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[bookmark: __RefHeading___Toc235935191][bookmark: _Toc129859344]ABSTRACT
Francisella tularensis is a pathogenic bacterium that requires coordinated regulation of gene expression to cause disease. In this dissertation, I explore a novel area of translation-level gene regulation in F. tularensis: heterogeneous ribosomes that preferentially translate specific mRNAs. Through mass spectrometry and immunoblotting, I find that wild-type F. tularensis ribosomes are heterogeneous with respect to the small ribosomal protein bS21 and all three bS21 homologs are able to be incorporated into ribosomes. Comparing proteomics and transcriptomics data, I determine that cells lacking one homolog, bS21-2, have genome-wide changes in protein abundance that are not explained by changes in transcript abundance. Among the impacted genes are key virulence factors encoding the Type VI Secretion System. I also show that cells lacking bS21-2 are defective in intramacrophage replication.
I then explore the mechanism that causes these changes in gene expression using reporter fusion assays. I determine that the 5´ untranslated regions (UTRs) of some genes are sufficient to drive differences in reporter protein abundance, independently of the RNA chaperone protein Hfq. While I do not find conserved structural motifs in bS21-2-responsive 5´ UTRs, I identify a 6-nucleotide sequence in the 5´ UTR of mraY that is necessary to cause differences in translation when bS21-2 is absent. I also determine that genes with perfect Shine-Dalgarno sequences do not require bS21-2 for efficient translation. Together, these findings strongly suggest that F. tularensis contains heterogeneous ribosomes that differentially translate mRNA molecules with specific leader sequences, causing downstream impacts on the type VI secretion system and virulence.
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This dissertation has been prepared in manuscript format according to the guidelines of the Graduate School of the University of Rhode Island. The dissertation includes an introductory chapter, two manuscripts, and a summary chapter:

Chapter 1: Literature Review and Introduction

Chapter 2: “A ribosomal protein homolog governs gene expression and virulence in a bacterial pathogen” was published in the Journal of Bacteriology in October 2022.

Chapter 3: “Ribosome heterogeneity results in leader sequence-mediated regulation of protein synthesis in Francisella tularensis” was prepared for submission to the Journal of Bacteriology, 2023.

Chapter 4: Conclusions and Open Questions



2

[bookmark: __RefHeading___Toc235935194][bookmark: _Toc129859347]TABLE OF CONTENTS

										
ABSTRACT	ii
ACKNOWLEDGMENTS	iv
PREFACE	v
TABLE OF CONTENTS	vi
LIST OF TABLES	vii
LIST OF FIGURES	viii
CHAPTER 1	1
REVIEW OF THE LITERATURE	1
SUMMARY AND OBJECTIVES	32
REFERENCES	34
CHAPTER 2	45
Manuscript 1	45
CHAPTER 3	46
Manuscript 2	46
CHAPTER 4	47
BACKGROUND SUMMARY	47
CHAPTER 2 SUMMARY	48
CHAPTER 3 SUMMARY	50
OPEN QUESTIONS	52
REFERENCES	68
APPENDIX 1	72



[bookmark: _Toc129859348]LIST OF TABLES

TABLE									       PAGE
Chapter 2

Table S1. Proteins associated with purified F. tularensis ribosomes	97
Table S2. Cells lacking bS21-2 exhibit genome-wide changes in protein abundance	122
Table S3. Cells lacking bS21-2 have significant changes in transcript abundance	249
Table S4. Comparison of in vitro and intramacrophage growth rates for strains used in this study	424
	Chapter 3	


Table 1. Plasmids used in this study	x
Table 2. Strains used in this study	x



ix


[bookmark: _Toc129859349]LIST OF FIGURES

FIGURE									       PAGE
Chapter 1
Figure 1. Translation initiation in bacteria	2
Figure 2. bS21 is proximal to anti-Shine-Dalgarno and mRNA channel in the E. coli ribosome	12
Figure 3. F. tularensis bS21 homologs have distinct sequences, similar predicted structures, and regions of variability near the mRNA channel	26
Figure 4. bS21 interactions with 16S rRNA anti-Shine-Dalgarno 
are dynamic	28
Figure 5. Phylogenetic analysis of bS21 proteins	31
Chapter 2
Figure 1. F. tularensis ribosomes are heterogeneous with respect to bS21.	52
Figure 2. Loss of bS21-2 leads to changes in protein abundance that can not be explained by changes in transcript abundance	56
Figure 3. bS21-2 impacts T6SS protein abundance	58
Figure 4. Cells without bS21-2 have an intramacrophage growth defect, which can be complemented by the ectopic expression of bS21-2	62
Figure S1. F. tularensis encodes three rpsU genes	84
Figure S2. The three bS21 homologs in F. tularensis are distinct	85
Figure S3. Each bS21 homolog can be detected in translationally-active ribosomes	86
Figure S4. Loss of bS21-2 does not affect transcript abundance of FPI-encoded genes	87
Figure S5. Loss of bS21-2 does not affect protein degradation of PdpB	88


FIGURE									       PAGE
Chapter 3
Figure 1. Hfq and bS21-2 influence production of T6SS proteins via different pathways.	X
Figure 2.	 5´ UTRs are sufficient to lead to bS21-2-mediated changes in translation.	XX
Figure 3.	 Genes with ideal Shine-Dalgarno (SD) sequences are not responsive to bS21-2 	XX
Figure 4. STREME-detected motifs are not necessary for bS21-2-responsive translation in the mraY 5´ UTR	XX
Figure 5. 	Predicted secondary structure plays no clear role in bS21-2-responsive translation	XX 
Figure 6. GACUCU is critical for bS21-2-mediated translation in the mraY 5´ UTR		XX
Figure S1. pF plasmid copy number is not affected by presence of bS21-2	XX
Figure S2. Some 5´ UTRs do not lead to bS21-2-mediated changes in translation	XX
Figure S3. Addition of an ideal Shine-Dalgarno sequence increases reporter protein production relative to unmodified 5´ UTRs	XX
Figure S4. Comparisons of secondary structure prediction software	XX



xii

[bookmark: _Toc129859350]CHAPTER 1
LITERATURE REVIEW AND INTRODUCTION
 
[bookmark: _Toc129859351]REVIEW OF THE LITERATURE
Translation initiation is a target for regulation
Regulation of gene expression by modifying translation is a rapid way for bacteria to adapt to changing environmental or nutrient requirements. The ribosome is the highly conserved molecular machine that translates mRNA into protein and consists of two subunits composed of ribosomal RNAs (rRNAs) and ribosomal proteins (r-proteins). The complex process of protein synthesis is carried out through the coordinated actions of the ribosomes, tRNAs, and a number of additional factors. This process can be broken down into three major phases: translation initiation, elongation, and termination. While some regulation can occur during elongation, particularly in stress conditions (Taylor et al., 2013), initiation is the rate-limiting step of protein synthesis and the target of most regulatory mechanisms (Duval et al., 2015). As a brief overview, translation initiation begins with the formation of the 30S initiation complex, during which the Shine-Dalgarno (SD) sequence of mRNA can bind to the anti-Shine-Dalgarno (ASD) sequence of the 16S rRNA in the small ribosomal subunit (30S). The SD-ASD interaction increases the efficiency of translation initiation and assists in correctly positioning the initiation codon in the ribosome. Initiation factors help the anticodon on the initiating fMet-tRNA interact with the start codon of the mRNA in the P site. Subsequently, initiation factors are released and the large ribosomal subunit (50S) joins to form the 70S initiation complex (Figure 1). The elongation phase can then begin (Laursen et al., 2005; Gualerzi & Pon, 2015; Milón & Rodnina, 2012). There are a number of mechanisms by which gene expression may be regulated at the level of translation initiation, including variations in recruitment of mRNA to the ribosome and factors that affect assembly of the translation initiation complex (Milón & Rodnina, 2012).
A
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Figure 1: Translation initiation in bacteria. A. Start of translation initiation. Small ribosomal subunit (30S) of the ribosome with initiation factors (IF1, IF2, IF3). Key components of the 30S subunit including the anti-Shine-Dalgarno (anti-SD) and bS21 protein are indicated. B. 30S initiation complex. The Shine-Dalgarno sequence of the mRNA interacts with the anti-SD, facilitating binding between the start codon and the initiator tRNA in the P site. C. 70S initiation complex. Initiation factors are released and the large (50S) ribosomal subunit loads onto the 30S to create the 70S initiation complex, commencing the transition to elongation. Image generated on Biorender.com. 


The Shine-Dalgarno sequence plays an important role in the initiation of translation in many bacterial species. In particular, the SD-ASD interaction anchors the mRNA onto the 30S subunit of the ribosome (Korostelev et al., 2007; Yusupova et al., 2006). Better complementarity between the SD and ASD improves ribosome occupancy on an mRNA and translation efficiency (Vellanworth & Rabinowitz, 1992; Saito et al., 2020). Some mRNAs, however, have weak Shine-Dalgarno sequences, lack SDs, or are completely without 5´ UTRs (known as leaderless mRNAs). Indeed, in some species the majority of mRNAs have no SD sequence (e.g. Bacteroidia; Jha et al., 2020; McNutt et al., 2023; Wen et al., 2020), requiring other mechanisms for translation initiation. The ribosomal protein bS1 can assist with docking of mRNAs on the 30S ribosome in the absence of SD-ASD interactions, as in the case of the thrS mRNA in E. coli (Kolb et al., 1977; Duval et al., 2013). Leaderless mRNAs can be directly bound by 70S ribosomes, removing the need for formation of a 30S initiation complex (Leiva & Katz, 2022). Additionally, nucleoid protein H-NS can bind to AU-rich regions on mRNAs with weak SDs, repositioning 30S subunits and stimulating translation in E. coli (Park et al., 2010). Other mechanisms that promote translation initiation in mRNAs with weak SDs likely exist (i.e. bS1 is nonessential in some species; H-NS is not present in some species), so further research in a greater variety of species is needed.
mRNAs can form a multitude of secondary structure motifs that impact formation of the initiation complex. In many bacterial mRNAs, the Shine-Dalgarno and initiating codon are in unstructured regions (Chiaruttini & Guillier, 2020); in other mRNAs, unfolding of 5´ UTR secondary structures is necessary to allow access of the ribosome to the Shine-Dalgarno and/or initiating codon (Gualerzi & Pon, 2015). For instance, in Bacillus subtilis, the Shine-Dalgarno for sigG is entrapped in a hairpin loop which ensures translation is low during early spore formation; this is critical as the tightly-controlled switch from sigF to sigG expression leads to global changes in gene expression that progress spore development from early- to late-stages (Mearls et al., 2018). In mRNAs that have secondary structures blocking translation initiation, secondary sites known as standby sites may allow ribosomes to dock on the mRNA until the SD or start codon is accessible (de Smit & van Duin, 2003). The unfolding of secondary structures may be accomplished by small RNAs, RNA binding proteins, the ribosomal protein bS1, or small molecules, all of which can be limiting or abundant based on environmental signals (Meyer, 2017; Duval et al., 2013). Thus, mRNA structures can impact the efficiency of translation initiation and provide a mechanism to regulate gene expression.
Small RNAs (sRNAs) can contribute to gene regulation post-transcriptionally, frequently by binding complementary mRNAs to prevent or promote translation (Harris et al., 2013). Often sRNAs require the RNA chaperone, Hfq, to facilitate interactions with target sequences. Hfq can play a significant role in mRNA and sRNA degradation by recruiting RNases and Hfq can directly impact translation initiation (Vogel & Luisi, 2011). Hfq-sRNA complexes can bind to the RBS on certain mRNAs to prevent 30S docking, as when Hfq mediates the interaction between the sRNA RhyB and the sodB mRNA in E. coli (Geissmann & Touati, 2004). Alternatively, Hfq-sRNA interactions with the mRNA can resolve secondary structures that block access to the SD, thereby promoting translation initiation, as in the case of the sRNA DsrA and the rpoS mRNA in E. coli (Soper & Woodson, 2008). The complex role of Hfq and small RNAs in translation regulation is worthy of continued investigation. In addition to these well described mechanisms, the ribosome itself may play a role in regulating gene expression.
Ribosomes may be heterogenous in structure and function
The ribosome, which translates mRNA into protein and is highly conserved in all domains of life, consists of three ribosomal RNAs (rRNAs) and around 50 ribosomal proteins (r-proteins). Typically, the ribosome is viewed as acting constitutively and without variability, translating every mRNA with equal efficiency. However, heterogeneity in ribosomes exists and arises via a number of mechanisms. These include diversity in rRNA sequences, r-proteins encoded by distinct homologs within the same cell, post-transcriptional modification of rRNA, and post-translational modification of r-proteins (Byrgazov et al., 2013; Sauert et al., 2015). The presence of these physical differences raises the possibility that heterogeneous ribosomes within the same organism have functional differences. The term “specialized ribosomes” describes structurally diverse ribosomes that have altered activity (Xue & Barna, 2012). It should be noted that the concept of ribosomes with specialized functions has faced controversy due to conflicting results and claims that are insufficiently supported by the data. However, ribosome diversity is well documented and the scientific community agrees that thoughtful research into this field is warranted (Barna et al., 2022; Ferretti & Carbstein, 2019; Genuth & Barna, 2018). A recent publication, described further below, provides straightforward and compelling evidence for specialized ribosomes in some bacteria. 
	In the context of eukaryotic organisms, a significant number of studies focused on specialized ribosomes (reviewed in Xue & Barna, 2012). For example, in multiple species of the parasitic pathogen that causes malaria, Plasmodium, rRNA usage correlates to stages of the parasitic life-cycle and the distinct rRNAs have functional differences (Gunderson et al., 1987; Velichutina et al., 1998). When the parasite is growing in mosquitoes, one 18S rRNA is expressed (termed “S-type”), and when in mammals, a different 18S rRNA is expressed (termed “A-type”). When either A- or S-type Plasmodium berghei rRNAs were introduced to the yeast genome in the absence of native 18S rRNA, only cells with pure populations of A-type rRNA could be recovered. The inability for S‑type rRNA cells to grow suggests that the two rRNAs have different functions (Velichutina et al., 1998). Similarly, in P. falciparum, A-type and S-type rRNAs show differential expression with changes in temperature (Fang & McCuthen, 2002). This raises the possibility not only that ribosomes are heterogeneous in Plasmodium species, but that the expression of distinct rRNAs may be an adaption to the life-cycle requirements of the parasite.
In bacteria, recent studies have identified heterogeneous ribosomes may have functional differences, though there has been some controversy in the experimental approaches, as in the case of toxin-induced mutants of Escherichia coli (Vesper et al., 2011; Culviner & Laub, 2018). These studies took advantage of E. coli cells with induced expression of an endoribonuclease toxin called MazF. Initial studies suggested that the MazF toxin cleaves rRNA at sequence-specific sites and creates subsets of ribosomes lacking the anti-Shine-Dalgarno sequences in the 16S rRNA (Vesper et al., 2011). These studies led to a model proposing that the modified ribosomes consequently recognize leaderless mRNAs, also generated by MazF cleavage, which is supported by pulse labeling results in vivo and in vitro showing preferential translation of leaderless mRNA when MazF is active. These studies suggested that a class of ribosomes lacking the anti-Shine-Dalgarno sequences differentially translates subsets of mRNA to adapt to stress. However, a follow-up study published conflicting results, specifically finding that the 16S rRNAs lacking the anti-Shine-Dalgarno sequence were cleaved at additional sites and usually were not incorporated into mature ribosomes (Culviner & Laub, 2018). Additionally, MazF activity led to such substantial RNA cleavage throughout the cell such that very few full-length leaderless mRNA transcripts were present. This suggests that the “specialized” ribosomes are not controlling translation or gene regulation but instead that MazF activation results in major disruptions to ribosome biogenesis and overall cell growth (Culviner & Laub, 2018). Given these conflicting results, additional studies would be necessary prior to citing toxin-induced ribosomes as bona fide specialized ribosomes. 
A system in which ribosome heterogeneity is genetically-encoded, rather than the result of post-transcriptional modifications, may provide more clarity in describing specialized ribosomes. In Mycobacterium tuberculosis, at least five ribosomal proteins have two paralogs. For each of these paralogs, one has a zinc-binding domain (the canonical paralog) and one does not (the alternative paralog). To elucidate differences in r-protein paralog functions, Prisic et al. (2015) focused on the two genes encoding the small subunit r-protein bS18. In high zinc conditions, expression of the alternative bS18 is repressed by a zinc uptake regulator (Zur), leading to a population of ribosomes with mostly the canonical bS18 present. In low-zinc conditions, repression of the alternative bS18 protein does not occur, leading to ribosomes with both canonical and alternative bS18 proteins, creating a more heterogeneous ribosome population (Prisic et al., 2015). The functional consequences of the distinct ribosome classes were analyzed in M. smegmatis using ribosome profiling of tagged-bS18 paralogs (Chen et al., 2020). While ribosomes with alternative r-proteins and canonical r-proteins were both able to partake in protein synthesis, the two subsets of ribosomes had distinct translational profiles with different efficiencies in translation of particular genes (Chen et al., 2020). 
These experiments suggest a specific condition under which homologous r-proteins might regulate translation, specifically to adapt to zinc-limiting conditions. Heterogeneous ribosomes in other species may be utilized to adapt to changes in other environmental conditions or metabolic requirements. However, the existence of five r-proteins with alternative paralogs complicated the interpretation of results in Mycobacterium – many combinations of the five canonical or alternative r-proteins could coexist within the same cell so it was not clear which “alternative” ribosomes were driving changes in translation. Hence, a simplified system with only one r-protein with multiple homologs may prove advantageous.
bS21 may play a regulatory role in translation
	bS21 is a small ribosomal protein (~8 kDa) incorporated into the small subunit of many bacterial ribosomes. Early research investigating r-protein function identified that bS21 plays a role in E. coli translation initiation, although it is not encoded by all bacterial species. Using RNA from the bacteriophage MS2, a commonly used RNA substrate for studying translation, it was discovered that ribosomes lacking bS21 are fully functional in fMet-tRNA binding, can bind and translate synthesized poly(U) mRNA, but are unable to bind MS2 RNA. These results suggest that bS21 is necessary to mediate the interaction between the ribosome and some mRNA molecules during translation initiation (van Duin & Wijnands, 1981). In further support of this role, chemically damaged ribosomes that had lost their ability to bind bacteriophage RNA regained binding capabilities when four untreated purified r-proteins (bS1, uS12, uS13, and bS21) were added, with addition of bS21 alone providing significant recovery of activity (Chang & Craven, 1977). 
Much of the work elucidating bacterial ribosome structures has been performed in Thermus thermophilus, a species that does not encode bS21, so less is known about the structural interactions of bS21 in the context of the bacterial ribosome compared with other r-proteins. However, crystallographic and cryogenic electron microscopy data of E. coli ribosomes shows that bS21 is found in the platform region of the 30S subunit, interacting with the central domain of the 16S rRNA, close to the exit channel of mRNA (Figure 2A) (Berk et al., 2006; Watson et al., 2020). In fact, there are direct interactions predicted between the anti-Shine-Dalgarno of the 16S rRNA and bS21 in both the E. coli (Figure 2B) and Flavobacterium johnsoniae ribosomes, bolstering support for a role of bS21 in translation initiation (Kaledhonkar et al., 2019; Jha et al., 2020). However, the observed bS21-ASD interactions in E. coli and F. johnsoniae are not alike, so the mechanism by which bS21 functions in different species is not likely to be conserved.
[image: ]
Figure 2: bS21 is proximal to anti-Shine-Dalgarno and mRNA channel in the E. coli ribosome. (A) Partial 30S subunit of E. coli ribosome as determined by cryogenic electron microscopy (cryoEM) showing bS21 location relative to mRNA. Red = bS21; blue = mRNA; grey = 16S rRNA and other 30S ribosomal proteins. PDB entry 4V50 (Berk et al., 2006). (B) Predicted hydrogen bond interaction between R17 of bS21 and C1539 of 16S rRNA in E. coli ribosome. Blue = anti-Shine-Dalgarno; white = other 16S rRNA residues; green = bS21. PDB entry 6O7K (Kaledhonkar et al., 2019). Image courtesy of Dr. Steven Gregory.

	In several species where the gene that encodes bS21, rpsU, has been mutagenized, distinct phenotypes have been observed. In Bacillus subtilis, bS21 mutants have defects in motility and biofilm formation (Takada et al., 2014) and in Listeria monocytogenes, null mutants have increased acid stress resistance and changes in transcription of stress resistance genes (Metselaar et al., 2015). In Staphylococcus aureus, some clinical isolates with mutations in rpsU have increased resistance to daptomycin and vancomycin (Basco et al., 2019; Blake & O’Neill, 2013; Friedman et al., 2006). In Burkholderia pseudomallei, bS21 was identified as a potential virulence factor during a transposon-sequencing (Tn-seq) mutagenesis screen in a mouse lung infections model (Gutierrez et al., 2015); similarly, in Francisella tularensis, one of the bS21-encoding genes, rpsU1, was flagged as a virulence gene in a transposon mutagenesis screen using a mouse infection model (Su et al., 2007). These data support the idea that in organisms which encode bS21, it may play a role in regulation of specific processes. 
	Recent research in the Bacteroidia species Flavobacterium johnsoniae shows clearly that incorporation of bS21 into the ribosome changes translation initiation for specific transcripts, unambiguously demonstrating that bS21 functions as a regulator of gene expression. The recently solved ribosome structure revealed interactions between the anti-Shine-Dalgarno (ASD) of the 16S rRNA, bS21, bS6 and bS18 (Jha et al., 2020) that result in  sequestration of the ASD. This provides a rationale for why most genes in F. johnsoniae do not have Shine-Dalgarno sequences – transcripts cannot interact with the ASD because of the sequestration by r-proteins. Loss of bS21 results in increased translation from the rpsU mRNA, which has an extended Shine-Dalgarno (McNutt et al., 2023). Thus, bS21 autoregulates its own protein production through direct binding interactions with the ribosome (Jha et al., 2020; McNutt et al., 2023). This mechanism may differ in other classes of bacteria, in part because the interactions between bS21 and the ASD in F. johnsoniae that lead to sequestration of the ASD are in the C-terminal region of bS21, which is variable and lineage-specific. In particular, bS21 homologs in Gammaproteobacteria have not been found to, and are not expected to, sequester the ASD. Indeed, many species including my model organism, Francisella tularensis, have many mRNAs with strong SDs.
Notably, a large number of rpsU homologs have been found in bacteriophage genomes. Over 1,300 bS21 homologs were found in viral genomes, infecting a wide range of bacterial clades (Al-Shayeb et al., 2020; Mizuno et al., 2019). Metatranscriptomic analyses identified bS21 transcripts associated with late stages of viral replication (Chen et al., 2022). At least one bS21 homolog was found to be encoded by a cultivated pelagiphage, Pelagibacter phage HTVC008M, and the purified viral bS21 protein was able to be incorporated into E. coli ribosomes (Mizuno et al., 2019). This is likely possible because bS21 is one of the last-assembled r-proteins and is easily exchanged in E. coli (Mizushima & Nomura, 1970). Together, these findings raise the possibility that viruses may be utilizing bS21 to influence gene expression in host cells to increase viral replication. 
	While many bacteria genomes contain only one bS21 protein, some bacterial species, such as Crocosphaera watsonii, Nostoc punctiforme, Francisella tularensis and Burkholderia pseudomallei, encode multiple homologs of bS21. The Francisella tularensis genome contains three homologs (rpsU1, rpsU2, and rpsU3, encoding bS21‑1, bS21-2, and bS21-3, respectively), which is especially noteworthy given the significantly reduced genome of F. tularensis (~1.8 Mbp). F. tularensis is an ideal organism to study the role of bS21 homologs in ribosome heterogeneity as the genome does not encode multiple homologs of other r-proteins and all the rRNA operons are identical.
Francisella tularensis is an intracellular human pathogen
F. tularensis is a highly infectious, Gram-negative, facultative intracellular bacterium that causes the human disease tularemia (Sjostedt, 2007). Infection of humans can occur through respiration, insect bites, and ingestion of contaminated food or water (McLendon et al., 2006). With a low infectious dose (as few as 10 organisms are able to cause the disease) and the potential to be fatal, F. tularensis is considered a bioweapon (Dennis et al., 2001). There is variability in pathogenicity within Francisella species: F. tularensis subspecies holarctica and tularensis are strains well described to cause human infection, while Francisella novicida is rarely associated with human disease (Kingry & Peterson, 2014). 
There are multiple F. tularensis strains used in laboratory settings, with different advantages. Most commonly used are F. tularensis subsp. holarctica LVS (live vaccine strain), F. tularensis subsp. tularensis Schu S4, and F. novicida U112. Genome data has been available since 2005 for Francisella tularensis (Larsson et al., 2005), and all three of these strains retain more than 97% identity at the nucleotide level (Larsson et al., 2009). Schu S4 is an excellent model because it is highly virulent in humans and only 1 organism is sufficient to cause lethality in mice (Bell et al., 1955). Consequently, however, Schu S4 requires study within BSL-3 laboratories.
F. novicida U112 includes only a single copy of  the Francisella Pathogenicity Island, the set of genes encoding the key virulence factor, the type VI secretion system (described in more detail below), while F. tularensis subspecies encode two identical copies (Nano et al., 2004). This makes F. novicida the preferred model for mutagenic studies of the FPI. Despite the fact that U112 retains pathogenicity in mouse models at a higher infectious dose, it is not a human pathogen and thus has limitations in its application to understanding human disease (Kingry & Peterson, 2014).
My lab utilizes F. tularensis subsp. holarctica live vaccine strain, which was attenuated in Russian laboratories and is nonpathogenic to humans. This allows research to be conducted in BSL-2 laboratories with minimal risk to researchers. Yet, LVS can infect macrophage cells and cause pathogenicity in mouse models, allowing research on virulence to be conducted in this strain (Bell et al., 1955; Kingry & Peterson, 2014). LVS differs genetically from closely related virulent strains by only 0.08% of nucleotide sequences (Rohmer et al., 2006). While 35 protein-coding regions are altered in LVS compared to its closest relative, many of which are SNPs (Rohmer et al., 2006), experimentally validated mutations that cause attenuation are an alteration in the type IV pili (Forslund et al., 2006) and fusion of two genes called fupA/B which facilitate iron transport across the outer membrane (Ramakrishnan & Sen, 2014). LVS is thus an ideal candidate to work with in a laboratory setting, as there is no risk of human infection, it can be used in animal infection models, and it is genetically very similar to the highly pathogenic strains.
Gene regulation is incompletely understood in F. tularensis
	F. tularensis is able to survive in a wide variety of hosts and vectors, including ticks, flies, rabbits, rodents, and humans, as well as in soil and aquatic environments (Sjostedt, 2007). Thus, there must be regulation of gene expression to adapt to changing environments. In many bacteria, key regulators of gene expression in response to extracellular cues are two-component systems. In these systems, a membrane-bound sensor kinase relays environmental cues via phosphorylation to a DNA-binding response regulator, which then acts as a transcription factor to change expression of certain genes (Stock et al., 2000). Typically, the response regulator and sensor kinase are transcribed together in an operon; when the two genes are separated, they are referred to as “orphans” (Stock et al., 2000). In LVS, there is only one known response regulator, PmrA, and one orphan sensor kinase, QseC (described in more detail below) (Spidlova et al., 2020; Dai et al., 2011). In comparison, E. coli contains at least 30 two-component systems (Stock et al., 2000).
	Essential for transcription, RNA polymerase sigma factors permit binding of RNA polymerase to specific promoters and coordinately regulate gene expression. In F. tularensis, there are only two sigma factors: σ70 (RpoD), which is the housekeeping sigma-factor, and σ32 (RpoH), which is a heat-stress alternative sigma factor that positively regulates heat-shock response genes (Grall et al., 2009). There are no homologs of RpoN, RpoS, RpoE, or other well-described sigma factors identified in F. tularensis.
	Several well-conserved transcription factors, some of which respond to environmental conditions, have been described in F. tularensis (Spidlova et al., 2020; Dai et al., 2011). Fur (ferric uptake regulator) is a DNA-binding protein that primarily represses transcription when coordinating ferrous ions (Escolar et al., 1999). In F. tularensis, Fur binds promoters called Fur boxes to regulate iron homeostasis, in part through regulating siderophore synthesis (Pérard et al., 2018; Deng et al., 2006). IclR is a transcriptional regulator that impacts expression of at least 17 genes in LVS, but does not lead to attenuated virulence (Mortensen et al., 2010). OxyR is an oxidative response regulator that has widespread impacts on gene expression in F. tularensis  (128 proteins impacted by oxyR deletion) and protects cells from exposure to peroxide and superoxide radicals (Ma et al., 2016). Both Fur and OxyR are implicated in virulence, with cells displaying deficient survival in macrophage and mouse models if these transcription factors are lost; in oxyR mutants, the loss of virulence was attributed to LVS being unable to escape the host phagosome (Pérard et al., 2018, Ma et al., 2016). Beyond these transcription factors, a significant amount of F. tularensis gene regulation research has focused on transcription factors that control expression of a key virulence factor, the Francisella Pathogenicity Island (FPI), which encodes the type VI secretion system (T6SS; discussed further below).
Regulated production of the F. tularensis type VI secretion system is necessary for virulence
While capable of replicating in a wide variety of cell types, F. tularensis must be able to replicate in macrophage to cause disease (Nano et al., 2004). F. tularensis cells use a subclass II type VI secretion system (T6SS), distinct from other bacterial T6SSs, to escape the host phagosome and replicate in host macrophage cells (Barker et al., 2009; Clemens et al., 2018; Russell et al., 2014). Present in nearly a quarter of Gram-negative species, the T6SS is a contractile nanomachine, similar in structure to a phage, which anchors to the membrane and functions by injecting effector molecules into target cells (Cherrak et al., 2019). In F. tularensis LVS, the T6SS is encoded on the Francisella Pathogenicity Island (FPI), a set of 16 genes encoded in two operons, the pdpA operon and the iglA operon. The entire FPI (both operons) is duplicated in the F. tularensis genome (Nano & Schmerk, 2007). Most of the FPI genes are essential for virulence in animals and growth in macrophages, with the exception of PdpC and PdpD which are essential in animals but not in macrophages, and PdpE, which is essential in neither animals nor macrophages (Clemens et al., 2018). Significant research has been performed to understand how transcription of the FPI operons are regulated. 
MglA, SspA, PigR, and ppGpp
The FPI is known to be controlled at the level of transcription by the coordinate action of several factors, including MglA, SspA, PigR, and the small molecules guanosine pentaphosphate (pppGpp) and guanosine tetra-phosphate (ppGpp) (referred to here as [p]ppGpp) (Brotcke et al., 2006; Brotcke & Monack, 2008; Charity et al., 2007; Ramsey et al., 2015; Rohlfing et al., 2018; Cuthbert et al., 2017). Specifically, MglA and SspA are transcription factors that are always associated with F. tularensis RNA polymerase (RNAP) at promoters and influence transcription of hundreds of genes, including the FPI (Brotcke et al., 2006; Brotcke & Monack, 2008; Charity et al., 2007; Ramsey et al., 2015; Travis et al., 2021). The small molecule (p)ppGpp, which is often produced during nutrient starvation or under stress conditions, is required for another transcription factor, PigR, to interact with the MglA‑SspA complex (Charity et al., 2009; Cuthbert et al., 2017; Travis et al., 2021). When PigR interacts with the MglA-SspA-RNAP complex, it is thought to recognize a specific sequence called the PigR responsive element (PRE) in promoters of regulated genes (Ramsey et al., 2015; Travis et al., 2021). This stabilizes the interaction between the DNA and RNA polymerase to promote transcription of PigR-regulated genes (Ramsey et al., 2015; Rohlfing & Dove, 2014; Travis et al., 2021). All four of these factors – MglA, SspA, PigR, and (p)ppGpp – have been shown to positively control transcription of the FPI, are necessary for intramacrophage growth, and are important for survival in mice (Charity et al., 2007; Charity et al., 2009; Ramsey et al., 2015; Lauriano et al., 2004; Travis et al., 2021). 
PmrA and QseC
PmrA is a response regulator found in all Francisella species (Mohapatra et al., 2007; Sammons-Jackson et al., 2008). In both F. tularensis LVS and F. novicida, PmrA is important for intramacrophage replication. The mechanism by which PmrA promotes intramacrophage growth is somewhat controversial.  An initial model proposed that PmrA positively regulates FPI genes, which is why its loss would result in lack of intramacrophage replication (Mohapatra et al., 2007; Sammons-Jackson et al., 2008). In support of this model, it was found that PmrA can bind directly to the pdpD promoter and the pmrA promoter in vitro, suggesting direct regulation of the FPI (Bell et al., 2010). In contrast, a ChIP-Seq analysis in LVS found no association of PmrA at pdpA and iglA FPI promoters in vivo (there is no pdpD promoter in LVS), and transcriptomics did not identify FPI genes impacted by PmrA (Ramsey & Dove, 2016). Instead, they identified PmrA directly represses expression of priM. Intramacrophage assays indicated that the intramacrophage growth defect in pmrA mutant cells is due to production of PriM, so an alternate model was proposed: PmrA functions to regulate virulence by repressing the anti-virulence factor PriM (Ramsey & Dove, 2016). Several lines of evidence indicated that PriM functions as an anti-virulence factor, among them the finding that a pmrA/priM double mutant had restored growth in macrophage. While a subsequent study did not replicate the pmrA/priM double mutant phenotype, it did confirm that cells lacking PmrA do not have altered FPI transcript abundance (Hoang et al., 2020). Since multiple studies rule out PmrA regulation of the FPI, the mechanism by which PmrA promotes intramacrophage growth has not been entirely resolved.
Further difficulty occurs in trying to identify the sensor kinase associated with PmrA. PmrA is phosphorylated at residue D51, which improves association of the regulator to DNA in F. novicida and impacts downstream gene expression in F. tularensis LVS (Bell et al., 2010; Hoang et al., 2020). It was reported that KdpD phosphorylates PmrA in F. novicida, but F. tularensis LVS does not have an intact kdpD gene and phosphorylation of PmrA in F. tularensis LVS by any sensor kinase has not been documented (Bell et al., 2010; Hoang et al., 2020). There is evidence of increased priM expression after inactivation of QseC, the only known sensor kinase in F. tularensis LVS, which suggests that loss of QseC reduces the PmrA-mediated repression of priM (Hoang et al., 2020). QseC has also been shown to play a role in virulence in F. novicida (Weiss et al., 2007). More work is required to definitively link PmrA to QseC (or any sensor kinase) and clarify the mechanism of PmrA regulation of intramacrophage growth.
Hfq and sRNAs
Hfq is an RNA chaperone that impacts mRNA stability and translation initiation, often in conjunction with sRNAs. In F. tularensis, multiple studies have looked at the impact of Hfq on expression of the T6SS with conflicting results. In one study, when hfq was deleted, F. tularensis LVS had increased transcript abundance of genes encoded on the pdpA operon but not those encoded on the iglA operon (Meibom et al., 2009). A study of the F. tularensis LVS proteome found that IglA, IglB, IglC, and IglH are less abundant when Hfq is absent (Lenco et al., 2014). This inconsistency may be due to differences in methodology or may suggest post-transcriptional regulation – the study observing the protein-level differences may not detect transcript-level differences if there is another layer of regulation. Additionally, in F. novicida, loss of hfq led to decreased transcript abundance of pdpA and pdpB (Chambers & Bender, 2011), which conflicts with the previous study in LVS (Meibom et al., 2009). The differing results between F. tularensis and F. novicida may suggest species-specific differences in the Hfq regulon. Regardless of the specific impact on FPI genes, Hfq plays an important role in stress response in F. novicida and in virulence in mouse infection assays for F. tularensis clinical isolates (Chambers & Bender, 2011; Meibom et al., 2009). 
As Hfq often works coordinately with sRNAs, it is worth pointing out that very few sRNAs have been identified in F. tularensis. In addition to identification of well-known sRNAs (4.5S rRNA, tmRNA), researchers found two novel sRNAs, referred to as FtrA and FtrB, which impact the transcript abundance of several genes (Postic et al., 2010). However, none of the impacted genes are on the FPI, and FtrA and FtrB do not play an important role in virulence (Postic et al., 2010). A distinct sRNA, FtrC, impacts transcript abundance of the hypothetical protein FTL_1293 independently of Hfq. Overexpression of FtrC does impact intramacrophage growth and infection in mice, though the mechanism is not understood (Postic et al., 2012). Hfq and sRNAs undoubtedly merit further research to uncover the specific role they play in regulating gene expression and virulence, particularly given the conflicting Hfq results and scarcity of sRNAs identified.
HU
	HU (histone-like protein U) is a highly conserved bacterial protein that functions similarly to a eukaryotic histone by binding DNA in a sequence-independent manner and altering its structure to affect gene expression and DNA replication (Pettijohn, 1988; Verma et al., 2023). In F. tularensis, the genes that encodes HU, hupB, is essential for replication in macrophage and pathogenicity in mouse models (Stojkova et al., 2018). The FPI genes and pigR were found to both be less abundant in the hupB mutant at the transcript and protein level, although the mechanism by which HU positively regulates their expression is not clear (Stojkova et al., 2018).
OsrR
	A recently described transcriptional regulator called OsrR appears to play a role in regulating gene expression in response to oxidative stress. OsrR not only regulates the oxidative response, but leads to global changes in transcription and virulence. In cells lacking OsrR, transcripts of pdpE and iglJ are decreased significantly upon exposure to the superoxide-generating compound menadione, which causes oxidative stress. Further, the osrR deletion mutant leads to decreases in intramacrophage growth and pathogenicity in mice (Marghani et al., 2021). 
While F. tularensis survives in diverse environments and requires coordinated regulation of the T6SS to replicate in macrophages and infect hosts, there is limited knowledge of regulatory networks in this bacterium. The regulation of FPI transcription is well-studied and there are a few recent advances in identifying novel virulence factors that regulate transcription (OsrR and HU). However, there has been limited research into post-transcriptional regulation of virulence genes in this pathogen, an area of pursuit that may help to increase our understanding of Francisella gene regulation as a whole.
F. tularensis encodes three distinct bS21 homologs, suggesting ribosome heterogeneity
	The presence of three homologs of the gene encoding bS21, rpsU, in F. tularensis, led me to hypothesize that each of these genes encode distinct bS21 proteins that can incorporate into ribosomes, generating heterogeneous ribosomes. Prior to investigating this empirically, we compared the predicted protein sequences. An amino acid alignment of the three bS21 homologs, along with the single E. coli bS21 homolog, was generated using ClustalOmega multiple sequencing alignment tool (Figure 3A). While some amino acids are highly conserved, the F. tularensis homologs are distinct from each other and E. coli, with percent identities from 48-72% to each other and 51-60% to E. coli (Chapter 2, Figure S2). 
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Figure 3: F. tularensis bS21 homologs have distinct sequences, similar predicted structures, and regions of variability near the mRNA channel. (A) Amino acid alignment of the three bS21 homologs in F. tularensis and the single bS21 proteins in F. johnsoniae (F.jo) and E. coli, from ClustalOmega sequence alignment tool. (B) Alignment of predicted structures of F. tularensis bS21 homologs using AlphaFold. Pink = bS21-2; Turquoise = bS21-1; Yellow = bS21‑3. (C) Conserved and variable residues of F. tularensis bS21 homologs shown on E. coli bS21 structure in 30S particle. Red = identical amino acids; pink = similar amino acids; white = non-similar amino acids on bS21; blue = mRNA; grey = 16S rRNA and other 30S ribosomal proteins. To clarify perspective,  * = portion of uS7 in foreground, and ** = portion of uS7 in background (behind bS21). PDB entry 4V50 (Berk et al., 2006).

Structures of the F. tularensis bS21 homologs have not been determined
While structures of the F. tularensis ribosomes and bS21 homologs have not yet been determined through crystallography or cryogenic electron microscopy, three dimensional structural predictions can be made using the software AlphaFold. All three of the predicted structures for bS21 homologs appear identical (Figure 3B); however, these predictions do not consider the complexities and steric interactions that exist in the ribosome quaternary structure. To better understand where the regions of variability exist in the context of the ribosome, I mapped amino acids that are identical, similar, or divergent amongst the three homologs onto the published structures of the E. coli bS21 in a 70S particle (Figure 3C; PDB 4V50; Berk et al., 2006). Regions of low amino acid similarity, shown in white, are clustered around the C-terminus and between the two alpha helices, which is in close proximity to the mRNA channel (Figure 3C). This finding is consistent with my hypothesis that bS21 homologs may function distinctly in promoting the interaction between mRNA and the ribosome.
	The E. coli bS21 has numerous potential interactions with nearby r-proteins and rRNA. As mentioned previously, among several likely bonds between the 16S rRNA and bS21, there is a predicted hydrogen bond interaction between R17 of bS21 and C1539 of 16S rRNA in the 30S initiation complex (2.7Å distance) (Kaledhonkar et al., 2019). R17 is conserved in all three of the F. tularensis bS21 homologs, and the ASD is identical in F. tularensis and E. coli, leading me to hypothesize that this structure may be consistent in Francisella. Interestingly, this interaction is seen in the 30S initiation complex (PDB 6O7K; Kaledhonkar et al., 2019) but the not in the 70S structures that occur during elongation (PDB 4V6P; Agirrezabala et al., 2012) (Figure 4). Rather, in the translocating 70S structure, there is no proximity less than 3Å between the ASD and bS21, though there is a potential interaction between C1538 of the ASD and K57 and/or R54 of bS21 (3.5Å or 3.4Å distance, respectively). K57 and R54 residues are partially conserved amongst the three bS21 proteins in F. tularensis (specifically, R54 is present in bS21-1 and 2; K57 is present in bS21-2 and 3). These findings suggest that interactions between the E. coli bS21 and the anti-Shine Dalgarno are dynamic and may be partially conserved in F. tularensis. 
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Figure 4: bS21 interactions with 16S rRNA anti-Shine-Dalgarno are dynamic. A. bS21 residue R17 forms a hydrogen bond with 16S rRNA residue C1539, a component of the anti-Shine Dalgarno, in the 30S initiation complex of E. coli. PDB 6O7K (Kaledhonkar et al., 2019). B. R17 and C1539 are too far apart from each other to interact directly during translation elongation. PDB 4V6P (Agirrezabala et al., 2012). Grey = 16S rRNA; Blue = bS21.


	In F. johnsoniae, the bS21 protein has also been shown to interact with the ASD. In this species, the bS21-ASD interaction provides a mechanism of bS21-based gene regulation, as bS21 acts with other r-proteins to sequester the anti-Shine Dalgarno of the 16S rRNA (Jha et al., 2020; McNutt et al., 2023). The structure of the F. johnsoniae ribosome reveals three bS21 residues interact with the ASD: K51, Y54, and I55. Neither K51 or Y54 are conserved in the F. tularensis bS21 homologs (Figure 3A). I55 is partially conserved, as bS21-3 also has an isoleucine in that position, and bS21-1 and bS21-2 have a valine, which has similar properties to isoleucine (Figure 3A). Because of these differences, I do not expect the F. tularensis bS21 homologs to sequester the ASD; there may be another mechanism that allows bS21 homologs in F. tularensis to impact gene expression.
	In addition to the 16S rRNA, bS21 also interacts with the r-proteins bS18 and uS11 in the E. coli ribosome (Berk et al., 2006). At least four bS21 residues are likely to interact with bS18: two are conserved in all of the F. tularensis bS21 homologs (C22, K19), one is partially conserved (I3), and one is not conserved (K4). Ten bS21 residues may interact with uS11, spanning most of the bS21 protein. Again, some of these residues are completely conserved in the F. tularensis bS21 homologs, some are partially conserved, and some are not conserved (Berk et al., 2006). These comparisons draw attention to the importance of solving a structure of the F. tularensis ribosome, to determine where bS21 homologs interact with rRNA and other proteins, how these interactions might differ between the three homologs, and whether these may suggest functional differences amongst bS21 homologs.
The evolutionary history of bS21 homologs is not known
While Chen et al. (2020) looked at the divergent evolution of bS21 homologs in Bacteroidia and phages, no publications to my knowledge have explored the evolutionary history of bS21 in species with multiple bS21 homologs. Many species have one bS21 protein, some have none, and still others have multiple homologs, including most of the close relatives of F. tularensis within the Francisella genus. A preliminary phylogenetic tree was created using RAxML (Randomized Axelerated Maximum Likelihood; Stamatkis, 2014), including a variety of bS21 seed sequences and eukaryotic proteins with similar domains obtained from Pfam, for a total of 330 amino acid sequences analyzed (Figure 5A). While there is close association of the three F. tularensis LVS bS21 proteins, bS21-2 appears to be in a distinct clade from bS21-1 and bS21-3. bS21-1 and bS21-3 are grouped with their corresponding proteins in F. tularensis subsp. tularensis Schu S4 (FRATT in Figure 5B), which is unsurprising as they are identical at the nucleotide level. A nearby neighbor of bS21-1 and bS21-3 is the homolog in Coxiella burnetti (COXBU), also a member of Gammaproteobacteria, though this species encodes only one bS21 protein. bS21-2 is also linked to its Schu S4 counterpart, and is in a clade with other non-Francisella species as well, including Hydrogenovibrio crunogenus (HYDCU) and Ruthia magnifica (RUTMC). Both of these species belong to Gammaproteobacteria and both contain one bS21 homolog. Given this preliminary phylogenetic tree and the high sequence identity between bS21-1 and bS21-3, it may be that bS21-2 evolved from an ancestral gene, and the duplication of bS21-1 and bS21-3 occurred more recently. However, given the relatively low bootstrap values, a more in-depth phylogenetic analysis is needed to elucidate the details of the evolutionary history of bS21 and draw any formal conclusions.
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Figure 5. Phylogenetic analysis of bS21 proteins. A. Phylogenetic tree of 330 amino acid sequences with bS21-like domains. Purple = eukaryotic species; Green = bacterial species. B. Region of tree including F. tularensis bS21 homologs, highlighted in yellow, and nearby neighbors (F. tularensis subs. tularensis Schu S4 [FRATT]; Coxiella burnetti [COXBU]; Methylophaga muralis [9GAMM]; Hydrogenovibrio crunogenus [HYDCU]; and Ruthia magnifica [RUTMC]). Bootstrap values greater than fifty are indicated on tree branches. Tree kindly generated by Dr. Ying Zhang. 


The genomic locations of the rpsU genes are partially conserved and support the phylogenetic analysis of bS21 proteins. rpsU1 is located downstream of the gene cspC, which encodes a cold shock protein (Chapter 2, Figure S1). Homologs of rpsU are found in similar genomic contexts in many species across diverse bacterial classes, primarily within the phylum of Pseudomonadata. Species with rpsU genes syntenic with F. tularensis rpsU1 are a part of betaproteobacteria (e.g. Burkholderia species), alpha-proteobacterial (e.g. Agrobacterium fabacearum), deltaproteobacteria (e.g. Geobacter sulfurreducdens), and Flavobacteriia phylum (e.g. Tenacibaculum jejuense), amongst others (KEGG synteny tool; Kanehisa et al., 2023). There is variety in the identity of the cold-shock protein gene (i.e. cspA instead of cspC) and the order of the operon (i.e. rpsU may be first or second), and there are at times other genes between rpsU and the cold shock protein gene.
rpsU2 is a part of a macromolecular synthesis operon that also encodes DNA primase and sigma-70 of RNA polymerase (Chapter 2, Figure S1), which is syntenic to rpsU genes in an even wider range of bacteria phyla: Pseudomonadota (e.g. E. coli), Bacillota (e.g. Streptococcus species), Spirochaetes (e.g. Leptospira interrogans), and Thermodesulfobacteria, to name a few examples (KEGG synteny tool; Kanehisa et al., 2023). As with rpsU1, the exact makeup of these operons varies across species, with some including additional genes like one encoding DNA mismatch repair protein in Thermodesulfatator indicus. Indeed, the F. tularensis operon also includes the gene yqeY which may encode a protein necessary for tRNA aminoacylation (Deniziak et al., 2007). 
rpsU3 does not contain annotated genes in close proximity on the F. tularensis genome (Chapter 2, Figure S1). This is also true for several rpsU genes in a limited portion of the bacterial phyla, including in Cyanobacteria (e.g. one of the Nostoc sp. PCC 7120 rpsU genes) and Bacteroidia (e.g. Salinobacter ruber) (RAST FIGfam viewer; Meyer et al., 2009). Together these data are consistent with the idea that rpsU1 and rpsU3 duplication occurred more recently in the evolutionary history of these homologs, as the rpsU2 genomic context is more broadly conserved across bacterial phyla.
One hallmark of horizontal gene transfer is a significant difference in GC content of the genes of interest compared to the remaining genome. A clear example of this in F. tularensis is the Francisella Pathogenicity Island, which has a GC content of only 27% while the entire genome has a GC content of 32%. rpsU1 and rpsU2 both have GC contents near 36%, which is marginally higher than the F. tularensis genome; however, assessing the operons to which they belong indicates GC contents of 34% and 32%, respectively, which are similar to the F. tularensis genome. This may suggest that the individual rpsU genes were acquired separately from the operons, but may also be an artifact reflecting that the rpsU genes are too small to show representative GC contents (~180 nt each). rpsU3 has a GC content of 32%, which is the same as the genome’s GC content. Together, the GC content analysis neither supports nor disallows the possibility of horizontal gene transfer. 

[bookmark: _Toc129859352]SUMMARY AND OBJECTIVES
	Bacterial ribosomes can be heterogeneous in structure and function, allowing bacteria to rapidly modulate their proteome in response to changing conditions. In the intracellular pathogen Francisella tularensis, there are three distinct homologs of the small ribosomal protein bS21, which may lead to ribosome heterogeneity. F. tularensis requires highly controlled regulation of virulence genes, but my knowledge of the mechanisms of gene regulation in this organism remain limited. 
	In the chapters that follow, I show that F. tularensis ribosomes are heterogeneous with respect to bS21 content and find genome-wide differences in protein abundance when one bS21 homolog, bS21-2, is lost. In cells lacking bS21-2, I see specific changes in expression of known virulence genes on the FPI at the protein level but not the transcript level, with a corresponding decrease in virulence. I report that bS21-2 modulates the expression of some proteins in a 5´ UTR-specific manner, and I identify a 6-nt sequence required for efficient translation in at least one bS21-2-responsive 5´ UTR.
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CONCLUSIONS AND OPEN QUESTIONS

[bookmark: _Toc129859359]BACKGROUND SUMMARY
	Francisella tularensis is an intracellular human pathogen that can cause the fatal disease tularemia. Regulation of gene expression is critical to this bacteria’s ability to survive in diverse environments and infect hosts. However, our understanding of gene regulation in this organism is limited (reviewed in Dai et al., 2011 & Spidlova et al., 2020). An area of gene regulation that had been unexplored in F. tularensis is the possibility of ribosome heterogeneity that leads to altered ribosome activity, or “specialized ribosomes,” contributing to regulation of translation.
	The model that ribosomes may have specialized functions has been explored in eukaryotes and some species of bacteria. Ribosomes are commonly heterogeneous with respect to ribosomal RNA content, ribosomal protein content, and post-transcriptional and post-translational modifications. The functional consequences of this heterogeneity on translation and gene expression remains incompletely understood (Genuth & Barna, 2018; Xue & Barna, 2012; Sauert et al., 2015). 
	Previous research suggested that the small ribosomal protein bS21 serves a regulatory role in bacterial translation. In the most direct example, in Flavobacterium johnsoniae bS21 sequesters the anti-Shine-Dalgarno (ASD) of the 16S rRNA. When ribosomes lack bS21, the ASD is available to bind with transcripts containing strong Shine-Dalgarno sequences, including the transcript encoding bS21 (Jha et al., 2020; McNutt et al., 2023). Loss of bS21 also leads to specific phenotypes in other organisms (Metselaar et al., 2015; Basco et al., 2019; Blake & O’Neill, 2013; Friedman et al., 2006; Takada et al., 2014). Together, this literature suggests that bS21 may be involved in gene regulation in diverse species of bacteria.
	This led me to hypothesize that the incorporation of one of the three homologs of bS21 into ribosomes in F. tularensis may influence translation initiation and regulate gene expression. Specifically, I proposed a model in which a particular bS21 homolog directly or indirectly leads to preferential translation initiation of a subset of transcripts, leading to changes in protein abundance. To assess this, I asked how loss of one bS21 homolog, bS21-2, impacts the transcriptome and/or proteome of F. tularensis cells, whether known virulence genes are impacted, and how this affected intramacrophage replication. Once I had found bS21-2 affects genes at the protein level, I then focused in on the mechanism behind these impacts, looking at what component of bS21-2-responsive 5´ UTRs are critical for efficient protein production. This research is significant not only in that it may help improve our understanding of pathogenicity in F. tularensis, but also it may reveal a conserved pathway of bS21-driven translation regulation in diverse bacteria.

[bookmark: _Toc129859360]CHAPTER 2 SUMMARY
	My initial research into bS21 in F. tularensis revealed that this organism, despite its small genome, encodes three distinct copies of bS21: bS21-1, bS21‑2, and bS21-3. This led me to hypothesize that ribosomes may create a source of ribosome heterogeneity. Through mass spectrometry, I found that wild-type ribosomes contain more than one bS21 homolog. Using ectopically expressed bS21 homologs, I confirmed that each bS21 homolog could be incorporated into ribosomes. Specifically, my sucrose sedimentation profiles combined with immunoblot analyses identified that each bS21 homolog can be found in 30S, 70S, and polysome particles. This demonstrated that F. tularensis wild-type ribosomes can be heterogeneous with respect to bS21 content, and all three bS21 homologs can associate with ribosomes throughout translation.
	I subsequently looked at the genome-wide impacts on the transcriptome and proteome when bS21 homologs were lost. While deletion of bS21-1 and bS21-3 had no significant impact on protein abundance, cells lacking bS21-2 had significant changes in 161 proteins that were not explained by changes in transcript abundance. These data support the hypothesis that bS21-2 may impact expression of some genes at the level of translation.
	Amongst the genes that were governed by bS21-2 at the level of translation were genes encoding the type VI secretion system (T6SS) in F. tularensis, known as FPI genes. The T6SS proteins were less abundant in cells lacking bS21-2, as confirmed by immunoblot analysis, and there was no significant difference in transcript abundance of the FPI genes, as detected by qPCR of purified RNA. Ectopic expression of bS21-2 and bS21-3 restored T6SS protein abundance, but expression of bS21-1 did not. This indicates that more than one bS21 homolog impacts translation of T6SS proteins. Finally, intramacrophage replication assays revealed that bS21-2 is important for virulence. Loss of bS21-2 led to an intramacrophage growth defect that could be restored by complementation with bS21-2, but not with expression of bS21‑1 or bS21-3. 
Altogether, the research described in Chapter 2 showed me that bS21-2 modulates expression of many genes at the protein level, including key virulence genes encoding the T6SS, and promotes intramacrophage replication. These data support my model that bS21-2 specifically impacts expression of some genes, either directly or indirectly, during translation initiation. Combined with other recent findings of bS21 impacting translation of subsets of mRNA in different bacterial species, my work supports a new model of bS21-driven gene regulation at the level of translation. Further research into this field may reveal that other types of heterogeneous ribosomes can impact different stages of translation to rapidly alter bacteria’s proteome. However, the mechanism by which bS21-2 impacts some genes in F. tularensis remained an open question.

[bookmark: _Toc129859361]CHAPTER 3 SUMMARY
	In the next chapter of my research, I investigated the mechanism that leads to altered protein abundance for bS21-2-responsive genes. I validated that there is an increase in abundance of the RNA-binding protein Hfq in cells lacking bS21-2. Together with the fact that Hfq is known to impact FPI gene expression, this raised the possibility that impacts of bS21-2 on the FPI could be due to Hfq. If so, I would expect that Hfq acts as a negative regulator of all FPI genes during protein synthesis. While I validated that Hfq negatively regulates the FPI, I found that this was only true of a subset of genes, and that it does so by regulating transcript abundance, not protein synthesis.  These data indicate that Hfq and bS21-2 impact expression of genes encoded by the FPI via distinct mechanisms.
The position of bS21 in E. coli ribosomes, close to the mRNA exit channel, led me to hypothesize that bS21-2 may interact with the 5´ UTR of some transcripts. In at least five bS21-2-responsive genes identified in the proteomics screen in Chapter 2, the 5´ UTR was sufficient to cause positive impacts by bS21-2. My next goal was to identify the aspect of the bS21-2-responsive 5´ UTRs that drives the altered protein production, by testing multiple elements of leader sequences: the Shine-Dalgarno sequence, secondary structure, and enriched sequence motifs. While I did not find specific influence of secondary structure or STREME-identified motifs on bS21-2-responsive translation, I did find that perfect SD sequences (5´-AGGAGG-3´), regardless of position, led to no difference in protein production between wild-type and bS21-2 mutants. I thereby concluded that ideal SD sequences masked the impacts of bS21-2 on protein production. Then, by making a series of truncations of the mraY 5´ UTR, I identified a 6-nucleotide sequence, GACUCU, that was important for efficient translation by bS21-2.
	My research reveals a specific component of a bS21-2-responsive 5´ UTR that is necessary for efficient translation in ribosomes with bS21-2. One other study in the literature that identifies specific changes in translation related to bS21 presence in Flavobacterium johnsoniae (McNutt et al., 2023). However, in this species the mechanism of bS21-mediated gene regulation is dependent on characteristics of bS21 proteins unique to the Bacteroidia phylum (Jha et al., 2020), so unsurprisingly differs from the mechanism we are describing in F. tularensis. My work is a stepping stone for the investigation of bS21-mediated translation in species with similar bS21 homologs and the finding that distinct r-protein homologs control gene expression may be more broadly applied to other r-proteins. Still, significant work is needed to determine whether the mechanism identified in mraY is applicable to other bS21-2-responsive 5´ UTRs and to uncover alternate mechanisms that lead to changes in protein production from cells lacking bS21-2.

[bookmark: _Toc129859362]OPEN QUESTIONS
Open Question 1: Is the mechanism of the mraY 5´ UTR conserved across all bS21-2-responsive 5´ UTRs?
In Chapter 3, I identified the element of the mraY 5´ UTR that leads to responsiveness to bS21-2: the short sequence of nucleotides, GACUCU. The analyses I have done indicate that this sequence, GACUCU, is necessary for efficient translation by bS21-2-containing ribosomes, but it does not indicate whether this sequence is sufficient to cause changes in translation. In the future, I will add the GACUCU sequence to the 5´ UTR of a gene not responsive to bS21-2, choosing a  5´ UTR that has a weak Shine-Dalgarno to allow bS21-2 to exert its effects. If addition of the GACUCU sequence allows the 5´ UTR to respond to bS21-2, it would suggest this sequence is both necessary and sufficient to cause changes in translation efficiency based on bS21-2 presence.
GACUCU was not found in the predicted 5´ UTR of any other bS21-2-responsive genes, suggesting this finding may be limited to the mraY 5´ UTR. I do find marginal enrichment of a portion of this sequence, CUCU, in bS21-2-responsive 5´ UTRs with weak SDs (31.1%, n=45) compared to genes negatively- or not-affected by bS21-2 (26.9%, n=67 combined). It may be that some of these bS21-2-responsive 5´ UTRs are regulated in different ways, making it difficult to find a single sequence motif that is broadly applicable. Alternatively, this may be because my recent approach to identifying key elements of bS21-2-responsive 5´ UTRs was limited by the poor annotation of transcription start sites in the F. tularensis genome. For the majority of 5´ UTRs that I have analyzed in my motif analyses and reporter assays, I have arbitrarily chosen the 100 nts upstream of the start codon to represent the 5´ UTR. Previously published transcription start site (TSS) mapping of 110 high-quality TSSs found that 19% were located more than 100 nucleotides upstream of the translation start site (Ramsey et al., 2015). Thus it is likely that, of my estimated 5´ UTRs, a significant portion are shorter than the native 5´ UTRs. I plan to collaborate with other researchers to complete comprehensive TSS-mapping through specialized RNA-Seq. I hope that a larger number of TSSs will be identified and provide me with more accurate data about 5´ UTR sequences.
With well-defined 5´ UTRs across the genome, I hope to have more statistical power in my descriptive analyses of bS21-2-responsive 5´ UTRs. Specifically, I can compare the 5´ UTR length, GC content, and purine content of genes impacted by bS21-2 or not impacted, based on the proteomics screen from Chapter 2. This may reveal trends that have so far been masked due to my inaccurate predictions. Additionally, while I did not find GACUCU in other bS21-2-impacted 5´ UTRs, it is possible I could find enrichment of this sequence, or a portion of it, in full-length 5´ UTRs once they are known. Otherwise, I can re-run the motif-finding analyses described in Chapter 3 with a more comprehensive list of known 5´ UTRs to reveal new motifs that may be more broadly conserved among bS21-2-impacted 5´ UTRs. Additionally, some of the 5´ UTRs may be affected indirectly, so separating 5´ UTRs directly affected from those indirectly affected would improve the analysis (see discussion below).

Open Question 2: What transcripts are directly regulated by bS21-2?
	Though I have identified proteins across the genome that are impacted by loss of bS21-2 (Chapter 2, Figure 2), it is likely that only a portion of those genes are regulated by bS21-2 in a leader sequence-dependent manner. Abundance of some proteins may be influenced by downstream effects of bS21-2 loss (as discussed further below). It would be beneficial to identify those genes regulated in a leader sequence-dependent manner, as it would facilitate my understanding of which elements of a leader sequence lead to bS21-2 responsiveness. To identify directly-regulated genes, I could use ribosome profiling (also known as Ribo-Seq), a technique that assesses which mRNA molecules are actively translated by ribosomes at a given time (Ingolia et al., 2009). In brief, actively-translating ribosomes are isolated and incubated with RNases to degrade free mRNA molecules, so that only transcripts protected by ribosomes are isolated and sequenced. By tagging bS21-2 and conducting immunoprecipitation in conjunction with ribosome profiling, I could isolate transcripts that are specifically bound by ribosomes containing bS21-2. The bS21-2-bound transcripts could be compared to total ribosome profiles, revealing which genes are preferentially translated by bS21-2-containing ribosomes. While this protocol is technically nontrivial, the data could provide clear evidence of direct regulation by bS21-2. Further, the technique may be used with the other two bS21 homologs to determine transcripts that are preferentially translated by bS21-1 or bS21-3.

Open Question 3: What other mechanisms contribute to changes in protein expression in cells lacking bS21-2?
My investigation into the mechanism by which bS21-2 governs protein abundance focused on the 5´ UTRs of bS21-2-responsive genes. Indeed, I found that the 5´ UTRs of several genes were sufficient to cause changes in protein production (Chapter 3, Figure 1B). However, some genes, including FTL_0881 and FTL_0215, were found to be different at the protein level in the proteomics screen (Chapter 2, Figure 2; Supplemental Table 2), but their 5´ UTRs were not responsive to bS21-2 in my reporter assays (Chapter 3, Supplemental Figure 2). One possible explanation is that their estimated 5´ UTRs are inaccurate and missing a regulatory element. As mentioned, I plan to map transcription start sites across the genome to get more accurate predictions of 5´ UTRs. It is possible that with correct FTL_0881 and FTL_0215 5´ UTRs, I will see impacts from bS21-2 that are consistent with the proteomics screen.
Alternatively, the lack of response of some 5´ UTRs to bS21-2 may suggest there are other regulatory mechanisms that impact expression of these genes. Specifically, bS21-2 may directly impact synthesis of proteins that influence the abundance of other proteins, leading to indirect effects.  With respect to protein stability, I only assessed the half-life of PdpB, determining it was unaffected by loss of bS21-2 (Chapter 2, Figure S5). This suggests that the expression of pdpB is governed by bS21-2 during translation initiation. Other proteins, like FTL_0881 and FTL_0215, may have altered abundance in bS21-2 mutant cells as the result of changes in the abundance of proteases or protein processing genes. Several proteases and peptidases were found to have altered abundance in my genome-wide analyses of cells lacking bS21-2 at either the transcript or protein level. These include pyrrolidone-carboxylate peptidase (FTL_0207), an uncharacterized peptidase (FTL_0008), peptidase M16 family protein (FTL_1482) and ATP-dependent proteases HslU (FTL_0964) all of which could impact protein stability and function. Further analyses of protein stability of more genes may reveal secondary impacts of loss of bS21‑2. This could be achieved by comparing protein stability in the context of a protease knockout if the protease is more abundant in cells lacking bS21-2, or by ectopically expressing the protease if it is less abundant in cells lacking bS21‑2. If protein stability returns to wild-type levels, I would conclude that the protease is responsible for changes in protein abundance. 
In addition to proteases, there may be other regulators governed by bS21-2 that lead to indirect effects. For instance, I have documented changes in abundance of the RNA chaperone Hfq in bS21-2 mutant cells. While my Hfq analyses focused on impacts on the FPI genes, there may be Hfq-mediated effects on other transcripts that impact translation initiation. A study in Pseudomonas aeruginosa used a modified ChIP-seq of tagged Hfq in the presence or absence of rifampicin (ChIPPAR-Seq) to identify genes on which Hfq functions co-transcriptionally. By performing a similar study in wild-type and the bS21-2 mutant cells, I could identify Hfq-mediated effects in cells without bS21-2. Other regulators may also be affected by loss of bS21-2 and additional directed analyses would be required to separate their effects from the effects of bS21-2.
Though my focus has been on proteins with decreased abundance, it is worth noting that loss of bS21-2 results in increased translation of some genes in a 5´ UTR-dependent manner. For instance, protein production from mRNAs with the tul4 5´ UTR is slightly but significantly higher in the bS21-2 mutant than in wild-type cells (Chapter 3, Figure 1B, 2B, 2C). I hypothesize that the loss of bS21-2-mediated preferential translation initiation for certain transcripts allows ribosomes to initiate on transcripts less favored by bS21-2-containing ribosomes more frequently. This shift would lead to an increase in protein synthesis of genes that are less preferred, or possibly effectively excluded, by bS21-2-containing ribosomes. Additionally, it is possible that in cells without bS21-2, ribosomes incorporate either bS21-1 or bS21-3 more frequently and these two bS21 homologs positively influence translation initiation for specific transcripts. Thus, I hypothesize that many of the proteins that are more abundant in bS21-2-mutant cells (top half of Chapter 2, Figure 2) may be indirectly impacted by bS21-2 due to this shifting balance of translation initiation. To address this hypothesis, I could utilize an in vitro assay (described below) where I can control the ratio of bS21-2-containing ribosomes, and detect if production of tul4 is impacted as this ratio shifts. 

Open Question 4: Does bS21-2 directly interact with bS21-2-responsive leader sequences?
	I propose that bS21-2 is impacting translation initiation of specific genes through interaction, directly or indirectly, with the 5´ UTR of these genes. To address the question of whether this interaction is direct, I could use a commercially-available in vitro protein synthesis system to assess whether purified ribosomes, outside of the context of the cell, are sufficient to cause changes in protein production. Using purified ribosomes either with or without bS21-2 and DNA encoding the bS21-2-responsive 5´ UTRs under control of a T7 promoter, I can assess protein production of reporters. If a difference is detected in the protein production between ribosomes with bS21-2 and those without, it would suggest bS21-2 is sufficient to cause these changes. If no difference is detected, bS21-2 is likely functioning on translation initiation indirectly, raising the possibility that an intermediary protein interacts with the 5´ UTRs of bS21-2-responsive genes to mediate initiation. 
During my PhD work, I piloted use of this in vitro protein synthesis system in the lab, but was limited by the activity of ribosomes purified from F. tularensis and the sensitivity of the output. Additional work in the lab has already improved the sensitivity, by using luciferase as a reporter. To address ribosome activity, the ribosome concentration could be increased, the current purification protocol could be optimized, or other purification strategies could be used. 
If the in vitro assay suggests bS21-2 is functioning indirectly, I could identify potential intermediary proteins using a co-immunoprecipitation strategy. Specifically, biotinylated mRNAs could be immunoprecipitated after crosslinking, and proteins co-purified could be identified via mass spectrometry. Proteins associated with bS21-2-responsive mRNAs, but not other mRNAs, would be candidate intermediary proteins that facilitate preferential translation in cells with bS21-2.
	If the in vitro assay indicates that bS21-2 directly affects translation initiation for particular leader sequences, I could then ask if this is due to direct bS21-2-mRNA interactions. To assess the potential for bS21-2 to bind directly to mRNA, I could use an electrophoretic mobility shift assay (EMSA), which is based on the principle that RNA-protein complexes move more slowly during gel electrophoresis than free RNA. I could use purified bS21-2, bS21-2-containing ribosomes, and ribosomes without bS21-2 together with the bS21-2-respsonsive mraY mRNA to determine if bS21-2 alone or in the context of the ribosome can bind directly to the mRNA. If I find that bS21-2 does interact directly, I could then look to identify what residues of the mRNA are protected by bS21-2 occupancy using RNA footprinting. Given the identification of GACUCU as critical for bS21-2-responsive translation in mraY (Chapter 3), I would hypothesize that bS21-2 may directly bind this 6-nt sequence of the mRNA. 
Alternatively, if pure bS21-2 does not interact directly with the mraY mRNA but ribosomes containing bS21-2 do, it would suggest that bS21-2 impacts the structure of the ribosome in such a way that it allows interaction of the transcript with other ribosomal components (r-proteins or rRNA). Comprehensive structural studies of ribosomes with and without bS21-2, via cryoEM, could allow me to understand this dynamic.
	If I find bS21-2 directly alters translation initiation on particular 5´ UTRs, it would raise the possibility that the other F. tularensis bS21 homologs function similarly by preferentially initiating translation on some mRNAs. I report in Chapter 2 that bS21-3 (and to some extent bS21-1) may also impact production of the T6SS proteins. I could look to see if bS21-3 causes increased protein production from 5´ UTRs encoding the T6SS by including bS21-3-containing ribosomes in the in vitro assay described above, and assessing complementation with bS21-1 and bS21-3 in the reporter assays from Chapter 3. If I find that production of GFP from the bS21-2-responsive 5´ UTRs is not restored with increased amounts of bS21-1 and bS21-3, I can conclude that bS21-2 alone is sufficient to cause these effects. I have previously shown that these homologs function differently (Chapter 2), so I would expect that they are unlikely to affect all the same genes. I could identify specific genes impacted by bS21-1 and bS21-3 using Ribo-Seq, as described above. 

Open Question 5: Does bS21-2-mediated translation modify transcript stability?
In Chapter 2, I identified 161 genes with changes in protein abundance in cells without bS21-2 compared to wild-type cells, without significant changes in corresponding transcript abundance (Figure 2, yellow dots). However, there is a moderate shift in transcript abundance in many of these genes that did not reach my statistical significance cutoff ( 2-fold change, adjusted P < 0.05). One explanation for this trend could be that occupancy by ribosomes protects mRNAs and increases transcript stability. On the other hand, transcripts with reduced translation are degraded more rapidly. In bacteria, translating or stalled ribosomes can protect mRNAs by masking cleavage sites, thereby improving stability of the transcript (Lopez et al., 1998; Bechhofer & Zen, 1989; Hui et al., 2014). 
To explicitly test the impact of bS21-2-mediated translation on transcript stability and degradation, I could compare mRNA stability in cells with and without bS21-2. To do so, I must assess RNA abundance without novel production via transcription, which is accomplished by inhibiting RNA polymerase by adding rifampicin to actively growing cultures and taking samples at several time points after treatment. Purified RNA from each time point can be analyzed by RNA-Seq or qPCR of specific target genes to determine rates of degradation. The half-lives of mRNAs in cells with and without bS21-2 can be compared to determine if there is a correlation between protein abundance (as a proxy for translation) and transcript stability.

 Open Question 6: How does Hfq control production of the T6SS?
	While the RNA chaperone Hfq is known to impact expression of F. tularensis T6SS proteins, there are inconsistencies in the literature about which genes are impacted and if they are positively- or negatively-regulated. My findings are consistent with previous research published by Meibom et al. (2009), that transcript abundance of the pdpA operon, but not the iglA operon, is negatively impacted by Hfq. I also found that at least one T6SS protein encoded on the pdpA operon is more abundant, suggesting that Hfq exerts its effects on the T6SS proteins by regulating transcript abundance rather than post-transcriptionally. These findings are in contrast to Lenco et al. (2014), which found all the proteins encoded on the iglA operon and one of the twelve encoded on the pdpA operon, are less abundant if Hfq is absent. A possible explanation for this discrepancy could be the use of different methodologies. I used immunoblotting of whole cell lysates, while Lenco et al. (2014) used two mass spectrometry-based approaches: iTraq analysis and LC-SRM. While there have been advances in the sensitivity of various mass spectrometry protocols in recent years, these analyses depend on the ability to detect fractionated peptides and often have limited sensitivity. Given that my results validate a previous study (Meibom et al., 2009) and the RNA and protein levels are concordant in my data, I have confidence in the validity of my findings.
	The mechanism by which Hfq impacts transcript abundance of the genes encoding the T6SS remains an open question. Hfq is well-documented to work in conjunction with small RNAs to impact translation initiation and RNA stability (e.g. Geissmann & Touati, 2004). If an sRNA is acting as a regulator of FPI genes, the sRNA has not yet been discovered; I could identify that sRNA using a strategy like RIL-seq (Melamed et al., 2018). Hfq may also recruit RNAses to mRNA to promote degradation (Morita et al., 2005), a model which would be supported by my data. One way to identify RNAses associated with Hfq would be through co-immunoprecipitation, either purifying Hfq and assessing if any RNAses are co-purified, or purifying RNAse E (a common interactor of Hfq) to detect if Hfq co-purifies. Co-immunoprecipitation of any RNAse with Hfq would suggest coordinate function between the two proteins.

Open Question 7: Why is bS21-2 controlling virulence?
	In Chapter 2, I concluded that bS21-2 is likely regulating genes important for virulence in addition to the T6SS, because ectopic expression of bS21-3 restores T6SS protein abundance but does not restore intramacrophage replication. To determine what these other virulence genes may be, I compared data from a study that used Tn-Seq to identify genes important for replication of F. tularensis in macrophage with my proteomics data from Chapter 2 (Ramsey et al., 2020). This revealed seven genes that are less abundant at the protein level but not the transcript level when bS21-2 is absent and are important for virulence, excluding genes encoding the T6SS: FTL_1727, FTL_1216, FTL_1790, FTL_0387, FTL_0223, FTL_0290, and FTL_0681. All of these genes, or some combination, might be contributing to the phenotype of defective intramacrophage growth in cells lacking bS21-2.
	It is worth reflecting on why F. tularensis is using bS21-2 to control its virulence in this way. bS21 is one of the last proteins assembled into the ribosome and is easily exchanged in E. coli (Mizushima & Nomura, 1970). F. tularensis may be able to switch which bS21 homolog is in ribosomes to rapidly adapt their proteome based on changing conditions (i.e. when in a host vacuole). This strategy may be faster than impacting transcription. If virulence genes are always transcribed but poorly translated, they can be “turned on” by switching out bS21 homologs and improving translation initiation.  F. tularensis has three bS21 homologs which may allow the bacteria to change the proteome with this mechanism during several life cycle changes, and may indeed by the reason why the three homologs evolved.

Open Question 8: How do changes to the 5´ UTRs impact overall protein production?
	Throughout my 5´ UTR reporter analyses in Chapter 3, I focused my attention on the relative protein production in cells without bS21-2 compared to those with bS21-2. This allowed a clear comparison of translation from the same 5´ UTR while changing only bS21-2 presence. However, there were significant differences in overall protein production between 5´ UTRs. Looking first at the wild-type 5´ UTRs, the tul4 5´ UTR fused to gfp produced 51-fold more fluorescence than the mraY 5´ UTR fused to gfp, with all other UTRs somewhere between (Chapter 3, Figure 1B and Suppl. Fig. 2). While I considered presence of an unstructured 5´ tail, nucleotide frequency, GC content, and codon rarity, the factor that clearly correlates to high protein production is presence of a strong SD. Indeed, the 5´ UTRs with the lowest overall fluorescence all had SDs with less than 4 nt complementary to the aSD. Further, of all the mutations I made to the mraY and pdpA 5´ UTRs, the most significant changes in overall protein production were  modifications improving Shine-Dalgarno sequences, in an optimal position (-12) relative to the start codon (i.e. moved_idealSD was not highly translated despite perfect complementarity with the aSD; Chapter 3, Figure 2B).

Open Question 9: How does Shine-Dalgarno strength correlate with bS21 across species?
The Shine-Dalgarno is well-documented to play an important role in translation initiation in bacteria such as E. coli and B. subtilis, with better complementarity between the Shine-Dalgarno and anti-Shine-Dalgarno improving translation efficiency in these species (Vellanworth & Rabinowitz, 1992; Saito et al., 2020). However, there is great diversity of SD presence and strength both within and across species. In some species, as few as 11% of mRNAs have SD sequences, while in other species it can be as high as 90% (Wen et al., 2020). In F. tularensis LVS, I reviewed upstream sequences of 240 genes and found that about 53% have SD sequences that match at least 4 nucleotides to the aSD sequence. Less than 1% have a perfect SD sequence (5´-AGGAGG-3´). Based on this analysis, F. tularensis has fewer SDs than the average of Gammaproteobacteria (64%) but is considered to have moderate to high SD content compared to prokaryotes more broadly (Nakagawa et al., 2010). 
mRNA that do not have canonical SD sequences may be translated less efficiently, but can utilize other portions of the leader sequence to facilitate translation initiation. My data suggests that bS21 may play a role in translation initiation of mRNA with non-ideal SD sequences. In my review of the literature, there does not appear to be a clear trend between bS21 presence and low SD-content. For instance, B. subtilis encodes a bS21 homolog, but 78% of mRNAs have a Shine-Dalgarno sequence (Nakagawa et al., 2010). That said, any correlation between SD content and bS21 may be obscured because of additional components of the leader sequence and interacting proteins that impact translation initiation (Saito et al., 2020). For instance, bS1 plays a key role in translation initiation without SD-binding and leaderless mRNA can be translated by 70S ribosomes (Kolb et al., 1977; Leiva & Katz, 2022). Nonetheless, my research suggests that bS21-moderated translation initiation may be an adaptive pathway for species containing significant numbers of mRNAs with poor SD sequences, a problem that is faced by a wide diversity of bacteria. 

	Through the data shown in this dissertation, I have made significant advances in understanding that bS21 homologs provides a source of ribosome heterogeneity in the human pathogen Francisella tularensis and impact protein production. Yet, there are many aspects of bS21 regulation, generally and specifically, that remain to be understood. These contributions provide a springboard for future research on ribosome heterogeneity with regards to bS21.
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