Introduction
Key points:

Francisella tularensis is a Gram-negative, facultative intracellular bacteria that causes the potentially fatal human disease tularemia (Sjöstedt, 2007). F. tularensis is remarkable in its ability to live in a diverse range of hosts, vectors, and environments (Sjöstedt, 2007). While capable of replicating in a wide variety of cell types, F. tularensis must be able to replicate in macrophages to cause disease (Nano et al., 2004). Because of this diversity of lifestyles, F. tularensis must regulate gene expression successfully to adapt to its environments. F. tularensis has a significantly reduced genome (Sjödin et al., 2012), yet retains three different copies of a ribosomal gene rpsU (rpsU1, rpsU2, and rpsU3), which encode the homologous bS21 proteins bS21-1, bS21-2, and bS21-3, respectively. 

In bacteria, ribosomes are diverse and commonly heterogenous with respect to ribosomal protein (r-protein) content, post-translational modifications, rRNA content, or post-transcriptional modifications (reviewed in Byrgazov et al., 2013). The functional consequences of ribosome heterogeneity are unclear but may include the formation of “specialized ribosomes,” or ribosomes with altered activity due to their distinct composition (Xue & Barna, 2012). There is significant evidence for specialized ribosomes in eukaryotes, and although ribosomes with altered activity are not well described in bacteria, recent studies have connected altered ribosome rRNA content and gene regulation (Prisic et al. 2016; Xue & Barna, 2012).	Comment by Hannah: Check references – listed as 24, 25 from your grant

The small ribosomal subunit protein bS21 is a small, loosely associated r-protein important for translation initiation (Van Duin & Wijnands, 1981; Chang & Craven, 1977; 19,20,27). Structures of ribosomes containing bS21 identify it close to the Shine-Dalgarno helix near the RNA exit channel, in an ideal position to interact with leader sequences during translation initiation (Berk et al. 2006; Watson et al. 2020; 30–32). There is evidence that the presence of bS21 is necessary for translation of some, but not all, mRNAs (Van Duin & Wijnands, 1981). In Listeria monocytogenes, loss of the sole bS21 has been associated with changes in transcription of stress resistance genes (Metselaar et al. 2015), suggesting bS21 may play a regulatory role in specific processes. Consistent with its potential to function as a regulatory component of the ribosome, its loose ribosomal association allows bS21 to be easily exchanged among assembled ribosomes (Mizushima & Nomura, 1970; Mizuno et al., 2019).	Comment by Hannah: Alternatively: Loss of bS21 has been associated with discrete phenotypes in other bacterial species, including increased acid stress resistance in Listeria monocytogenes (Metselaar et al. 2015) and defects in motility and biofilm formation in Bacillus subtilis (Takada et al. 2014), suggesting a regulatory role in specific processes.	Comment by Hannah: Now I see that all of this was in the discussion. I kind of think having just the point about the transcription might be important here to connect the regulatory bit together, but it may be confusing because we are trying to assert there are differences in translation NOT transcription, so maybe we just toss this whole sentence here

The presence of three homologs of bS21 in F. tularensis, a species that requires strict regulation of gene expression, together with the literature on the structural and functional roles of bS21, leads us to hypothesize that bS21 is playing a role in the regulation of translation in specific processes. In support of this hypothesis, we have shown in our research that: 1) wild-type F. tularensis are heterogeneous in regard to bS21 content; 2) one homolog, bS21-2, plays a role in regulating protein, but not transcript, abundance; and, 3) loss of bS21-2 impacts virulence genes and is detrimental for intramacrophage growth.


Results
Francisella species encode three bS21 homologs 
The genomes of multiple Francisella species contain three distinct genes encoding bS21 (rpsU1, rpsU2, and rpsU3), consistent with the potential for cells to contain ribosomes heterogenous with respect to bS21 content. The gene encoding one homolog in F. tularensis, rpsU2 (encoding bS21-2), is syntenic with the single bS21-encoding gene in Escherichia coli. In E. coli, rpsU is the first in an operon referred to as the macromolecular synthesis operon, encoding key proteins for initiation of translation (bS21), DNA replication (DNA primase), and transcription (RNA polymerase sigma70) (Figure S1)(Lupski 1984). The corresponding operon in F. tularensis also contains yqeY, which may encode a protein necessary for correct tRNA aminoacylation (REF). Another homolog, bS21-1, is encoded in an apparent operon downstream of the gene for cold shock protein CspC. There are no annotated genes in the same transcriptional context as the gene encoding the third homolog, bS21-3. While the bS21 homologs in F. tularensis are distinct, they are similar, with amino acid identities ranging from 48 – 72%, and are similar to E. coli bS21 (51 – 60% identical, with bS21-2 having the highest identity; Figure S2). 	Comment by Steven Gregory: It might be good to indicate what genome sequences you examined and give their accession numbers.	Comment by Kathryn Ramsey: Maybe we can put this in methods?	Comment by Hannah: I have the LVS and E coli genome refseq numbers in Figure S1 caption but not any other Francisella species…I’m not exactly sure where it would go in the methods without making a new subsection.	Comment by Steven Gregory: At some point, it may be worth indicating that the location of rpsU2 makes it likely to be the ancestral rpsU, with the others arising by gene duplication or horizontal gene transfer. Maybe around line 28?	Comment by Kathryn Ramsey: I don’t think we can say this without performing a phylogenetic analysis… 
F. tularensis ribosomes are heterogenous
The presence of three distinct genes encoding bS21 raises the possibility that F. tularensis cells may contain ribosomes heterogenous with respect to bS21. To address this possibility, we isolated ribosomes from F. tularensis LVS grown in vitro in quadruplicate and analyzed their protein composition using liquid chromatography tandem mass spectrometry (LC-MS/MS). Approximately 80% of the spectral counts corresponded to ribosomal proteins or proteins associated with transcription and translation complexes (e.g., RNA polymerase, release factors, SRP), demonstrating good purification of ribosomes (Figure 1A, Table S1). Despite the small size of bS21 (approx. 8 kDa), we identified multiple peptides corresponding to bS21-2 in all samples. In one sample, peptides shared between bS21-1 and bS21-3 were detected (Figure 1B). This suggests that bS21-2 is the most abundant homolog in wild-type cells, consistent with its production linked to proteins essential for transcription and DNA replication. However, it does not allow us to determine the next-most abundant homolog (bS21-1 or bS21-3). These results demonstrate that multiple bS21 homologs are incorporated into wild-type F. tularensis LVS ribosomes and that ribosomes in F. tularensis LVS are heterogenous, containing different bS21 homologs. 
We next wanted to determine if each bS21 homolog can be incorporated in actively-translating ribosomes. To track each bS21, we modified each homolog to encode a C-terminal vesicular stomatitis virus glycoprotein (VSV-G) tag and ectopically expressed them individually from a plasmid in wild-type cells. Lysate fractions of these cells were analyzed after sucrose gradient sedimentation (Figure 1C; Figure S3). When ectopically expressed, (rather than produced from their native loci), bS21-1 was the least abundant homolog while bS21-3 was produced at the highest level. However, it appears that bS21-2 was most efficiently incorporated into 70S ribosomes and polysomes under these conditions. Each homolog was found in fractions corresponding to the 30S, 70S, and polysomes. So although bS21 is thought to function primarily in translation initiation, our findings indicate that each bS21 homolog associates with the ribosome throughout the translation cycle. 
Loss of bS21-2 leads to changes in protein, not transcript, abundance
Because the ribosomal protein bS21 is involved in translation initiation, we hypothesized that loss of a bS21 homolog may impact translation, leading to changes in protein abundance. To test this hypothesis, we individually deleted each of the three genes encoding bS21 homologs. This led us to determine that no single bS21 homolog is essential for cell growth. We subsequently grew wild-type cells and cells lacking single bS21 homologs to mid-log in vitro and used DIA mass spectrometry analysis to compare relative protein abundance in cell lysates. Using this method, 68% of the total proteins predicted to be encoded by F. tularensis LVS were identified and analyzed (1194 of 1754). We did not detect any significant changes in protein abundance from lysates of cells lacking either of the two lower-abundance bS21 homologs, bS21-1 and bS21-3 when compared to wild-type cells (>1.5-fold altered with an adjusted p-value <0.05, excluding bS21). In contrast, cells lacking the most abundant homolog, bS21-2 (∆rpsU2), had significant proteomic differences compared to wild-type cells. Specifically, we found 185 unique proteins (~16% of detected proteins) have altered abundance in cells without bS21-2 compared to wild-type cells (Figure 2, data on y-axis, Table S2).  	Comment by Steven Gregory: This is in contrast to bS21 in E. coli and xxx, in which it is essential.	Comment by Kathryn Ramsey: I think we should put this in discussion. it’s not really a contrast, because in E coli there is no bS21 left and there are two left in LVS	Comment by Kathryn Ramsey: Find paper saying this is quantitative	Comment by Hannah:  This is a review that I think might work, but we would probably want to confirm with our mass spec people which strategy we used:
https://doi.org/10.1002/pmic.201900276
	Comment by Steven Gregory: Here again, is this difference due to the fact that bS21-2 is the most abundant?	Comment by Kathryn Ramsey: Another thing to raise in discussion? 
To determine if these changes in protein abundance can be explained by corresponding changes in transcription, we performed transcriptomic analyses on wild-type cells, cells lacking bS21-2 (∆rpsU2), and cells lacking the native bS21-2 but ectopically expressing bS21-2-V from a plasmid. Comparing cells with and without native bS21-2, we identified 105 differentially expressed genes (>2-fold altered with an adjusted p-value <0.05, excluding rpsU; Figure 2, data on x-axis, Table S3). All of these changes were complemented by ectopic expression of bS21-2-V on a plasmid. 	Comment by Steven Gregory: Can you complement effects of rpsU2 deletion with either of the other two bS21 homologs?
Our analysis revealed that the largest transcript abundance change in cells lacking bS21-2 is a six-fold increase in yqeY, the gene directly downstream from rpsU2 (which encodes bS21-2). This increase in transcript abundance is complemented by ectopic expression of bS21-2, suggesting that bS21-2 functions as a negative regulator of its own operon. Translational feedback regulation is well-established for many ribosomal proteins but, to the best of our knowledge, this is the first report of translational regulation of ribosomal proteins in F. tularensis and the first report that bS21 regulates its own production(Takata 1978,Nomura 1984). 	Comment by Steven Gregory: Need citation. Probably a review by Nomura, then a more recent one.	Comment by Kathryn Ramsey: Find more recent reference to add	Comment by Hannah: maybe DOI: 10.3390/ijms22189679

Comparison of our proteomic and transcriptomic analyses reveals that the changes in protein abundance are not generally due to changes in transcript abundance. Of the 185 differentially abundant proteins in cells lacking bS21-2, only ~12% (23) can be explained by altered transcription (Figure 2, yellow dots), while about 88% (162; Figure 2, blue dots and orange dot) have changes in protein abundance without a corresponding change in transcript abundance. These discrepancies between transcript abundance and protein abundance support a model in which bS21-2 controls expression of some genes at the level of translation.
bS21-2 controls the abundance of type VI secretion system proteins, which are essential for virulence
Among the proteins with reduced abundance in cells lacking bS21-2, we identified eleven out of sixteen proteins encoded on the Francisella pathogenicity island (FPI). The FPI encodes a unique type VI secretion system (T6SS) that is absolutely essential for intramacrophage growth and virulence of F. tularensis (Nano 2004,Larsson 2005,Nano 2007). We validated that cells lacking bS21-2 have reductions in a subset of T6SS proteins using quantitative immunoblot analyses (Figure 3). Consistent with the mass spectrometry results, we find reductions in virtually all probed T6SS proteins, including an ~4-fold reduction in PdpB, the TssM/IcmF homolog. Using quantitative immunoblotting, we additionally found ~2.4-fold reduction in IglA and ~1.7-fold reduction in IglB, T6SS proteins with a fold change just below the cutoff for significance in our mass spectrometry analysis. Also consistent with our mass spectrometry findings, IglD (homolog of TssK) is the only T6SS protein with increased, rather than decreased, protein abundance (Figure 3). Each of these changes in protein abundance can be complemented by ectopic expression of bS21-2 (Figure 3). 
These changes in protein abundance reflect positive regulation of most, but not all, T6SS proteins by bS21-2 at the level of translation. Our findings are inconsistent with bS21 positively regulating transcription; it is well-established that transcription of FPI operons are coordinately controlled and cells lacking bS21-2 do not have FPI-wide transcript reductions (Lauriano 2004,Brotcke 2006,Charity 2007,Brotcke 2008,Charity 2009,Travis 2021)(Table S5). In a complementary approach, we compared the transcript abundance for specific FPI genes using quantitative RT-PCR and, for comparison, included cells lacking PigR, a transcription factor critical for positive regulation of FPI gene expression at the level of transcription (Figure S4). We confirmed that cells lacking PigR have major decreases in FPI gene transcript abundance but cells lacking bS21-2 did not have compelling (2-fold or greater) changes in FPI gene transcript abundance or in transcript abundance of the positive regulator PigR itself, consistent with the RNA-Seq results. We considered the possibility that loss of bS21-2 could indirectly impact T6SS protein abundance by altering protein stability, but the half-life of one of the most differentially regulated proteins, PdpB, was unchanged in cells with and without bS21-2 (longer than 120 minutes). Our results are consistent with bS21-2 controlling expression of T6SS proteins at the level of translation.
bS21-2 is critical for intramacrophage growth
A functional T6SS is essential for F. tularensis intramacrophage replication and is a strict requirement for virulence. The observed differences in FPI protein abundance led us to hypothesize that T6SS function may be compromised in cells lacking bS21-2 and these cells may be attenuated for intramacrophage growth. We tested the ability of cells lacking bS21-2 (∆rpsU2) to survive in murine macrophage-like J774A.1 cells. This revealed a significant defect in the ability of bS21-2 mutant cells to replicate in macrophage; we recovered ten-fold fewer bS21-2 mutant bacteria after 24 hours compared to wild-type (Figure 4). The intramacrophage growth defect of cells lacking bS21-2 can be restored by ectopic expression of bS21-2 from a plasmid (Figure 4). While cells lacking bS21-2 have an increased generation time in vitro compared to wild-type cells, cells lacking bS21-2 have an even larger increase in generation time in macrophage compared to in vitro growth. This indicates that they are specifically defective for growth within macrophage (Table S4). These results demonstrate that bS21-2 is critical for F. tularensis intramacrophage growth and virulence. 
Discussion
The findings described here reveal that ribosome composition in F. tularensis is heterogenous with respect to the small ribosomal protein bS21, and that this heterogeneity leads to regulation of gene expression at the level of translation. In particular, by studying cells that contain ribosome either with or without one of the three bS21 homologs, bS21-2, we have identified bS21-2 as a positive regulator of many type VI secretion system proteins. Additionally, cells lacking bS21-2 are defective for intramacrophage growth, indicating that bS21-2 is necessary for virulence of F. tularensis. 
Our approach in studying bS21 homologs in F. tularensis has thus far been biased in favor of studying a homolog, bS21-2, whose loss led to phenotypic change. Our data suggest that bS21-2 is the most abundant homolog in the conditions studied. We hypothesize that cells without bS21-1 and bS21-3 did not exhibit similar phenotypes under these conditions due to their relatively low abundance, not necessarily because they do not perform a similar function. Both of these homologs may also regulate gene expression under conditions when they are more highly abundant, but these conditions are not yet identified. Additionally, in our study of cells without bS21-2, it is not clear if the majority of ribosomes lack any bS21 homolog or incorporate bS21-1 or bS21-3; our findings only extend to heterogeneity with respect to the presence or absence of bS21-2. 	Comment by Hannah: theorize?
Comparison of rpsU genes across the bacterial phylogeny reveals that many clades and species do not encode bS21, suggesting that it is not essential for translation. However, targeted deletion of the single rpsU gene in E. coli has not been successful, suggesting bS21 is essential in E. coli. We reported a similar finding in previous work using transposon-insertion sequencing (Tn-Seq) to identify essential genes in F. tularensis LVS- that the syntenic gene, rpsU2 (which encodes bS21-2), is critical for in vitro growth (Ramsey et al. 2020). Yet using a targeted allelic exchange approach, we have been able to successfully delete each rpsU homolog individually, indicating that none of the bS21 homologs is individually essential. Our identification of rpsU2 as an essential gene was likely due to the polar effects of transposon insertion into the first gene of an operon containing other known essential genes (dnaG, encoding primase, and rpoD, encoding sigma70). It is unclear if F. tularensis cells lacking all three rpsU genes are viable. 	Comment by Hannah: cite the Keio collection? doi:10.1038/msb4100050
Loss or disruption of the gene encoding bS21 in other species has revealed changes to specific phenotypes. In B. subtilis, bS21 loss results in biofilm and motility defects and in Listeria monocytogenes, inactivation of bS21 is linked to stress resistance and altered transcript abundance (Metselaar et al., 2015; Metselaar et al., 2016; Takada et al., 2014). Loss of bS21 in Staphylococcus aureus is associated with increased resistance to the antibiotics daptomycin and vancomycin (Basco et al., 2019; Blake & O’Neill, 2013; Friedman et al., 2006). Both Burkholderia pseudomallei and F. tularensis encode multiple bS21 homologs and in both organisms, one homolog is important for virulence (Guttierez et al., 2015; this work). 
Hundreds of phage-encoded bS21 genes have been identified and at least one phage-encoded bS21 can be incorporated into E. coli ribosomes (Mizuno et al., 2019), indicating a potential for viral bS21 to co-opt the bacterial ribosome to influence gene expression in favor of viral replication. This observation suggests a possible route of horizontal gene transfer of the bS21 homologs, though rpsU gene duplication cannot be ruled out. Suggest future phylogenetic analyses?

Other ideas to add to discussion:
-suggest other roles of bS21 homologs – adaptation to cold environments like river water (bS21-1) or other hosts/vectors. 
Materials and Methods
Bacterial strains and growth conditions

Unless otherwise noted, bacterial strains were grown as indicated here. Francisella tularensis subsp. holarctica Live Vaccine Strain (LVS) was grown in supplemented Mueller-Hinton broth (0.025% iron pyrophosphate, 0.1% glucose, and 2% Isovitalex; sMHB), shaking aerobically (250 rpm) or on cystine heart agar plates with 1% hemoglobin at 37˚C. Escherichia coli XL1-Blue was grown in Luria broth (LB) shaking aerobically or on LB agar plates at 37˚C. Kanamycin was used at concentrations of 5 μg/mL (F. tularensis) or 50 μg/mL (E. coli).

Vector construction

A plasmid pKL42, which has a kanamycin resistance gene, the groES promoter, and a VSV-G epitope attached to the 3´ end of mglA, was modified to generate the overexpression plasmids containing each rpsU with VSV-G tags on the 3´ end. Each rpsU gene was amplified using a 5´-primer containing an ideal ribosomal binding site (5´-AGGAGG-3´) and an EcoRI site, and a 3´-primer containing a NotI site. The fragment was cloned into EcoRI/NotI digested pKL42 (pF-mglA-V), such that the 3´ end of each rpsU fused to an alanine linker (5´-GCGGCCGCT-3´) and the VSV-G epitope. The resulting plasmids were pF-rpsU1-V, pF-rpsU2-V, and pF-rpsU3-V. The control plasmid pF has the GroES promoter but does not contain any rpsU genes nor the VSV-G epitope.	Comment by Hannah: Should we use rpsU or bS21 here?

The plasmid pEX18kan, containing the ColE origin of replication, a kanamycin resistance gene expressed from the LVS groEL promoter, and a sacB gene, was modified to generate in-frame deletions of each rpsU gene. Flanking regions of approximately 600 base pairs in length from both sides of each rpsU gene were amplified by PCR with primers containing NotI sites, to allow for splicing of the two fragments together. Deletions were in-frame and contained the first three codons and last three codons of the open reading frame, separated by an alanine linker (5´-GCGGCCGCT-3´). The two fragments were cloned into BamHI/KpnI-digested pEX18kan for each rpsU gene respectively, yielding pEX-ΔrpsU1, pEX-ΔrpsU2, and pEX‑ΔrpsU3, and these were used to construct clean deletions as described below.

Strain construction

Deletion strains were constructed by allelic exchange based on Golovliov et al. (2003). Competent cells were made by resuspension of a thick patch of  F. tularensis LVS cells in 10% sucrose. The cells were pelleted (10,000 x g, 3 mins, room temp) and washed with 10% sucrose five times, then resuspended in an equal volume of 10% sucrose to cells. pEX plasmids (at least 1 μg) were electroporated (2.5 kV, 5 msec, 0.2 cm cuvettes) into competent cells to allow for homologous recombination. sMHB was immediately added to cuvettes and cells were allowed to recover for 4-8 hours (37˚C, shaking). Primary integrants were selected for on kanamycin-containing plates. Counter-selection was then completed on plates containing 10% sucrose and no added NaCl, allowing for survival only of cells that had crossed out the non-homologous portion of the vector, including the sacB and kanamycin-resistant genes. Colonies that were sucrose-resistant and kanamycin-sensitive were screened for deletions using PCR. Candidate strains were confirmed by amplification of genomic DNA outside of the flanking regions on each side of the deletion and Sanger sequencing (Rhode Island Genomics and Sequencing Center).

pF plasmids were electroporated into competent wild-type LVS cells or ΔbS21-2 cells as described above and selected for on kanamycin-containing plates. Plasmid incorporation was confirmed via immunoblotting with anti-VSV-G antibodies (described below).

Immunoblotting

Cells were collected from mid-log cultures (OD600 0.3-0.4), pelleted (20,000 x g, 3 minutes, room temp), resuspended in sample loading buffer normalized to OD600 (1X NuPAGE LDS with 50 mM DTT), then heated at 95˚C for 10 minutes to denature. Cell lysates and fractions were separated by SDS-PAGE on 4-12% Bis-Tris NuPAGE gels in MES or MOPS running buffer (Invitrogen) and transferred to PVDF with the Mini Blot Module transfer system (Invitrogen; 20V for 1 hour on ice) or the Criterion cell for midi gels (BioRad; 200V for 45 minutes on ice) with 1X NuPAGE transfer buffer and 10% methanol. Whole cell lysates were analyzed for total protein with the Invitrogen No-Stain Protein labeling reagent, then all membranes were blocked with 1:5 diluted Odyssey blocking buffer in 1X PBS overnight. Membranes were then probed with monoclonal antibodies against endogenous LVS proteins (BEI Resources, diluted 1:1000 in blocking buffer for all antibodies except anti- anti-PdpB which was 1:250) or the VSV-G epitope (diluted 1:2222). Proteins were detected using IRDye 800 CW donkey anti-mouse IgG or donkey anti-rabbit IgG (diluted 1:10,000 in 1XPBS with 0.5% NP-40 and 0.01% SDS). Fluorescence was measured and quantified on the LiCor Odyssey Clx imager and software.

RNA-seq and qRT-PCR

F. tularensis strains were grown in sMHB until cultures reached an optical density at 600 nm (OD600) of approximately 0.3-0.4. The cells were then pelleted by centrifugation (20,000 x g, 3 mins, RT), resuspended in 1 mL TRI-Reagent, and incubated at 60˚C for 10 mins. After centrifugation (20,000 x g, 10 mins, 4˚C), total nucleic acids were isolated from the supernatant using the Direct-Zol RNA purification kit (Zymo Research). RNA and DNA was eluted using 95 µL RNase-free water then treated with 10 µL DNase for 1 hour at 37˚C. A second purification was performed with the Direct-Zol RNA purification kit (Zymo Research) and RNA was eluted using 100 µL RNase-free water. RNA was either used to produce cDNA (described below) or shipped to Microbial Genome Sequencing Center (MiGS). MiGS utilized RiboZero Plus rRNA depletion, Illumina Stranded RNA library preparation, and sequencing for a minimum of 12M paired end reads. Sequences were filtered by quality with FastQC and Trimmomatic, then aligned to the F. tularensis LVS genome (NC_007880) using bowtie2 version xxx. Analysis was then completed using HTseq (version XXX) and DEseq2.	Comment by Hannah: I started this but realized I didn’t know all the stuff you used, Kathryn, so you should probably rewrite according to what you actually did for analysis

cDNA was synthesized using 5 µg of RNA isolated as indicated above, Superscript III reverse transcriptase (Life Technologies), and a semi-random decamer, termed NS5 (5’-NSNSNSNSNS – 3’). After reverse transcription, the remaining RNA was removed from the samples with 0.25 N NaOH, and cDNA was purified using the QIAgen PCR clean-up kit (QIAgen). Transcript quantities for all genes were determined relative to tul4 transcript by qRT-PCR using primers amplifying in the first 300 bps of each gene, the SYBR Green real-time PCR master mix (Bio-Rad), and a Roche 480 LightCycler (URI Genomic and Sequencing Center).	Comment by Hannah: Are we still using this? It existed when I was doing the qPCR work

70S ribosome purification

70S ribosomes were purified based on a protocol adapted from Moazed & Noller (1989). F. tularensis strains were grown in 500 mL sMHB until cultures reached an OD600 of approximately 0.3-0.4. Cells were chilled on ice for 20 minutes, pelleted at 4˚C (11,000 x g, 5 minutes), then washed once with a high salt buffer (10 mM HEPES KOH pH 7.6, 10 mM MgCl2, and 100 mM NH4Cl; H10M10A1000) to remove ribonucleases. The pellet was then washed twice with lysis buffer (10 mM HEPES KOH pH 7.6, 10 mM MgCl2, and 50 mM NH4Cl, with or without 5 mM β-mercaptoethanol [BME]; H10M10A50), and resuspended in ~15 mL of the same buffer with 20 U DNase I. Cells were lysed by passing through a French press three times at approximately 800 psi and cell debris were removed in a Beckman-Coulter Optima L-100 XP ultracentrifuge (4˚C, 146,000 x g, 15 minutes). The supernatant was incubated with 0.5% Brij58 for 30 minutes then layered on top of a 20% sucrose cushion (10 mM HEPES KOH pH 7.6, 10 mM MgCl2, 500 mM NH4Cl, with or without 5 mM BME). This was centrifuged using Beckman-Coulter Type 70Ti rotor in the ultracentrifuge for 4 hours (4˚C, 146,000 x g) to separate ribosomes from other cell materials. The pellet was washed twice and gently resuspended in H10M10A50. This suspension was then layered onto another sucrose cushion (H10M10A50 with 40% sucrose) and spun for 14 hours (4˚C, 146,000 x g) to further purify the ribosomes. Finally, purified 70S ribosomes were gently resuspended in about 250 μL of H10M10A50 and stored at -80˚C.	Comment by Hannah: Do we need manufacturer here? I looked at a paper from the Camberg lab and they didn’t include it	Comment by Hannah: Rotor name need to be included?

LC-MS/MS of purified ribosomes

70S ribosomes from wild-type LVS cells were prepared as described above. One sample was prepared with 5 mM BME in the buffers (Sample 4 in TableS1) and was purified via gel stacking prior to mass spectrometry analysis. 30 μL of the purified ribosomes, normalized to 6.6 μg/μL in H10M10A50, was combined with 10 μL sample loading buffer (3x NuPage LDS, 50 mM DTT) and heated to 95˚C to denature. The sample was run on a 4-12% Bis-Tris mini-protein gel (Nu-Page) with Tris-Glycine SDS running buffer (2.5 mM Tris, 19.2 mM glycine, 0.01% SDS) for 10 minutes at 200V to stack the proteins, then the gel was stained with Coomassie blue. A 1.0 cm x 0.5 cm band was excised and rinsed with water. The remaining samples, which did not have BME in the buffer, were normalized to 11.1 μg/μL in H10M10A50 and a 100 μL aliquot was shipped to Northwestern Proteomics Core. The proteins were subsequently in-gel digested or in-solution digested and proteomics analysis was completed based on internal protocols from Northwestern Proteomics Core, searching against the F. tularensis LVS protein database (NC_007880).	Comment by Hannah: add details

DIA mass spectrometry

F. tularensis strains were grown in 6 mL sMHB until cultures reached an optical OD600 of approximately 0.3-0.4. Volumes of 5 mL were pelleted (4˚C, 800 x g, 15 mins) and then resuspended in 700 μL Buffer 1 (20 mM KHEPES pH 7.9, 50 mM KCl, 0.5 mM DTT) with protease inhibitor tablets (Complete Mini, EDTA-free, Roche Molecular Bio-chemicals). Lysis was achieved with tip sonication (30% amplitude, 3 seconds, 10 cycles, cooling on ice between cycles). The samples were then spun down (4˚C, 20,000 x g, 5 mins) and cell debris pellet was discarded. Lysates were stored at -80˚C. A small aliquot (35 μL) was used to determine protein concentration using a BCA protein assay (Pierce); all concentrations were between 620 and 862 μg/mL, and 150 ul of each was shipped to University of Arkansas for Medical Sciences (UAMS) Proteomics Core. Protein extraction and protease digestion was completed according to UAMS internal protocols. Data-independent analysis (DIA) was completed with the Orbitrap Exploris 480 mass spectrometer for all peptides within defined mass-to-charge windows.	Comment by Hannah: Is this necessary since we didn’t normalize concentrations?	Comment by Hannah: I found this wording on the UAMS website – not sure if it’s necessary?

Polysome purification and sucrose gradient sedimentation

Polysomes were purified based on a protocol adapted from Johnson and Li (2018). F. tularensis strains were grown overnight in 250 mL sMHB until cultures reached an optical OD600 of approximately 0.2-0.25. All equipment for cell harvesting was warmed to 37˚C. Liquid cultures were rapidly filtered through two 0.2 μm nitrocellulose membranes (~125 mL/membrane). Immediately after the liquid filtered through, cells were scraped off the membrane using a prewarmed digger and transferred to a conical tube filled with liquid nitrogen, then stored at -80˚C. Pellets were combined with 650 μL flash frozen lysis buffer (25 mM HEPES pH 7.6, 100 mM NH4Cl, 10 mM MgCl2, 0.4% Triton X-100, 0.1% NP-40, 100 U/mL RNase-free DNase) in pre-chilled mixer mill canisters with a metal bead. The pellets were bead-beat using the TissueLyser II (Qiagen) five times (15 Hz, 3 mins), with the cannister cooled in liquid nitrogen between rounds. Samples were then thawed in a shallow water bath and the cell debris were pelleted by centrifugation (20,000 x g, 15 mins, 4˚C). The supernatant was stored at -80˚C.	Comment by Hannah: Do you think it would be helpful to do H25M10A100 coding like I do with the 70S protocol so it doesn’t need to be retyped during the sucrose explanation?

Sucrose gradients were prepared using 10 and 55% sucrose solutions (25 mM HEPES pH 7.6, 100 mM NH4Cl, 10 mM MgCl2) with the BioComp gradient station 10-50 short program. 200 μL of cell lysate was layered onto chilled gradients before ultracentrifugation with the Beckman-Coulter SW40Ti rotor (40,000 rpm, 2.5 hr, 4˚C). Gradients were then fractionated using the Triax full spectrum flow cell and fractionator (BioComp; 0.2 mm/s, 28 fractions) and A260 was measured every second. Collected fractions were stored at -80˚C. From samples with VSV-G-tagged bS21, 20 μL of each fraction was combined with 10 μL of sample loading buffer (3X NuPAGE LDS with 50 mM DTT), boiled for 10 minutes at 95˚C, then immunoblotted as described above.	Comment by Hannah: This is like the third time I’ve repeated this, can I just define SLB at the beginning and use 3xSLB as shorthand?

Intramacrophage assay

Intramacrophage growth assays were performed as described in Charity et al. (2009). Macrophage-like J774A cells were seeded in two 96-well plates to approximately 2.5 x 104 cells/well and incubated overnight (DMEM + 10% fetal bovine serum [DMEM-FBS], 37˚C, 5% CO2). F. tularensis cells (wild-type + pF, ΔbS21-2 + pF, and ΔbS21-2 + pF-bS21-2-V), diluted in DMEM-FBS to reach a multiplicity of infection of 5-10, were added to macrophage wells in technical triplicate per plate and incubated for 2 hours as described above. Cells were washed with PBS twice, then DMEM-FBS containing 10 μg/mL gentamicin was added to eliminate all extra-macrophage bacteria. Plates were incubated for 2 or 24 hours then macrophages were lysed with 1% saponin to release intracellular bacteria. Contents of each well were serially diluted in PBS then plated on CHAH-kan plates. Single colonies were counted after incubation for 48 or 72 hours.	Comment by Hannah: Should we add this information to the growth conditions at the very beginning of the methods section?	Comment by Hannah: and dpigr?	Comment by Hannah: remove if including dpigR
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FIGURES

Figure 1. F. tularensis ribosomes are heterogenous with respect to bS21. A. Chart demonstrating purity of wild-type ribosomes. Categories represent classification of proteins identified by mass spectrometry of ribosomes purified from wild-type F. tularensis LVS cells. Numbers represent the percentage of spectral counts corresponding to proteins in each category, combined from quadruplicate samples. B. Wild-type F. tularensis LVS ribosomes contain more than one bS21 homolog. Table detailing the number of spectral counts corresponding to bS21 homologs identified from individual ribosome purifications from wild-type cells. Spectral counts corresponding to bS21-1 and/or bS21-3 cannot be unambiguously assigned due to complete sequence identity of detected peptides. ND: not detected. C. Each bS21 homolog can be incorporated into ribosomes. Top: Sucrose gradient sedimentation profile from actively-translating wild-type cells containing an empty vector. Nucleic acid content was monitored by A260 (y-axis). Peaks corresponding to the 30S, 50S, 70S, and polysomes are indicated. Fractions collected are indicated on the x-axis. Bottom: Immunoblot analysis of fractions from sucrose gradient sedimentation performed on actively-translating cells ectopically expressing indicated bS21 homolog with VSV-G epitope tag. Wells correspond to fractions 1 – 21 from profile above. 

Figure 2. Loss of bS21-2 leads to changes in protein abundance that cannot be explained by changes in transcript abundance. Cells with (WT, wild-type) and without bS21-2 (∆rpsU2) were analyzed using RNA-Seq (x-axis) and DIA whole cell mass spectrometry (y-axis). Genes are represented by dots. Most genes with changes in protein (161 yellow dots) do not have corresponding changes in transcript abundance. One gene (orange dot) has discordant changes in transcript and protein abundance. Green dots (23) represent genes with concordant changes in transcript and protein abundance. Blue dots (60) indicate genes with altered transcript abundance only. Horizontal dashed lines indicate +/-1.5-fold cutoff for differential protein abundance; vertical dashes indicate +/-2-fold cutoff for differential transcript abundance. Colored dots with black outlines represent genes with significant changes in either protein (+/-1.5-fold change, adjusted p-value <0.05) and/or transcript (+/-2- fold change, adjusted p-value <0.05) abundance as indicated above, while grey dots without outline represent genes with changes that did not meet the statistical thresholds.

Figure 3. bS21-2 is a regulator of T6SS component protein abundance. A. Immunoblot analysis of indicated T6SS protein abundance. As indicated, cells either contained (wild-type) or lacked (∆rpsU2) bS21-2 and either an empty vector control (pF) or a vector ectopically expressing VSV-G-tagged bS21-2 (pF-bS21-2-V). Immunoblot against VSV-G was included to demonstrate production of bS21-2-V. B. Quantification of immunoblots from A. Band intensities for each protein was normalized to total protein on the membrane. Error bars represent 1 SD. Experiments were repeated at least twice and data from a representative experiment are shown.  *p < 0.05; **p < 0.005 by t-test.

Figure 4. Cells without bS21-2 have an intramacrophage growth defect, which can be complemented by ectopic expression of bS21-2. Growth and survival of F. tularensis LVS cells within J774A.1 cells. Murine macrophage-like J774A.1 cells were infected with indicated bacterial cells at a multiplicity of infection of 5 – 10. J774A.1 cells were lysed and bacteria were plated for enumeration (colony forming units [CFU]) at 2 and 24 hours post-infection. Error bars represent 1 SD. Experiments were repeated at least twice and data from a representative experiment are shown.  
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Figure S1. F. tularensis encodes three rpsU genes. F. tularensis rpsU2, which encodes bS21-2, is a component of the macromolecular synthesis operon encoding DNA primase and sigma-70, similarly to the sole rpsU in E. coli. This operon in F. tularensis also encodes yqeY, the product of which may be involved in tRNA aminoacylation. rpsU1 is in close proximity to the gene encoding the cold-shock protein cpsC, while rpsU3 appears to be genomically isolated. Genomic locations of rpsU genes were determined using genome assemblies from NCBI (RefSeq NC_007880 for F. tularensis and NC_000913 for E. coli). Other genes shown are located in close proximity (<1 kb) to rpsU genes and were determined to be in the same transcriptional context based on RNA-seq data.

Figure S2. The three bS21 homologs in F. tularensis are distinct. Percent identities of amino acid sequences for bS21-1, bS21-2, bS21-3 and E. coli bS21 were calculated using the multiple sequence alignment tool ClustalOmega (EMBL-EBI, Madeira et al. 2019). The bS21 homologs in F. tularensis are similar to each other, particularly bS21-1 and bS21-3 which are 72% identical at the amino acid level. bS21-2, which syntenic to the sole E. coli bS21, is also the most similar of the three homologs to E. coli bS21, with 60% amino acid identity.

Figure S3. Each bS21 homolog can be detected in translationally-active ribosomes. Top: Wild-type cells with ectopically-expressed homologs containing VSV-G tags (bS21-1-V, bS21-2-V, and bS21-3-V) or without (LVS pF) were analyzed by sucrose gradient sedimentation. Peaks corresponding to 30S, 50S, 70S, and polysomes were detected in all samples. Bottom: Fractions 1-21 were analyzed by immunoblotting with anti-VSV-G. bS21-V was detected in fractions corresponding to 30S, 70S, and polysomes in all samples. All blots were normalized to the same exposure level so brightness of bands reflects relative protein abundance. Experiments were completed twice and representative data are shown.

Figure S4. Loss of bS21-2 does not affect transcript abundance of FPI genes. Quantitative real-time PCR was used to determine the relative transcript abundance for indicated FPI genes in wild-type cells, cells lacking bS21-2 (∆rpsU2), or cells lacking PigR (∆pigR). Cells lacking PigR serve as a positive control, as PigR positively regulates its own transcription and the transcription of pdpA, pdpB, and iglA. The rpoA1 and bfr genes are included as negative controls, as their expression is not influenced by bS21-2 or PigR. Transcript abundances are normalized to tul4, whose expression is not influenced by bS21-2 or PigR. Error bars represent 1 SD from the value (calculated using the mean threshold cycle). *adjusted p < 0.05 by t-test. 

Table S1. Sucrose sedimentation from wild-type cells results in purified ribosomes. LC-MS/MS analysis of four samples of ribosomes purified from wild-type cells by sucrose cushions. Total spectral counts (columns F-I) were filtered with the following parameters: 99% protein threshold, 95% peptide threshold, minimum of 2 peptides. Hypothetical proteins with no known function were not categorized as transcription or translation-related. Proteins were primarily ribosomal (69%) or associated with transcription and translation processes (10%). Ribosome purification for Sample A was completed on a separate day from Samples B-D, and with a slightly modified protocol. See Methods section for details.

Table S2. Cells lacking bS21-2 exhibit genome-wide changes in protein abundance. DIA whole cell mass spectrometry was used to quantify genome-wide protein abundance in wild-type cells (WT), cells lacking bS21-1 (delt_rpsU1), cells lacking bS21-2 (delt_rpsU2), and cells lacking bS21-3 (delt_rpsU3). Each deletion strain was compared to wild-type, but significant changes (>1.5-fold change, adjusted p-value <0.05, excluding bS21) were only observed in the ΔbS21-2 cells. Cells are highlighted if the fold-change (columns R, U, and X) is greater than 1.5 (log2FC>0.58 or <-0.58). Green indicates less abundant in deletion strains compared to wild-type, and red indicates more abundant. Adjusted p-values are highlighted red if <0.05 (columns T, W, and Z).

Table S3. Cells lacking bS21-2 have significant changes in transcript abundance. RNA-seq was completed on wild-type cells with an empty vector (LVS pF), cells lacking bS21-2 (LVS ∆rpsU2 pF), and deletion strains with bS21-2-V ectopically expressed (LVS ∆rpsU2 pF-rpsU2-V) and analyzed pairwise. Genes with significant differences in ΔbS21-2 vs. WT (>2-fold change, adjusted p-value <0.05) are included, with 73 genes less abundant in the deletion strain and 32 genes more abundant (columns E-F). All changes were complemented by ectopic expression of bS21-2-V (columns G-J). Base mean (column D) reflects average transcript abundance across all strains.

Table S4. bS21-2 loss leads to defective intramacrophage growth. Generation times were calculated in vitro by growth in sMHB during early exponential phase (2-4 hrs) and intramacrophage by growth within J774A.1 cells overnight (2-24 hrs). Data shown are averages across 2 experiments (is that right Kathryn? Or is that only for intramacrophage?). The generation time difference (intramacrophage – in vitro) shows that cells lacking bS21-2 have a longer generation time in macrophage than in vitro, indicating a specific intramacrophage growth defect. +/- indicates 1 SD.

Table S5. Cells lacking bS21-2 do not have FPI-wide transcript reductions. RNA-seq was completed on wild-type cells with an empty vector (LVS pF), cells lacking bS21-2 (LVS ∆rpsU2 pF), and deletion strains with bS21-2 ectopically expressed (LVS ∆rpsU2 pF-rpsU2-V) and analyzed pairwise. Of the 16 Francisella pathogenicity island (FPI) genes, only two genes are differentially expressed at the transcript level in ΔbS21-2 compared to wild-type. These changes are complemented by ectopic expression of bS21-2-V on a plasmid. Cells are highlighted if the fold-change is greater than 2 (log2FC>1.00 or <-1.00). Green indicates less abundant in first strain listed in Row 1, and red indicates more abundant. Adjusted p-values are highlighted red if <0.05.

