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Shigella are Gram-negative bacteria which cause diarrhea. Shigella consist of four 

species, with S. flexneri serotype 2a, S. sonnei, and S. dysenteriae type 1 being significant 

causes of disease. Shigella infection annually kills greater than 600,000 children under 

the age of five in developing countries, and there is no vaccine.  

S. flexneri causes 60% of Shigella infections in developing countries. By 

comparing in vivo and in vitro gene expression of S. flexneri 2a 2457T by microarray and 

performing genomic comparison, genes that were both differentially expressed during 

intracellular growth and specific to S. flexneri were identified. One gene, now named 

icgR had decreased intracellular expression and was chosen for further characterization.  

Deletion of icgR, is a previously uncharacterized DeoR family transcriptional regulator, 

lead to increased intracellular replication. RNAseq analysis of ΔicgR and wild type 

bacteria demonstrated increased expression of 176 genes and decreased expression of 65 



genes in vitro and increased expression of 500 genes and decreased expression of 378 

genes in vivo. Of particular interest was the increased expression of the branched-chain 

amino acid transporter encoded by the liv operon observed in both growth conditions. 

These transporters have previously been shown to be important for in vivo growth and 

pathogenesis in other bacteria and may be responsible for the increased intracellular 

replication seen in the ΔicgR mutant.  

In addition to studying genes unique to S. flexneri, the expression of genes that are 

conserved between S. flexneri 2a 2457T, S. sonnei 53G, and S. dyesnteriae type 1 1617, 

was measured by RNAseq. There were 114 conserved genes with increased intracellular 

expression including multiple global transcriptional regulators such as hns and fur. There 

were also 196 conserved genes with decreased intracellular expression including the 

genes for amino acid biosynthesis. Additionally, there were three uncharacterized genes 

that were conserved, exhibited increased intracellular expression, and were predicted to 

be located at the cell surface. These genes may be novel targets for a global vaccine.  

 This study represents a global view of Shigella transcriptional activity in the 

intracellular environment and provides a foundation for discovery of new regulatory 

pathways and novel vaccine targets. 
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Chapter 1: General Introduction 

Shigella Pathogenesis 

 Diarrheal disease is the second leading cause of death in children under five 

worldwide (1). At seven sites in sub-Saharan Africa and south Asia, the majority of 

severe to moderate cases of infectious diarrhea are caused by Rotavirus, Enterotoxigenic 

E. coli, Cryptosporidium, and Shigella (2).  Shigella species are Gram negative, 

facultative intracellular pathogens that invade the human colonic epithelium causing a 

diarrheal disease known as shigellosis (3). Symptoms can vary from self-limiting, watery 

diarrhea to severe dysentery characterized by fever, cramps, and bloody diarrhea, 

potentially resulting in death (4). Shigella are easily transmitted in contaminated food and 

water and person to person because they have a low infectious dose (10-100 bacteria) (5). 

Human populations with deficient sanitation are at increased risk of infection, including 

those in developing countries. There are approximately 163 million episodes of 

shigellosis and 1.1 million deaths annually in developing countries (6). Children under 

five in developing countries are especially vulnerable to Shigella infection with >600,000 

deaths each year (6). Certain populations in developed countries are also at risk for 

shigellosis, including young children at daycare centers, travelers, and military personnel 

(6). 

 Shigella infection (depicted in Figure 1.1) begins with entry and transit of the 

bacteria through M cells to the basolateral side of the epithelium (7). Bacteria are 

subsequently engulfed by macrophages and use the type three secretion system (T3SS), 

and other plasmid encoded factors, to escape from the phagosome (8).  Subsequently,   
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Figure 1.1. Cellular pathogenesis of Shigella. This figure is adapted from Schroeder and 
Hilbi (15). Shigella are taken up M cells of the large intestine. Following transcytosis, the 
bacteria are engulfed by macrophages but quickly escape after inducing pyroptosis. 
Cytokines released from the dying macrophage contribute to secretion of IL-8 by the 
epithelial cells. Shigella that have escaped the macrophage are then able to invade 
epithelial cells from the basolate ral side. Cytosolic Shigella are able to replicate and 
spread into neighboring epithelial cells.  
 

within the macrophage cytosol, the T3SS effector, IpaB, binds to caspase-1 and triggers  

an inflammatory programmed cell death, known as pyroptosis, in the macrophages (9). 

As the infected macrophages die they release immune modulators, which cause a massive 

inflammatory response characteristic of Shigella infection (10). Once free from the 

macrophage, the bacteria again utilize the T3SS to invade colonic epithelial cells from the 

basolateral side (11). After entry into the epithelial cells, Shigella secrete IcsA/VirG, 

which induces actin polymerization, facilitating inter- and intra-cellular spread (12). The 

presence of bacteria in the cytosol of the epithelial cells triggers an innate immune 

response, which includes the production of IL-8, resulting in the attraction of the 

polymorphonuclear cells (PMNs) (13). While the PMNs are ultimately able to clear the 

IL-1

NF- B

IL-8

Epithelial  cells

Macrophages

M-cell

Shigella
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infection, they first contribute to destruction of the epithelial barrier and allow access of 

more bacteria to the basolateral side of the epithelial cells (14).   

There are many promising strategies under investigation to develop a Shigella 

vaccine; however, currently, none are FDA approved (16). A deeper understanding of 

Shigella pathogenesis, including transcriptional changes that occur during intracellular 

growth, may lead to the identification of novel therapeutic or vaccine targets. 
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Vaccine Development 

There are four species of Shigella: S. flexneri, S. sonnei, S. boydii, and S. 

dysenteriae (17). S. flexneri is the most common cause of shigellosis in developing 

countries and consists of 15 serotypes (18). The specific serogroup antigens appear to be 

a driving force in the development of the protective immune response (16). S. sonnei 

causes occasional outbreaks in developed and transitional countries and is a common 

cause of traveler’s diarrhea (16). S. dysenteriae type 1 produces Shiga toxin and has 

caused epidemics of severe dysentery in developing countries (16). S. boydii, while 

endemic in some regions, on average it is responsible for only 6% of Shigella infections 

(6). As such, it is not considered necessary as part of a global Shigella vaccine (16).  To 

date there is no commercially available vaccine to any of the Shigella species or 

serotypes (19). 

The old paradigm that immunity to extracellular pathogens is dependent on an 

antibody response (humoral immunity) while immunity to intracellular pathogens is 

dependent on a cytotoxic T-cells response (cell-mediated immunity) is an 

oversimplification (20, 21). While cell-mediated immunity is clearly important for 

targeting infected cells (22), there are several examples in the literature of antibody-

mediated protection against intracellular bacteria such as E. chaffeensis (23) and L. 

pneumophila (24).  There are advantages and disadvantages to vaccines that elicit only 

humoral immunity and vaccines that elicit cell-mediated immunity.  Subunit vaccines, 

which generate a strong antibody response but no CD8+ T-cell response, are typically 

very safe and can even be used in immunocompromised individuals (20, 22). Live 

attenuated vaccines can generate both an antibody and a CD8+ T-cell response, but they 
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are not always as well tolerated and may be unacceptable for use in immunocompromised 

individuals (20, 22). 

There have been two main approaches to Shigella vaccine development: serotype 

specific vaccines targeting the O-antigen of LPS and conserved antigen vaccines 

targeting protein(s) found in all serotypes (19). Serotype specific strategies include 

conjugate vaccines and whole cell vaccines. One conjugate vaccine candidate contained 

Shigella LPS conjugated to recombinant Pseudomonas exoprotein (25). In clinical trials, 

a S. sonnei LPS conjugate was demonstrated to be safe in children age 1-4 and displayed 

age-related efficacy with 71% efficacy in 3-4 year old children but only 4% efficacy in 1-

2 year old children (25). Another strategy being investigated to elicit serotype specific 

immunity is the use of live attenuated or killed whole cell vaccines. A live-attenuated 

vaccine candidate for S. flexneri 2a, is a strain named 1208S (26).  Attenuation of 1208S 

was obtained by deleting the guaBA operon encoding genes required for purine 

biosynthesis as well as the enterotoxin genes set and sen (27, 28). In a phase one clinical 

trial of 14 volunteers, S. flexneri 1208S induced anti-LPS antibodies and was generally 

well tolerated (two volunteers experienced mild diarrhea, one of which was accompanied 

by a low grade fever) (26). Another live-attenuated strain of S. flexneri 2a is SC602 (29). 

In a phase two clinical trial, immunization with 104 CFU of SC602 was protective against 

diarrhea caused by wild type challenge in four of seven volunteers (29). Higher doses of 

the SC602 vaccine caused diarrhea and/or fever in nine of 14 volunteers (29). While live-

attenuated vaccines hold promise, creating strains that are potent enough to generate a 

robust immune response without causing symptoms of disease remains a challenge.  
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As opposed to targeting each serotype individually, a broader approach to 

Shigella vaccine development is to target antigens that are conserved in multiple 

serotypes or species. Examples of this approach include LPS-free outer membrane 

vesicles (30) or the purified invasion plasmid antigens IpaB and IpaD (31).  While these 

vaccine candidates have yet to be tested in clinical trials, intranasal immunization of mice 

with the invasion plasmid antigens from S. flexneri was protective against a pulmonary 

challenge with S. flexneri or S. sonnei (31). These results demonstrate both the protective 

ability of the humoral response and the potential of a conserved antigen subunit vaccine 

to protect against heterologous challenge.  
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Genomics 

Genetically, Shigella are very similar to E. coli. In the lab, Shigella can be usually 

be distinguished from E. coli by its inability to ferment lactose and its lack of motility, 

however, even these assays cannot discriminate between Shigella isolates and 

Enteroinvasive E. coli (EIEC) (32). Furthermore, infection with E. coli is often clinically 

indistinguishable from Shigella infection (32). One distinction between Shigella and 

EIEC, the most phenotypically similar pathovar of E. coli, is the infectious dose; while 

only 10-100 Shigella may cause illness (5), the infectious dose of EIEC is proposed to be 

~106 (33). This makes person-to-person transmission much more common among 

Shigella than EIEC, which is normally transmitted through contaminated food and water 

(34). The main genetic differences between Shigella and non-invasive E. coli are the gain 

of a virulence plasmid and loss of “anti-virulence” genes such as cadA and ompT (35, 

36). Genomic degradation is a common theme among intracellular pathogens (37). The 

average Shigella genome size is 4.8 Mbps, which is 0.5 Mbps smaller than the average E. 

coli genome. In addition to deletions, many genes have been inactivated resulting in 372 

psuedogenes in the case of S. flexneri 2457T. Many of these psuedogenes have been 

inactivated by abundant insertions sequences present in Shigella (284 in 2457T) (38). 

In 2009, when this thesis work began, there were 8 Shigella genomes sequenced, 

and since then, there has been an explosion of data.  Currently, there are 110 publically 

available Shigella genome sequences in GenBank. The abundance of sequence data 

available is changing the way pathogens like Shigella are studied. For example, in 2013, 

Holt et al. sequenced 263 genomes of S. sonnei isolated over a 15 year period in Vietnam 

(39).  From these data they were able to measure the accumulation of point mutations 
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over time to estimate that a single common ancestor of S. sonnei emerged in Ho Chi 

Minh City in 1982 and then spread to Khanh Hoa and Hue provinces. They also observed 

horizontal gene transfer of plasmids containing antibiotic resistance genes from other gut 

bacteria to S. sonnei and saw evidence of selective pressure acting on the DNA gyrase 

genes, gyrA, in the form of mutations associated with quinolone resistance. This unique 

study demonstrates how genomics can be used to follow the micro-evolution of an 

emergent pathogen in a new population. 

The increased number of Shigella and E. coli genome sequences has also created 

a more complete picture of Shigella macro-evolution. Initial reports based on MLST 

suggest Shigella evolved from E. coli in anywhere from one to seven independent events 

(40, 41). More recently, a whole genome phylogeny of 267 E. coli and 69 Shigella strains 

indicates that Shigella emerged from E. coli three times (Figure 1.2, Sahl et. al, in 

preparation). Furthermore, the 69 Shigella strains fell into five distinct clades, or groups 

of isolates that shared a single common ancestor. The clades were not restricted by 

species; clade one consisted of S. flexneri, S. boydii, and S. dysenteriae; clade two 

consisted of S. sonnei; clade three consisted of S. boydii and S. dysenteriae; clade four 

consisted of S. dysenteriae; and clade five consisted of S. flexneri (Figure 1.3, Sahl et. al, 

in preparation). 
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Figure 1.2. Whole genome phylogeny of 336 E. coli and Shigella isolates. Three clusters 
of Shigella isolates are highlighted in red. Most commensal isolates of E. coli belong to 
phylogenetic groups A or B1, extraintestinal E. coli isolates are usually found in groups 
B2 or D, and enterohemorrhagic E. coli isolates are found in group E (Sahl et. al, in 
preparation). 
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Figure 1.3. Whole genome phylogeny of 69 Shigella isolates. Clade S1 consists of S. 
flexneri, S. boydii, and S. dysenteriae; clade S2  consists of only S. sonnei; clade S3 
consists of S. boydii and S. dysenteriae; clade S4 consists of only S. dysenteriae type 2; 
and clade S5 consists of only S. flexneri (Sahl et. al, in preparation). 
 
 
This phylogeny demonstrates that the species designation of a Shigella isolate may not 

accurately depict the evolutionary relatedness of that isolate. For example, some isolates 

of S. flexneri appear to be more similar to S. boydii than other S. flexneri isolates. 
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Transcriptomics 

Virulence plasmid 

The majority of transcriptional studies in Shigella have focused on virulence 

plasmid gene expression and regulation of the T3SS (Figure 1.4) (42). VirF is a 

transcriptional activator located on the virulence plasmid, which regulates expression of 

plasmid encoded genes virB and icsA/virG (43). Upon increased temperature (host entry) 

VirF activates transcription of virB (42). VirB is a transcriptional regulator, which 

activates transcription of multiple genes in a 30kb region of the plasmid, known as the 

“entry region” (43, 44). The entry region encodes the structural components of the T3SS, 

as well as some of the secreted effector proteins, their chaperones, and regulatory 

proteins. Secretion of these effectors allows entry of the bacteria into the host cell and 

activation of another transcriptional regulator, MxiE. From within the host cell, MxiE 

activates transcription of another set of effectors encoded outside of the entry region 

including several outer Shigella protein (Osp) family members (45). These effectors are 

important for post-invasion processes such as modulating the host immune response (46). 
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Figure 1.4.  Transcriptional regulation of the virulence plasmid in Shigella. This figure is 
adapted from Schroeder and Hilbi (15). 
 
 
Transcriptomic tools 

Far fewer studies have examined the transcriptional regulation of the entire 

Shigella genome in an intracellular environment. This was originally due to the lack of 
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tools available to investigate such a large number of genes. Early approaches for studying 

the entire genome utilized promoter trap methods. These methods include in vivo 

expression technology (IVET) and differential fluorescence induction (DFI) (47, 48). 

Both of these methods involve constructing a library of randomly generated fragments of 

genomic DNA cloned upstream of a promoterless reporter gene. In the case of IVET, the 

reporter gene is an essential growth factor such as purA (required for purine 

biosynthesis), and for DFI it is a fluorescence gene (47, 48). For IVET, the library is 

transformed into a mutant strain of bacteria lacking the essential growth factor. When 

animals or host cells are infected, only those bacteria containing promoters that are 

induced in vivo will survive. The recovered bacteria can be screened for constitutive 

promoter expression to select for only the in vivo induced promoters. For DFI, host cells 

are infected, and then fluorescence activated cell sorting is used to isolated cells 

containing fluorescent bacteria. The recovered bacteria are also screened for constitutive 

promoter expression. Plasmids containing the induced promoters identified by either 

method can then be sequenced to determine the in vivo induced genes. 

As genome sequencing has become more widely available, genomic methods of 

measuring gene expression were developed. Microarrays were the first generation 

technology for monitoring global changes in transcription (49). Microarrays consist of 

DNA probes that are designed based on genome annotations and spotted onto a chip. 

RNA from a condition or strain of interest is reverse-transcribed into cDNA, which is 

digested, labeled, and hybridized to the chip. After the chip is washed, it is scanned and 

the signal intensity of each spot is determined. While microarrays offer a global view, the 

data are limited to only the genes included on the array and the accuracy of the genome 
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annotation. A newer, unbiased method is RNAseq. RNAseq begins with total RNA, 

which is then depleted for rRNA. This rRNA-depleted sample is used to make a cDNA 

library, which can be sequenced. Sequence reads are aligned to a reference genome, and 

the number of reads that map to a given gene is proportional the expression of that gene. 

Because RNAseq measures expression of every base pair in the genome, it has the 

potential to identify novel transcripts and redefine transcriptional start and stop sites. 

Furthermore, RNAseq has a much greater dynamic range than microarray (50), as it is not 

subject to signal saturation and can measure single reads which may be below the limit of 

detection of an array scanner. 

 

Shigella specific expression studies 

 Two studies have utilized IVET to characterize changes in S. flexneri gene 

expression that occur during growth in HeLa cells (51, 52). One study identified 

increased promoter activity of seven chromosomal genes and three plasmid genes that 

were induced in HeLa cells while the other study found 12 chromosomal genes and one 

plasmid gene. In a similar study, DFI was used to measure S. flexneri gene expression in 

Henle cells (53). This method found increased promoter activity of nine chromosomal 

genes. In contrast to the few genes identified by the promoter trap methods, microarray 

studies identified over 500 induced genes and RNAseq identified over 1,000 (54, 55). 

These results are summarized in Table 1.1. 
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It is perhaps not surprising that these genomic approaches identified far more genes than 

previous methods. The low number of genes identified by promoter trap is a reflection of 

the limitations of these methods. Both IVET and DFI are dependent on the quality of the 

library being used, and only those promoters included in the library can potentially be 

identified as induced. Additionally, these methods are not quantitative. They are 

dependent on the strength of a given promoter; therefore weakly expressed genes may not 

be identified. Furthermore, only promoters that are “on” in vivo and “off” in vitro will be 

detected. Genes that are moderately expressed in vitro will not be identified, even if they 

have higher expression in vivo. These methods also only identify genes with increased 

expression, but decreased expression of a gene may also be informative.  

Table 1.1. Studies measuring intracellular gene expression of S. flexneri 
S. flexneri S. flexneri host time

Method increased decreased serotype strain cell point
IVET 1 10 NA 5 M90T HeLa 48 hours
IVET 2 13 NA 2a 2457T HeLa 3 hours
DFI 3 9 NA 2a SA100 Henle 3 hours
Microarray 4 593 334 2a 301 HeLa 2 hours
Microarray 5 546 1392 2a 2457T HCT-8 3 hours
RNAseq 6 1369 1282 2a 2457T HCT-8 3 hours
RNAseq 7 1132 1042 2a 2457T HCT-8 3 hours
1 Bartoleschi, et al. 2002. Cell Microbiol 4:613-626.
2 Shi, et al. 2004. Sci China C Life Sci 47:494-502.
3 Runyen-Janecky and Payne. 2002. Infect Immun 70:4379-4388.
4 Lucchini, et al. 2005. Infect Immun 73:88-102
5 Morris, et al. 2013. Infect Immun 81:3068-3076.
6 S. flexneri grown in HCT-8  cells compared to growth in TSB
7 S. flexneri grown in HCT-8  cells compared to growth in DMEM

number of genes
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A surprising result from these studies was the difference in the in vivo induced 

genes identified by each. There was no overlap in genes identified by any of the three 

promoter trap methods, and the genome-wide methods confirmed the increased 

expression of very few of these genes and, in fact, conflicted with a large portion of them 

(Table 1.2).  

 Some of the differences in gene expression are likely due to the different assayed 

time points, different host cells, and different strains of S. flexneri used in each study 

(Table 1.1). In fact, none of the studies examined the same set of conditions. These 

findings demonstrate: 

Table 1.2. Intracellular expression of select S. flexneri genes measured by multiple methods 
2457T IVET/DFI

gene  locus tag annotation reference microarray4 microarray5 RNAseq6 RNAseq7

pstS S4045 high-affinity phosphate-specific transport protein 3 + 0 + +
bioA S0765 biotin synthesis 3 + - 0 NA
phoA S0252 alkaline phosphatase 3 + + 0 NA
uhpT S3973 sugar phosphate antiporter 3 + + - +
wcaJ S2233 putative colanic acid biosynthsis UDP-glucose lipid carrier transferase 2 + + - NA
lysA S3046 lysine biosynthesis 3 + + - NA
fhuA S0145 ferrichrome outer membrane transporter 3 + + + 0
sitA S1964 iron transport protein 3 + + + -
sufA(ydiC) S1846 Fe-S cluster assembly protein 3 + + NA -
citC S0542 citrate lyase synthetase 2 0 0 NA +
yrbG/yrbH S3454/S3455 predicted Ca/Na:proton antiporter/ arabinose 5-phosphate isomerase 1 0 - 0 -
guaA S2725 GMP synthetase 2 0 - 0 -
slt S4695 soluble lytic murein transglycosylase precursor 1 0 - 0 NA
cysG S4376 uroporphyrinogen III methylase 2 0 - 0 NA
ygdL S3021 putative enzyme 2 0 - - 0
hypF S2926 transcriptional regulatory protein 2 0 - - NA
trpR S4696 trp operon repressor 1 0 - NA +
ppc S3713 phosphoenolpyruvate carboxylase 1 0 + - -
alkA S2258 3-methyl-adenine DNA glycosylase II 2 0 + - NA
acp S1178 acyl carrier protein 1 0 NA + -
hemB S0270 delta-aminolevulinic acid dehydratase 1 - - 0 NA
accB/accC S3510/S3511 acetyl-CoA carboxylase biotin carboxylase 1 - - + -
ycdA CP0198 adenine DNA methyltransferase 2 NA - 0 NA
agaC S3391 N-acetylgalactosamine-specific transport II component 1 2 NA - NA +
tnpF/tnpG S2106/S2107 IS2 1 NA NA 0 NA
yaiC S0329 hypothetical protein 2 NA NA - -
ORF182 CP0233 conserved hypothetical protein 1 NA NA + -
IS600 - insertion sequence 3 NA NA NA NA
issfl4 - insertion sequence 1 NA NA NA NA
IS600 - insertion sequence 2 NA NA NA NA
insA - insertion sequence 2 NA NA NA NA
IS2 - insertion sequence 2 NA NA NA NA
1 Bartoleschi, et al. 2002. Selection of Shigella flexneri candidate virulence genes specifically induced in bacteria resident in host cell cytoplasm. Cell Microbiol 4:613-626.
2 Shi, et al. 2004. Screening and identification of Shigella flexneri 2a virulence-related genes induced after invasion of epithelial cells. Sci ChiNA C Life Sci 47:494-502.
3 Runyen-Janecky and Payne. 2002. Identification of chromosomal Shigella flexneri genes induced by the eukaryotic intracellular environment. Infect Immun 70:4379-4388.
4 Lucchini, et al. 2005. Transcriptional adaptation of Shigella flexneri during infection of macrophages and epithelial cells. Infect Immun 73:88-102
5 Morris, et al. 2013. Characterization of intracellular growth regulator icgR by utilizing transcriptomics to identify mediators of pathogenesis in Shigella flexneri. Infect Immun 81:3068-3076.
6 S. flexneri 2457T grown in HCT-8 epithelial cells compared to growth in TSB
7 S. flexneri 2457T grown in HCT-8 epithelial cells compared to growth in DMEM
 + increased intracellular expression
 0 no change in expression
 - decreased intracellular expression
NA gene not on array or not significant

genome-wide studies
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1) the dynamic nature of the Shigella transcriptome: the stage of infection, (2 

hours vs 3 hours post infection) and the type of intestinal epithelial cell 

(Henle vs HCT-8) has a large impact on gene expression 

2) the need for more transcriptomic studies of Shigella: investigation of more 

time points and cell types needs to be performed to get a full picture of the 

intracellular transcriptional profile of Shigella, and these studies need to be 

validated by multiple groups. 

 

Despite the limited datasets available, there were some similarities in gene 

expression. One similarity was the increased expression of many insertion sequences in 

the intracellular environment. Insertion sequences are the simplest form of transposable 

element, usually containing one or two open reading frames that encode a transposase 

flanked by inverted repeats (56). The abundance of insertion sequences in S. flexneri has 

been well described in other studies (57).  These insertion sequences contribute to gene 

inactivation in Shigella by creating pseudogenes. Insertion sequences can also increase 

expression of neighboring genes due to read through or creation of a stronger promoter, 

and, while there are no reported examples of gene activation by insertion sequences in 

Shigella, it has been documented in at least 17 other bacterial species (56).  It therefore 

seems possible that expression of insertion sequences may contribute to gene regulation 

in the intracellular environment.  

An additional surprising similarity of all the genome-wide studies was the 

decreased expression of the entry region on the virulence plasmid. The entry region 

encodes proteins required for invasion of Shigella into a host cell, including the structural 
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components of the T3SS, secreted effectors, chaperones, and regulatory proteins (15). As 

these genes are required for invasion, it was unexpected that they were expressed at lower 

levels within host cells than in broth. It is possible that by 2-3 hours post infection (the 

time points used in these studies), the majority of the bacteria are already inside the host 

cell, and the entry region proteins are no longer needed in high abundance. Another 

possibility is that in the nutrient rich broth, the bacteria can afford to highly express these 

genes so they are “primed” for infection. This greater nutrient availability of the broth, 

may actually mimic the conditions encountered in the host outside the epithelial cell. In 

the lumen of the colon, there is an abundance of short chain fatty acids (SCFA) available 

to the bacteria near the cecum, proximal to where the majority of Shigella legions are 

found, and the concentration of SCFA decreases along the colon (58, 59). It may be 

advantageous for the bacteria to turn on the T3SS machinery while they are in the rich 

environment so that they are able to invade when they get to the less nutrient rich distal 

colon. 

There were also at least 80 genes that were increased in at least three of the four 

genome-wide studies. Of these 80 genes there were a large number of transcriptional 

regulators and hypothetical proteins. The increased expression of transcriptional 

regulators is not surprising with so many genes being differentially expressed. The 

abundance of hypothetical proteins is also a common result in genome-wide studies, 

particularly those aimed at discovery of virulence factors (60). Further characterization of 

these hypothetical proteins, both informatically and biologically, is important (if not 

required) for discovery of novel virulence factors.  
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Specific Aims 

The present study aims to identify genes that are transcriptionally regulated 

during intracellular growth and either specific to S. flexneri or conserved among S. 

flexneri, S. sonnei, and S. dysenteriae 1. Transcriptional analysis was performed on 

Shigella grown either in broth or within HCT-8 cells (human colonic epithelial cells). 

Genes that were transcriptionally regulated during in vivo growth, within HCT-8 cells, 

when compared to in vitro growth, were considered to be relevant for the infection 

process. The transcriptional networks identified using these approaches may lead to a 

more complete understanding of Shigella pathogenesis and a broadly protective Shigella 

vaccine. Toward that end, the following specific aims were developed: 

 

Specific Aim I: Identify S. flexneri specific genes that are differentially expressed 

during in vivo vs. in vitro growth, and characterize one of these genes, icgR, a 

putative transcriptional regulator. 

Genes that are differentially expressed by Shigella during intracellular growth may be 

involved in pathogenesis. As S. flexneri is the most prevalent of the four species, genes 

that are conserved among S. flexneri are of particular interest. Characterization of these S. 

flexneri specific genes that are also differentially expressed during intracellular growth 

may add new insight into pathogenesis. 

 

Specific Aim II: Measure the transcriptional impact of deleting icgR during in vitro 

and in vivo growth conditions using RNAseq. 
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Since icgR is annotated as a putative DeoR family transcriptional regulator, the 

transcriptional impact of its deletion will be investigated. DeoR family regulators 

typically function as repressors. It is therefore expected that deletion of icgR will result in 

increased expression of the genes it regulates. 

 

Specific Aim III: Compare the genomes and transcriptomes of three Shigella species 

in the intracellular environment. 

Genes that conserved between all three stains, induced intracellularly, and located at the 

bacterial cell surface may be candidates for a global subunit vaccine. 
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Chapter 2: Materials and Methods 

Bacterial strains and growth conditions  

Strains utilized in this study are listed in Table 2.1. Isolates were grown in Luria 

broth or trypitc soy agar with Congo Red (TSA/CR) media supplemented with the 

appropriate antibiotics (15µg/ml Chloramphenicol, 50 µg/ml Kanamycin, 100µg/ml 

Ampicillin). 

 

Invasion Assay 

HCT-8 cells were grown in RPMI + 10% FBS at 37 ºC with 5% CO2. Cells were 

seeded near confluency (7x105 per well) in a 12 well plate and allowed to adhere 

overnight. The next day approximately 1x108 CFU of Shigella were added to each well 

and centrifuged for 5 minutes. Bacteria were allowed to invade for 90 minutes at 37 ºC 

with 5% CO2 before being washed with Dulbecco's phosphate-buffered saline (DPBS, 

Invitrogen) and treated with 100mg/ml gentamicin for 30 minutes to kill extracellular 

bacteria. HCT-8 cells were then washed and lysed immediately or 3 hours after 

gentamicin treatment with 1% TritonX-100. Serial dilutions were plated on Tryptic Soy 
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Agar + Congo Red to determine colony forming units (CFUs). The number of CFUs 

recovered was divided by the number of CFUs in the inoculum and multiplied by 100 to 

calculate the percent recovery. 

 

In vitro RNA extraction 

Several red colonies of Shigella were picked from a TSA/CR plate and used to  

inoculate 50mls of TSB. Cultures were grown at 37 ºC with shaking to an OD600  of 0.2, 

0.5, or 1.0. The bacterial cultures were concentrated by centrifugation and the resulting 

pellets were resuspended in 10ml of RNAlater (Ambion) and stored at -20 ºC. Pellets 

were resuspended in 10ml of extraction buffer (50 mM Tris pH 7.5, 100 mM LiCl, 5 mM 

EDTA pH 8, 1% SDS, 1% (beta)-Mercaptoethanol) and 10 ml of 5:1 acid 

phenol:chloroform (55ºC). This resuspended pellet was added to lysing matrix B beads 

(MP Biomedicals) and a Fast Prep 120 instrument (MP Biomedicals) was used to lyse the 

bacterial cells (6 m/s, 40 s). The lysate was then centrifuged at 2500 xg for 10 minutes, 

the aqueous layer was transferred to new tube, and an equal volume of chloroform was 

added. Tubes were mixed by vortexing vigorously and then separated by centrifugation. 

The aqueous phase was transferred to a new tube, mixed with 1/3rd volume of 8 M LiCl, 

and incubated overnight at -20ºC. The following day, samples were thawed, centrifuged, 

and the RNA pellets were resuspended in 3 ml TE and 1 ml 8 M LiCl. Samples were 

mixed by vortexing and incubated overnight at -20ºC . The following day, samples were 

thawed and centrifuged. The resulting pellets were washed twice with 5 volumes of 4ºC 2 

M LiCl and twice more with 80% ethanol chilled to -20ºC. Ethanol was allowed to 

evaporate and pellets were resuspended in 200 ml of DEPC-treated H2O. To degrade 
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DNA, 10X DNase buffer and rDNase I (Invitrogen) were added to the samples and 

incubated at 37ºC for 1 hour, and DNase inactivation reagent was added. 

For bacteria grown in cell culture media, several red colonies of Shigella were 

picked from a TSA/CR plate and used to in inoculate 50mls of DMEM/F-12. Cultures 

were grown at 37 ºC with shaking to an OD600 of 0.5. RNA was extracted with the Ribo-

Pure kit (Ambion). DNA was digested with DNAse I for 30 minutes followed by 

TURBO DNAse digestion for one hour. 

 

in vivo RNA extraction 

For bacteria grown in HCT-8 cells, an invasion assay was performed. HCT-8 cells 

were seeded in a T-75 flask and allowed to grow to near confluence, 1x1011 CFU of S. 

flexneri 2457T were added and allowed to incubate for 90 minutes. Cells were washed 

with DPBS and then gentamicin (100 µg/ml) was added and incubated for 3 hours after 

which 6mls of TRIzol Reagent (Invitrogen) was added, samples were scraped from the 

flask and snap frozen at -80ºC. RNA extraction was performed according to 

manufacturer’s instructions. Briefly, samples were lysed using a Fast Prep 120 instrument 

(MP Biomedicals) and 0.2 volumes of chloroform was added to the aqueous layer. RNA 

was then precipitated from the aqueous phase with 3 ml of isopropanol and centrifugation 

(2500 xg). The resulting pellets were washed with 75% ethanol and resupended in DEPC-

treated water. DNA was removed by addition of rDNase I (Invitrogen) for 1 hour at 37ºC. 

Samples were then passed twice over an RNeasy column (Qiagen), washed according to 

manufacturer’s instructions, and eluted in 50 µl of DEPC-treated water. Eukaryotic and 
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prokaryotic rRNA were depleted prior to cDNA synthesis using a Ribo-Zero rRNA 

Removal Kit (Epicentre). 

 

cDNA Synthesis 

cDNA was generated with SuperScript III (Invitrogen). Briefly, 10 µl of total 

RNA was incubated with 1µl (50 ng) of random hexamers (Applied Biosystems) and 1 µl 

of 10mM dNTPs (Denville) for 5 minutes at 65ºC. Samples were then reverse transcribed 

with 4 µl of 5X buffer, 2 µl of 0.1M DTT, 1 µl RNaseOUT and 1 µl SuperScript III 

(Invitrogen) and incubated for 10 minutes at 25ºC , 50 minutes at 50ºC , and 5 minutes at 

85ºC. Remaining RNA was degraded with 1ml of RNase H at 37ºC for 20 minutes. 

 

Microarray 

Approximately 0.8 µg of digested, labeled cDNA were hybridized per array, as 

described previously (61). Briefly, cDNA was digested with the DNAfree DNase to a 

size range of between 20 and 200 bp. Digested cDNA was labeled with biotin. Labeling, 

hybridization, washing, and staining were completed according to Affymetrix standard 

protocols for prokaryotic expression samples (http://www.affymetrix.com). Data were 

normalized and analyzed with the Affymetrix GCOS software, using in vitro or wild type 

samples as the baseline comparator for corresponding in vivo or ΔicgR samples. Robust 

Multichip Average (RMA) (62) analysis was performed using the simpleaffy package for 

R. Array features were considered to be regulated if there was a greater than 4-fold 

change in the expression level for in vivo samples or 2-fold change for ΔicgR samples. 

Change calls and signal log ratio data were used to select candidates for further analysis 
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using quantitative Real Time PCR (qRT-PCR). All microarray data for this project has 

been deposited in the GEO (Gene Expression Omnibus) repository 

(http://www.ncbi.nlm.nih.gov/projects/geo/) with accession number GSE40851). 

 

RNAseq 

RNA isolated from wild type and ΔicgR in vitro samples was pooled from three 

biological replicates. RNA isolated from all other in vitro and in vivo samples was taken 

from two independent replicates. In vivo RNA samples were depleted for eukaryotic 

mRNA using the GenElute™ mRNA Miniprep kit (Sigma) and rRNA using the Ribo-

Zero™ rRNA Removal Kit (Epicentre). The Ovation Prokaryotic RNA-Seq System 

(NuGEN) was used to generate cDNA from both in vitro and in vivo RNA samples 

followed by library preparation with the Encore NGS Library Multiplex System I 

(NuGEN). Sequencing and analysis was performed as done previously (61). Briefly, 

libraries were sequenced with the Illumina GA-II platform (Illumina) at the Institute for 

Genome Sciences Genomics Resource Center 

(http://www.igs.umaryland.edu/research/grc/intro.php). Reads were then mapped to the S. 

flexneri 2a strain 2457T chromosome (38) and the S. flexneri 2a strain 301 plasmid (63), 

S. sonnei strain 53G chromosome and plasmid, or the S. dysenteriae strain 1617 

chromosome (64) and the S. dysenteriae strain 197 plasmid, as appropriate, with the 

Bowtie aligner (65). Counts for each annotated genomic feature were determined by 

HTSeq-count (http://www-huber.embl.de/users/anders/HTSeq/doc/index.html). 

Differential expression between counts for each feature was then calculated with DESeq 

(66). 
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BLAST Score Ratio Analysis 

As larger numbers of genome sequences became available, tools to compare these 

sequences were developed. The Basic Local Alignment Search Tool (BLAST) identifies 

sequence similarities between a query sequence and a database and assigns a statistical 

significance to the similarity (67). While BLAST is an extremely useful tool, the length 

of the query and the size of the database may bias the significance of the similarity (68). 

The raw BLAST score provides an unbiased measure of similarity, but, since the BLAST 

score varies with the length of a sequence, the BLAST score alone is not suitable for 

assigning cutoff values for global comparison. To address this problem, the BLAST score 

ratio (BSR) may be used (69). To calculate the BSR, the raw BLAST score for a 

reference sequence compared to itself is determined. This value is the reference score. 

The reference sequence is then compared to query sequence and the raw BLAST score is 

known as the query score.  The BSR is the ratio of the query score to the reference score. 

BSR cutoffs can then be set such that a BSR less than 0.4 indicates the two sequences are 

unique and a BSR greater than 0.8 indicates the two sequences are conserved. The 

process can be reiterated using sequences from many bacterial species to identify genes 

that unique to a given species or conserved among many species. The genomes used to 

identify S. flexneri specific genes are listed in table 3.3. The S. flexneri 2a strain 2457T 

chromosome and S. flexneri 2a strain 301 plasmid, the S. sonnei strain 53G chromosome 

and plasmid, and the S. dysenteriae strain 1617 chromosome and S. dysenteriae strain 

197 plasmid sequences were used to identify conserved genes. 
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Quantitative real time polymerase chain reaction (qRT-PCR)  

Quantitative real time PCR was performed using a 7900HT Real-Time PCR 

Machine (Applied Biosystems) (Primers utilized are located in Table 2.2). The cDNA 

samples were diluted to 10ng in 2.5mls and added to 5ml of Power SYBR® Green PCR 

Master Mix (Applied Biosystems) and 2.5ml of a 0.8mM primer mix. Cycling parameters 

were as follows: 2 minutes at 50ºC, 10 minutes at 95ºC, 40 cycles of 15 seconds at 95ºC 

and 1 minute at 60ºC followed by a dissociation stage. The log2 fold change was 

calculated as previously described (61). 

 

PCR screening  

Genomic DNA was isolated from 78 E. coli and 108 Shigella strains (66 S. 

flexneri , 14 S. sonnei, 21 S. boydii , and 7  S. dysenteriae) and used as a template for 

screening by PCR. Primers deoR_F/deoR_R, rfbG_F/rfbG_R, and sfsA_F/sfsA_R (Table 

Table 2.2. Primers used in this study
Gene Use Name Primer
icgR PCR screen deoR_F ccgcgccatccatgccagta

deoR_R gctggcagaggccacttcatcg
rfbG PCR screen rfbG_F cccggacctgctgcttcaaa

rfbG_R tggcgaatgctggattgagga
sfsA PCR screen sfsA_F gcactggaatcgcctgttgttgc

sfsA_R cctgatggcaaactcatgcaggaaa
icgR Lambda Red LRicgR_F caagaaaaccgacagaatccatttgaaagacgcagcgcgagtgtaggctggagctgcttc

LRicgR_R ccgacgatgtttaacaagattgtggtgttttttcagtaagcatatgaatatcctccttag
icgR confirm LR deoRscreen_F agccacgcaagcacctta

deoRscreen_R atgtggtgaaagtgcaacgt
icgR complement picgR_F catctgatggaaatggaagc

picgR_R acggctagcgtccaacccgacgatgttta
icgR qPCR qicgR_F tcaccggcatctgttactca

qicgR_R ggcgaagagttactggcatc
rfbG qPCR qrfbG_F tcgaattgagtttgcgactg

qrfbG_R aaatgcaattgactgcttgg
sfsA qPCR qsfsA_F ttgaaccagacaccagcatc

qsfsA_R ctgcaacaagctgcaacact
livK qPCR qlivK_F ccgctatggctgacgatatt

qlivK_R agcttgtcgcccttaattcc
livM qPCR qlivM_F ttggcagtggatgtttatcg

qlivM_R ataaacttcggcccggaaac
rpoA qPCR qrpoA_F tgtaggcaatacgctccaca

qrpoA_R ggttatgtgccggcttctac
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2.2) were designed for icgR, sfsA, and rfbG respectively using Primer3 (70). Touchdown 

PCR conditions were used as follows: 4 cycles of 94ºC for 30 seconds and 68ºC for 45 

seconds, 4 cycles of 94ºC for 30 seconds and 70ºC for 45 seconds, 30 cycles of 94ºC for 

30 seconds and 72ºC for 45 seconds, and a final 72ºC extension for 5 minutes. Amplicons 

were visualized by gel electrophoresis on 1% agarose gels stained with ethidium bromide 

on a BioRad GelDoc system. 

 

Lambda Red Mutagenesis 

Gene deletions were performed as described by Datsenko and Wanner (71). 

Primers are listed in Table 2.2 were used to amplify cat from pKD3 resulting product 

containing cat with 40bp overhangs homologous to the regions flanking icgR. The 

purified PCR product was electroporated into S. flexneri 2457T (pKD46) and 

chloramphenicol resistant colonies were screened for ampicillin sensitivity to confirm 

loss of pKD46 and by PCR for loss of icgR.  

 

Complementation of icgR 

Using primers picgR_F/picgR_R (table 2.2) icgR and 117bps of upstream DNA 

were amplified and ligated into TOPO TA vector pCR2.1 (Invitrogen). This was digested 

with EcoRI and ligated into pSEC10. This plasmid encodes hok/sok genes for stable 

maintenance in the absence of antibiotics and is related to pSEC10S-83 (72).  
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Plaque Assay 

 The L2 mouse fibroblast cells were seeded at 1.5 x 105 cells per 60mm dish and 

five days later, 1-2 x 104 CFUs of wild type, ΔicgR, or icgR complemented bacteria were 

added to two dishes and incubated for 2 hours at 37°C + 5% CO2 with rocking. Bacteria 

were aspirated and an agarose overlay containing 20 µg/ml of gentamycin was applied. 

Cells were incubated for two more days at 37°C + 5% CO2 and then stained for 2 hours 

with 0.5% Neutral Red dye. Overlays were then removed, and five plaques from each 

strain were measured in four directions using a Zeiss Primo Star microscope at 10X 

magnification with Axiovision software. 
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Chapter 3: Identification of S. flexneri specific genes that are differentially 

expressed during in vivo vs. in vitro growth 

Introduction 
 

Shigella species are Gram negative, facultative intracellular pathogens that invade 

the human colonic epithelium (3). Invasion is dependent on a 220kb virulence plasmid, 

which encodes a type three secretion system (T3SS) (73, 74). Symptoms of infection can 

vary from self-limiting, watery diarrhea to severe dysentery characterized by fever, 

cramps, and bloody diarrhea, potentially resulting in death (4). Shigella are easily 

transmitted in contaminated food and water and have a low infectious dose (10-100 

bacteria) (5). Human populations with deficient sanitation are at increased risk of 

infection, including those in developing countries. There are approximately 163 million 

episodes of shigellosis and 1.1 million deaths annually in developing countries (6). 

Children under five in developing countries are especially vulnerable to Shigella 

infection with >600,000 deaths each year (2, 6). There are four species of Shigella: S. 

flexneri, S. sonnei, S. boydii, and S. dysenteriae (17). S. flexneri is the most common 

cause of shigellosis in developing countries and consists of 15 serotypes(18). The specific 

serogroup antigens appear to be a driving force in the development of the protective 

immune response (16). To date there is no commercially available vaccine to any of the 

Shigella species or serotypes (19). 

While transcriptional regulation of the virulence plasmid has been well 

characterized, there are very few whole-genome, transcriptional studies of Shigella, that 

are examining genes that are differentially expressed by Shigella during intracellular 

growth that may be involved in pathogenesis. S. flexneri is the most prevalent of the four 
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species, and thus genes that are conserved among S. flexneri are of particular interest. 

Characterization of these S. flexneri specific genes that are also differentially expressed 

during intracellular growth may add new insight into pathogenesis. The included studies 

identify genes that are transcriptionally regulated during intracellular replication and 

conserved among S. flexneri by using a combination of bioinformatics, in vitro, and in 

vivo methodologies. Transcriptional analysis was performed on S. flexneri grown either 

in LB broth or within HCT-8 cells (human colonic epithelial cells). Genes that were 

transcriptionally regulated during in vivo growth, within HCT-8 cells, when compared to 

in vitro growth, were considered to be relevant for the infection process. Using the 

publically available Shigella genomes, comparative analyses identified genes that were 

common to S. flexneri, but were absent in the other Shigella species. An understanding of 

S. flexneri pathogenesis and transcriptional networks using these data may lead to a 

broadly protective S. flexneri vaccine. 
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Results 
 
Microarray identification of transcriptionally altered genes 

To examine the gene expression of S. flexneri 2457T in vivo and in vitro the E. 

coli/Shigella pan-genome microarray was utilized (75). The transcriptome of S. flexneri 

2457T grown in vivo, within HCT-8 cells for 3 hours, was compared to that grown in 

vitro, in LB broth to mid-log phase growth. When the data were examined (with the 

criteria of having a feature on the array called present in both growth conditions, a p-

value less than 0.05, and a fold change of greater than four) 344 features were increased 

and 1062 features were decreased in the in vivo condition as compared to in vitro. Select 

genes are listed below in Table 3.1.  

 

Genes of interest that were up-regulated in vivo include iron storage and transport genes 

such as bfr and sitA. Iron acquisition is known to be important for bacterial growth (76) 

and sitA has been reported by others to be up-regulated during intracellular growth of 

Shigella (53, 54). Down-regulated genes include O-antigen synthesis genes of the rfb 

gene cluster (77). Decreased expression of O-antigen genes has been previously observed 

Table 3.1. Select S. flexneri 2a 2457T genes with altered expression during intracellular growth by microarray
Affy ID locus tag gene name annotation log 2 fc
SD1_3437_at S0621 fur ferric uptake regulator 7.476
AFFX-25srRnad_at S4287 livK high-affinity leucine-specific transport protein 6.378
A4657_s_at CP0265a ospE1 secreted by the Mxi-Spa secretion machinery 5.213
A1507_s_at S4406 yheA bacterioferritin-associated ferredoxin 4.495
pWR501_p005_s_at CP0063 ospC2 probably secreted by the Mxi-Spa secretion machinery 4.222
A1506_s_at S4407 bfr bacterioferritin 4.130
EC869_1187_s_at S1186 fhuE ferric-rhodotorulic acid outer membrane transporter 4.045
SD1_2925_at S1434 fnr fumarate/nitrate reduction transcriptional regulator 3.019
c1600_s_at S1964 sitA iron transport protein, periplasmic-binding protein 2.996
G3714_at S1800 slyB outer membrane lipoprotein 2.932
SDY_P164_s_at CP0126 ipaD secreted by the Mxi-Spa secretion machinery -2.585
SDY_P180_s_at CP0142 mxiL secreted by and putative component of the Mxi-Spa secretion machinery -2.755
SFV_2093_s_at S2221 rfbF dTDP-rhamnosyl transferase -2.826
S2223_s_at S2223 rfbC dTDP-6-deoxy-L-mannose-dehydrogenase -3.135
M0766_at CP0146 mxiC secreted by and putative component of the Mxi-Spa secretion machinery -3.305
SF2986_s_at CP0125 ipaA secreted by the Mxi-Spa secretion machinery -4.007
S2227_s_at S2227 rfbB dTDP-glucose 4,6 dehydratase -4.047
b4215_s_at CP0149 spa47 component of the Mxi-Spa secretion machinery -4.053
SFV_2092_at S2220 rfbG dTDP-rhamnosyl transferase -4.431
S4473_s_at S4473 icgR DeoR family transcriptional regulator -4.727
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during intracellular growth of Shigella (54). Interestingly, many virulence plasmid genes 

were down-regulated during intracellular growth, including ipa, mxi, and spa genes. 

While this result was initially unexpected, it is consistent with a previously reported 

microarray study of Shigella grown in Hela and U937 cells (54). 

 

Identification of S. flexneri specific genes 

The pan-genome microarray contains genes from representatives of each of the 

four Shigella species; however, the goal of this study was to determine those genes with 

changes that were restricted to S. flexneri, in an effort to focus functional work on the 

most abundant disease-causing species. The Blast Score Ratio (69) analysis was used to 

identify 81 predicted genes that were present in S. flexneri, but absent in the genomes of 

other Shigella species examined.  

Of these 81 S. flexneri specific genes, 9 were also identified as transcriptionally 

altered in vivo as determined by microarray (Figure 3.1 and Table 3.2).  

 

Figure 3.1. Venn diagram of genes that were differentially expressed in vivo and genes 
that were specific to S. flexneri. 
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The three genes with the greatest change in expression by microarray were selected for 

further characterization. These genes included S. flexneri 2457T gene S4810, encoding a 

hypothetical protein now designated as Shigella flexneri specific gene A (sfsA); S4473, a 

putative DeoR family transcriptional regulator now designated as intracellular growth 

regulator (icgR); and S2220, a gene with predicted dTDP-rhamnosyl transferase function 

known as rfbG. The in vivo decreased expression observed in the microarray was 

confirmed by quantitative real time PCR (qRT-PCR) for all three genes (Figure 3.2).  

   

 

 

 

 

 

 

 

 

 

Affy ID locus tag Annotation log 2 fc
A0384_s_at S2558 hypothetical protein -2.00
S2219_s_at S2219 rfc; O-antigen polymerase -2.02
SB5_2279_s_at S4048 lpfC; putative long polar fimbriae -2.32
S2215_s_at S2215 hypothetical protein -2.63
S4837_s_at S4837 hypothetical protein -2.63
SFV_2093_s_at S2221 rfbF; dTDP-rhamnosyl transferase -2.83
SFV_2092_at S2220 rfbG; dTDP-rhamnosyl transferase -4.43
S4473_s_at S4473 putative deoR family transcriptional regulator -4.73
SF3265_s_at S4810 hypothetical protein -6.49

Table 3.2. S. flexneri specific genes with altered expression during intracellular growth
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Figure 3.2. Expression level of three S. flexneri specific genes. Each gene examined 
exhibited decreased expression during intracellular growth by microarray and by 
quantitative real time PCR (qRT-PCR). These genes were S. flexneri 2457T S4473, an 
uncharacterized member of the DeoR family of transcriptional regulators, which is now 
named icgR, for intracellular growth regulator; S. flexneri 2457T S4810, a hypothetical 
protein now named sfsA, for Shigella flexneri specific A; and rfbG which encodes a 
rhamnosyl transferase. 

 

Confirmation of gene prevalence in S. flexneri species 

 To confirm the specificity of these three genes for S. flexneri, PCR assays were 

developed for each gene. This additional screen was required to confirm that the 

identification of these genes was not a result of the limited number of genomes (eight) 

that were used in the BSR analysis (Table 3.3). 

Table 3.3. Reference genomes used for BLAST score ratio
Species serotype strain accession
S. boydii 18 CDC 3083-94 CP001063.1 
S. boydii 4 Sb227 CP000036.1 
S. dysenteriae 1 Sd197 CP000034.1
S. dysenteriae 4 1012 AAMJ00000000
S. flexneri 2a 2457T AE014073.1 
S. flexneri 2a 301 AE005674.2 
S. flexneri 5 8401 CP000266.1 
S. sonnei Ss046 CP000038.1 



	   36	  

  

Primers deoR_F/deoR_R, rfbG_F/rfbG_R, and sfsA_F/sfsA_R (Table 2.2) were used to 

screen for the presence of icgR, rfbG, and sfsA, respectively, using genomic DNA from 

108 diverse isolates of Shigella (66 S. flexneri, 14 S. sonnei, 21 S. boydii, 7 S. 

dysenteriae). Additionally, to determine the presence of these three genes in closely 

related E. coli isolates, the DECA collection containing 77 isolates of diarrheagenic E. 

coli was utilized (78). The PCR assays identified that each of the three genes was 

significantly more prevalent in S. flexneri than other Shigella species or E. coli (Student’s 

t-test p<0.0005) (Figure 3.3).  

 

Figure 3.3. The prevalence of these three genes in Shigella species and diarrheagenic E. 
coli was determined by PCR screening. A total of 66 S. flexneri, 14 S. sonnei, 21 S. 
boydii, 7 S. dysenteriae, and 77 E. coli were screened. All 3 genes were significantly 
more prevalent in S. flexneri than any other species (p<0.0005). 
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 The combination of the microarray expression data and the prevalence data 

indicates that the methods have identified genes that are transcriptionally altered during 

in vivo growth and are specific to S. flexneri. 

 

Functional characterization of icgR 

The icgR gene was selected for further characterization as it had not been 

previously implicated in Shigella virulence and represented an unidentified regulatory 

pathway that could be exploited for potential therapeutic or vaccine development. The 

gene was inactivated in S. flexneri 2457T using the lambda red system (71) and replaced 

with a chloramphenicol resistance cassette. Growth curves were examined to ensure that 

the mutations of this regulatory pathway did not generally impact the growth of S. 

flexneri. No global in vitro growth defect in the ΔicgR mutant was detected when 

compared to wild type 2457T (Figure 3.3A) when the strains were grown in LB. 

Invasion and replication of wild type and the ΔicgR bacteria were also 

investigated in HCT-8 cells at 30 minutes and three hours post infection. At three hours, 

there were significantly more ΔicgR bacteria recovered than wild type (Figure 3.4 B) 

indicating increased intracellular replication of the ΔicgR mutant compared to wild type. 

Complementation of the ΔicgR mutant from a plasmid-encoded version of icgR restored 

the wild type phenotype. A plaque assay revealed similar size plaques caused by wild 

type and ΔicgR bacteria, indicating that the increased recovery of the ΔicgR bacteria was 

due to increased replication and not cell-to-cell spread (Figure 3.4 C,D). 
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Figure 3.4. Growth comparison of wild type and ΔicgR A) Wild type, ΔicgR, and 
complemented bacteria grow at the same rate in broth. B) S. flexneri ΔicgR replicates to 
higher levels than wild type in HCT-8 cells. Wild type and ΔicgR S. flexneri were 
allowed to invade HCT-8 cells, and extracellular bacteria were killed with gentamicin 
(100 µg/ml for 30 minutes). HCT-8 cells were then lysed at 30 minutes or three hours and 
plated for CFUs. Wild type and ΔicgR S. flexneri invaded at similar rates at 30 minutes, 
but significantly (p<0.05) more ΔicgR were recovered after three hours of intracellular 
growth. Error bars represent standard deviation. C) A plaque assay (to measure 
intracellular spread) was performed with wild type, ΔicgR, and complemented bacteria. 
Plaques are shown two days post infection of L2 fibroblasts at 10X magnification D) 
Average plaque diameter was calculated based on four measurements per plaque and five 
plaques per strain. Error bars represent standard deviation. 
 
 To investigate the effect on virulence of the icgR mutant, the guinea pig model of 

Shigella infection (Serény test) was utilized (79). This model measures the ability of 

bacteria to cause conjunctivitis in the eye of a guinea pig.  The increased intracellular 

replication results suggested that the mutant strain might be more virulent. While ΔicgR-

infected guinea pigs had a lower disease score at each time point, there was no significant 
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difference between the scores of wild type and ΔicgR-infected animals (Figure 3.5).  The 

ΔicgR strain was able to induce a robust inflammatory response equivalent to wild type. 

This study allowed a rough estimation of virulence in an animal model. Utilization of 

different inoculation doses might allow detection of differences between strains. 

Figure 3.5. Sereny test of wild type and ΔicgR. Three guinea pigs per group were 
inoculated with 5-8 x 106 CFU of wild type or ΔicgR bacteria in 10µl of PBS in the 
conjunctival sac of the right eye. Animals were monitored and scored for signs and 
symptoms of infection using the following scale: 0, normal; 1, palpebral edema; 2, 
palpebral edema with conjunctival hyperemia; 3, conjunctival hyperemia plus slight 
exudate; 4, purulent keratoconjunctivitis. 
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Discussion 
 

The goal of this study was to use a reverse genomics approach to identify 

previously uncharacterized genes involved in the pathogenesis of S. flexneri. Nine genes 

were identified that are transcriptionally altered during growth within epithelial cells and 

conserved in S. flexneri. Genes with altered expression during intracellular growth are 

likely to have a role in pathogenesis, as replication in epithelial cells is utilized as a 

marker of virulence. Of note, there were a greater proportion of genes identified with a 

decreased transcriptional response when in vivo and in vitro transcriptomes are compared.  

To validate our findings multiple genes were examined using qRT-PCR and 

demonstrated the same trend in expression, suggesting that the microarray data is valid 

(Fig 3.1). Additionally, it was noted that many previously identified genes associated 

with Shigella virulence are not identified as transcriptionally regulated, including some of 

the ipa and osp genes. It is possible that these genes are expressed, yet are below the 

detection limits of our studies. Alternatively, they may have a basal level of expression in 

the in vitro conditions which precludes their identification as transcriptionally altered as 

measured by the conservative criteria utilized in this study (i.e four fold change and 

present in all arrays). 

With the ultimate goal of understanding pathogenesis in order to create a broadly 

protective S. flexneri vaccine, genes that were differentially expressed during intracellular 

growth and present in many strains of S. flexneri were examined. The Blast Score Ratio 

(BSR) analysis took advantage of the eight publicly available Shigella genomes to 

identify genes that were present in all of the S. flexneri genomes, but absent in the 

genomes of other Shigella species. This analysis was extended by screening for three of 
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the genes identified as S. flexneri specific by BSR (icgR, rfbG, and sfsA) in 108 isolates 

of Shigella and 77 isolates of diarrheagenic E. coli using PCR. This screening confirmed 

that all three genes had increased prevalence in S. flexneri, and were not significantly 

present in other species of Shigella or pathogenic E. coli. Furthermore, the Shigella 

collection contained isolates of 11 different S. flexneri serotypes, and icgR was present in 

at least one isolate of each serotype.  

As icgR was previously uncharacterized and is predicted to be a transcriptional 

regulator, it was examined further. The icgR gene was originally annotated as a putative 

DeoR family transcriptional regulator (38). Members of this family of transcriptional 

regulator often act as repressors (80). They contain a helix-turn helix DNA binding 

domain and a sugar phosphate isomerase domain. The canonical family member in E. 

coli, deoR, regulates genes encoding enzymes required for deoxribonucleoside 

catabolism, and synthesis of these genes is stimulated by the presence of deoxyribose-5-

phosphate (81). DeoR represses transcription by binding to DNA (as an octamer) at two 

distant regions to form a loop (81). DeoR family members have been characterized in a 

variety of both Gram positive and Gram negative bacteria including Corynebacterium 

glutamicum (82), Bacillus subtilis (83), Pseudomonas aeruginosa (84), Escherichia coli 

(81), and Salmonella Typhi (85). Haghjoo and Galán demonstrated that a DeoR family 

member, IgeR, was involved in virulence of Salmonella Typhi (85). As with our 

observation of icgR in Shigella, the Salmonella igeR gene was also down-regulated 

during intracellular growth, and overexpression led to a decrease in colonization in a 

mouse model (85). A Salmonella igeR mutant had increased expression of several genes 

including pagC (PhoP/PhoQ activated gene required for virulence), cdtB (cytolethal 
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distending toxin active subunit) and yciG (a gene of unknown function whose expression 

is altered by bile) (85). The similarities between igeR and icgR suggest that DeoR family 

transcriptional regulators may play a role in in vivo growth and virulence. 

A deletion of mutant of icgR grew normally in broth culture but exhibited 

increased intracellular replication in cultured intestinal epithelial cells when compared to 

wild type. While there are limited non-primate, animal models for Shigella infection, and 

none that reproduce the inflammatory diarrhea seen in humans, the guinea pig model of 

keratoconjunctivitis (79) was used to test the virulence of the icgR mutant. There was no 

significant difference in the severity of disease in wild type and ΔicgR- infected guinea 

pigs. It may be possible that while loss of icgR leads to increased replication in cell 

culture, there is some growth disadvantage to losing icgR in the presence of the immune 

system. For example, increased replication of Shigella in an animal may result in a more 

robust immune response and faster clearance of the bacteria. If this is the case, decreasing 

the expression of icgR, intracellularly, makes evolutionary sense for Shigella to persist 

longer in the host and be shed into the environment. Further characterization of icgR, and 

its impact on transcription, may reveal additional insight into the increased intracellular 

replication phenotype observed in the mutant.  
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Chapter 4: The transcriptional impact of deleting icgR during in vitro and in vivo 

growth conditions. 

Introduction 
 
 S. flexneri is the most common cause of shigellosis in developing countries (6). 

Genes that are conserved among S. flexneri strains and differentially expressed during 

intracellular growth may be relevant to infection. Identification and characterization of 

these genes may provide insight into pathogenesis or identify potential vaccine targets. 

One such gene has been named intracellular growth regulator (icgR); icgR is a Shigella 

flexneri specific gene that is expressed at a lower level during growth in cultured 

intestinal epithelial cells (HCT-8 cells) than during growth in broth. Deletion of icgR 

caused bacteria to undergo increased replication in HCT-8 cells. Furthermore, icgR is 

annotated as a putative DeoR family transcriptional regulator. For this reason the 

transcriptional impact of its deletion was investigated.  

 DeoR family regulators typically function as repressors (80). It was therefore 

expected that deletion of icgR would result in increased expression of the genes included 

in the regulon. In fact, preliminary microarray data demonstrated that 65 array features 

were increased in ΔicgR bacteria during growth in broth as compared to wild type 

bacteria. Next Generation high throughput sequencing, which revolutionized the field of 

genomics, has rapidly been adapted to studying the transcriptomes of eukaryotic and 

prokaryotic organisms (50). This new technology, known as RNAseq, is quickly 

replacing microarrays for monitoring global changes in gene expression in an unbiased 

manner (50).  RNAseq, while currently more expensive, does not have the same caveats 

as microarrays in terms of data bias. Analysis of RNAseq data requires more computing 
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power than microarray analysis, but it also has several advantages. Because RNAseq 

measures expression of every base pair in the genome (unlike microarrays which are 

restricted to the probes on the chip), it has the potential to identify novel transcripts and 

redefine transcriptional start and stop sites (50). Furthermore, RNAseq has a much 

greater dynamic range than microarray, as it is not subject to signal saturation and can 

measure single reads which may be below the limit of detection of an array scanner (50). 

Here, we used RNAseq to investigate the transcriptome of ΔicgR during growth in broth 

and during intracellular growth in HCT-8 cells.  
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Results 

Transcriptional impact of the deletion of the icgR gene in vitro 

To examine the transcriptional impact of deleting the icgR gene, three in vitro 

growth stages were interrogated by microarray (early log phase (OD600 = 0.2), mid-log 

phase (OD600 = 0.5) and late log phase (OD600 =1.0)). As icgR is annotated as a putative 

DeoR family transcriptional regulator, and these regulators are typically repressors (80), 

it was expected that deletion of icgR would result in increased expression of the genes it 

normally represses. When compared to the wild type transcriptome at the same three 

growth phases, the greatest number of array features, 65, was increased in ΔicgR at the 

mid-log phase growth. For this reason, the mid-log growth phase was chosen for further 

transcriptional analysis by RNAseq.  

Wild type and ΔicgR bacteria were grown in TSB to an OD600 of 0.5, and RNA was 

isolated for cDNA synthesis and sequencing. Over 60 million Illumina reads were 

obtained for each strain. Approximately 70% of the reads were mapped to the 

chromosome and 18% mapped to the virulence plasmid (Table 4.1).  

 

Table 4.1. Total reads and percentage of mapped reads for RNAseq data

sample reads chromosome plasmid total
TSB
wild type 66,391,406 73.05 18.18 91.23
!icgR 60,508,252 69.81 19.41 89.22
HCT-8
wild type 1 96,887,186 14.53 2.06 16.59
wild type 2 74,236,060 16.52 1.61 18.13
!icgR 1 74,103,840 13.69 0.81 14.50
!icgR 2 68,833,178 10.12 0.94 11.06

% mapped
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Genome wide coverage plots of each strain and fold-change in gene expression are 

depicted for the chromosome and virulence plasmid in Figure 4.1.   

 

 

Figure 4.1. Global RNAseq analysis of ΔicgR vs wild type in vitro. Circular visualization 
was created using Circleator (Crabtree et al, unpublished). The circle on the left is the 
chromosome and the circle on the right is the virulence plasmid. The outer-most ring 
represents forward and reverse genes. The green ring represents GC skew. The blue 
histograms depict the number of mapped reads using 5kb non-overlapping windows for 
the chromosome and 500bp windows for the plasmid. The outer histogram is wild type 
reads and the inner histogram is ΔicgR reads. The scale for all histograms is from zero to 
8000. The inner-most ring shows the fold change in gene expression in ΔicgR vs. wild 
type. Genes with increased expression in ΔicgR are red, and genes with decreased 
expression in ΔicgR are green. 
 

Consistent with its predicted function as a transcriptional regulator, deletion of icgR 

resulted in altered expression of numerous genes throughout the genome. As expected, 

there were more differentially expressed genes identified by RNAseq than by microarray. 
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Whereas microarray identified 65 up-regulated genes and no down-regulated genes, 

RNAseq revealed 176 up-regulated genes and 65 down-regulated genes in ΔicgR as 

compared to wild type. The microarray did not identify any plasmid genes that were 

differentially expressed in the icgR mutant, and RNAseq only identified 12 plasmid genes 

were differentially expressed in the icgR mutant. Twenty-six chromosomal genes were 

found to be up-regulated by both microarray and RNAseq. The increased expression of 

three of these genes was also confirmed by qRT-PCR (Figure 4.2 A).  

 
Figure 4.2. Genes with increased expression in ΔicgR confirmed by qRT-PCR A) 
Increased expression of three genes during in vitro growth as measured by RNAseq and 
microarray is confirmed by qRT-PCR. B) Increased expression of six genes during in 
vivo growth as measured by RNAseq is confirmed by qRT-PCR.  Error bars represent 
standard deviation.  
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The differentially expressed genes were divided into functional categories by 

Clusters of Orthologous Group (COG) (86), as shown in Figure 4.3.  

 

Figure 4.3. COG analysis of genes with altered expression in ΔicgR vs. wild type 
bacteria grown in vitro.  Wild type and ΔicgR cultures were grown in broth to mid-log 
phase (OD600= 0.5). RNAseq analysis identified genes that were increased or decreased 
more that two-fold in the icgR mutant vs. wild type. These genes are classified by 
Clusters of Orthologous Group (COG), and the number genes increased or decreased in 
each COG is presented. 
 

Three COG categories of interest, which contained a large number of up-regulated genes, 

were inorganic ion transport and metabolism, amino acid transport and metabolism, and 

energy production and conversion. The inorganic ion transport and metabolism COG 
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includes the bfr-bfd operon, which encodes bacterioferritin and bacterioferritin-associated 

ferredoxin and was increased 4-8 fold. The amino acid transport and metabolism 

includes the livKHMGF operon, which was increased 2-4 fold. The livKHMGF operon 

encodes a branched-chain amino acid transporter for leucine, isoleucine, and valine.  The 

energy production and conversion operon includes the narKGHJI and nirDBC operons, 

which were increased 2.2-6.7 fold and 2.6-3.8 fold, respectively. The narKGHJI operon 

encodes genes for nitrate reductase, and the nirDBC operon encodes genes for nitrite 

reductase. Overall, the impact of the deletion of icgR during in vitro growth appeared to 

be largely metabolic in nature. 

 

Transcriptional impact of the deletion of the icgR gene in vivo 

To determine if any of the in vitro differentially expressed genes were also 

regulated during intracellular growth, where increased replication is observed in the icgR 

mutant, RNAseq was performed on wild type and ΔicgR bacteria grown in HCT-8 cells. 

At three hours post infection, RNA from ΔicgR and wild type bacteria was isolated. 

Eukaryotic messenger and ribosomal RNA were depleted prior to cDNA synthesis and 

sequencing. An average of 78 million Illumina reads were obtained for each sample. 

Approximately 13% of the reads were mapped to the chromosome and 1.4% mapped to 

the virulence plasmid (table 4.1). The lower percentage of reads mapping to bacterial 

reference genome is likely due to the presence of eukaryotic RNA that remained even 

after attempted depletion. Genome wide coverage plots of each strain and fold-change in 

gene expression are depicted for the chromosome and virulence plasmid in Figure 4.4.  



	   50	  

 

Figure 4.4. Global RNAseq analysis of ΔicgR vs wild type bacteria grown in vivo. 
Circular visualization was created using Circleator (Crabtree et al, unpublished). The 
outer-most ring represents forward and reverse genes. The green ring represents GC 
skew. The blue histograms depict the number of mapped reads using 5kb non-
overlapping windows for the chromosome and 500bp windows for the plasmid. The outer 
histogram is wild type reads and the inner histogram is ΔicgR reads. The scale for all 
histograms is from zero to 8000. The inner-most ring shows the fold change in gene 
expression in ΔicgR vs. wild type. Genes with increased expression are red, and genes 
with decreased expression are green. 
 

It was identified that during in vivo growth conditions 500 genes were up-regulated and 

378 genes were down-regulated in ΔicgR as compared to wild type. Increased expression 

of six genes was confirmed by qRT-PCR (Figure 4.2 B). Interestingly, the entry region of 

the virulence plasmid was up-regulated in the icgR mutant. While this did not result in an 

increased invasion rate of ΔicgR at early time points, it may contribute to increased 

escape from the vacuole and subsequent replication at later time points.  
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When classified by functional category, there were a large number of up-regulated 

genes found in COGs associated with metabolism and energy production, including: 

inorganic ion transport and metabolism, amino acid transport and metabolism, 

carbohydrate transport and metabolism, and energy production and conversion (Figure 

4.5).   

 

Figure 4.5. COG analysis of genes with altered expression in ΔicgR vs. wild type 
bacteria grown in vivo. Wild type and ΔicgR bacteria were grown in HCT-8 cells for 
three hours. RNAseq analysis identified genes that were increased or decreased more that 
two-fold in the icgR mutant vs. wild type, and the number genes increased or decreased 
in each COG is presented. 
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Many of the carbohydrate transport and metabolism and energy production and 

conversion genes were related to increased cellular respiration, which is consistent with 

the increased replication observed in the icgR mutant. The inorganic ion transport and 

metabolism genes contained several genes for iron uptake and storage, including the bfr-

bfd operon, which was also up-regulated in vitro. The amino acid transport and 

metabolism genes included the liv operon (increased 3.7-4.5 fold), which was up-

regulated in vitro as well (Figure 4.6).  

 
 
Figure 4.6. Expression of the liv operon in ΔicgR as compared to wild type during 
intracellular and broth growth. The expression of livK in broth and livM in HCT-8 cells 
was confirmed by qRT-PCR. There was no differentially expression of livJ intracellularly 
and no differentially expression of livK in broth.  
 

The up-regulated genes of the liv operon are of particular interest. Homologs of the liv 

branched-chain amino acid transporters in other bacterial species have been shown to be 

important for in vivo growth (87, 88).  Increased expression of these transporters and 
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increased uptake of amino acids in the icgR mutant may provide an intracellular growth 

advantage compared to wild type bacteria.  
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Discussion 

The icgR gene in Shigella was characterized by examining the transcriptional 

impact of its deletion. The loss of icgR resulted in increased expression of 176 genes and 

decreased expression of 65 genes during in vitro growth and increased expression of 500 

genes and decreased expression of 378 genes during in vivo growth. The larger number of 

genes with increased expression in the icgR mutant suggests that IcgR is a repressor, like 

other DeoR family transcriptional regulators (80). The genes with decreased expression 

may be due to indirect regulation by icgR. Of particular interest was the increased 

expression of livJ in vivo, livK in vitro, and livHMGF in both growth conditions. LivJ is a 

leucine, isoleucine, and valine binding protein, which is part of the LIV-I transport 

system, and LivK is a leucine-specific binding protein, which is part of the LS transport 

system. LivHMGF are membrane components that are shared between both systems (89). 

A previous studies in Campylobacter jejuni demonstrated that liv mutants are unable to 

colonize chicks (87). In Streptococcus pneumoniae liv mutants had no growth defect in 

broth, but they were attenuated in mice (88). Where these studies observed that loss of 

branched chain amino acid transporters resulted in less growth in vivo, but not in vitro, 

this study revealed that increased expression of branched chain amino acid transporters 

resulted in more growth in vivo, but not in vitro. These findings suggest a role for leucine, 

isoleucine, and valine transporters in in vivo growth. The increased expression of the liv 

operon observed in the icgR mutant during intracellular growth may be responsible for 

the increased intracellular replication of this mutant. 

  Also of note during in vivo growth were the 28 up-regulated genes that were 

associated with the COG for inorganic ion transport and metabolism. Specifically, these 



	   55	  

genes were often involved with iron acquisition and storage. These included siderophores 

such as enterobactin and aerobactin, iron storage proteins like bacterioferritin, and the 

ferrous iron transporter encoded by sitABCD. Previous studies have demonstrated that 

single deletions of enterobactin, aerobactin, or Sit in Shigella were not defective at 

invasion or intracellular replication (76). While a deletion of bacterioferritin has not been 

examined in Shigella to date, deletion in Salmonella Typhimurium did not affect 

virulence or bacterial burden in mice (90). Based on these studies, it is not expected that 

the increased expression of iron acquisition genes in the icgR mutant is contributing to 

increased replication, but perhaps is a response to iron stress. 

The transcriptional data suggest that IcgR, like other DeoR family regulators, acts 

as global repressor; however, the DNA sequence it recognizes and the precise mechanism 

of repression remain to be determined. For multiple, previously characterized DeoR 

family regulators, a phosphorylated sugar molecule acts as an inducer and the oligomeric 

repressor binds 2 distant regions of DNA to form a loop (91). Further study of what 

controls the expression of icgR itself as well as the mechanism of IcgR–mediated 

repression may yield insight into Shigella pathogenesis. 
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Chapter 5: Genomic and Transcriptomic Comparison of Shigella species 

Introduction 

Diarrheal disease is the second leading cause of death in children under five 

worldwide (http://www.who.int/mediacentre/factsheets/fs330/en/). The majority of severe 

to moderate cases of infectious diarrhea are caused by one of four pathogens: Rotavirus, 

Enterotoxigenic E. coli, Cryptosporidium, and Shigella (2).   

Shigella are Gram negative, facultative intracellular pathogens that invade the 

human colonic epithelium causing a disease called shigellosis (3). Symptoms of 

shigellosis can vary from self-limiting, watery diarrhea to severe dysentery characterized 

by fever, cramps, and bloody diarrhea, potentially resulting in death (4). Shigella are 

easily transmitted in contaminated food and water and have a low infectious dose (10-100 

bacteria) (5). Human populations with deficient sanitation are at increased risk of 

infection, including those in developing countries. There are approximately 163 million 

episodes of shigellosis and 1.1 million deaths annually in developing countries (6). 

Children under five in developing countries are especially vulnerable to Shigella 

infection with >600,000 deaths each year (6).   While there are many promising strategies 

under investigation to develop a Shigella vaccine, currently, none are FDA approved 

(19). 

The majority of transcriptional studies in Shigella have focused on virulence 

plasmid gene expression and regulation of the T3SS (42). VirF is a transcriptional 

activator encoded on the Shigella virulence plasmid, which regulates expression of 

plasmid encoded genes virB and icsA/virG (43). Upon increased temperature (host entry) 

VirF activates transcription of virB (42). VirB is a transcriptional regulator, which 
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activates transcription of multiple genes in a 30kb region of the plasmid, known as the 

“entry region” (43, 44). The entry region encodes the structural components of the T3SS, 

as well as some of the secreted effector proteins, their chaperones, and secondary 

regulatory proteins (15). Secretion of these effectors allows entry of the bacteria into the 

host cell and activation of another transcriptional regulator, MxiE. From within the host 

cell, MxiE activates transcription of a second set of effectors encoded outside of the entry 

region including several outer Shigella protein (Osp) family members (45). These 

effectors are important for post-invasion processes such as modulating the host immune 

response (46).   

There are four species of Shigella: S. flexneri, S. sonnei, S. boydii, and S. 

dysenteriae (17). S. flexneri causes 60% of the shigellosis cases in developing countries 

and consists of 15 serotypes (6, 16, 18). Serotype 2a causes 32-58% of S. flexneri 

infections in developing countries (6). S. sonnei causes occasional outbreaks in developed 

and transitional countries and is a common cause of traveler’s diarrhea (16). S. 

dysenteriae type 1 produces Shiga toxin and has caused epidemics of severe dysentery in 

developing countries (16). S. boydii, while endemic in some regions, on average it is 

responsible for only 6% of Shigella infections (6). As such, it is not considered necessary 

as part of a global Shigella vaccine (16).  

Previous microarray-based transcriptomic and proteomic studies have focused on 

a single Shigella species, mostly S. flexneri (45, 51, 53, 54). Here, we compare the gene 

conservation and expression profiles of three Shigella species (S. flexneri serotype 2a, S. 

sonnei, and S. dysenteriae type 1) grown in broth and intracellular conditions. The Blast 

Score Ratio (69) was used to compare the genomes, and RNAseq was used to compare 
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the transcriptomes. The broth conditions examined by RNAseq included both tryptic soy 

broth (TSB) and Dulbecco’s modified Eagle’s Medium (DMEM). Monolayers of HCT-8 

colonic epithelial cells were used for the intracellular conditions. Below we discuss genes 

that were conserved between all three species isolates, conserved genes that were 

differentially expressed, surface expressed genes that may be potential subunit vaccine 

candidates, and differentially expressed species-specific genes. 
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Results 

Gene conservation 

 The BLAST score ratio (BSR) analysis (69) was used to compare the similarity of 

4,334 genes in S. flexneri 2457 (accession number NC_004741.1); 5,444 genes in S. 

sonnei 53G (accession number NC_016822.1) ; and 5,918 genes in S. dysenteriae 1617 

(accession number ADUT01000000). Genes with a score of less than 0.3 were 

determined to be unique, genes with a score from 0.3-0.8 were divergent, and genes with 

a score greater than 0.8 were considered conserved. There were 1,128 genes that were 

either divergent or unique to S. flexneri 2457T; 2,060 genes that were either divergent or 

unique to S. sonnei 53G; 3,011 genes that were either divergent or unique to S. 

dysenteriae 1617; and 2,374 genes that were conserved between all three strains (Figure 

5.1). 

 
Figure 5.1. Gene conservation between S. flexneri 2a 2457T, S. sonnei 53G, and S. 
dysenteriae 1 1617. There were 2,374 genes conserved between all three strains. The 
numbers in parentheses are the number of genes that were unique to each strain. 
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When sorted by Cluster of Orthologous Group (COG), several COGs related to 

metabolic functions were over represented among the conserved genes (Figure 5.2). 

 

Figure 5.2. COG distribution of genes conserved between S. flexneri 2a 2457T, S. sonnei 
53G, and S. dysenteriae 1 1617. Groups in bold were overrepresented among the 
conserved genes compared to the COG distribution for all Shigella genes (Z-test, p-value 
< 0.05). 
 

These overrepresented COGs include translation, ribosomal structure and biogenesis; 

amino acid transport and metabolism; coenzyme transport and metabolism; nucleotide 

transport and metabolism; and post-translational modification, protein turnover, and 

chaperones. Many of these metabolic or housekeeping genes are likely conserved in a 

variety of Gram-negative bacteria. 

 

Intracellular expression of conserved genes compared to growth in TSB 

Of the 2,374 conserved genes, 219 genes exhibited increased expression during 

intracellular growth compared to growth in TSB in all three strains. When classified by 
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COG, there was an overrepresentation of transcription related genes and genes of 

unknown function (Figure 5.3).  

 

 

Figure 5.3. COG distribution of conserved genes with increased or decreased 
intracellular expression in S. flexneri 2a 2457T, S. sonnei 53G, and S. dysenteriae 1 1617. 
There was a greater proportion of genes in the function unknown and transcription COGs 
among the genes with increased expression and a greater proportion of genes in the 
amino acid transport and metabolism, energy production and conservation, and co-
enzyme transport and metabolism COGs among the genes with decreased expression (Z-
test, p-value < 0.05). 
 

The large number of genes of unknown function is a common theme in whole genome 

studies (60). This is due to the fact that for many genomes there are large numbers of 

genes are not well annotated and have not been functionally characterized. The 
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transcription related genes included five characterized global transcriptional regulators 

(lexA, soxS, hns, lrp, and fur) as well as nine known or putative transcriptional regulators 

(Figure 5.4 A).  

 There were 277 genes that had decreased intracellular expression compared to 

TSB and were conserved in all three species. The amino acid transport and metabolism, 

energy production and conservation, and co-enzyme transport and metabolism COGs 

were overrepresented among the down-regulated genes (Figure 5.3). The amino acid 

transport and metabolism genes included the his and ilv operons which are responsible 

for histidine and isoleucine, leucine, and valine synthesis, respectively (Figure 5.4 B). 

This suggests that there is either a decreased demand for these amino acids by the 

bacteria in the intracellular environment, or these amino acids are more freely available in 

the intracellular environment and do not need to be synthesized by the bacteria. 
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Figure 5.4. Intracellular expression, by RNAseq, of S. flexneri 2a 2457T, S. sonnei 53G, 
and S. dysenteriae 1 1617 genes (versus expression in TSB). A) Select up-regulated 
genes from the transcription COG. B) Select down-regulated genes from the amino acid 
transport and metabolism COG. 
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Intracellular expression of conserved genes compared to growth in DMEM/F12 

 The cell culture medium for the HCT-8 cells (RPMI formulation available at 

http://www.lifetechnologies.com/us/en/home/technical-resources/media-

formulation.122.html) is very different from the bacterial growth medium (TSB 

formulation available at 

http://www.sigmaaldrich.com/catalog/product/fluka/t8907?lang=en&region=US). To 

confirm that the differential gene expression observed was due to the intracellular 

environment of the epithelial cells, and not the RPMI, RNAseq analysis of the three 

Shigella strains was performed in a similar cell culture medium, DMEM/F12 (Note:  

Shigella isolates would not grow appreciably in the RMPI medium).  When growth in 

DMEM was compared to intracellular growth, there was increased expression of 163 

conserved genes and decreased expression of 494 conserved genes in all three strains. Of 

the 163 increased genes, 114 were also increased intracellularly when compared to TSB  

(Figure 5.5A), and 196 of the 494 decreased genes were also decreased intracellularly 

when compared to TSB (Figure 5.5B). These genes could be considered the general 

metabolic genes associated with extracellular growth. 
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Figure 5.5. Venn diagram comparing intracellular gene expression to gene expression in 
DMEM or TSB. A) Conserved genes with increased intracellular expression in all three 
Shigella strains. B) Conserved genes with decreased intracellular expression in all three 
Shigella strains.    
 
 
The overall COG distribution of conserved, differentially expressed genes from the 

intracellular vs DMEM comparison was very similar to the intracellular vs TSB 

comparison. The function unknown and transcription COGs were overrepresented among 

the increased genes, and the amino acid transport and metabolism and the energy 

production and conversion COGs were overrepresented among the decreased genes 

(Figure 5.6). This indicates that the altered expression of these groups of genes was truly 

a response to the intracellular environment. 
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Figure 5.6. COG distribution of conserved genes that were differentially expressed 
during intracellular growth compared to growth in DMEM.  (Z-test, p-value <0.01) 
 
 
One difference in the COG distribution between intracellular vs DMEM and intracellular 

vs TSB comparisons was that the cell wall/membrane/envelope COG was 

overrepresented among the decreased genes in the DMEM, but not the TSB comparison, 

and the coenzyme transport and metabolism COG was overrepresented among the 

decreased genes in the TSB, but not the DMEM comparison. This suggests that some 

general metabolic features are altered depending on the media utilized for growth. 

 The COGs that were overrepresented in both comparisons contained many of the 

same genes. Four of the five global transcriptional regulators that were increased in the 

TSB comparison were also increased in the DMEM comparison (Figure 5.7A), and the 
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his and ilv operons that were decreased in the TSB comparison were also decreased in the 

DMEM comparison (Figure 5.7B). 

  
Figure 5.7. Intracellular expression by RNAseq of S. flexneri 2a 2457T, S. sonnei 53G, 
and S. dysenteriae 1 1617 genes (versus expression in DMEM). A) Select up-regulated 
genes from the transcription COG. B) Select down-regulated genes from the amino acid 
transport and metabolism COG. 
 

Outer membrane expressed genes  

In an effort to identify potential vaccine targets, PSORTdb 2.0 

(http://db.psort.org) was used to computationally predict 77 outer membrane proteins in 

S. flexneri. Of these 77 proteins, five were conserved in all three strains and increased 

intracellularly in both the TSB and DMEM comparisons (Figure 5.8). 
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Figure 5.8. Intracellular expression, by RNAseq, of conserved, predicted outer 
membrane genes compared to expression in DMEM and TSB. 
 
 
To determine the prevalence of these five genes, a collection of 477 Shigella genome 

sequences consisting of 328 S. flexneri, 99 S. sonnei, 7 S. dysenteriae, 23 S. boydii, and 

20 unknown species was screened informatically. S1537 was present in 469 genomes, 

S1194 was present in 471 genomes, S1800 was present in 474 genomes, S1830 was 

present in 477 genomes, and S4227 was present in 396 genomes.  Based on this sequence 

collection, these five genes appear to be highly conserved in all Shigella strains and not 

just the three prototype isolates, 2457T, 53G, and 1617, examined in this study.  

S1800 encodes a putative outer membrane protein named SlyB, which contains a 

predicted two transmembrane alpha-helical region with glycine zipper motifs (BLASTP). 
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Glycine zipper motifs are highly conserved motifs commonly found in membrane 

proteins (92). SlyB is highly conserved in a wide variety of Gram-negative bacteria 

(BLAST). In Haemophilus influenza, antibodies against SlyB (known as PCP) are 

bactericidal, in vitro (93). In vivo studies of PCP from Pasteurella multocida 

demonstrated that immunization of chickens and mice resulted in high antibody titers, but 

it did not confer protection against challenge (94). Despite SlyB being well conserved 

and immunogenic, these studies suggest that it may not be an ideal vaccine target.   

S1830 is murein lipoprotein (Lpp), a component of the cell membrane of Gram-

negative bacteria. Lpp stabilizes the outer membrane by maintaining a connection 

between the outer membrane and the peptidoglycan (95).  Lpp is shed by bacteria during 

sepsis and stimulates Toll-like receptor 2, which contributes to septic shock (96, 97). 

Evidence from Salmonella and Klebsiella suggests that Lpp contributes to virulence, as 

lpp deletion mutants were avirulent or attenuated in wild type mice (98, 99). However, 

when mice were passively immunized with monoclonal or polyclonal antibodies against 

Lpp from E. coli, they were not protected against sepsis (100). Interestingly, 

immunization of mice with the Salmonella lpp deletion mutants provided protection 

against sepsis, suggesting that lpp deletion mutants may be useful as live attenuated 

vaccines.  Also of note was that attenuation did not appear to be a result of weakened cell 

envelope integrity, as the lpp mutants could still invade and replicate in cell culture and 

were lethal in severe combined immunodeficient mice (98). Nonetheless, Lpp itself may 

not make a useful subunit vaccine. 

S4447 encodes Slp, an outer membrane protein induced after carbon starvation by 

the transcriptional regulator SlyA (101, 102). SlyA is a known to contribute to virulence 
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by inducing the expression of a cytolysin (clyA) in Salmonella and E. coli. Interestingly, 

SlyA is also know to repress the his operon (103). The RNAseq data from this study is 

consistent with the known regulation by SlyA: slyA expression was increased 

intracellularly in all three strains (except for 53G compared to TSB where there was no 

change), which presumably resulted in the down-regulation of the his operon and the up-

regulation of slp. 

S1194 encodes a hypothetical protein named YcfJ. This protein has modest 

identity with a protein (UmoD) from Proteus mirabilis that enhanced flagellar 

production, but it has not been characterized in Shigella (104). S1537 is a predicted outer 

membrane protein of unknown function.  

While SlyB and Lpp may not be appropriate targets for a subunit vaccine, Slp, 

YcfJ, and S1537 represent potential novel targets, which warrant further investigation. It 

should be noted, however, that slp, ycfJ, and S1537 are also present in the commensal 

strains of E. coli K-12 and HS, and a vaccine target that is present in all commensal 

bacteria would not be desirable.    

 
 
Intracellular expression of unique genes  

Another approach to developing a subunit vaccine for Shigella is to focus on each 

species individually.  From the BSR analysis, there were 286 unique genes identified as 

present in S. flexneri 2457T but not in S. sonnei 53G or S. dysentariae 1617. One of these 

genes was named icgR, and its expression was decreased intracellularly. For further 

discussion of S. flexneri specific genes and characterization of icgR, see chapters three 

and four. 
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In S. sonnei 53G there were 810 total unique genes, and 359 of these genes were 

differentially expressed intracellularly compared to TSB. These included 182 

hypothetical proteins that were mostly increased, 31 genes that have putative functions, 

25 phage-related that were mostly increased, 16 insertion sequences, and 6 transcriptional 

regulators that were all increased. One potential virulence factor of interest is the 

cytolysin, clyA, which was increased over 9-fold intracellularly compared to TSB and 11-

fold compared to DMEM. ClyA encodes a haemolysin that has been characterized in 

Salmonella and E. coli, but it thought to be either disrupted or deleted in all species of 

Shigella as depicted in figure 5.9 (105, 106). The clyA genes of S. dysenteriae, S. flexneri, 

and S. boydii all contain deletions ranging from 11 to 3,089 nucleotides, and the clyA 

gene in most S. sonnei isolates is disrupted by two insertion sequences. 

 

 
Figure 5.9. Characteristics of clyA in E. coli and Shigella species. This figure is used, 
with permission, from Von Rhein et al. FEMS Microbiolgy Letters, 2008 (105). 
 
 
S. sonnei 53G appears to be unique among other strains of S. sonnei as it contains a full-

length clyA gene that is 99% identical to E. coli (there is one amino acid change of  
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arginine291 to lysine).  The full-length clyA gene was not present in any of the 477 

genome sequences described earlier, which included 99 strains of S. sonnei.  

In S. dysenteriae 1 1617 there were 599 total unique genes, and 344 of these 

genes were differentially expressed intracellularly compared to TSB. These included 185 

hypothetical proteins or genes of unknown function that were mostly increased, 20 genes 

with putative function that were all increased, 23 conjugative transfer proteins that were 

mostly decreased, and 16 mobile elements that were all increased. One S. dysenteriae 1 

virulence factor of interest was Shiga toxin. Expression of the A and B subunit genes was 

increased intracellularly compared to expression in both TSB and DMEM. Shiga toxin 

inhibits protein synthesis of the host cell and leads to haemolytic uraemic syndrome 

(HUS) in eight percent of S. dysenteriae 1 infections (107, 108) Even with modern 

medical treatments, HUS is fatal in 3-5% of patients (109). 
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Discussion 

 RNAseq is a high-throughput technique that measures global changes in the gene 

expression of an organism (50). Transcriptional changes that occur during intracellular 

growth of Shigella can provide insight into pathogenesis and lead to identification of 

potential vaccine targets. In this study, we compared the genome and transcriptome of 

three species of Shigella (S. flexneri 2a 2457T, S. sonnei 53G, and S. dysenteriae 1 1617) 

during growth in TSB, DMEM, and HCT-8 cells. Of the genes that were conserved 

between all three strains, numerous transcriptional regulators were upregulated 

intracellularly. These included transcriptional regulators that are known to be involved in 

regulation of virulence, such as hns and fur, as well as several uncharacterized 

transcriptional regulators. Further investigation of these uncharacterized regulators, and 

the genes they control, may reveal novel mechanisms utilized by all Shigella for in vivo 

growth and pathogenesis. 

 Among the conserved genes that were decreased intracellulary were the his and 

ilv operons responsible for histidine and isoleucine, leucine, and valine biosynthesis, 

respectively. The decreased intracellular expression of the his operon is somewhat 

surprising, as histidine auxotrophs in Salmonella have reduced viability in macrophages, 

suggesting that histidine is important for intracellular survival (110). One explanation for 

this apparent discrepancy could be the difference in cells types used in these studies. It is 

possible that the amino acid needs for an intracellular bacterium are different between 

macrophages vs. epithelial cells. Another explanation could also be that Salmonella 

replicate within a vacuole while Shigella escapes the vacuole and replicates in the cytosol 

where perhaps histidine is more abundant and available. The decreased expression of the 
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ilv operon is consistent with the increased expression of hns, since hns has been shown to 

contribute to repression of ilv (111).   

 From a vaccine standpoint, genes that were conserved, had increased intracellular 

expression, and were located at the cell surface were of interest. There were five genes 

that met these criteria: slyB, lpp, slp, ycfJ, and S1537. Previous attempts to use SlyB and 

Lpp as vaccine targets in other Gram-negative bacteria were unsuccessful (94, 100). 

However, slp (an outer membrane protein induced after carbon starvation), S1537, and 

S1194 (both uncharacterized outer membrane proteins) hold promise as potential vaccine 

targets and warrant further investigation.  

 Also examined were species-specific genes. Expression of the S. flexneri specific 

transcriptional regulator, icgR, (discussed in depth in chapters 3 and 4) was decreased 

intracellularly. Deletion of icgR resulted in increased replication in HCT-8 cells and 

altered expression of over 800 genes. A S. sonnei 53G specific gene identified in this 

study was the cytolysin clyA, which was increased intracellularly. ClyA is found in other 

pathogenic including Salmonella where if has been demonstrated to be a virulence 

factor(112). It appears that full-length clyA is not only absent in S. flexneri and S. 

dysenteriae, but it is also absent the majority of S. sonnei strains examined. Among the 

regulated S. dysenteriae 1 specific genes were the Shiga toxin A and B subunits. These 

genes were upregulated intracellularly, and are known to be involved in the development 

of HUS (108). 

 Overall, this study has identified novel genes and potential regulatory pathways 

important for intracellular growth, as well as potential vaccine candidates to be further 

investigated. 
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Chapter 6: Concluding Remarks 

The present studies aimed to identify genes that were transcriptionally regulated 

during intracellular growth and either specific to S. flexneri or conserved among S. 

flexneri, S. sonnei, and S. dysentariae. Transcriptional analysis was performed on 

Shigella grown either in broth or within HCT-8 cells (human colonic epithelial cells). 

Genes that were transcriptionally regulated during growth within HCT-8 cells were 

considered to be relevant for the infection process.  

Initially, a microarray was used to compare gene expression between these two 

growth conditions. One interesting finding from this microarray was that previously 

identified genes associated with Shigella virulence were down-regulated during 

intracellular growth, including genes from the entry region of the virulence plasmid (ipa, 

mxi, and spa genes). While this result was initially unexpected, it is consistent with a 

previously reported microarray studies in HeLa and U937 cells, which also found entry 

region genes to be transcriptionally decreased during infection (54). As Lucchini et al. 

hypothesized, it is likely that while these transcripts are decreased during intracellular 

growth, they are still present at a level sufficient for intracellular replication and spread 

(54). This observation was further confirmed by subsequent RNAseq experiments (see 

chapter six) where the entry region genes were expressed at a lower level intracellularly 

than during growth in TSB or DMEM.  

Based on comparative genomics and the microarray results, nine genes were 

identified as being expressed at some level in both broth and HCT-8 cells, 

transcriptionally altered during growth within epithelial cells, and well conserved in S. 

flexneri. The decreased intracellular expression of three of these genes was confirmed 
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with qRT-PCR, and the increased prevalence of these genes in S. flexneri was confirmed 

by PCR screening of 108 Shigella isolates. One of these three genes, now named icgR, 

was chosen for further characterized as it was previously uncharacterized in terms of a 

role in pathogenesis.  

The icgR gene was originally annotated as a putative DeoR family transcriptional 

regulator (38). Members of this family of transcriptional regulator often act as repressors 

(80). They contain a helix-turn helix DNA binding domain and a sugar phosphate 

isomerase domain. The canonical family member in E. coli, deoR, regulates genes 

encoding enzymes required for deoxribonucleoside catabolism, and synthesis of these 

genes is stimulated by the presence of deoxyribose-5-phosphate (81).  

Deletion of icgR resulted in increased intracellular replication in HCT-8 cells. 

Despite the increased growth observed in cell culture, there was no significant difference 

in the severity of disease in wild type and ΔicgR- infected guinea pigs. It is possible that 

that the growth advantage gained by abolishing icgR expression in cultured epithelial 

cells is lost in the presence of the immune system. For example, deletion of icgR could 

interfere with expression of virulence factors that are not important for growth in 

epithelial cells but is required for infection of an animal. Alternatively, increased 

replication of Shigella in an animal may result in a more robust immune response and 

faster clearance of the bacteria.  In either case, it appears that any increase in intracellular 

replication is counterbalanced by the immune system or some other component of animal 

model resulting in no net change in virulence compared to wild type infection. 

The icgR gene was further characterized by examining the transcriptional impact 

of its deletion. The loss if icgR resulted in increased expression of 176 genes and 



	   77	  

decreased expression of 65 genes during in vitro growth and increased expression of 500 

genes and decreased expression of 378 genes during in vivo growth. The greater number 

of genes with increased expression in the icgR mutant suggests that IcgR is a repressor, 

like many other DeoR family transcriptional regulators (80). Of particular interest was 

the increased expression of liv operon in both growth conditions. This operon encodes 

genes required for the uptake of luecine, isoleucine, and valine (89). Previous studies 

have demonstrated that liv genes in other bacterial species are important for in vivo 

growth and pathogenesis (87, 88). The increased expression of luecine, isoleucine, and 

valine transporters observed in the icgR mutant may be responsible for the increased 

intracellular replication. As a future direction, characterization of a liv mutant in Shigella 

would be interesting. It would be expected that a liv mutant would be attenuated in 

intracellular growth, which could make it useful as a live attenuated vaccine. 

The transcriptional data suggest that IcgR, like other DeoR family regulators, acts 

as global repressor; however, the DNA sequence it recognizes and the precise mechanism 

of repression remains to be determined. For multiple, previously characterized DeoR 

family regulators, a phosphorylated sugar molecule acts as an inducer and the oligomeric 

repressor binds 2 distant regions of DNA to form a loop (91). Future studies to address 

these questions include ChIPseq and gel shift experiments. Bacterial ChIPseq is a 

technique for identifying regions of DNA bound by a specific protein, including 

transcriptional regulators such as IcgR. ChIPseq results could be validated with gel shift 

experiments. These experiments could also be used to identify the inducer molecule for 

IcgR. Various phosphorylated sugars could be mixed with IcgR and its target DNA 

sequence, and the sugar that disrupts binding, abolishing the gel shift, would be the 
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inducer for IcgR. The successful completion of these experiments would allow the 

identification DNA regions that are directly bound by IcgR, and in combination with the 

RNAseq data, a model of binding and regulation could be determined. 

In subsequent studies, RNAseq was used to compare the transcriptomes of three 

species of Shigella (S. flexneri 2a 2457T, S. sonnei 53G, and S. dysenteriae 1 1617) 

during growth in TSB, DMEM, and HCT-8 cells. From comparative genomic analysis, 

2,374 conserved genes were identified, 310 of which showed the same expression pattern 

in all three strains during growth in HCT-8 cells compared to growth in TSB or DMEM. 

There were 114 conserved genes with increased intracellular expression including 

multiple global transcriptional regulators such as hns and fur. There were 196 conserved 

genes with decreased intracellular expression including the genes for histidine (his) and 

isoluecine, leucine, and valine (ilv) biosynthesis. The decreased expression of the ilv 

operon is consistent with the increased expression of hns, since H-NS has been shown to 

contribute to repression of ilv (111).   

Of particular interest were genes that were conserved in all three species, had 

increased intracellular expression, and were located at the cell surface, as these may be 

potential targets for a global vaccine. There were five genes that met these criteria: slyB, 

lpp, slp, S1537, and S1194. Previous studies of SlyB and Lpp in other bacteria suggest 

they may not be good vaccine candidates (94, 100). However, slp (an outer membrane 

protein induced after carbon starvation), S1537, and S1194 (both uncharacterized outer 

membrane proteins) have been less well studied and warrant further investigation as 

candidates for a subunit vaccine. Also of potential interest are genes that are expressed at 

some level intracellularly, even if they are not increased; as the microarray and RNAseq 
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data indicate several known virulence factors are actually decreased intracellularly 

compared to TSM or DMEM. A potential future study would be to recombinantly express 

these proteins and determine if they are recognized by the immune system. A western 

blot of these proteins probed with immune sera could determine if they are immunogenic. 

Simply being immunogenic, however, does not necessarily mean that antibodies 

generated against these proteins would be protective. To test for protection, animals 

would need to be immunized with a purified protein of interest and challenged with each 

species of Shigella. Ideally, animals would be protected against challenge with any 

species of Shigella. If any of the proteins were protective, they could be further 

characterized by identifying which epitopes are responsible for generating protective 

antibodies. The mechanism of protection could also be studied in cell culture to 

determine if antibodies prevented invasion of epithelial cells or escape from 

macrophages, for example.   

These studies demonstrate the feasibility of identifying previously 

uncharacterized genes affecting intracellular growth, a measure of virulence, in Shigella 

from transcriptomic and genomic datasets. While the function of one previously 

uncharacterized gene that was differentially expressed intracellularly and S. flexneri 

specific was investigated, there were four other hypothetical proteins that could also be 

examined. Furthermore, there were 44 hypothetical proteins that were conserved in all 

three strains and increased intracellularly compared to TSB and DMEM and 29 

hypothetical proteins that were conserved in all three strains and decreased intracellularly 

compared to TSB and DMEM. Characterization of these genes may provide additional 

insight into Shigella pathogenesis as well as identify potential targets for vaccines or 
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therapeutics. This novel approach provides a framework for further identification and 

characterization of new virulence factors and regulatory pathways based on genomic and 

transcriptomic datasets. 
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