader sequence is thought to bind specifically to modification enzymes that install
PTMs on the cognate peptide. Upon modification, the leader sequence is cleaved from the
modified core peptide and the mature bacteriocin is then exported from the bacterial cell.
Class | bacteriocins are subdivided according to the nature of their PTMs. The
lanthipeptides, or lantibiotics, such as nisin, contain unusual amino acids such as lanthionine
or methyllanthionine. The cyclized peptides, such as enterocin AS-48, contain a N- to C-
terminus peptide bond. This creates a circular peptide that consists of a-helical segments.
The sactibiotics, such as thuricin CD, contain a sulfur-to-a-carbon bond. The thiopeptides,
such as lactocillin, contain peptide macrocycles containing thiazole rings. Linear azol(in)e-
containing peptides (LAPS) or the thiazole/oxazole modified microcins (TOMMS) are
peptides that contain thiazole and (methyl)oxazole heterocycles. Prominent LAPs are
microcin B17 (MccB17), a bacterial DNA gyrase inhibitor from E. coli, and streptolysin S
(SLS), a cytolysin, from Group A Streptococcus. Glycosins are type | bacteriocins that
specifically contain glycosylated residues. Finally, the lasso peptides are type | bacteriocins
characterized by an amide bond between the first amino acid and an acidic residue at
position +7 to +9 in the peptide chain. This creates a “loop” through which the rest of the C-
terminal portion of the peptide is threaded [79,80,81].

Class Il bacteriocins are unmodified peptides that are located in gene clusters encoding an
ATP-binding cassette (ABC) transporter, immunity proteins, accessory proteins, and
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bacteriocin structural genes. The bacteriocin precursor gene encodes a peptide consisting of
a leader sequence and core peptide domain. This leader sequence is cleaved from the core
peptide by the action of the peptidase domain of the ABC transporter complex during its
export from the cell. The class Il unmodified peptides are subdivided into four main
categories. The class lla, or pediocin-like bacteriocins, are characterized by a YGNGV
motif. Class l1b peptides comprise bacteriocins whose activity relies on the presence of two
unmodified peptides. The class llc peptides consist of bacteriocins that lack a leader domain.
Finally, the class Ild bateriocins are composed of the non-pediocin like, single peptide
bacteriocins [79,81].

Mining for Bacterocins

Given the current diversity of bacteriocin compounds, genes that specifically encode
bacteriocin peptide products can be identified via BLAST searches against a known
bacteriocin database. Online tools, such as BACTIBASE and BAGEL, mine target genomes
for bacteriocin precursor genes [82,83,84]. Other tools such as antiSMASH expand their
search parameters to identify not only bacteriocin-like precursor genes but other non-
ribosomal classes of antibiotics and secondary metabolites [82,85] (Figure 5). Recently,
these tools were combined to mine the genomes of anaerobic bacteria for RiPPs. This
method detected novel RiPPs precursors including unique lanthipeptides, sactipeptides,
thiopeptides, LAPs, and lasso peptides [86]. Unfortunately, these mining approaches are
limited in that novel bacteriocins that do not have significant similarity to those in the
database cannot be discovered. In addition, the small size of these bacteriocins (30-70aa)
makes ORF prediction difficult. Genome mining approaches using the associated modifying
enzymes located in the bacteriocin biosynthetic operon have been developed recently to
expand the repertoire of discovered bacteriocins using such approaches. Using BLAST
algorithms and Hidden Markov Model (HMM) profiles, known modifying enzymes can be
used to search for homologues in other organisms. Since many of these enzymes are
functionally redundant and largely conserved throughout organisms, they can be used to
improve the discovery of novel bacteriocin candidates that are difficult to identify based
solely on bacteriocin precursor genes. For example, using the conserved sequences of
bacteriocin modifying enzymes for the TOMM family of bacteriocins, SLS and MccB17,
researchers were able to identify potential novel RiPPs among a variety of prokaryotes [87].

A recent genomics-based bacteriocin mining program, the bacteriocin operon and gene
block associator (BOA), utilizes this approach to mine for novel bacteriocin candidates.
Genes that are contained a bacteriocin biosynthetic operon that process the maturation,
export, or other processing of the bacteriocin candidate are identified as bacteriocin “context
genes.” These “context genes” are thereby used to perform homology-based genome
searches for bacteriocin operons. Using a curated set of gene blocks representative of
lantibiotics, thiopeptides, TOMMs, lasso-peptides, and circular bacteriocins, BOA analysis
identified 95% of previous BAGEL-annotated bacteriocins, but also identified an additional
1003 RiPPs in genomes not identified by BAGEL or other bacteriocin mining approaches.
Many of these bacteriocins were identified in bacteria across diverse ecological niches
including the human respiratory tract, soil, and plants [88]. Therefore, mining the genomes
of bacteria living in competitive environments, such as the human microbiome, is likely to

Biochem Pharmacol. Author manuscript; available in PMC 2018 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fields et al.

Page 16

serve as a rich reservoir for the identification of novel bacteriocin compounds through
genome searching algorithms. Similar studies using context-based gene searching methods
have expanded the discovery of bacteriocin families, including the TOMM/LAP family of
bacteriocins. This includes a new subfamily, the faecalisins, whose modifying enzymes
share some similarity to MccB17 [89]. The faecalisin operon also contains hypothetical
proteins which could further modify the precursor peptide precursor and install PTMs
heretofore not observed. An additional new class of bacteriocins, the thermoacidophisins,
share enzyme similarities to the bacteriocins helibactin and plantazolicin. The
thermoacidophisin gene clusters also contain many hypothetical proteins which could confer
additional modifications to the mature peptide [89]. In summary, genome mining approaches
utilizing conserved ‘context’ genes have been established as a powerful tool to greatly
expand the family of novel bacteriocin biosynthetic gene clusters.

6.3 Connecting putative bacteriocin genes to their peptide product

Genome mining methods to identify novel bacteriocins offer a quick “prediction step” when
looking for novel peptide natural products. However, the “connection step” in which the
peptide, or chemotype, is associated with the gene cluster, or genotype often is time-
extensive and requires greater experimental rigor. This process requires natural isolation of
the peptide from bacterial cultures followed by mass spectrometry analysis to identify the
peptides and subsequently the gene associated with the production of the specific bacteriocin
peptide. This approach can be highly limiting in that common mass spectrometry methods
and proteomic databases (Sequest and Mascot) have difficulty identifying highly modified,
poorly fragmented, or nonlinear peptides [90]. Recently, a new tandem mass spectrometry
database called RiPPquest was developed to detect novel RiPPs from mass spectrometry
data [91]. In this database, genome mining is used to limit the search to areas of putative
RiPP biosynthetic gene clusters from the target bacteria. Next, all MS/MS spectra of
possible mature peptides are computed based off of possible biosynthetic transformations.
Finally, peptide spectrum matches (PSMs) are scored to identify all possible chemotype to
genotype matches between the LC-MS/MS data and the RiPP database. This procedure was
first applied to the identification of novel lanthipeptides from Streptomyces
viridochromogenes, a known producer of the potent antibiotic avilamysin A [92]. The
researchers were able to identify the novel lanthipeptide, informatipeptin, using the
RiPPquest approach [91]. Although this approach streamlines the connection between
mature peptide and biosynthetic gene cluster, it may not be able to detect novel
modifications that have not been described or included in their database generation step.

6.4 Connecting peptide to function

Although genomic mining and recent proteomic approaches have been highly successful in
expanding the library of bacteriocin compounds, these approaches are limited in that
predictions about the functions of these bacteriocin candidates cannot be deduced. Many
bacteriocins have been shown to have antimicrobial, antiviral and antitumor properties.
Others have been shown to function as bacterial signaling molecules such as the competence
signaling peptide (Csp) of Streptococcus intermedius or to serve as host virulence factors,
such as SLS and Listeriolysin S from Group A Streptococcus and Listeria monocytogenes,
respectively [80,82,93]. Although the functions of novel RiPPs may be inferred by gene
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gazing via sequence similarity to known bacteriocins and modifying enzymes, similarly
modified bacteriocin candidates have been shown to have divergent functions when tested /n
vivo [80,94]. In silico approaches to identify bacteriocins will need to be supported with 7n
vitro characterization of peptide function. A recent study followed bacteriocin discovery
from /n silico detection to /in vitro characterization. Using the ClusterFinder algorithm to
mine the genomes of human microbiomes, it was revealed that biosynthetic gene clusters
encoding RiPPs were widely distributed across the human microbiome [95]. Lantibiotics and
TOMMs were identified across microbiome members despite having only been described in
rare commensals and pathogens. Interestingly, thiopeptides were also present throughout the
human microbiotia as well as microbiota members of the porcine gut. Following the /in silico
analysis, the authors used a genome-guided approach to isolate a novel thiopeptide
antibiotic, lactocillin, from the vaginal commensal, Lactobacillus gasseri. This thiopeptide
was previously identified using their /n sifico mining methods. Latocillin showed potent
activity against the pathogens Staphylococcus aureus, Enterococcus faecalis, and
Gardnerella vaginalis [96]. The study emphasizes that notion that the microbiomes of
humans and other animals are likely to serve as a rich source of novel bacteriocins.
Bacteriocin candidates that have specific antimicrobial functions are likely to be abundant in
the human microbiome, as these bacteria must produce substances to compete in these
environments. Just as the vaginally derived lactocillin inhibits the growth of the vaginal
pathogen G. vaginalisbut not vaginal commensals, the microbiome may be a rich source of
bacteriocins effective against pathogens but not microbiota members.

Lactocillin’s selective spectrum of antibacterial activity is one of the many advantages that
bacteriocins have over tradition antibiotics. Bacteriocins can exist as narrow or broad
spectrum antimicrobial peptides. Narrow spectrum peptides can be used to target specific
infections without harming the microbiota, while broad spectrum peptides can be used when
the cause of the infection is unknown [81,97]. For example, the sactibiotic thuricin CD
displays potent specific activity against antibiotic resistant Clostridium difficile without
adversely affecting members of the gut microbiome [98]. Nisin, a lantibiotic, broadly
inhibits the growth of many gram positive food borne pathogens leading to its current use a
naturally derived food preservative [80,81,97]. Since many bacteriocins are naturally
produced by lactic acid bacteria present in fermented foods and microbiome communities,
they have a precedent for low toxicity towards mammalian cells. Nisin has been shown to be
non-toxic to intestinal epithelial cells [99]. In addition, class Il unmodified bacteriocins,
show low to no toxicity against mammalian cells in culture [81,100,101]. Many bacteriocins
show robust bacteriocidal activity /n vitro; to be considered for antibiotic development they
must also show bacteriocidal activity /n vivo. Nisin-F, a nisin variant, and the unmodified
class Il bacteriocin, ST4ASA, have been incorporated into bone cements to prevent the
colonization of Staphylococcus aureus[102,103]. Thuricin CD has also been shown to be
bioavailable upon rectal administration in mice [98]. Thiopeptide bacteriocins are currently a
focus of antibiotic development. For example, a thiopeptide from Planobispora rosea,
GE2270 A, has been selected as a lead compound for antibiotic development. Upon
chemical modification, the GE2270 derivative, LFF571, showed significant oral
bioavailability making it useful for the treatment of C. difficile. The compound also showed
effective antibiotic properties in a hamster model of the disease [104]. This compound,
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currently in clinical trails through Novartis Pharmaceuticals, exhibits only mild
gastrointestinal side effects [81,105].

The modification of GE2270 A to LFF571 to improve activity demonstrates the potential for
bacteriocins to be subject to further chemical modifications or additional bioengineering
strategies to increase diversity [81,104,106]. These bioengineering strategies can include
chemical synthesis of the peptide, genetic manipulation of bacteriocin precursors and
enzymes, or /n vitro biosynthetic approaches [81]. The model lantibiotic, nisin, has been the
subject of many of these bioengineering strategies. In a recent study using site saturation
mutagenesis, nisin derivatives were created by randomizing 19 residues to all other naturally
occurring amino acids. One derivative, nisin 14V, showed increased bacteriocidal activity
against Staphylococcus pseudintermedius, a causative agent of antibiotic resistant infection
in dogs. This novel nisin derivative also inhibits the formation of S. pseudintermedius
biofilms [107]. Pairing these bioengineering strategies with probiotic approaches could also
be used as an alternative to antibiotics through delivery of prolific bacteriocin producing
organisms to the site of infection. This concept has already been applied to treatment of
dental caries. A bioengineered strain of non-pathogenic Streptococcus mutans with
decreased lactic acid production and increased production of the lantibiotic mutacin 1140 is
currently used as a replacement therapy by excluding pathogenic S. mutans in the mouth
[108,109].

Despite these advantages, there is still the possibility of the development of resistance. Nisin
and other lantibiotics prevent the incorporation of lipid Il during cell wall synthesis, but
resistance to nisin has been noted in Streptococcus agalactiae via the production of the nisin
resistance protein, NSR, which cleaves the lanthione rings at the C-terminus [110].
Resistance to bacteriocins with proteinaceous cellular targets, such as MccB17, which
targets DNA gyrase, or lactococcin G, which targets the cell wall synthesis enzyme UppP,
can arise through mutations in their targets [111,112]. Although bacteriocins are a rich and
novel source of antibiotics, they are likely to have similar issues as traditional antibiotics
with regard to the development of resistance, and mechanisms to investigate resistance
should be taken into account as these novel compounds are used.

7. Conclusions

The sequencing of the first bacterial genome more than twenty years ago led to the
expectation that genomic data would transform antibiotic discovery by elucidating high
value bacterial targets. Initial efforts based primarily on comparative genomic approaches
have not lived up to these initial expectations, as few leads have been identified and new
molecules discovered using these approaches have entered the market. Despite these initial
disappointments, bacterial genome sequences still have potential to contribute significantly
to antibiotic development. The development of novel technologies, many based on next
generation sequencing methods, can be complementary to the information obtained using
comparative genomics for the identification of targets for antibiotic development. Genome
sequence information now permits the identification of genes that are essential for bacterial
growth and survival under different environmental conditions, and thus may be attractive
targets for the development of new antimicrobial compounds. Additionally, transcriptomic
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and proteomic methods, as well as emerging techniques such as metabolomics and
lipidomics, are beginning to shed light on bacterial processes that may elucidate potential
targets. Bioinformatic tools have also been developed that are facilitating the identification
of pathways in bacterial genomes that encode functions for the biosynthesis of antibacterial
compounds and peptides, such as bacteriocins. These intrinsically encoded antimicrobial
molecules may be of special interest given that they have evolved to produce both potent and
selective antibacterial activity.

In summary, the current antibiotic resistance crisis requires that multiple strategies are
undertaken for the development of new antibiotics. Although approaches based on genome
sequencing data have yet to yield significant results, their potential for contributing to
antibiotic discovery may only be beginning to be realized.
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Identification of potential targets using genome sequence data

l

Characterization of gene essentiality and function

l

Development of biochemical assays based on identified
targets and compound library screening

l

In vitro antimicrobial activity assays with bacterial strains

l

Preclinical proof-of-concept and regulatory studies

l

Clinical safety and efficacy studies

Figure 1. Target based antibiotic discovery
The schematic shows a general model of target based antibiotic discovery from initial target

identification through the use of genomic data through clinical testing.
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Figure 2. Identification of conditionally essential genes
The figure shows a general schematic based on techniques such as HITS, Tn-seq and INseq

that employ pools of bacterial transposon mutants to identify genes that contribute to
bacterial growth and survival under defined experimental conditions. The pool of transposon
mutants is exposed to a selective condition (such as infection in an experimental animal
model) and the mutants that survive are recovered. DNA is then extracted from both the
original mutant pool and the pool of mutants surviving selective conditions and subjected to
next generation sequencing in order to determine the abundance of mutants in each gene
present in the pools. The abundance of mutants is compared between pools, and genes that
contribute to growth and survival are identified based on the idea that mutants in these genes
will demonstrate decreased abundance after selection.
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Figure 3. Chemical structures of recently identified antibiotics with novel mechanisms of action
Chemical structures of teixobactin (A) and the LpxC inhibitor PF-5081090 (B).
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Figure 4. Biosynthetic gene clusters of model bacteriocins
The figure illustrates the arrangement of bacteriocin biosynthetic gene clusters (BGC).
These BGCs contain genes for the bacteriocin precursor peptides, modifying enzymes,
immunity proteins, transporters, regulatory proteins, and accessory proteins. The BGCs of
class | modified bacteriocins, such as nisin and microcin B17, contain multiples enzymes for

the installment of PTMs. The BGCs of the class Il unmodified bacteriocins, such as pediocin
PA-1 and lactococcin G, lack these modifying enzymes.
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Figure 5. Genome mining strategies for bacteriocin discovery
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The figure depicts the approaches available for genome based discovery of novel
bacteriocins. This includes mining for “structural genes” using programs such as BAGEL,
BACTIBASE, and antiSMASH or by mining for “context genes” using programs such as
ClusterFinder and BOA. These mining efforts can be followed by RiPPquest database

curation for tandem MS detection of the peptide product.
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