
Introduction

Living organisms are incredibly complex, dynamic sys-
tems. In many ways, bacteria are on the extreme end of 
the spectrum, due to their ability to rapidly evolve and 
adapt to numerous ecological niches, including the 
human body. While most of the bacteria living in associa-
tion with humans are harmless or even beneficial com-
mensals, a small subset of organisms are able to cause 
human disease. In order to obtain a better understanding 
of how such pathogenic bacteria infect and injure their 
hosts, advances that allow a more comprehensive, sys-
tematic approach provide a wonderful complement to 
well-established reductionist approaches.

The paired ability to perturb a system and measure 
its response has been the central principle underlying 
the study of pathogenesis. Classically, the perturbation 
involves an alteration of a bacterial gene on the DNA 
level, followed by a measurement of response that is 
manifest as a phenotype. Historically, such efforts have 
been powerfully applied both on small scales as well as 
on large scales in the execution of screens (where the 

readout phenotype is not death) and selections (where 
the readout phenotype is death) to identify genes that are 
linked to the phenotype of interest, such as virulence.

One of the major contributions of genomics and 
chemical biology to the field of bacterial pathogenesis 
is the significant expansion in the ability to both perturb 
and measure responses. Genomics has provided a blue-
print for perturbing bacteria on the DNA level in much 
more comprehensive and systematic ways, making pos-
sible a gene-by-gene interrogation of the entire genome. 
At the same time, chemical biology has introduced the 
intentional use of small molecules to perturb bacterial 
behavior in a complementary and at times distinct way 
to link gene function with phenotype (Stanley and Hung, 
2009). In addition, genomics has dramatically altered the 
ability to measure responses to perturbations by intro-
ducing the ability to interrogate changes in gene expres-
sion on a genome-wide level. Thus, it is not exaggeration 
to say that the field of genomics has exploded over the 
past 15 years, and with the tremendous progress made 
in this field, advances in our ability to dissect bacterial 
physiology and virulence are quickly following.
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An annotated genome sequence and thus the full-pre-
dicted repertoire of proteins that a bacterium uses to sur-
vive and cause disease are available for a representative 
of nearly every group of bacterial pathogens that is cur-
rently being studied. This incredible trove of information 
has in many ways altered our approach to studying bac-
terial physiology and pathogenicity. Not only do we now 
begin our investigations with a much better understand-
ing of the biological potential of our organisms of inter-
est, but we also have an ever-improving set of tools at our 
disposal to experimentally interrogate these organisms. 
These improvements, which include the ability to delete 
or manipulate every gene in the genome and the intro-
duction of massively parallel sequencing as a potential 
readout for a multitude of assays, as well as a host of 
improvements to our high-throughput screening capa-
bilities such as automated microscopy, comprehensive 
mutant libraries, and improved small molecule libraries, 
are changing the speed and scale of our experiments.

Advances in genetics, genomics, and chemical biology 
have also impacted host models used to study infection. 
The advent of RNAi and gene knockout animals, and the 
application of highly specific small molecule inhibitors 
of host functions have increased the sophistication of our 
ability to perturb the host, both within tissue culture sys-
tems and live animals. Such approaches are allowing us 
to better understand the host side of the pathogen-host 
relationship and to study bacterial behavior within a more 
physiologically relevant context that incorporates in vivo 
microenvironment and host response. In many respects, 
and for the purposes of this review, the host microen-
vironment and host response can simply be considered 
as another perturbation of bacterial physiology. The 
development of cheaper, higher-throughput host mod-
els is another important advance, enabling researchers 
to take full advantage of newer tools that allow compre-
hensive, systematic interrogation of bacterial genomes. 
Simpler in vivo systems such as Caenorhabditis elegans, 
Drosophila melanogaster, Arabidopsis thaliana, and the 
zebrafish (Danio rerio) have been developed for use in 
high throughput studies of bacterial pathogenicity, and 
these can effectively complement studies in more costly, 
lower-throughput mammals.

This review focuses on approaches that have been 
taken during the past two decades to elucidate the viru-
lence mechanisms of bacterial pathogens, and discusses 
many important paradigms that have arisen from these 
studies through the selected examples. We restrict our 
discussions to experimental manipulations and meas-
urements that focus on the pathogen rather than the host 
response. Excellent reviews of computational approaches 
for studying bacterial pathogenesis, comparative micro-
bial genomics, and host responses have been published 
elsewhere (Raskin et al., 2006; Mohr et al., 2010). We also 
restrict ourselves to the discussion of predominantly 

forward-based genetic approaches, which are focused 
on the goal of identifying genes or functions involved in a 
given phenotype of interest, that is, virulence or survival, 
and not reverse genetic approaches for studying a particu-
lar gene of interest and finding-associated phenotypes.

No single experimental approach is sufficient to 
reveal the complete biology that underpins the patho-
genic capabilities of a given bacterial pathogen. Some 
pathogens, such as Pseudomonas aeruginosa and varying 
Streptococcus pathogens, are capable of infecting multiple 
sites in the human body where they cause pathology that 
can vary tremendously in its presentation and its severity. 
Clearly, with such organisms, multiple animal models are 
needed to recapitulate as many of the aspects of these 
diverse pathogenic processes as possible. Moreover, as 
discussed later, some infection models may have features 
(low infectious dose, population bottlenecks) that negate 
the utility of pooled genetic approaches.

Similarly, no single experimental approach is able 
to equally elucidate the biology of all different bacterial 
pathogens. The pathogen itself can provide substantial 
barriers to some genetic approaches. At one extreme, 
Chlamydia and other obligate intracellular pathogens 
are completely refractory to standard genetic analysis 
because they cannot be propagated outside of their host 
cell, making mutant isolation and other genetic manipu-
lations impossible. Some organisms such as Helicobacter 
pylori are naturally competent and readily take up and 
incorporate exogenously manipulated DNA, whereas 
others, like the mycobacteria, are difficult to transform. 
These many characteristics help steer the researcher 
toward an experimental approach or approaches that 
are best suited for the pathogen of interest.

We began with a discussion of how bacterial genetics 
is used to dissect microbial virulence by identifying gene 
functions that are integral to the pathogenic process. 
Two distinct approaches have been taken. Correlative 
approaches seek to identify genes that are specifically 
activated during infection (relative to an in vitro base-
line), based on the assumption that if a gene is induced 
under a specific set of conditions, its product likely plays 
a significant role in bacterial behavior under those condi-
tions. Here, genomics has played a major recent role in the 
ability to identify such genes by advancing our ability to 
measure gene expression responses in the bacteria upon 
their introduction into a host (which serves as a perturba-
tion). In contrast, functional genetic approaches seek to 
define the genetic requirements for a particular process, 
in this case virulence, in a direct manner. Classically, 
such functions have been identified through the isolation 
and characterization of genetic mutants that are defective 
in the process of interest. More recently, genomics and 
chemical biology have changed the way in which such 
functions can be identified by providing new tools for 
perturbing bacterial physiology and pathogenesis.
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Correlative approaches

During their eons of existence and expansion into nearly 
every environmental niche imaginable, bacteria have 
perfected the art of adaptation. Most pathogens need to 
move through a variety of microenvironments in order 
to successfully establish infection in one host and then 
be transmitted to a new host, often after an extended 
exposure to a nonhost environment such as soil or water. 
Thus, many bacterial species have a diverse repertoire of 
genes that enable them to survive and replicate under 
multiple different conditions, including highly artificial 
in vitro culture conditions used in the laboratory. While 
in  vitro-based studies can be technically easier than 
in vivo-based studies and have contributed immensely to 
our understanding of bacterial physiology and virulence, 
the in vitro laboratory conditions typically used to propa-
gate pathogenic bacteria rarely recapitulate the natural 
in vivo environment of the host. Therefore, when labo-
ratory-grown organisms are introduced into a host (or 
other system designed to mimic the host environment), 
complex changes in patterns of transcription are needed 
to cope with this new environment. These changes lead 
to the expression of new subsets of proteins that are 
required for adaptation to the new environment, and in 
the case of infection, involve processes such as adhesion, 
invasion, replication, toxin production, immune evasion, 
and other functions needed for survival. By identifying 
the gene products that increase or decrease in abundance 
during infection, a great deal can be gleaned about the 
host–pathogen interaction and what bacterial functions 
are required in this relationship. Not only can candidate 
virulence factors be discovered, but also important 
features of the host environment can be inferred from 
the bacterial genes that are induced or repressed in this 
milieu. Importantly, correlative genetic approaches 
can be applied to the study of the most important host 
environment—the site of human infection—in ways that 
functional approaches cannot.

Promoter traps

Not long ago, the contents of a pathogen’s genome were 
largely unknown, and so in the absence of genome 
sequences and microarrays, there was no straightforward 
way to catalog the large-scale changes in gene expres-
sion occurring within a pathogen as it entered into and 
adapted to the host environment. Nonetheless, several 
methods were developed to identify bacterial promot-
ers activated in vivo. These methods are based on an 
approach known as promoter trapping, in which librar-
ies are created that consist of individual bacterial clones 
carrying a reporter gene fused to a random fragment of 
genomic DNA. If the DNA fragment contains a promoter, 
the reporter gene is expressed under conditions when 

and where that promoter is active. β-Galactosidase 
or an antibiotic resistance marker often serves as the 
reporter, thus allowing for either screens or selections to 
be executed to identify differentially regulated promot-
ers. Thus, simple reporter libraries have been incredibly 
useful tools for identifying such promoters, as long as the 
experimental conditions allow for the easy interrogation 
and recovery of clones of interest. Unfortunately for those 
who study bacterial pathogenesis, the in vivo environ-
ment rarely meets these criteria, and so more complex, 
ingenious promoter probe systems have been developed 
to address these issues.

In vivo expression technology
In vivo expression technology (IVET) is a promoter 
trapping method used to identify promoters that are 
induced in vivo specifically during infection (Angelichio 
and Camilli, 2002; Rediers et al., 2005; Hsiao and Zhu, 
2009). This approach was first used in 1993 to identify 
Salmonella enterica serovar typhimurium promoters 
that were specifically induced during growth in mice 
(Mahan et al., 1993). This and other promoter trap-based 
strategies are illustrated in Figure 1. The promoter trap 
developed by Mahan consisted of a library of genomic 
DNA fragments cloned upstream of a transcriptional 
fusion of two reporters, purA and lacZY. purA encodes 
a protein required for purine biosynthesis, and lacZY 
encodes b-galactosidase. This plasmid library, built 
on an oriR6K plasmid, was introduced into a purine-
auxotrophic purA-deleted strain of Salmonella, and 
single crossover mutants were isolated on purine-replete 
growth medium. Because the purine auxotroph is unable 
to survive in vivo, only clones that carried an active pro-
moter fusion resulting in the expression of purA were 
capable of surviving and establishing infection in mice. 
Three days after infection with the pooled Salmonella 
clones, surviving bacteria (clones) were recovered from 
the mouse spleens and screened for β-galactosidase 
activity. Clones that reproducibly survived the in vivo 
environment but displayed a lac– pur– phenotype in vitro 
carried promoters that were specifically induced in vivo 
and that were thus presumed to control expression of 
candidate virulence genes.

IVET has been refined many times during the past 
two decades and used to identify virulence genes from 
a diverse collection of pathogens, including Vibrio chol-
erae (Merrell et al., 2002b), Salmonella spp. (Mahan et al., 
1995; Heithoff et al., 1997), and P. aeruginosa (Wang et al., 
1996). Because purine auxotrophs are not available for 
all bacterial pathogens, other selections can be used. In 
developing IVET, Mahan also used thyA to complement 
a Salmonella thymine auxotroph. Many other essential 
metabolic genes or established virulence factors required 
for survival in the host have also been incorporated into 
IVET systems for other bacterial species (Dubail et  al., 
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2000; Gahan and Hill, 2000). Antibiotic resistance mark-
ers can also be used as a selection marker (Mahan et al., 
1995), as long as the antibiotic penetrates the relevant 
host tissues in a fairly uniform manner to provide selec-
tive pressure.

In order for IVET to be successful, the selection pres-
sure in vivo needs to be in balance with desired levels 
of promoter activity. For example, clones carrying pro-
moters that are weakly induced in vivo may not produce 
enough of the reporter antibiotic-inactivating enzyme 
to overcome the in vivo selective pressure and will be 
missed. Likewise, clones carrying strong promoters 
that are induced in vivo may be recovered after in vivo 

selection but discarded if they also have relatively high 
basal activity. Additionally, clones containing promoters 
that are only transiently expressed may not produce the 
selectable marker in enough abundance for a sufficient 
duration of time to avoid being selected against.

Recombinase-based IVET
In order to address these issues, recombinase-based IVET 
(RIVET) was developed (Lee et al., 1999). RIVET uses a 
library strain that carries a selectable marker (generally 
an antibiotic resistance cassette) flanked by recognition 
sites for a site-specific resolvase (res sites). Potential 
promoters are cloned upstream of a gene encoding the 
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IVET (auxotrophy)

IVET and DFI
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Figure 1.  Strategies to identify in vivo-induced genes. (A) A schematic of the plasmids and strains used for promoter trapping assays. A candidate 
in vivo-induced gene is shown (iviX). A library is first created by cloning random genomic fragments (black box) into a promoter trap plasmid 
carrying selectable markers (genes A and B), which is then integrated into the chromosome of the screening strain by homologous recombination. 
This generates a library of reporter strains that can be used in selections and/or screens, and importantly maintain a functional copy the gene(s) 
associated with the promoter fragment in the plasmid. In IVET, gene A on the promoter probe construct encodes a selectable marker such as 
an antibiotic resistance gene or an essential gene such as purA in IVET, a recombinase in RIVET, and a FACS-optimized gfp in DFI. Gene B is an 
additional reporter such as lacZ. The relevant chromosomal screening backgrounds are illustrated on the right. (B) The workflow for promoter 
trap screening strategies, including IVET, RIVET, and DFI. These screens identify clones carrying in vivo-induced promoters driving the expres-
sion of reporter genes.
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resolvase enzyme, so that when the promoter is active, 
the resolvase is expressed and irreversibly excises the 
resistance cassette from the chromosome. RIVET dif-
fers from the previously described IVET approaches in 
that selection is not actually achieved during host infec-
tion; instead, after recovery from the animal, clones are 
screened in the presence and absence of antibiotic to 
reveal promoters that were activated in vivo (Figure 1B). 
Also, unlike standard IVET, during library construction, 
there is actually preselection against clones that have 
in vitro activity, since such clones would undergo rapid 
excision of their antibiotic resistance cassette. Because 
of these properties, RIVET can identify promoters that 
are expressed either weakly or transiently during infec-
tion. The sensitivity of a RIVET system can be fine-tuned 
by altering factors that contribute to the efficiency of 
marker excision, including the sequence of the res sites 
or the strength of the ribosome-binding site preceding 
the resolvase gene (Slauch and Camilli, 2000). Thus, by 
constructing multiple RIVET libraries with different lev-
els of sensitivity, in vivo-induced promoters with a wide 
range of baseline and induced activities can be identified. 
Finally, methods have also been developed, which allow 
for in vivo-induced promoters to be identified by selec-
tion rather than screening; a counterselectable marker 
(such as sacB) can be incorporated into the cassette that 
is excised upon resolvase induction (Osorio et al., 2005), 
or the cassette can be engineered so that resolution 
leads to the loss of one selectable marker but regenerates 
another (Livny and Friedman, 2004).

RIVET in its many forms has been used to study gene 
expression in a wide variety of infections, including cell 
culture and mice (Lee et al., 1999; Osorio et al., 2005). 
Intriguingly, this approach has even been used in human 
volunteers who have been infected with a V. cholerae 
RIVET library (Lombardo et  al., 2007). When these 
results were compared with those obtained in a screen 
carried out using the same library in an infant mouse 
model (Osorio et  al., 2005), a strong correlation was 
observed, supporting the validity of the infant mouse 
model for the study of human cholera. Surprisingly, 
the overlap between these RIVET-identified genes and 
genes identified in other published studies of V. cholerae 
virulence was not large. These other studies include a 
microarray-based analyses of V. cholerae gene expres-
sion in human stool and vomitus (Merrell et al., 2002a; 
Larocque et al., 2005), an STM-based study of coloni-
zation and acid tolerance (Merrell et  al., 2002b), and 
an IVET study in a rabbit model (Xu et al., 2003). The 
variability in results shows that, for the study of a given 
pathogen, there may be model-specific and approach-
specific influences on the experimental results, thus 
underscoring the value of applying a collection of exper-
imental approaches to the study of a single biological 
question.

One of the main advantages of RIVET is that promoter 
induction leads to a permanent phenotypic change (i.e. 
antibiotic sensitivity or sucrose insensitivity), and thus 
the timing of gene induction can be studied by isolating 
promoter trap clones at multiple time points during infec-
tion. Using this approach, Lee et al. examined a selected 
group of promoter–resolvase fusions of V. cholerae viru-
lence genes in order to discern the timing of their induc-
tion in vivo (Lee et al., 1999). By examining the behavior 
of these fusions in mutants lacking some of the known 
V. cholerae virulence regulators, the authors were able to 
demonstrate a biphasic pattern of induction for the tcpA 
promoter (encoding the toxin-coregulated pilus), and 
found that the genetic requirements for virulence gene 
induction in vivo differed from what had been observed 
in vitro for the same genes; observations such as this 
serve to emphasize the importance of in vivo studies and 
the caution that must be applied in extrapolating in vitro 
phenomena to in vivo behavior. Similarly, to identify 
V. cholerae genes induced late in infection, Schild and 
Camilli administered kanamycin directly to the host 7 h 
after infection (Schild et al., 2007). The administration of 
drug killed off clones that had resolved within the first 
few hours after infection, as would be expected for clones 
carrying promoters for many of the known V. cholerae 
virulence factors. By limiting their kanamycin-sensitive 
output clones to those that resolved late, Schild and 
Camilli were able to show that Vibrio induces a previously 
unappreciated set of genes that promote the successful 
transition into the aquatic environment.

Differential fluorescence induction
Another promoter trapping strategy that has been applied 
to bacterial pathogenesis is differential fluorescence 
induction, or DFI (Figure 1). Like IVET, this approach 
fuses a random library of genomic fragments to a reporter 
gene, in this case a gene encoding a fluorescent protein 
such as GFP or one of the many GFP variants. As the 
respective promoters are induced, the corresponding 
clones begin to fluoresce, allowing clones carrying active 
promoters to be isolated by fluorescence-activated cell 
sorting (FACS). Valdivia and Falkow introduced a DFI 
library into Salmonella typhimurium, and used it to 
identify genes induced both in an in vitro model (acid 
stress) (Valdivia and Falkow, 1996) and during infection 
of macrophages (Valdivia and Falkow, 1997). To identify 
acid-induced genes, the library was exposed to growth 
medium at pH 4.5 and then sorted to isolate the most 
highly fluorescent bacteria. These selected clones were 
regrown at neutral pH and again sorted, this time based 
on the absence of fluorescence. After a second exposure 
to acid stress, the brightest cells were isolated and their 
insertions characterized. Fluorescence induction in these 
clones was then tested in macrophages, where interest-
ingly, only a subset was induced. These results suggest 
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that the signals that regulate the expression of these genes 
in vivo may be more complex than expected, and not sim-
ply the result of the acidic milieu of the phagolysosome. 
To follow up on this observation, Valdivia and Falkow car-
ried out a similar assay directly in cultured macrophages 
and went on to show that S. typhimurium genes induced 
within the macrophage are also induced in the spleens 
of infected mice.

DFI has been similarly applied to the identification 
of Mycobacterium marinum genes induced in both 
macrophages and frogs (Ramakrishnan et  al., 2000). 
M. marinum is a close relative of Mycobacterium tuber-
culosis and causes granulomatous infections in both frogs 
and fish, including zebrafish. and because of this, it has 
become an intriguing model for human tuberculosis. 
Ramakrishnan et  al. identified promoters activated in 
both macrophages and granulomas, as well as promoters 
activated in only one of these models. These specifically 
activated promoters have since been used as tools to 
evaluate granuloma development and bacterial behav-
ior during infection of frogs and zebrafish (Chan et al., 
2002), including zebrafish embryos (Davis et al., 2002), 
whose transparency allows for the direct visualization of 
fluorescent M. marinum in a living host.

Microarrays

Library-based, promoter trap methods for identifying 
in vivo-induced genes can be extremely labor-intensive 
and challenging to obtain saturation. One of the great 
technical advances that accompanied the new availabil-
ity of complete genome sequences was the development 
and application of microarrays to study gene expression 
in all cell types, including bacteria (Figure 2) (Waddell 
et al., 2007). Microarrays are high-density arrays of DNA 
spotted onto a slide. These reporter probes correspond 
to all or many genes of an organism and can also encode 
regulatory elements such as small RNAs. Fluorescently 
labeled cDNA prepared from that organism grown in an 
experimental condition can be hybridized to the array, 
often in competition with a second “reference” sample 
labeled with a different fluorophore. The relative fluores-
cence at each spot is an indication of the abundance of 
transcripts for that gene relative to the reference.

While initially some believed that the speed and scale 
of this technology would quickly make IVET-like genetic 
approaches obsolete, the use of microarrays to directly 
evaluate bacterial gene expression during host infection 
has proven to be somewhat challenging. Transcripts from 
bacteria grown in vitro are ideally suited for microarray 
analysis because of the ease and rapidity with which 
abundant amounts can be isolated. Thus, many studies of 
bacteria cultivated under various in vitro conditions that 
attempt to mimic some aspect of the host microenviron-
ment have been performed (Hinton et al., 2004).

For bacteria that replicate intracellularly, tissue culture 
infection models provide the opportunity to recover large 
amounts of relatively pure RNA from bacteria growing in 
an environment that more closely reflects the genuine 
in vivo environment. Microarrays have thus been used to 
study gene expression in intracellular pathogens such as 
M. tuberculosis (Schnappinger et al., 2003; Voskuil et al., 
2003), Salmonella (Eriksson et  al., 2003), and Shigella 
(Lucchini et  al., 2005), as well as in other organisms 
like Escherichia coli that do not primarily inhabit the 
host intracellular environment (Staudinger et al., 2002). 
Isolating high-quality mRNA from bacteria infecting a 
whole organism host model is much less straightforward. 
Bacterial transcriptional profiles can change extremely 
rapidly due to both mRNA degradation and new tran-
scription during sample processing. Also, not all infec-
tion models allow for the easy recovery of bacteria from 
host tissues in quantities large enough to be amenable 
to microarray analysis. In these cases, amplification is 
required, which in itself, can cause bias. Nonetheless, by 
implementing some technical alterations to the sample 
preparation process, microarrays have been used to study 
bacterial gene expression in the host.

One intracellular bacterial pathogen that has been 
probed extensively using microarrays in order to define 
genes induced in a plethora of conditions including 
starvation, hypoxia, and other stressors is M. tuberculo-
sis (Wilson et al., 1999; Boshoff et al., 2004). In addition, 
microarrays have been used to look at bacterial gene 
expression under potentially more relevant conditions, 
including infection of macrophages (Schnappinger et al., 
2003) and mice (Talaat et  al., 2004), and even in lung 

Microarray

Tiling array

Massively parallel sequencing

Sequence
coverage

Regions
represented on
the array

A

B

C

Figure 2.  A comparison of microarrays, tiling arrays, and deep 
sequencing for the measurement of RNA levels. (A) Microarrays con-
sist of arrayed, spotted oligonucleotides probes that typically provide 
resolution at the level of the individual gene. (B) Tiling arrays can have 
10–30 bp resolution, due to overlapping oligonucleotide probes for 
each gene. (C) Deep sequencing using massively parallel sequencing 
technologies can provide resolution of transcript abundance down to 
the nucleotide level.
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tissue (Rachman et al., 2006) and sputum (Garton et al., 
2008) isolated from actual human cases of tuberculo-
sis. We briefly summarized some of results to demon-
strate the utility of this approach as well as some of its 
limitations.

Although resident tissue macrophages are generally 
the first line of host defense against bacterial invaders, 
M. tuberculosis has evolved to persist and sometimes 
thrive within these cells by subverting, or at least toler-
ating, many key macrophage functions. Schnappinger 
et al. carried out an elegant microarray analysis of bac-
terial transcription in a series of environments, includ-
ing bone-marrow-derived macrophages isolated from 
both immune competent and immunocompromised 
NOS2−/– mice (Schnappinger et  al., 2003). From these 
studies, they were able to support the hypothesis that 
intracellular M. tuberculosis metabolizes fatty acids and 
to demonstrate that a large regulon of hypoxia-associated 
genes is induced by host-produced nitric oxide.

Investigators have been somewhat reluctant to study 
bacterial gene expression in animal models using micro-
arrays, largely because of the perceived challenge of 
measuring bacterial transcripts amidst a sea of contami-
nating eukaryotic RNA derived from host tissues. Instead, 
quantitative real-time reverse transcription–PCR (qRT-
PCR) has often been used to evaluate in vivo expression 
changes in small sets of genes that have been implicated 
in pathogenesis through other experimental approaches 
(Timm et al., 2003). qRT-PCR is both sensitive and quan-
titative, but is extremely difficult and costly to apply on a 
genome-wide scale.

Nevertheless, several studies have attempted to 
characterize the expression profiles of M. tuberculosis 
from host organisms using comprehensive microarray 
analysis. To overcome the challenge of obtaining suffi-
cient bacterial cDNA for such analysis while minimizing 
interference from host-derived cDNA, Talaat et al. used 
gene-specific primers to direct cDNA synthesis against 
the mRNA of M. tuberculosis bacteria recovered from the 
lungs of mice (Talaat et al., 2004). Two other groups have 
also since characterized M. tuberculosis gene expression 
in human clinical samples. Rachman et al. (2006) utilized 
Talaat’s gene-specific primer set to measure M. tubercu-
losis gene expression in resected lung tissue, and Garton 
et al. (2008) used an RNA amplification step to analyze 
transcription from bacteria in human sputum. While 
the behavior of some genes is similar in all three of these 
in  vivo studies, a large number of genes behave quite 
differently in the various models. How to best interpret 
these differences remains unclear. One possibility is that 
the respective environments from where the bacilli were 
isolated in each case are actually more disparate than 
expected. Another possibility is that the transcriptional 
behavior of a population of bacteria in a complex envi-
ronment such as the host may in fact be heterogeneous. 

Thus, there may be subpopulations of bacteria in all 
three models that share similar transcriptional profiles, 
whereas other subpopulations may coexist whose pro-
files reflect peculiarities of these three different environ-
ments. Since microarrays can only effectively measure a 
population-wide average, different coexisting behaviors 
may be obscured in a population-wide blur. Garton et al. 
tried to account for this possibility in their study by try-
ing to fit their results to a model in which the microarray 
signal was the product of a mix of bacteria in two dis-
tinct, well-characterized physiological states, but were 
unable to do so. Thus, in situations where heterogeneity is 
indeed an issue, the use of RIVET-like approaches, which 
monitors the behavior of a single promoter within a sin-
gle cell, may be more informative than an array-based 
approach.

Massively parallel sequencing, tiling arrays,  
and other recently developed tools

Two tools that are extending our ability to analyze the 
complete RNA content of cells are massively parallel 
sequencing (i.e. RNA-seq) and genomic tiling arrays 
(Figure 2). In addition to providing quantitative informa-
tion on transcript abundance, these approaches reveal 
details of an organism’s transcript composition that shed 
light on promoter structure, operon structure, and other 
important regulatory features. Genomic tiling arrays 
are extremely high-resolution microarrays composed 
of small, overlapping oligonucleotides that encompass 
the entire genome and allow for the fine definition of 
transcript architecture and abundance (Mockler et  al., 
2005). The need for fast, inexpensive ways to sequence 
large genomes has driven and continues to drive the 
development of new sequencing tools such as the Roche 
454, Illumina GA, Helicos, and ABI SOLiD methodolo-
gies, to name a few (Ansorge, 2009). Each of these tech-
nologies can generate tremendous amounts of sequence 
data. Roche 454 produces the longest read lengths and is 
fast, but generates the smallest amount of overall data, 
making the cost per gigabase sequenced relatively high. 
Illumina is less expensive, generating many more reads, 
but these are shorter in length (35–120 bases); Helicos is 
a similar system, slower but capable of generating huge 
amounts of data; and ABI SOLiD also produces a large 
number of short (35–50 base), highly accurate reads. 
The computational effort required to align and analyze 
sequencing data generated by these new technologies is 
inversely related to read length. Nevertheless, depending 
on the objective, one or more of these technologies may 
be used to generate the requisite data used to reconstruct 
the transcriptome.

Recently, combinations of next generation sequenc-
ing and tiling arrays were used to define the compre-
hensive transcriptomes of three bacterial pathogens, 
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Salmonella  typhi (Perkins et  al., 2009), Mycoplasma 
pneumoniae (Güell et al., 2009), and H. pylori (Sharma 
et al., 2010), with each study revealing an unexpected level 
of transcriptome complexity, including an abundance of 
riboswitches, small regulatory RNAs, and cis-antisense 
transcripts. These studies on in vitro grown bacteria sug-
gest that the regulation of virulence genes also involves 
similar complex regulatory mechanisms. Antisense 
transcripts had previously been known to be involved 
in bacterial gene regulation, but the large scale of their 
involvement has only recently been made clear (Waters 
and Storz, 2009). Conventional promoter trap approaches 
aimed at discovering in vivo-induced promoters have fre-
quently identified clones that carry genomic fragments 
that would not be predicted to contain a promoter or 
that are oriented “the wrong way” in the promoter probe 
vector; these earlier results may, in fact, be harbingers of 
more recent results obtained from RNA sequencing. Deep 
sequencing and tiling arrays have not yet been directly 
applied to the identification or characterization of in vivo 
expressed transcripts, but the data coming out of simple 
in vitro experiments suggest that in vivo virulence regula-
tion is likely to also involve a complex network of regula-
tory elements.

Transcriptomics also informs genomics by facilitat-
ing more accurate annotation of protein-coding regions, 
a better understanding of how transcription units are 
organized in operons, and a much broader cataloguing 
of genome features such as noncoding RNAs. More tran-
scriptomic data obtained by sequencing leads to better 
genome annotation, which forms the basis for improved 
micro- and tiling-array design. Whether RNA sequencing 
will ultimately completely replace arrayed approaches to 
expression analysis is simply a question of scale, cost, and 
feasibility.

In their recent review of prokaryotic transcriptomics, 
Sorek and Cossart (2010) pointed out that a drawback 
of transcriptomic methods is that they currently require 
millions of cells as starting material. While some infec-
tion models can easily generate the bacterial popula-
tions needed for such analyses, not all can. Even in cases 
where enough bacteria are present in the tissues, meth-
ods need to be optimized to obtain mRNA from these 
bacteria quickly and cleanly so that the architecture of 
the transcripts is preserved, a concern that applies to 
microarray-based analyses as well. Also, this approach 
shares the same limitations as microarrays with regard to 
the ability to detect transcriptional heterogeneity within 
the bacterial population when large numbers of bacteria 
are included in the generation of a single cDNA sample. A 
method to determine the transcriptome of a single cell is 
a much-anticipated advance that would illuminate how 
pathogens coordinate their gene expression and the role 
that heterogeneous responses might play in pathogen 
survival inside the host.

An advantage to microarray and sequencing-based 
approaches to studying bacterial gene expression is the 
general applicability of the methodology. Aside from 
isolating RNA from bacterial cells, no other molecular 
manipulation of the bacterium is needed to determine 
which genes are up-regulated during infection, enabling 
its use in genetically intractable organisms. However, 
all such gene expression-based approaches to defining 
genes functions that are important for pathogenicity are 
based on temporal and spatial correlation between the 
induction of certain genes and the host environment. 
These correlative approaches are based on the underly-
ing assumption that genes that are up-regulated under 
in vivo conditions must play a role in virulence and 
infection. This assumption can be challenged, leading to 
the need for a more direct approach to identifying genes 
that have functional significance during infection. To 
accomplish this, some perturbation of the bacterium—
random or targeted, genetic or chemical—must occur to 
link a particular gene function with its requirement in 
infection.

Functional approaches

An early challenge to bacterial geneticists interested in 
acquiring functional information was the issue of scale 
and ability to retrospectively identify genetic lesions that 
account for a given phenotype. Any attempt to screen for 
bacterial mutants that show virulence-associated phe-
notypes clearly requires the generation of diversity (i.e. 
large numbers of random mutants), an ability to screen 
or select for the desired phenotype, followed by identi-
fication of the relevant genetic lesion in the mutants of 
interest.

Originally, diversity could be generated through expo-
sure to mutagens such as UV irradiation or chemicals 
such as nitrosoguanidine. Such random mutations within 
the genome could be challenging to map and required 
extensive complementation efforts. The utilization of 
transposons to mutagenize bacteria dramatically altered 
this landscape by providing a mechanism to generate 
genomic diversity that could be more easily mapped 
by sequencing of insertion sites. Recently, efforts have 
been made to create comprehensive arrayed libraries 
of deleted genes (Baba et al., 2006) that provide a well-
defined collection of mutants. Notably, such gene dele-
tion libraries do not define all of genetic diversity since 
other lesions such as point mutations may provide very 
different phenotypes than gene deletion.

The type of mutagenesis used to construct the library, 
the phenotypes for which the library can be screened, 
and the way in which each mutant within the library 
is (or is not) tagged for subsequent identification set 
the limitations on the studies that can be performed. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Probing bacterial pathogenesis with genetics, genomics, and chemical biology    49

However, recent advances in technologies, such as 
identification of mutants through whole genome 
sequencing, circumvent previously existing limitations. 
Numerous new methods have been developed to bet-
ter interrogate the host–pathogen interaction and are 
described below.

Genetic-based identification of virulence factors

Genetic tools have been applied to the study of bacterial 
pathogenesis for the better part of four decades. Long 
before molecular biological tools became available 
in the 1970s, investigators were able to biochemically 
identify and characterize a collection of virulence fac-
tors and virulence-associated phenotypes, including a 
large number of bacterial toxins. With the introduction 
of modern genetic techniques, rapid progress was made 
toward understanding not only the factors that contribute 
to bacterial virulence, but also the regulators that control 
the expression of these genes and the stimuli that modu-
late the activity of these regulators. Many of the early 
studies of virulence relied on the use of in vitro systems 
to either model some aspect of the host environment 
or elicit the production of known virulence factors. As 
genetic systems improved, a move was made toward the 
direct identification of virulence mutants in vivo.

Large-scale screens to identify virulence factors and 
their regulators
Early genetic screens aimed at understanding V. chol-
erae virulence relied heavily on the creation of gene 
reporter fusions in vitro. For example, activators of chol-
era toxin production could be found by screening an E. 
coli reporter strain carrying a fusion of the cholera toxin 
promoter (ctxAB) to lacZ (Miller and Mekalanos, 1984). 
A genomic library from V. cholerae was transformed into 
this strain, and clones that expressed β-galactosidase 
activity could be isolated and characterized, leading to 
the identification of ToxR, key regulator of V. cholerae 
virulence. Similar efforts were used to elucidate a whole 
transcriptional regulatory cascade that is central to V. 
cholerae virulence (DiRita et al., 1991).

Alternative approaches have also been used to iden-
tify virulence factors through associated function. For 
example, TnphoA mutagenesis, which generates clones 
that produce alkaline phosphatase when the transposon 
inserts into genes encoding secreted proteins, was used 
to screen for secreted proteins that were coordinately 
regulated with cholera toxin (Taylor et  al., 1989). This 
approach identified TcpA, a toxin-coregulated pilin that 
is required for virulence in both animals and humans. 
While such reporter-based studies paved the way for 
the development of correlative techniques such as IVET, 
these reporters could also served as reporters of function 
in in vitro screens and studies.

Genes identified in large scale, in vitro screens that 
were thought to play a functional role in virulence were 
historically tested for in vivo significance by challeng-
ing an animal model, typically mice, with individual 
mutants. However, in order to take a more comprehensive 
approach to defining genes essential for in vivo infection, 
methods to directly screen for virulence-associated phe-
notypes in animal models were needed. The need was 
met by the development of signature-tagged transposon 
mutagenesis and other negative selection-based pooled 
screens.

Before discussing the use of transposons in these 
in vivo screens, it should be noted that the construction 
of large transposon libraries provides the opportunity to 
identify genes that are required for growth and survival 
in culture (Judson and Mekalanos, 2000b). Many of these 
genes are likely to be required for in vivo growth as well, 
making them potentially attractive as targets for therapeu-
tic intervention. Methods to identify indispensible genes, 
that is, genes that cannot sustain a transposon inser-
tion, have been evolved, and currently high-throughput 
screening of transposon insertion sites provide this 
information in high resolution. Nonsequencing methods 
such as PCR-based footprinting remain useful for inter-
rogating small regions of the genome. Regardless of how 
the insertion sites are mapped, the absence of trans-
poson insertions in a gene does not prove essentiality; 
essentiality must be demonstrated on a gene-by-gene 
basis by targeted efforts to delete or disrupt candidate 
essential genes. A positive approach was developed by 
Judson and Mekalanos (2000a) that identifies essential 
genes by transcriptionally fusing them to a regulatable 
promoter located at the end of the transposon. Using this 
approach, they identified arabinose-dependent strains of 
V. cholerae that included characterized essential genes 
as well as previously uncharacterized genes encoding 
hypothetical proteins.

While in vitro essential genes may have value as can-
didate drug targets, clearly there is much to be gained by 
identifying genes that merely conditionally essential. For 
studies of bacterial pathogenesis, the most relevant con-
dition for study is growth in vivo. Methods for identifying 
in vivo essential genes are discussed below, along with 
the advantages and pitfalls associated with the various 
experimental methodologies.

Negative selection screens
A challenge to bacterial geneticists interested in acquiring 
functional information is the issue of scale. Mutant hunts 
require the generation of thousands of random mutants, 
and most importantly, a well-conceived selection or 
screen. For a systematic study of virulence, screening con-
ditions are best achieved by introducing the mutants into 
a host—ideally using an animal model relevant to human 
disease, but are also achievable for some organisms using 
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cell culture or other in vitro conditions mimicking the 
host environment. Since the best-characterized animal 
model for many bacterial pathogens is the mouse, this 
poses an obvious dilemma. How can the behavior of 
thousands of mutants be monitored within an animal 
host without the need to infect thousands of mice with 
individual mutants?

In 1995, Hensel et al. provided an elegant solution to 
this problem (Hensel et al., 1995). Their strategy was to 
infect a mouse simultaneously with a pool composed of 
96 different bar-coded mutants, followed by identification 
of attenuated members of these mutant pools through a 
process of negative selection (Figure 3A). Their approach, 
dubbed signature-tagged mutagenesis, or STM, has 
become a standard methodology in the field, and has 
been used in dozens of laboratories to identify virulence 
factors in a broad variety of bacterial pathogens. STM led 
the way to the development of a series of transposon-
based negative selection genetic techniques that allow 
for the simultaneous screening of increasingly large and 
complex pools of mutants, and that provide increasingly 
quantitative information on the relative importance of 
each gene to the success of the infecting bacterium.

Signature-tagged mutagenesis  In their initial publica-
tion, Hensel and Holden used a collection of modified 
transposons to mutagenize S. typhimurium. These 

transposons each carried a unique, randomly generated 
oligonucleotide tag flanked by conserved PCR primer-
binding sites, so that the tags could later be PCR-
amplified and used to track mutants (Figure 3A). The 
random transposition of these tagged transposons into 
S. typhimurium led to the production of large numbers 
of mutants, each of which had two distinguishing fea-
tures: a unique, random site of insertion, and a unique 
oligonucleotide tag. The disrupted locus determined the 
behavior of the mutant, and the tag allowed the mutant 
to be tracked and identified. Growing each mutant in 
an individual well of a 96-well plate and then combin-
ing aliquots of these individual wells to create inoculum 
pools, the authors were able to infect mice with complex 
mixtures of mutant strains. The census of the pool was 
taken both before and after infection by PCR amplify-
ing the tags and then hybridizing the radiolabeled PCR 
products against a membrane spotted with the 96 trans-
posons (and their unique tags) used to create the pool. 
Hensel and Holden were able to screen 1152 mutants in 
this manner, resulting in the isolation of 43 attenuated 
mutants, including several with insertions in genes with 
homology to components of a type III secretion system 
(located on the SPI1 pathogenicity island). This locus is 
known to be important for Salmonella invasion of epi-
thelial cells. Since the complete genome sequence of any 
Salmonella species was still years away from publication, 
the discovery of this second type III secretion system 
required for virulence and conserved across pathogenic 
Salmonella species was a significant contribution to the 
current understanding of how Salmonella manipulates 
the biology of its host cell from within the phagosome.

During the 1990s, STM was applied to the study of a 
wide variety of genetically tractable bacterial pathogens, 
including Staphylococcus aureus (Mei et al., 1997; Coulter 
et al., 1998; Schwan et al., 1998), V. cholerae (Chiang and 
Mekalanos, 1998), Streptococcus pneumoniae (Polissi 
et al., 1998), Yersinia enterocolitica (Darwin and Miller, 
1999), Legionella pneumophila (Edelstein et  al., 1999), 
and M. tuberculosis (Camacho et  al., 1999; Cox et  al., 
1999). The functional genetic elements identified in 
these studies include clear-cut virulence factors like 
components of type III secretion systems and their asso-
ciated effectors, genes required for the synthesis of cell 
surface-associated molecules involved in host–pathogen 
interactions, and genes encoding metabolic enzymes and 
damage–repair proteins.

By screening identical mutant pools in multiple infec-
tion models, STM can reveal whether virulence loci are 
universally needed to support infection or are specifically 
required for processes that are unique to a given model. 
With the objective of identifying S. aureus loci that fall into 
the former class, Coulter et al. at PathoGenesis Corporation 
utilized three different murine infection models, systemic 
bacteremia, abscess, and wound infection, to screen over 

Tn Tn

vs.

spotted membrane

STM

microarry

TraSH Tn-seq

deep
sequencing

A B

Figure 3.  Negative selection screens. (A) STM uses bar-coded trans-
posons to create limited pools of mutants. These pools are passed 
through a selection, that is, mouse model that filters out attenuated 
mutants. The mutants that disappear from the pool during mouse pas-
sage are detected by PCR amplifying the bar codes, and comparing the 
input pool and output pool that is hybridized to a spotted array. (B) 
TraSH and Tn-seq approaches involve probes made from amplified 
transposon junctions to monitor the fitness of a genome-wide library 
of mutants following selection. In TraSH, these probes are hybrid-
ized to a microarray, while in Tn-seq, they are directly sequenced to 
identify mutants that disappear from the output pool.
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1500 transposon mutants (Coulter et  al., 1998; Schwan 
et al., 1998). Since the long-range objective of this work 
was the identification of pathways that might serve as 
targets for therapeutic intervention, the group chose six 
mutants that showed significant attenuation in all three 
models for further evaluation. All six mutants were then 
found to be attenuated in yet another system, a rabbit 
endocarditis model. Notably, of the 237 mutants that 
were identified as being attenuated in at least one of the 
three screening models, only 23 (<10%) were attenuated 
in all three. Thus, the use of a single model for STM-based 
studies may very well result in an incomplete inventory of 
virulence loci, suggesting that performing such screens in 
multiple animal models may be important.

The differential behavior of mutants in multiple ani-
mal models can be used to deliberately identify genes 
involved in responding to defined host defense mecha-
nisms. Hisert et al. rescreened S. typhimurium mutants 
that had been shown to be attenuated in immunocom-
petent mice in a series of gene knockout mice that lacked 
the genes encoding the inducible nitric oxide synthase 
(iNOS; NOS2), phagocyte oxidase (phox), or both of 
these phagocyte effector systems (Hisert et al., 2005). One 
mutant with an insertion in a conserved hypothetical pro-
tein was attenuated only in the presence of a functional 
phagocyte oxidase, implicating this locus in the bacterial 
defense against this host effector. The group went on to 
show that this previously uncharacterized locus, renamed 
cdgR, encodes a protein that regulates intrabacterial cyclic 
diGMP levels and is critical for survival under oxidative 
stress. While in this case, the cdgR locus could have been 
identified by screening a panel of S. typhimurium mutants 
for sensitivity to hydrogen peroxide in vitro, it is not always 
a simple task to generate in vitro screening conditions that 
accurately recapitulate the in vivo environment.

Although STM can clearly be a powerful tool, a number 
of issues need to be carefully evaluated prior to initiating 
a screen (Miller, 1999; Perry, 1999). As illustrated earlier, 
first and foremost among the concerns is the choice of 
infection model, since the genetic requirements for suc-
cessful infection may vary depending on how the bacteria 
initially encounter the host. For example, when Hensel 
et al. inoculated their Salmonella mutant pools via intra-
peritoneal injection, they failed to isolate mutants in the 
previously characterized inv/spa virulence locus. This 
locus, which is required for intravenous infection, is thus 
dispensable when bacteria are introduced by the intra-
peritoneal route. Studies in other bacterial pathogens 
have also shown various route-dependent functions, 
as illustrated in other routes of infection including oral 
(Chiang and Mekalanos, 1998) or intranasal (Polissi et al., 
1998) pathogen delivery.

Not only do the different routes of infection affect the 
host defenses that may be encountered upon inoculation, 
but they can also lead to potentially different fates for the 

individual members of an inoculating pool due to the sto-
chastic loss of mutants that can occur at population bottle-
necks. Such a population bottleneck was described for a rat 
model of Streptococcus sanguinis endocarditis (Paik et al., 
2005). Despite infection with as many as 1010 bacteria, only 
a small fraction of the 40 mutants present in the input pool 
were able to be recovered from rat heart valves, suggesting 
that extremely small numbers of bacteria were involved 
in the establishment of this infection. The authors were 
able to overcome this problem by switching to a rabbit 
endocarditis model, which resulted in more reproducible 
representation of the 40 mutants in the output. The choice 
of an appropriate inoculum size and pool complexity, as 
well as the study of each pool in more than one animal, 
can help to minimize the stochastic variability that occurs 
with population bottlenecks (Miller, 1999).

Another major limitation of STM and other negative 
selection-based screens that rely on the introduction of 
pools of mutants is that certain gene functions cannot be 
identified due to trans effects. Since each mutant com-
prises only a small fraction of the total bacterial popula-
tion introduced into the selection system, it is possible 
that some mutants that would be severely attenuated in 
a monotypic infection might be rescued by their pool 
mates in trans, particularly if the disrupted virulence 
gene encodes a secreted factor. Thus, the identification 
of gene functions that can operate in trans can be chal-
lenging to be identified by these methods.

STM continues to be a valuable tool for the identifica-
tion of virulence determinants, as illustrated by the recent 
discovery of the Trw type IV secretion system in Bartonella 
(Vayssier-Taussat). While the introduction of STM has 
certainly improved upon the inefficiency of introducing 
individual mutants into individual host animal, newer 
technologies have recently improved upon the ability to 
assess the relative fitness of mutants during pooled infec-
tion. Such technologies now enable the simultaneous 
interrogation of genome-wide mutant pools.
Negative selection using microarray-based readouts  STM 
as a gene discovery tool is limited by the small number 
of mutants that can be simultaneously inoculated into a 
given host (i.e. the complexity of a given pool) because 
of the challenges of tracking increasing numbers of 
mutants. Thus, correspondingly large numbers of STM 
pools must be screened to approximate a saturating 
screen that produces a comprehensive inventory of a 
pathogen’s virulence genes. As a result of these limi-
tations, very few of the STM studies published in the 
1990s could claim to have approached saturation. As 
the readout was simplified by the use of oligonucleotide 
tagged microarrays, saturating or near saturating screens 
became a more realistic objective. At the same time, as 
the complete genome sequences of bacterial pathogens 
became increasingly available, new ways to functionally 
interrogate these organisms were developed.
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Access to the complete genome sequence of a microbe 
makes possible the construction of microarrays where 
every gene is represented on the array. Although most 
early work with microarrays focused on evaluating 
changes in gene expression, it became clear that these 
tools could also be used for functional studies. Instead 
of relying on tags that had to be introduced on the trans-
posons used to generate the mutant pools, the fitness and 
fate of mutants could instead be assessed by interrogating 
whole genome microarrays with a complex probe mixture 
derived from DNA adjacent to transposon insertion sites. 
When such probes are made from a transposon library 
that has undergone selection and are hybridized to an 
array, weak (or no) hybridization signal will be observed 
on the microarray at spots corresponding to transposon 
insertions into genes that are conditionally essential 
under the experimental condition (Figure 3B). Genes that 
are essential under all conditions, or at least under the 
conditions in which the transposon library was gener-
ated, will not be able to sustain a transposon insertion 
and will thus be absent from the starting pool.

Like STM, microarray-based negative selection 
approaches are limited by population bottlenecks that 
might occur during animal infections. However, when 
selection conditions do not generate these bottlenecks, 
microarrays enable the rapid screening of many thousands 
of mutants simultaneously. An additional benefit is that 
the readout for a particular gene is often determined by 
the behavior of multiple mutants within the pool, carrying 
transposon insertions in different regions of the gene.

Aside from the ability to screen larger and more 
complex pools simultaneously, whole genome micro-
arrays allow for a rapid determination of the genes that 
are capable of sustaining a transposon insertion dur-
ing library construction. Thus, after construction of the 
transposon library, hybridization signals of the “input” 
probes generated from this library, relative to control 
probes made against genomic DNA, provide an indica-
tion of which genes are essential for in vitro growth. This 
approach can be confounded by the fact that microarray-
based mapping of transposon insertion sites is a fairly low 
resolution methodology, and thus some hybridization 
signal at a given spot on the array can be the result of 
signals from Tn insertions in adjacent genes. Similarly, 
the statistical likelihood of a transposon insertion into 
a given gene is related to the size of the gene. Thus, the 
absence of a transposon insertion in a particular gene 
may result in the false positive assignment of essentiality. 
Finally, because such approaches are transposon-based, 
polar effects on downstream genes can confound all such 
efforts to identify essential genes.

The first reports of microarray-based negative selection 
in bacteria were effectively proof of principle experiments, 
where mutant libraries were generated on rich growth 
medium and then subjected to selection in minimal 

medium. Not surprisingly, subsets of mutants defective 
in nutrient uptake, amino acid biosynthesis, and similar 
processes were identified as being negatively selected 
under nutrient limiting conditions. Badarinarayana et al. 
used a modified Tn10 transposase to mutagenize E. coli 
(Badarinarayana et al., 2001), and Sassetti et al. created 
a modified Mariner Tn system for use in mycobacteria, 
where they termed their methodology TraSH, for trans-
poson site hybridization (Sassetti et  al., 2001). TraSH 
was later applied to the study M. tuberculosis growth and 
survival in both macrophages (Rengarajan et al., 2005) 
and a murine model of tuberculosis (Sassetti and Rubin, 
2003), allowing for a comparison of the genetic require-
ments for infection of these two distinct infection models. 
Somewhat surprisingly, the set of genes required for mac-
rophage infection did not significantly overlap with the 
set of M. tuberculosis genes whose expression had previ-
ously been shown to be up-regulated during macrophage 
infection (Schnappinger et al., 2003), thus highlighting 
potential limitations of correlative approaches. Similar 
approaches to TraSH have been used to identify essen-
tial genes in H. pylori (Salama et al., 2004), and a modi-
fied approach using a library of defined mutants, called 
DeADMAn, was also used to identify requirements for 
M.  tuberculosis survival in mouse lungs (Lamichhane 
et al., 2005).

Such negative selection approaches can be taken to 
increasingly sophisticated levels, including screens for 
interacting genes (Figure 4). In species that are easily 
mutagenized using transposons, once an interesting viru-
lence gene has been identified, microarray-based nega-
tive selection can be used iteratively to reveal other genes 
that interact with it. Transposon libraries are generated 
in both a wild-type strain and a mutant strain lacking the 
gene of interest. Both pools of mutants are subjected to 
the same selective conditions. The recovered bacteria 
from both the wild-type pool and the mutant pool are 
compared by microarray hybridization. Insertions in 
genes that are functionally unlinked to the gene of inter-
est will have a quantitatively similar phenotype in both 
genetic backgrounds. In contrast, insertions that disrupt 
genes that function within the same pathway as the gene 
of interest will display a decreased level of attenuation in 
the mutant (epistasis), and insertions that disrupt genes 
that are functionally redundant with the gene of inter-
est will show an exacerbated phenotype in the mutant. 
Suppressor mutations (insertions) can also be identified 
since they will be overrepresented in the mutant back-
ground postselection.

Using this approach, a partial functional overlap 
between two transporters in M. tuberculosis, mce1 and 
mce4 was revealed (Joshi et  al., 2006). Both genes had 
been previously shown by TraSH to be required during 
infection in mice. The mce operons of M. tuberculosis are 
composed of genes with homology to the transmembrane 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Probing bacterial pathogenesis with genetics, genomics, and chemical biology    53

and periplasmic binding components of ABC transport-
ers. Yet, neither of the mce operons encodes a protein 
that might serve as the energy providing ATP-binding 
component required by these transporters. Interacting 
TraSH analysis of mce1 and mce4 mutants led to the iden-
tification of this ATP-binding component (transporter), 
which is encoded at an unlinked locus and supplies the 
ATP-binding activity for all of the M. tuberculosis mce 
operons.

Clearly, a significant limitation of microarray-based 
negative selection is the quality and availability of the 
microarray. For many pathogens, arrays are commer-
cially available, and if not, array design and synthesis 
are becoming increasingly easy. However, strain-to-strain 
variations may limit the effectiveness of this method if 
experimental strains are studied that contain genes that 
are not represented on the array. Thus, this strategy is 
entirely dependent on the availability of a well-anno-
tated genome sequence for the pathogen being studied 
and the quality (completeness) of available arrays. The 
quality of such arrays is continuing to improve with the 

incorporation of spots on the microarrays to detect regu-
latory RNAs and other noncoding transcripts as well as 
mRNAs. Recently, powerful sequencing methods have 
been applied to obtain quantitative fitness measure-
ments of members of the mutant pools, thus allowing 
these negative selections to circumvent many of the 
current limitations associated with using microarrays to 
measure fitness. This method has been variably termed 
Tn-seq (van Opijnen et  al., 2009), TraDIS (transposon 
directed insertion site sequencing) (Langridge et  al., 
2009), or HITS (high-throughput insertion tracking by 
deep sequencing) (Gawronski et al., 2009).
Fitness and virulence assessment using sequencing-based 
readouts  Massively parallel sequencing can precisely 
define transposon junctions and acquire an accurate cen-
sus of individual mutants within the pool with an accuracy 
that far exceeds microarray-based approaches. Illumina 
sequencing is ideal for this purpose. Illumina generates 
relatively short sequence reads (36–120 nt), but this size 
is well-suited to cover a region that contains a short 
region of the transposon end, fused to enough genomic 
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Figure 4.  TraSH-based approach for genetic interaction mapping. Functional pathways can be delineated using parallel TraSH screens. Standard 
TraSH experiments are performed using saturated transposon libraries generated in the wild-type background or in the background of a mutant 
strain chosen to represent the pathway of interest for genetic interaction mapping. Both libraries are passaged through a condition of interest. 
For studying virulence, passage through a mouse or other animal model is compared to growth in vitro. Separate genomic libraries are generated 
from the pool of mutants recovered after growth in vitro or in vivo, and independent microarray experiments are performed to identify genes 
that are required for growth in vivo in both the wild-type and mutant backgrounds. Transposon mutations that cause the same phenotype in 
both genetic backgrounds have the same ratio in each microarray experiment, and do not interact genetically. Negative genetic interactions will 
produce smaller ratios in the mutant background, positive interactions with produce larger ratios, and suppressors of the mutation will produce 
ratios greater than one.
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sequence to allow the unambiguous identification of the 
insertion site (in most cases). Illumina is highly accurate, 
particularly in shorter reads, and can generate up to 5–10 
giga base pairs (Gbp) per run (van Vliet, 2010). Although 
the run times may be as long as several days, the cost per 
Gbp of sequence is relatively inexpensive and multiplex-
ing of samples is possible when less than 5–10 Gbp of 
data per sample is needed.

To map and count transposon insertion sites, the usual 
Illumina genome sequencing sample preparation proto-
col is modified slightly. After fragmentation of the pool of 
genomic DNA, adapters are ligated to the free ends and 
the library is PCR-amplified using an adapter-specific 
primer and a transposon-specific primer. Therefore, the 
vast majority of reads contain transposon sequence and 
adjacent genomic sequence of interest, allowing up to 
several million unambiguously mappable reads per flow 
cell lane (Langridge et al., 2009; van Opijnen et al., 2009). 
Since prokaryotic genomes generally contain ~1000–6000 
genes, this means that many thousands of reads in a sin-
gle run may map to a single gene. With this depth of cov-
erage, much more subtle fluctuations in fitness related 
to the disruption of each gene can be measured. Further, 
the list of genes that are essential to the viability of a given 
bacterium can be determined with a much higher degree 
of confidence.

Tn-seq/TraDS/HITS have been applied to S. typhi 
(Langridge et  al., 2009), S. pneumoniae (van Opijnen 
et  al., 2009), and Haemophilus influenzae (Gawronski 
et al., 2009). In S. typhi, a pool of over 1 million trans-
poson mutants was created and assayed for two phe-
notypes: growth in rich medium and tolerance to bile, 
which is important for S. typhi survival in the gall bladder. 
Three hundred and fifty six genes were deemed essential 
based on a statistically significant underrepresentation 
of insertions in their respective open reading frame, 
after normalizing for the size of the ORF. The mutant 
pool was subjected to six passages, with samples taken 
for analysis after each passage. By the sixth passage, 
the pool complexity had diminished, and the authors 
were able to define genes that were both advantageous 
and disadvantageous during this period of outgrowth. 
Interestingly, a set of 30 genes involved in flagellar syn-
thesis appeared to carry a substantial cost during in vitro 
growth in nutrient-rich medium, as Tn insertions in these 
genes were substantially overrepresented in the pool after 
the sixth passage.

In S. pneumoniae, 398 genes were determined to 
be either possibly or likely essential, based on similar 
criteria to those described above. The depth of infor-
mation provided by deep sequencing enabled more 
than the simple designation of genes as either essential 
or nonessential; by analyzing the pool composition 
before and after a period of expansion (about seven 
generations), the relative contribution of every gene to 

pneumococcal fitness was able to be determined. Using 
the interaction mapping application described above, 
genetic interactions were mapped for five genes of inter-
est: three transcriptional regulators and two transporters. 
Tn libraries were constructed in five strains in which the 
corresponding genes of interest had been replaced by a 
drug-resistance marker. Genes were scored as interactors 
when the fitness cost of the two lesions in combination 
differed from the product of the fitness cost of disrupting 
the genes individually. Such studies provided the basis 
for an increasingly systems biology-scale analysis of gene 
networks in bacterial pathogens.

In H. pylori, deep sequencing was used not only to 
define essential genes in vitro, but also to evaluate the 
in vivo fitness of a 75,000 member mutant pool. From 
analysis of the insertion sites in the input pool, 1239 
genes were not required for in vivo growth. After passage 
through mouse lungs, 136 of these genes had significantly 
fewer sequencing reads mapping within their bounda-
ries, suggesting in vivo selection against mutants carrying 
insertions in these genes. The authors constructed dele-
tion mutants in two genes identified in their screen, galU 
and orfH and showed that their attenuation levels in a 
monotypic infection matched, within error, the attenua-
tion levels predicted from the sequence-based readout.

Despite its technical improvements over previous 
negative selection approaches, identification of under-
represented mutants in a pool by deep sequencing is 
still subject to the same limitations as all other negative 
selections. Primary among these is the mixed nature of 
the infection, which limits the ability to identify functions 
that can be complemented in trans, and prevents the 
discovery of virulence phenotypes that are not associ-
ated with a large fitness cost to the pathogen but may 
impact the disease process in the host. Only monotypic, 
mutant-by-mutant screens can provide this type of 
information. The next section will discuss how recent, 
parallel advances in currently available resources, such 
as full genome sequences, rationally designed minimal 
mutant libraries, and new animal models for screening 
make these complementary types of screens possible.

Nonpooled approaches to identify virulence genes
Once the genomic content of an organism is defined, 
interrogation and analysis of that content can be 
streamlined by creating a library that is nonredundant, 
or at least minimally redundant, so that the entire gene 
set can be assayed (as individual mutants) with mini-
mal labor and cost. For example, for an average bacte-
rial genome containing 4000 genes, a screen can now 
be performed on a library of ~3500 clones (minus the 
essential genes in a genome that cannot be constructed 
and thus interrogated in this manner) compared with 
screening of a nondefined, redundant library, which 
may require interrogation of ~20–30,000 clones in order 
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to obtain the same level of saturation. This reduction 
in numbers makes it possible to screen these librar-
ies for increasingly complex phenotypes such as tran-
scriptional alterations or even growth inside an animal 
model such as the mouse.

There are a few caveats one must consider when cre-
ating and using such defined, nonredundant libraries. 
First, this strategy relies on an accurate bioinformatic 
evaluation of the genome, including proper annotation 
of coding regions and the identification of other chro-
mosomal regions of interest, such as noncoding RNAs. 
Second, in nonredundant, defined libraries, there are no 
longer multiple mutants per gene to internally validate 
the primary screening results. Third, if the library is 
assembled from transposon mutants, it is possible that 
some of the mutants chosen for inclusion in the pool do 
not represent true null alleles (as in the case of inser-
tions at the 3’-end of a gene), although careful mutant 
selection from large pools of available insertion mutants 
can minimize this risk. Also, if the library is created from 
transposon mutants, the clones are still subject to con-
founding polar effects of the insertions. Despite these 
drawbacks, the advantage to using defined libraries—the 
ability to carry out complex screens on a genome-wide 
scale—is quite large.
Defined mutant libraries  The construction of compre-
hensive mutant libraries requires a substantial upfront 
investment in time and effort, but a high-quality, 
ordered library is a valuable resource that can be shared 
throughout the research community. These libraries 
can take a variety of forms, and with enough foresight, 
the mutations can be introduced along with additional 
features that increase the versatility of the library by 
allowing for pooled use, measurement of gene expres-
sion, or further genetic manipulation. The potential 
utility for such bacterial libraries is exemplified by the 
earlier construction of a comprehensive, bar-coded 
mutant library in the budding yeast Saccharomyces cer-
evisiae, which has absolutely revolutionized eukaryotic 
systems biology.

Sequence-defined mutant libraries can be assembled 
from existing libraries of transposon mutants, as has been 
done with Francisella novicida (Gallagher et al., 2007), 
V. cholerae (Cameron et  al., 2008), and two strains of 
P. aeruginosa (Jacobs et  al., 2003; Liberati et  al., 2006); 
alternatively, mutants can be generated in a targeted 
manner, as has been done in Bacillus subtilis (Kobayashi 
et al., 2003) and E. coli (Baba et al., 2006). To generate the 
Keio collection of E. coli mutants, every deletable ORF in 
the E. coli genome was individually replaced with a kan-
amycin-resistance cassette flanked by FLP recombinase 
recognition sites. When the resistance cassette in each 
mutant was resolved, the resulting mutant contained a 
clean, in-frame deletion of the target gene, thus eliminat-
ing concerns about polar effects on downstream genes.

Defined libraries are useful in several ways. First, 
they serve as a repository of easily accessible individual 
mutants, enabling the rapid follow-up to experiments 
that implicate specific genes in a process. For example, 
if a gene is found to be induced in a particular infection 
model, a mutant in that gene can be quickly retrieved 
and its functional significance in that model can be 
tested. Second, the library can be screened systematically 
and comprehensively for a phenotype of interest. The 
P.  aeruginosa libraries have thus far been screened for 
phenotypes including biofilm formation (Müsken et al., 
2010) and antibiotic sensitivity (Lee et al., 2009) and the 
V. cholerae library has been screened for motility-related 
genes (Cameron et al., 2008). In vitro phenotypes such as 
these are rapidly assayed at relatively low cost, in contrast 
to individually passing the nearly 6000 mutants present 
in the P. aeruginosa nonredundant library through an 
in vivo model such as the mouse, which is a much more 
daunting undertaking.

Such arrayed libraries can be parsed into sub-
libraries containing a subset of genes that may share 
a common feature. The task of testing a sub-library in 
a whole organism, animal model is more feasible, as 
illustrated by the systematic study of 83 regulators that 
had been inferred to play a role in S. typhimurium viru-
lence (Yoon et al., 2009). Testing each of these regula-
tory mutants in three different mouse infection models 
identified 35 regulators that were important in at least 
one infection model, and 14 that were needed for sys-
temic infection. Each of these 14 regulatory mutants 
was then grown under four different conditions and the 
impact of the gene deletion on global gene expression 
was evaluated by microarray analysis, thus providing 
an in-depth, systems biology-based description of the 
regulatory cascade leading to the production of SPI-2-
encoded virulence factors.
High-throughput infection models  One of the remark-
able experimental systems that can now be evaluated 
due to the creation of ordered, arrayed libraries is the 
single, gene-by-gene interrogation of a pathogen within 
a whole organism host model. While efforts are now 
underway to perform such daunting studies in higher-
order vertebrates that more closely resemble the human 
host, that is, mice, coincidental efforts have been made 
to identify simpler host models that are easier to screen 
and may nevertheless provide insight into relevant 
infection biology.

The nematode C. elegans has been a workhorse for 
developmental biologists but is now also found use 
as a simple, inexpensive model to study the virulence 
mechanisms of several bacteria, including P. aeruginosa 
(Tan and Ausubel, 2000) and S. aureus (Sifri et al., 2003). 
C. elegans is a particularly easy to use model in that the 
nematodes naturally consume bacteria, thus infecting 
themselves during feeding. Ten or more worms can be 
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grown in a single well of a 96-well plate, allowing for 
the screening of large collections of bacterial mutants 
(or  small molecules, as will be discussed later). The 
outcome of infection is also easily measured, since dead 
nematodes assume a straight, rigid morphology in con-
trast to the S-curved morphology displayed by viable 
organisms. This morphological change upon death is 
sufficiently robust such that worm viability can be scored 
by automated microscopy. Many, though not all, of the 
bacterial mutants defective for growth in C. elegans have 
been shown to be attenuated in mouse models of infec-
tion (Mahajan-Miklos et al., 2000).

Another favorite model organism of developmental 
biologists, the zebrafish (D. rerio), is also a suitable host 
for a variety of bacterial infections, including S. typhimu-
rium (van der Sar et al., 2003), P. aeruginosa (Clatworthy 
et al., 2009), S. aureus (Prajsnar et al., 2008), Streptococcus 
(Phelps et  al., 2009), and M. marinum (Cosma et  al., 
2006). The zebrafish has several attractive features. First, 
embryos are transparent, allowing the infectious process 
to be visualized by light or fluorescence microscopy in 
living embryos over the course of the infection. Second, 
zebrafish are genetically tractable, and morpholinos can 
be used to modify host gene expression before and dur-
ing infection. Third, zebrafish possess both innate and 
adaptive immunity similar to mammals. Fourth, zebrafish 
fecundity and the small size of embryos, which may be 
housed in 96-well plates for up to 12 days, facilitate the 
generation of large numbers of host animals that can be 
housed in a small space, facilitating higher-throughput 
studies. Finally, as with C. elegans, mutants that are 
attenuated in vertebrate models have also been shown to 
be attenuated in zebrafish. The use of these and additional 
nonvertebrate infection models has been nicely reviewed 
elsewhere (Mahajan-Miklos et al., 2000; van der Sar et al., 
2004).

Clearly, the application of genomics to the study of 
bacterial pathogenesis has dramatically changed the scale 
and scope of studies that can be performed. Increasingly, 
facile methods are being developed that allow systematic 
genetic perturbation of bacterial (and host) genomes. At 
the same time, more comprehensive methods are being 
developed to allow measurements of bacterial response 
to genetic interventions with increasing sensitivity and 
quantitative precision. The progress made in these areas 
is complemented by the development of new host mod-
els, as in vitro studies can only provide a limited view on 
true infection of relevant hosts. However, in the face of 
an increasingly endless number of exciting genetic and 
genomic developments, there continue to be inherent 
limitations to manipulations on the DNA level. Thus, the 
increasing application of chemical biology to the study 
of bacterial pathogenesis serves to fulfill a unique niche 
and is an important complementary approach to genetic 
methods.

Small molecule-based identification of essential genes

Functional genetic approaches to studying pathogen-
esis have been incredibly powerful, and the technologi-
cal advancements that have come hand-in-hand with 
the application of genomic methods portend an even 
more exciting future for understanding pathogenesis 
in increasingly comprehensive and relevant ways to 
human infection. However, even as many technical 
barriers to understanding bacterial pathogenesis are 
being removed, the study of bacterial essential gene 
function and the study of genetically intractable patho-
gens continue to be challenging if one is restricted to 
utilizing only classical genetic approaches. To date, most 
functional studies are based on the ability to knockout 
or mutate a particular genetic locus, usually resulting 
in loss of function. Clearly, for genes that are essential 
in vitro, creating such lesions is not possible. While it is 
possible to perturb essential genes by creating genetic 
“knockdowns” that titrate the expression of gene prod-
ucts and thus regulate the magnitude of gene function 
(Wong and Akerley, 2008) on a genome-wide scale, this 
type of effort can be quite challenging. Likewise, conven-
tional genetic approaches have either been limited or 
are impossible in certain organisms refractory to current 
genetic techniques for DNA manipulation, including 
such organisms as Chlamydia, Rickettsia, Coxiella spp., 
and Mycobacterium leprae.

The use of chemical genetics (the application of 
small molecules) to perturb bacterial behavior has 
become an increasingly valuable and complementary 
tool to examine the involvement of essential genes in 
pathogenesis and to interrogate genetically intractable 
pathogens. In addition, small molecules can also play 
complementary roles to genetic manipulations under 
specific circumstances, such as when protein turnover 
is slow and therefore genetic control of transcription 
levels has little bearing on protein expression levels 
and thus protein function, when redundant gene pairs 
and/or gene families exist in a genome complicating 
the relationship between single gene and gene func-
tion, or when compensations (mutations) can occur 
in a genome in response to a long-term, stable genetic 
lesion resulting in confounding results (Figure 5). In 
these and other cases, the ability of a small molecule to 
have rapid onset and to be reversible can be important 
(Stanley and Hung, 2009).

Many of the same phenotypes that can be screened 
through experimental genetic methods can also be 
screened using a chemical biological approach to iden-
tify small molecules that interfere with gene function, 
most often through inhibition of protein function. Most 
pathogenesis-related or bacterial chemical screens 
(or selections) fall into three main categories that are 
designed to find small molecule modulators of (1) in vitro 
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virulence phenotypes, (2) bacterial physiology and thus 
survival, or (3) the complex host–pathogen interac-
tions involved in infection of a whole host organism. 
Many chemical screens of these types have become of 
increasing interest because of the overlap that they have 
with antibiotic discovery efforts and establishing new 
paradigms for how one defines an antibiotic (Clatworthy 
et al., 2007; Barczak and Hung, 2009).

Inhibition of virulence phenotypes
Numerous virulence phenotypes have now been 
screened in vitro to identify small molecule inhibitors 
of virulence for both Gram-positive and Gram-negative 
organisms, with increasing numbers of reported suc-
cesses in whole animal models (reviewed in Clatworthy 
et al., 2007; Escaich, 2008; Rasko and Sperandio, 2010). A 
number of small molecules have been identified, which 
probe a large and diverse set of bacterial functions asso-
ciated with virulence including: adherence, as exempli-
fied by E. coli pilicides (Cegelski et al., 2009); virulence 
regulation, in the case of cholera toxin expression in V. 
cholerae (Hung et al., 2005) or quorum sensing in both 
Gram-positive and Gram-negative organisms (Balaban 
et al., 2007; Rasko et al., 2008); toxin delivery, through the 

inhibition of secretion systems (Baron, 2006); and toxin 
function, for example, by inhibiting anthrax lethal toxin 
protease activity (Shoop et al., 2005).

The methods for identifying small molecule modula-
tors of virulence are many and varied and have included 
biochemical assays, such as hemagglutination, which has 
been used to detect type 1 pilus formation in E. coli, or 
protease activity, which has been used to detect anthrax 
lethal toxin cleavage of a peptide substrate by FRET 
(Cummings et  al., 2002). In addition, bacterial strains 
manipulated to express reporter genes (e.g. luciferase, 
fluorescent proteins, or antibiotic-resistant cassettes) 
under the control of virulence factor promoters have 
been used to screen for small molecule inhibitors of 
quorum sensing and type III secretion (Kauppi et  al., 
2003). Other whole cell, phenotypic assays have been 
performed, including assays to identify inhibitors of bio-
film formation (Junker and Clardy, 2007) and inhibitors 
of secretion, as measured by the ability of pathogens to 
kill host cells in cell culture (Arnoldo et al., 2008). In the 
future, we would anticipate that two-hybrid systems will 
be used to identify inhibitors of protein–protein inter-
actions that may be critical for virulence phenotypes; 
the use of such an assay is certainly plausible based on 
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precedence in yeast (Armour and Lum, 2005). In fact, a 
bacterial two-hybrid system was used to verify the req-
uisite dimerization of the transcription factor ToxT in V. 
cholerae and its disruption by a small molecule inhibitor, 
virstatin (Shakhnovich et al., 2007).

The types of screens or selections that can be per-
formed with small molecules are nearly limitless since 
there are few restrictions on the system (i.e. in principle, 
no genetic manipulations are required). One simply 
needs to have a robust phenotype that can be scored to 
identify small molecules of interest. One clever exam-
ple of how chemical genetics was used to identify an 
essential virulence factor in the genetically intractable 
intracellular pathogen Chlamydia pneumoniae has 
been recently described (Huang et  al., 2008). In this 
study, Huang and colleagues transformed yeast with a 
putative virulence factor from C. pneumoniae, CopN, 
and found that CopN overexpression in yeast resulted 
in mitotic spindle disruption and G2/M cell cycle arrest, 
similar to CopN overexpression in mammalian cells. The 
authors then performed a chemical screen to identify 
small molecule inhibitors of CopN-mediated cell cycle 
arrest in yeast and found two small molecules that not 
only rescued yeast from mitotic spindle disruption but 
also interfered with C. pneumoniae replication and 
inclusion body formation in cultured, mammalian cells. 
Thus, in this example a chemical genetic approach was 
paired with a more classical genetic approach (analysis 
of protein function through heterologous overexpres-
sion in yeast) with the result that the combination of 
both approaches led to the identification of an essential 
virulence factor in a genetically intractable pathogen as 
well as useful, small molecule tools with which to probe 
Chlamydia biology.

Modulators of physiology: death as the phenotype
It is difficult to consider the study of bacterial pathogene-
sis and the ultimate goal of intervening on human disease 
without considering the role of bacterial genes required 
for survival in axenic culture. The corresponding essential 
gene functions are the targets of all current antibiotics, 
which are active both in vitro and in vivo.

Current progress in genomics and chemical biology 
has contributed to the manner in which we can now 
identify and understand in vitro essential genes. In 
one extreme, the availability of sequenced, annotated 
genomes can be used to aid in the prediction of essential 
genes that might be targeted by small molecules using a 
“reverse chemical genetics” approach (Stockwell, 2000). 
At the other extreme, the application of sequencing and 
other genomic technologies can help in the identification 
of the mechanisms of action of newly identified small 
molecules, in some cases, even identifying the actual 
gene(s) targeted using a “forward chemical genetics” 
approach.

Genes to small molecules  Genomics and chemical 
biology together have thus far proven to be a powerful 
combination for identifying small molecule inhibitors of 
essential gene functions. This is illustrated in the case of 
a small molecule natural product, platensimycin, which 
was discovered by Merck. Investigators used a shotgun 
genome-wide antisense RNAi approach to knockdown 
expression of genes in the S. aureus genome and thus 
identify genes whose expression was tied to growth of 
the bacterium (Forsyth et al., 2002). They demonstrated 
that knockdown in fabF, a β-ketoacyl synthase involved 
in type II fatty acid biosynthesis (FASII), sensitized S. 
aureus to inhibitors of the enzyme, in this case ceru-
lenin. There has been considerable interest in targeting 
fatty acid biosynthesis as an essential function in cell wall 
biosynthesis in Gram-positive organisms, with isoniazid, 
which targets FabI in M. tuberculosis, being the exem-
plary case of an effective anti-infective. In an impressive 
effort, Merck screened 250,000 natural product extracts 
against a S. aureus strain in which fabF expression was 
knocked down using an antisense strategy. The screen 
resulted in the identification of the FabF/B inhibitor, plat-
ensimycin (Wang et al., 2006). They went on to confirm 
its mechanism of action and demonstrate its activity in a 
mouse model of methicillin-resistant S. aureus (MRSA) 
infection. Interestingly, a subsequent study reported the 
nonessentiality of the FASII pathway in Streptococcus 
agalactiae (Brinster et al., 2009) in vivo due to its abil-
ity to scavenge fatty acids from serum. This report called 
into question whether FASII is in fact essential and thus 
a reasonable target for intervention in Gram-positive 
organisms. However, a subsequent report (Balemans 
et al., 2010) has demonstrated that FASII is in fact essen-
tial in S. aureus and not S. agalactiae, thus raising a 
major caveat in comparative genomic efforts to define 
essentiality across multiple bacterial pathogens and the 
importance of defining essentiality within the context of 
relevant growth conditions.
Small molecules to genes  Recent advances in genomic 
applications and technologies have also facilitated the 
identification of essential gene functions inhibited by 
small molecules (Figure 6). In these cases, a phenotype 
of interest can be generated (e.g. death of the bacteria) 
upon exposure to a newly identified small molecule. 
Using next generation sequencing, for a given molecule 
of interest, resistant mutants can be generated and whole 
genome sequencing can be used to identify the genetic 
lesion that confers resistance, thus revealing a candidate 
essential gene product that might be targeted by the 
small molecule (Figure 6A) (Nusbaum  et  al., 2009). In 
the particular case of M. tuberculosis, a high‑throughput 
chemical screen was performed on a related nonpatho-
gen, Mycobacterium smegmatis, resulting in the identifi-
cation of a diarylquinoline TMC207 with potent activity 
against M. tuberculosis both in vitro and in a mouse 
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model (Andries et al., 2005). The target of TMC207 was 
identified when mutations were identified through 
sequencing of resistant mutants in the F

0
F

1
 ATP synthase 

gene. Since this discovery, subsequent studies have gone 
on to characterize the synthase and its role in maintain-
ing membrane potential and a proton gradient both 
in actively replicating bacteria as well as in quiescent 
bacteria (Koul et al., 2007, 2008).

In an alternative genomic approach to identifying 
essential mechanisms that are targeted by small mol-
ecules, Elitra Pharmaceuticals has extended the S. aureus 
knockdown approach described above to the develop-
ment of a “TargetArray,” which can be used to identify 
mechanisms of action based on the similar concept of 
haploinsufficiency in yeast (Giaever et  al., 1999). The 
principle of the collection of 236 S. aureus antisense 
clones is that knockdown of specific genes/pathways 
should sensitize different clones to certain small mol-
ecules. Clones included in TargetArray were selected 
to provide unique patterns of response (or fingerprints) 
to distinguish between small molecules that perturb 
the bacteria with differing mechanisms of action. Thus, 
the growth pattern of the strains in TargetArray in the 

presence and absence of a small molecule can provide 
insight into that small molecule’s mechanism of action 
(Xu et al., 2010). Specifically, the identification of clones 
(and thus the corresponding genes that have been 
knocked down) that cannot survive in the presence of a 
given small molecule can link the mechanism of action 
of the small molecule to functional pathways encoded by 
the corresponding genes.

In contrast to the knockdown approach described 
above, it is also possible to identify the cellular targets of 
small molecules that are required for bacterial viability 
by overexpression of the target. This approach, termed 
“high-copy suppression,” involves the screening of 
ordered libraries of clones, where each independent 
clone overexpresses a gene of interest. Clones that over-
express the target of a small molecule that has growth 
inhibitory properties should be more resistant to growth 
inhibition by that compound as long as the abundance 
of the target is in excess of the concentration of the small 
molecule. Recently, an ordered, high expression clone 
set of essential genes in E. coli was screened to identify 
genes that suppressed the growth inhibitory properties of 
a compound named MAC14323, which has antibacterial 
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Figure 6.  Genomic methods can be used to identify targets and/or mechanisms of action of small molecule modulators. (A) Whole genome 
resequencing of resistant mutants generated against a small molecule can be applied to identify genetic lesions within the bacterial genome that 
confer resistance. Such lesions can occur in the target of the small molecule. (B) Patterns of growth and fitness of an arrayed knockdown library of 
a given pathogen in the presence of a small molecule can result in canonical fingerprints that reveal the mechanism of action for the molecule.
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properties against a number of Gram-negative organisms 
including E. coli and P. aeruginosa (Pathania et al., 2009). 
Through this screen, Pathania and colleagues identified 
that LolA, a key protein involved in lipoprotein target-
ing, is the likely target of MAC14323. It is clear that new 
genomic technologies, including whole genome sequenc-
ing, antisense knockdown approaches, and construction 
of libraries that facilitate high-copy suppression screens, 
together with chemical biology, are a powerful combi-
nation to identifying small molecules that can modulate 
survival and essential gene functions.

Modulators of host–pathogen interaction
In a manner paralleled by advances in genetic screening, 
chemical biological approaches are being taken in more 
sophisticated ways that allow one to probe pathogen 
behavior in increasingly relevant biological systems, at 
the host–pathogen interface where the collective host 
response (which consists of both the host microenviron-
ment with its associated nutrient limitations, pH, oxygen 
tensions, and host immunity) serves as a perturbation 
from which we can detect a change in bacterial behav-
ior. Typically, the change in bacterial behavior of great-
est interest is the ability to be pathogenic. Thus, we are 
often most interested in perturbations that result in the 
decreased ability of the pathogen to survive within the 
host or in decreased virulence, though perturbations 
can also be reflected in more subtle phenotypes such as 
improper trafficking within host cells or decreased activa-
tion of host responses.

On top of the bacterial response to the host, we can 
now introduce further perturbations of the system by 
intentionally altering individual bacterial gene functions 
(infection of the host with bacterial mutants) or individual 
host gene functions (infection of wild-type bacteria into a 
host that has been genetically manipulated using RNAi, 
morpholinos, or where host genes have been disrupted), 
and measuring bacterial and host responses in the col-
lective interaction. An alternative method is to introduce 
small molecules into the pathogen–host interaction that 
may target either host or bacterial functions.

In one recent example, both chemical and RNAi-
mediated perturbations of the host cell were used to yield 
valuable insights into S. typhimurium pathogenesis (Kuijl 
et al., 2007). In this study, Kuijl and colleagues screened 
a small collection of kinase inhibitors for their ability to 
restrict the growth of S. typhimurium in cultured mac-
rophages. In parallel, they also used automated fluores-
cent microscopy to perform an siRNA screen targeting 
the human kinome to identify host kinases required for 
survival of S. typhimurium in cultured macrophages. 
Both complementary approaches identified that AKT1 
is required for proliferation S. typhimurium in cul-
tured macrophages. Moreover, the study extended the 
observation to other intracellular pathogens and found 

that inhibition of AKT1 also restricts the growth of M. 
tuberculosis in macrophages. Finally, they were able to 
demonstrate that small molecule inhibition of AKT1 in a 
mouse model resulted in increased survival of infected 
animals.

A second example illustrates the ability to identify 
small molecules that target the bacterial side of the 
pathogen–host interaction. Automated, high-content 
microscopy has become a powerful tool to measure 
the host–pathogen collective interaction as illustrated 
in a study for small molecules that restrict mycobacte-
rial growth in cultured macrophages (Christophe et al., 
2009). This study identified that dinitrobenzamide 
derivatives effectively restricted the growth of M. tuber-
culosis, including XDR strains, by inhibiting an enzyme 
involved in arabinan synthesis, decaprenyl-phosphori-
bose 2’ epimerase. This study thus identified an essential 
gene function required by M. tuberculosis for survival 
within macrophages (as well as in axenic culture) by 
using high-content imaging of infected macrophages to 
identify compounds that interfere with mycobacterial 
cell wall synthesis.

Finally, the previously described developments in 
alternative animal model organisms that have been inval-
uable to higher-throughput genetic studies have equal 
applicability to small molecule screens for modulators 
that disrupt the pathogen–host interaction. Historically, 
whole organism screens for anti-infectives conducted in 
mammalian hosts have been few and far between due 
to cost and housing restraints and potentially, ethical 
considerations. One example of such an endeavor is 
the discovery of ivermectin, which was identified in a 
herculean screen performed by Merck in the 1980s. In 
this screen, thousands of natural product extracts were 
tested in nematode-infected mice to identify compounds 
with antihelminthic activity. Thus, while whole organ-
ism screens for anti-infectives do clearly work, the scale 
in terms of the number of mammalian hosts one must 
screen to identify an anti-infective is simply not feasible 
in an academic setting. However, if one uses an alterna-
tive model host, such as C. elegans or zebrafish, that is 
cheaper and where housing restraints are minimal, one 
can feasibly conduct chemical screens for anti-infec-
tives. Unlike traditional screens for antibiotics, which 
are designed to identify compounds that kill or inhibit 
the growth of a bacteria in vitro, whole organism screens 
have the capacity to also identify small molecules that 
act by inhibiting either bacterial or host functions. An 
example of a small molecule screen for anti-infectives 
in an alternative host model was performed (Moy et al., 
2006) on Enterococcus faecalis-infected C. elegans. In this 
screen, the authors identified several small molecules 
that rescue infected nematodes, but do not appear to 
work by the conventional antibiotic paradigm of target-
ing essential gene functions that are required regardless 
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of the environmental condition. Some of the compounds 
that were identified were more active in the infected 
host than against the pathogen alone in axenic culture, 
leading the authors to consider whether the compounds 
might be targeting other bacterial (or even host) gene 
functions that are involved in virulence or in vivo sur-
vival, but not required for in vitro survival. Thus, the 
array of phenotypes that can be examined using small 
molecules grows ever more complex, at the same time 
that methods to study pathogenesis allow us to study 
systems that are increasingly relevant and/or better 
mimic the true conditions of human infection.

Future

The increasing ability to obtain genome-wide descrip-
tions of bacterial responses to increasing numbers of per-
turbations, both genetic and chemical, has significantly 
expanded our understanding of bacterial pathogenesis 
and behavior. With these opportunities however, often 
comes an accompanying set of new challenges that must 
be solved in order to continuously propel us forward in 
our understanding.

Challenges

One of the major challenges that has come with the dra-
matic increase in genomic data that can now be obtained 
is the ability to analyze such large amounts of data and to 
integrate them into coherent models of bacterial response 
and behavior. Such advances have spawned new fields 
such as computational biology and have resulted in the 
need for close collaborations between experimental 
microbiologists and bioinformaticists. Such interdisci-
plinary efforts are needed on both the technical level, for 
example, translating millions of sequencing reads into 
coherent biological information, as well as the analytical 
level, for example, translating the varying expression lev-
els of all genes in the genome under a certain condition 
into relevant biological models of behavior. The unprec-
edented level of detail and sensitivity with which we can 
acquire data, for example, in gene expression using RNA 
sequencing or on single cells will require an additional 
revolution in our ability to analyze and interpret data.

With the increasing ease with which we can sequence 
bacterial genomes, we must discard basic assumptions or 
approximations that we previously took for granted, and 
create a new framework from which we must consider 
the concepts of pathogenesis. For example, the concept 
of a clone and/or the use of standard laboratory patho-
genic strains begin to lose their meaning as sequencing 
now reveals heterogeneity within such strains. One lab’s 
standard strain may in fact differ from another’s, with 
each carrying numerous genetic variations relative to 

the other. The corollary of this fact is that the data result-
ing from every individual lab can be the result of strain 
specific behavior. Certainly, the optimist hopes that nev-
ertheless, many principles that we have learned and con-
tinue to learn are conserved across strains and clones.

Recent lessons and caveats to the interpreting of 
genomic data are highlighted in the relatively unsuccess-
ful GlaxoSmithKline campaign in postgenomic antibiotic 
discovery (Payne et  al., 2007). Mining the increasing 
number of available genomes for new drug targets, 
efforts were made to identify genes that were essential 
across multiple pathogens, including Streptococcus 
pneumococcus, S. aureus, and H. influenzae, and that 
were conserved on the amino acid level, present in single 
copy, and had no host ortholog. Of 350 genes common to 
all three pathogens, 127 genes were described as being 
essential in vitro in at least one of the organisms. Yet, upon 
completion of their campaign, they found that many of 
the genes that had been predicted to be essential were in 
fact nonessential. Their work calls to attention one of the 
major caveats in our current ability to designate a gene 
as “essential”; it can be challenging to unambiguously 
assign essentiality, since essentiality is typically defined 
by the inability to isolate a knockout mutant (most often 
by transposon insertion) in a functional study. Thus one 
could inappropriately designate a gene as essential, when 
in fact it is simply statistically difficult to hit using a trans-
poson (e.g. it is a small gene), resulting in a false positive 
assignment of essentiality. The creation of knockdown 
strains is one method to more rigorously define essenti-
ality, by linking gene dosage to growth.

Further, their work demonstrated that predictions 
based on mining genomes can only be as good as 
the input genomic data. In fact, their efforts demon-
strated that the limited number of available annotated 
genomes for a given pathogen only provide a small and 
inadequate window into the genetic diversity of the 
entire genus including all clinical isolates. For example, 
methionine tRNA synthetase (MetRS) was initially pre-
dicted to be a good essential gene candidate, potentially 
across many pathogens. However, subsequent genomic 
data and studies revealed that many clinical strains of 
S. pneumoniae carry two different copies of the gene or 
that alternative gene products can perform the same 
reaction, thus relegating any one gene product as unes-
sential. Also, the comparative element of such studies is 
complicated by the fact that different genes can perform 
different functions in different genomes (i.e. FabI versus 
FabK), thus demonstrating the limits of purely genomic 
data without full functional characterization.

Their experience concludes that a lot more sequenc-
ing of pathogenic strains and clinical isolates will be 
necessary in order to understand the extent of genetic 
diversity and the functional consequences of this 
diversity for the behavior of a given bacterial pathogen. 
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Fortunately, this is now possible with current technolo-
gies and will be increasingly cheaper and easier with 
the advent of newer technologies. Thus, it is clear that 
genomics has both clearly highlighted the problem of 
strain specificity in pathogenesis as well as provided 
some of the tools that will be required to tackle the 
problem.

Opportunities

While in some cases, technical advances have provided 
a better method for obtaining the same set of data than 
could be obtained by less efficient technologies (i.e. the 
use of sequencing rather than microarrays for deter-
mining the results of pooled, negative selections), in 
many cases, technological advances have opened up 
new approaches that were previously inaccessible or 
logistically unfeasible. Thus, these new strategies can 
provide new, complementary insight into bacterial 
behavior.

As increasing efforts are invested to overcome the 
challenges of analyzing and interpreting the copious 
amounts of data that are being produced by experimen-
tal genomic studies of pathogenesis, increasing refine-
ment of our current understanding will be possible as 
these results are reconciled with those obtained from 
well-established, reductionist ones. Genomics and 
chemical biology bring to pathogenesis an expansion 
of approaches that are largely complementary, with the 
numerous different approaches that are now possible 
each serving to play a unique and important role by 
the insight that they provide. For example, correlative 
approaches are able to illuminate bacterial behavior 
from infected humans, whereas functional studies are 
for the most part limited to in vitro or animal model 
studies. In contrast, functional studies provide a much 
more direct way to identify genes essential for a given 
phenotype. Similarly, small molecules may be a more 
facile way to perturb essential gene function, although 
conventional genetic manipulations may be a more 
straightforward way to interrogate in vitro nonessential 
virulence genes.

In the future, the limitations of current approaches 
will be challenged even further as we strive for increas-
ingly comprehensive descriptions of the complex, 
dynamic behavior of bacteria within the context of the 
host. Exquisitely sensitive methods for measuring gene 
expression in situ on a genome-wide scale will allow 
us to understand the interactions between host and 
pathogen at incredibly high resolution, perhaps even 
revealing the transcriptional interplay between a single 
bacterium and the host cell or cells. Such studies might 
reveal a previously unrecognized level of individuality 
in bacterial behavior during infection; such individual-
ity has already been proposed to account for bacterial 

persistence in the face of antibiotics, so it is not a big 
leap to imagine a role for individuality in the patho-
genic process. Even currently, new technologies such as 
NanoString digital gene expression technology (Geiss 
et  al., 2008) open the door to highly sensitive, rapid, 
and affordable ways to simultaneously measure the 
expression of hundreds of genes in very tiny popula-
tions of cells, without the need for sophisticated sample 
preparation techniques, in an unprecedented number 
of conditions. Single cell genome-wide expression data 
cannot be far behind.

These are exciting times in biology in general, and 
there is every reason to expect that our understand-
ing of a wide range of host–pathogen interactions will 
grow by leaps and bounds during the next decade as 
new technology pairs with investigator creativity to 
devise new strategies for dissecting host–pathogen 
interactions.
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