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Gilcrease3, Sherwood R. Casjens3, Michael McClelland2,*, and Kristin N. Parent1,*

1Michigan State University, Department of Biochemistry and Molecular Biology, East Lansing MI, 
48824; USA

2University of California, Irvine School of Medicine, Department of Microbiology and Molecular 
Genetics, Irvine, CA 92697; USA

3University of Utah School of Medicine, Division of Microbiology and Immunology, Department of 
Pathology, Salt Lake City, 84112; USA

SUMMARY

Bacteriophages rely on their hosts for replication, and many host genes critically determine either 

viral progeny production or host success via phage resistance. A random insertion transposon 

library of 240,000 mutants in Salmonella enterica serovar Typhimurium was used to monitor 

effects of individual bacterial gene disruptions on bacteriophage P22 lytic infection. These 

experiments revealed candidate host genes that alter the timing of phage P22 propagation. Using a 

False Discovery Rate of <0.1, mutations in 235 host genes either blocked or delayed progression 

of P22 lytic infection, including many genes for which this role was previously unknown. 

Mutations in 77 genes reduced the survival time of host DNA after infection, including mutations 

in genes for enterobacterial common antigen (ECA) synthesis and osmoregulated periplasmic 

glucan (OPG). We also screened over 2,000 Salmonella single gene deletion mutants to identify 

genes that impacted either plaque formation or culture growth rates. The gene encoding the 

periplasmic membrane protein YajC was newly found to be essential for P22 infection. Targeted 

mutagenesis of yajC shows that an essentially full-length protein is required for function, and 

potassium efflux measurements demonstrated that YajC is critical for phage DNA ejection across 

the cytoplasmic membrane.
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INTRODUCTION

Bacteriophages (or “phages”) are viruses that infect bacteria and are the most abundant 

biological entities on earth, with an estimated population greater than 1031 (Hatfull & 

Hendrix, 2011). Pathogenic microbes such as Salmonella interact in complex environments, 

where genetic exchange between bacteria and their phages can occur readily. One means of 

exchange is mediated by transducing phages, such as phage P22, which can occasionally 

package host (i.e. bacterial) DNA (Casjens & Weigele, 2005). Phage transduction can drive 

the rapid evolution of bacteria, potentially resulting in emerging pathogenicity and antibiotic 

resistance (Bearson et al., 2014, Schmieger & Schicklmaier, 1999) or serotype conversion 

(Mavris et al., 1997). Serotype conversion is a process that alters the host lipopolysaccharide 

(LPS) to protect the host and any integrated prophages from attack by the animal immune 

response, as well as by other phages. As a result of these evolutionary relationships, cell 

envelope structures such as LPS are the most variable structures in pathogenic microbes 

(Reyes et al., 2012), and it is important to study the role phages play in shaping these 

features. Therefore, it is imperative to have a detailed understanding of the bacterial genes 

and gene products that modulate interactions between bacteria such as Salmonella and their 

associated bacteriophages.

The dsDNA tailed phage virions such as bacteriophage P22 adsorb to specific features on 

the surface of target cells and then release their genomes through the cell membranes into 

the cytoplasm by a process called “injection” or “ejection”. Host encoded surface proteins or 

polysaccharides mediate the initial adsorption or attachment, and other host proteins can be 

required for successful DNA injection. Infectivity of bacteriophages and/or host cell survival 

have been examined by genetic studies of a wide array of phage-host pairs (e.g. phages λ, 

T7, T4, P22, and bacteria Escherichia coli, Salmonella enterica, etc.) (Lindberg, 1973, 

Bertozzi Silva et al., 2016). The majority of these studies utilized cell survival selection 

schemes to identify host genes whose products are critical for this process and typically 

identified surface receptors, since phage DNA delivery is completely blocked in such mutant 

cells. These experiments were transformative and important in the development of modern 
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day molecular genetics (Luria & Delbruck, 1943, Meneely, 2016); however, not all genes 

that affect phage infection were identified.

Early studies of phage P22 entry into its host S. enterica serovar Typhimurium showed that 

LPS is critically important for virion attachment and is the cell’s primary receptor for phage 

P22 (Susskind & Botstein, 1978, Steinbacher et al., 1997). Consequently, genetic screens to 

identify mutations that affect P22 entry predominantly revealed Salmonella mutants with 

defects in O-antigen biosynthesis genes. The predominance of LPS mutants identified in 

such functional genetic screens is due to the large number of genes involved in LPS 

biosynthesis (Liu et al., 2014) as well as the severity of the phenotype, since most LPS 

variants are completely defective for P22 adsorption. P22 virions bind the O-antigen 

polysaccharide portion of LPS through six tailspike protein trimers, encoded by phage gene 

9, that hydrolyze the O-antigen repeats during attachment (Iwashita & Kanegasaki, 1976, 

Israel et al., 1972, Israel, 1967, Botstein et al., 1973).

The mechanistic steps in DNA delivery by the short-tailed Podoviridae phage family, which 

includes bacteriophage P22, are currently poorly understood, whereas the process is more 

well described in other tailed phages (Casjens & Molineux, 2012). Understanding the 

complexities of infections by lytic phages and the resultant bacterial population response to 

phage attack is critical, if the prospect of phage therapy is to be put into clinical application. 

Here, we took advantage of a combination of high-throughput methods to identify a 

comprehensive set of the bacterial host’s nonessential genes that influence host survival 

either positively or negatively after P22 infection, including genes important for later steps 

in the infection cycle. We employed a transposon (Tn) mutant library constructed in S. 
enterica serovar Typhimurium 14028s (de Moraes et al., 2017) and a systematic screen of a 

single gene deletion (SGD) library in the same host (Porwollik et al., 2014) to determine 

genes that affect propagation of phage P22. We comprehensively enumerate, for the first 

time, which specific genes and parts of the complex LPS pathways affect P22 infection, and 

also which do not. Furthermore, we identify a previously unexplored role of the 

enterobacterial common antigen (ECA) in Salmonella susceptibility to P22. We identify 

many additional genes, most of which do not encode known cell envelope components, that 

have either a positive or a negative effect on host survival time after phage P22 infection.

Our research expands upon previous genetic screens that identified bacterial genes essential 

to phage propagation, by also encompassing host genes associated with delayed or 

accelerated host cell death upon infection. Determination of novel bacterial genes with a role 

in this process provides a deeper insight into the mechanistic processes by which 

bacteriophage successfully propagate in and destroy their host cells. Further, we identified a 

novel gene that is essential to P22 infection, yajC, which we show encodes a protein 

required for successful delivery of DNA from the virion into the cell.

RESULTS

Global analysis of Salmonella genes that affect phage P22 lytic infection

We used two global approaches to discover Salmonella genes that affect the P22 lytic life 

cycle. First, a library of random integrations of a transposon (Tn) into bacterial genomes was 
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employed, a technique that can identify genes under selection in various growth conditions 

(Canals et al., 2012, de Moraes et al., 2017, Sassetti et al., 2001). We used a high complexity 

Tn5 library of S. enterica serovar Typhimurium strain 14028s to identify either genes whose 

products enable or promote phage infection (mutation resulted in blocked or delayed 

infection by P22) or genes that increased bacterial host resistance to P22 infection (mutation 

resulted in faster loss of host DNA, likely as a result of increased phage propagation). This 

14028s Tn5 library contained 240,000 mutants, and insertions were present at an average 

density of about one every 25 bp and an average of 42.5 per gene (de Moraes et al., 2017). 

Almost all non-essential genes were represented by multiple independent insertions at 

different locations. Of the 5,642 annotated 14028s protein encoding genes (Accession No. 

CP001363), only 514 had four or fewer integrations. Eighty-three of the latter are very small 

hypothetical <100 bp long genes with no known function and over 300 of the rest are known 

to be essential or near essential (Canals et al., 2012). Many of the essential genes have DNA 

replication, RNA synthesis and protein synthesis functions that are also essential for a 

successful phage P22 life cycle (Susskind & Botstein, 1978).

We infected an actively growing culture of the host Tn5 mutant library in LB with a P22 

clear mutant (which is unable to lysogenize the host as it contains the clear plaque repressor 

mutation c1-7) and used a multiplicity of infection of 7.5, which was experimentally 

determined to be a condition where >98% of the culture was infected. We compared the 

genetic profile of mutants with no infection at “time zero” (T0), and after 90 minutes of 

further growth (T90-control), to the genetic profile of mutants present after 90 minutes of 

infection (T90-infected). The quantitative pattern of Tn5 insertions was measured by PCR of a 

region that contains the barcode unique to each Tn insertion, followed by Illumina 

sequencing of the amplified DNA, as previously described (de Moraes et al., 2017). See 

Experimental Procedures for details.

After infection, initiation of host genome replication slowed or ceased whereas active 

replication forks proceeded (Supplementary Figure S1). Because there is only one origin, 

and the population of infected cells is not synchronized, different individual bacteria will be 

at different stages of replication. Overall, most hosts are actively replicating and will 

therefore have two copies of DNA at the origin and one copy at the terminus. When 

initiation ceases, and the replication fork begins to move, this nearly 2:1 ratio will begin to 

diminish (Frye et al., 2005, Porwollik et al., 2003). The amplitude observed for this 

characteristic change in copy number across the genome when replication initiation slows 

was used to adjust the raw data by position in the genome to reduce the effect of copy 

number. Next, differences in the relative abundance of transposons within each assayed gene 

and intergenic region were calculated, along with probabilities, including the False 

Discovery Rates (FDR). The FDR is an estimate of how often a host gene mutation may be 

incorrectly attributed as being differentially fit in a P22 infection, and was calculated 

according to (Love et al., 2014). An FDR of 0.1 indicates a 10% chance that mutations in the 

gene are not differentially fit in the assay, and a 90% chance they are differentially fit in the 

assay. We identified many significant changes when comparing Tn profiles of infected cells 

at T0 and T90. There were no significant changes in the Tn5 profile in uninfected cells at T0 

and T90.
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Figure 1 presents a volcano plot of the log10 FDR versus the log2 Fold Change for all 5313 

known and putative protein-coding genes assayed in the comparison of Tn profiles of 

infected cells at T0 and T90. The genes with an FDR of less than 0.1 (less than a 10% chance 

of being identified in error) are marked in blue for those 235 genes in which mutation blocks 

or slows the progression of infection, and in red for those 77 genes in which mutation is 

associated with increased loss of host DNA. Although not formally proven, in each case host 

DNA loss is very likely to be the result of, and therefore a close surrogate for, successful 

phage replication and cell lysis. The genes under positive and negative selection during 

phage infection are listed in Supplementary Tables S1 and S2, respectively. The entire set of 

data for all genes and intergenic regions is presented in Supplementary Table S3.

Our second approach was to investigate the ability of P22 to propagate in members of a 

single gene deletion (SGD) panel of S. enterica serovar Typhimurium 14028s. The panel was 

engineered to contain knockouts of individual genes that are not essential to the host. We 

tested 2103 SGD mutants, including most genes in which insertions were found to have the 

strongest effects on P22 infection in the Tn5 experiment (above). These SGD strains were 

screened by a quantitative plaque assay. Mutants scored as P22-resistant typically exhibited 

≥108-fold fewer plaques than the parental wild-type host. In selected cases we also measured 

host growth rate in 96 well plates with and without P22 infection to determine the timing of 

the infectious cycle in mutant hosts (see Experimental Procedures).

Table 1 lists a subset of genes of interest for which Tn5 insertion mutations became more 

abundant at T90-infected due to a failure or delay in P22 killing of the host cell. Table 1 also 

indicates the ability of P22 to infect members of the corresponding gene deletion in the SGD 

strain panel. Genes in the SGD panel that exhibited delayed or blocked infection when 

mutated, displayed a similar phenotype in the Tn5 assay, with the exception of ihfA where 

P22 infection is delayed in the SGD mutant but which was not assayed in the Tn5 

transposon library due to a lack of transposon insertions in this gene.

Table 2 lists a subset of the genes that associated with delay of host DNA loss during 

infection. Thus, insertion mutants in these genes become rarer relative to the rest of the host 

cell population at T90-infected. The plaque assay performed using SGDs of some of these 

genes showed no noticeable effect on total plaque production, presumably because faster 

host cell DNA loss, presumably caused by faster progression of infection, did not have a 

large enough effect on the final titer of phage to be observed in the plaque assay. However, 

an increase in the rate of death of the host cells was observed in a bacterial growth curve 

assay which measures the time course of P22 infection (discussed below).

Overall, the combined data from these two approaches, which are discussed in more detail in 

terms of specific genes and pathways below, give a near comprehensive identification of 

non-essential host genes whose products have significant effects (positive or negative) on the 

progression of P22 infection.

Salmonella genes essential for successful phage P22 infection: LPS synthesis genes

The primary receptor for the adsorption of P22 virions is the cell surface polysaccharide O-

antigen (Steinbacher et al., 1997), which is not essential for Salmonella viability in the 
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laboratory. Thus, the most strongly affected genes in the Tn5 screen are genes necessary for 

O-antigen biosynthesis. Twenty-four of the 36 genes involved in synthesis of the 

polysaccharide portion of S. enterica serovar Typhimurium LPS were found to be among the 

top 50 genes in the Tn5 screen that are required for P22 growth and another, wzzB, is in the 

top 100 (see Supplementary Table S1). These 24 genes are involved in making the O-antigen 

itself and the outer LPS core on which O-antigen is assembled (Figure 2). Most of the 

remaining 12 LPS genes that were not among the top genes facilitating P22 infection either 

encode products that modify the core portion of LPS and/or are essential Salmonella genes 

that could not be assayed. Each of these 12 genes is discussed in more detail below.

Several of the LPS synthesis genes found to be under selection were previously known to be 

required for P22 adsorption; for example, several O-antigen synthesis (rfb) genes and the 

galE gene (which encodes an enzyme that catalyzes the production of UDP-galactose, a 

necessary precursor for O-antigen and LPS outer core production) are needed to adsorb P22 

(Butela & Lawrence, 2012, Lindberg, 1973, Kong et al., 2011). Furthermore, a plasmid 

borne Salmonella rfb operon, whose products synthesize the O-antigen portion of LPS, is 

sufficient to allow P22 to adsorb to E. coli K12 cells (Neal et al., 1993). However, ours is the 

first systematic analysis that has directly identified all these 24 individual non-essential 

genes as being important to P22 infection.

In order to understand our results for all of the 36 LPS genes shown in Figure 2, we first 

examined the LPS core synthesis genes in more detail. We note that rfaF, rfaG, rfaI and rfaJ 
products are required to build the “main chain” of the core (genes denoted in red in Figure 

2), and they stimulate P22 infection. This is expected, because if the main chain is not 

completed, the O-antigen repeats (which constitute the P22 primary receptor) cannot be 

added. Second, rfaC and kdtA (green in Figure 2) are nearly essential and essential for the 

host, respectively (summarized in Canals et al., 2012) so SGD mutants were not available to 

be assayed. Third, the products of seven genes, rfaB, rfaP, rfaQ, rfaY, rfaZ, eptB and eptC, 
add side chain sugars to the core or modify them. Of these, rfaQ, rfaY and rfaZ functions are 

known not to be required for O-antigen addition (Klena et al., 1992), so it is not surprising 

that their absence does not affect P22 infection in our experiment. The Tn5 experiment also 

indicates that rfaB and rfaP insertions do not affect P22 infection (Table S1); the products of 

these genes add galactose and phosphate side groups to the core, respectively. This result is 

expected from the previous observations that rfaB and rfaP defective point mutants have O-

antigen attached to their LPS core (Hoare et al., 2006), and P22 has been shown to 

successfully infect them (Kadam et al., 1985, Hudson et al., 1978, Yethon et al., 2000, 

Helander et al., 1989). Somewhat surprisingly, however, rfaB and rfaP SGD mutants are 

resistant to P22 infection. This is likely due to polar effects on the rfaI and rfaJ genes that are 

required for O-antigen addition and are immediately transcriptionally downstream from 

them in the rfa operon. Finally, inactivation of eptB and eptC block addition of 

phosphoethanolamine at two locations in the Salmonella LPS core (Klein et al., 2013, 

Reynolds et al., 2005), and insertions in these genes do not affect P22 infection in the Tn5 

experiment. It has not been reported whether inactivation of either ept gene blocks O-antigen 

addition, but the Tn5 experiment suggests that these modifications are not required for O-

antigen addition since P22 infects cells with insertions in these genes normally. We also 

Bohm et al. Page 6

Mol Microbiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



found that our eptC SGD mutant strain (ΔSTM14_4952) allows normal P22 growth, 

suggesting that the O antigen is present even when EptC is absent.

Of the twenty genes involved in synthesis of the O-antigen portion of LPS, seventeen 

showed a strong reduction in P22 infection when inactivated by an insertion in the Tn5 

library. Again, this is expected because O-antigen is P22’s primary receptor. However, three 

genes involved in O-antigen synthesis gave unexpected results in the Tn5 experiment; rfbB, 
G and V (blue text in Figure 2). These should each be required for O-antigen synthesis but 

did not show decreased P22 infection when Tn5 insertions were present. Among these, rfbB 
has an 80% identical paralogue, rffG, that acts in the enterobacterial common antigen 

synthesis pathway (see below). These two dTDP-glucose 4,6-dehydratase enzymes catalyze 

the same reaction and are able to substitute for one another (Marolda & Valvano, 1995); this 

is likely the reason that rfbB’s inactivation in the Tn5 experiment did not result in P22 

inhibition. Nonetheless, we find that the rfbB SGD mutant (ΔSTM14_2951) is unable to 

support P22 growth. This failure could be due to either to failure of rffG to fully substitute 

for rfbB in this strain, or due to polarity from the rfbB SGD insertion on one or more of the 

immediately downstream genes in the rfb operon, rfbD, rfbA and rfbC, all of which are 

necessary for synthesis of rhamnose, so their inactivation results in a lack of O-antigen. The 

oafA and rfbF, G, H, I, J and V genes are required for the synthesis and transfer of the 

abequose side group to LPS and abequose acetylation (Figure 2). Of these, all but rfbG and 

rfbV are among the top genes facilitating P22 infection (Tables 1 and S1). The lack of an 

rfbG phenotype can be explained by this gene having only one Tn5 mutation in the extreme 

carboxy terminus. The lack of an rfbV phenotype is not yet understood.

In Typhimurium the O-antigen has an acetyl-abequose side group on the main chain 

mannose, the RfbF, RbfJ and RfbI proteins catalyze steps in the synthesis of the abequose 

precursor (Wyk & Reeves, 1989, Rubenstein & Strominger, 1974, Lindqvist et al., 1994). 

Yuasa et al. (Yuasa et al., 1969) and Hong et al. (Hong et al., 2012) have reported that 

inactivation of rfbJ causes failure to assemble O-antigen chains, and we find that P22 fails to 

infect rfbF and rfbI SGD mutants (ΔSTM14_2586; ΔSTM14_2587; Tables 1 and S1). Our 

SGD panel does not include mutants of the other abequose pathway genes so they cannot be 

tested individually. Thus, the failure to add the abequose moiety to the trimer unit blocks O-

antigen polymerization and so blocks P22 adsorption. OafA protein acetylates the abequose 

after its addition to O-antigen polymer (Slauch et al., 1996). The facts that P22 successfully 

infects an oafA SGD mutant strain (ΔSTM14_2758) and yet oafA insertions limit P22 

infection in the Tn5 experiment (Table S1), indicate that acetylation of the O-antigen 

abequose enhances but is not essential for P22 adsorption.

Host genes that enhance, but are not required for, P22 infection

Table S1 lists 235 genes that are either required or assist in P22 infection (FDR <0.1). Many 

of these genes are not found in the major pathways already described such as O antigen or 

LPS synthesis, and thus may reflect the importance of other cellular functions during P22 

infection. The reason that some of these genes were not noted in previous studies is 

presumably because these genes may enhance, but not be required for, P22 progression.
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We employed a time course assay in liquid culture to determine if mutants in these genes 

displayed any delay in host cell lysis after P22 infection compared to the 14028s parental 

strain. These genes included dam, a DNA methylase involved in DNA repair and gene 

regulation (Marinus & Casadesus, 2009). The dam gene is involved in phase variation/

expression of the P22 gtrABC and the Salmonella STM557-559 chromosomal O-antigen 

glucosylation genes (Broadbent et al., 2010) as well as in control of the opvAB O-antigen 

chain length locus (Pirone-Davies et al., 2015) (Table S1). Progression of P22 infection is 

delayed in dam mutants, regardless of antibiotic resistance promoter orientation both in the 

SGDs (sense; KanR; antisense CamR) (Figure 3) and in Tn5 (see data for both strands in 

Table S1). Other genes that enhanced P22 infection include yidD (membrane protein 

insertion efficiency factor that acts with insertase YidC); sufD (with SufBC activates 

cysteine desulfurase SufS), and dcp (dipeptidyl carboxypeptidase).

The KanR and CamR SGDs for each gene differ in the orientation of the constitutive 

resistance gene promoter (Porwollik et al., 2014). Among the mutants that differed in 

phenotype, depending on the orientation of the antibiotic resistance genes, were phoP and 

phoQ, which are adjacent in the genome. Mutants in these two genes that carried the 

resistance gene promoter in the antisense strand appeared to delay P22 progression, whereas 

mutants with the resistance gene promoter in the sense strand had either no phenotype or a 

reduced phenotype (data not shown). The same polarity was observed in the Tn5 data, since 

Tn5 insertion mutants also have a constitutive antibiotic resistance gene and the transposon 

can integrate in either orientation (see strand specific data in Tables S1 and S3). Encoded 

directly before phoP/phoQ, in the same strand, is the essential gene purB, suggesting that 

polar transcriptional interference from phoP/phoQ mutants in the antisense orientation may 

alter purine metabolism and cause the observed orientation-dependent difference in 

phenotype. Other genes that showed potentially polar mutant phenotypes delaying P22 

progression included yibJ (unknown function); and corC (metal ion efflux, magnesium and 

cobalt efflux accessory protein).

Host genes that prolong host DNA survival during phage P22 infection

We observed gene mutants that were associated with increased host DNA loss in the Tn5 

assay (Tables 2 and S2). When active, the corresponding genes lead to longer host cell 

survival by an unknown mechanism, though they do not ultimately prevent lysis. This is a 

generally neglected class of genes that impact phage infection. Interestingly, genes required 

for the synthesis of two extracellular polysaccharides, enterobacterial common antigen 

(ECA) and osmoregulated periplasmic glucan (OPG) are in this class (Tables 2 and S2). 

Bacterial growth assays on wecC and wecD deletion mutants confirm that deletion of these 

two genes in the ECA pathway increase host cell death after P22 infection (Figure 4).

Enterobacterial common antigen is a surface glycolipid that is conserved among enteric 

bacteria and contributes to pathogenicity and virulence in S. enterica (Gilbreath et al., 2012). 

In Salmonella it is composed of a linear polysaccharide with a tri-saccharide repeat 

composed of 4-acetamide-4,6-dideoxy-D-galactose -N-acetyl-D-mannosaminuronic acid-N-

acetyl-D-glucosamine and can be anchored to the outer membrane by attachment to either 

the O-antigen core (above) or a phosphoglyceride (Rick et al., 1985). Seven genes in the 
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ECA synthesis pathway, including five in the wec cluster as well as glmU and wzxE, were 

identified in the Tn5 assay as genes whose products inhibit P22 infection (Table S2, 

Supplementary Figure S3); these include most of the wec genes that are essential for ECA 

synthesis but have no role in O-antigen synthesis. The wzxE gene most likely encodes a 

flippase that moves the bactoprenol-N-acetyl-D-glucosamine ECA intermediate across the 

inner membrane (Rick et al., 2003), so its detection in the Tn5 assay (Table S1) is not 

surprising. Disruption of the wzzE gene may alter the ECA chain length (Murray et al., 
2003, Marolda et al., 2006, Barr et al., 1999), and, along with wecF and rrfG (see 

Supplementary Figure S3), it is under significant but mild negative selection in the Tn5 

experiment (Table S1). The WecA protein catalyzes the transfer of GlcNAc-1-phosphate 

moiety from UDP-GlcNAc onto the carrier lipid undecaprenyl phosphate, the first lipid 

linked intermediate in ECA synthesis, but it was not found to be under selection in our Tn5 

experiment. The reason for this is not yet understood.

Osmoregulated periplasmic glucans (OPGs) are branched oligosaccharides that are present 

in most Proteobacteria (Bontemps-Gallo & Lacroix, 2015). OPG amounts are regulated by 

the osmolarity of the cell’s environment, and in E. coli under low salt growth conditions they 

can constitute as much as 5–7% of the dry weight of the cells (Miller et al., 1986). In S. 
enterica, OPGs are composed of 5–15 glucose units and their presence is linked to virulence 

and biofilm formation (Bhagwat et al., 2009, Liu et al., 2009). Synthesis of the glucose 

backbone of OPGs is catalyzed by the products of mboG and mboH (also known as opgG 
and opgH) (Lacroix et al., 1991), and these genes were detected as having products that 

reduce the progression of P22 infection in the Tn5 experiment (Table S1). It is not known 

how OPGs might inhibit or slow the P22 lifecycle, but it is possible that the presence of 

large amounts of OPG in the periplasm slows P22 DNA delivery. Further work will be 

required to determine if this hypothesis can be confirmed. To our knowledge, neither ECA 

nor OPG have been previously shown to play a role in host susceptibility to phage P22 

infection, and this highlights the importance of using a systematic genome-wide assay to 

discover genes that both enhance and delay P22 progression.

Additional genes and gene families are associated with delaying progression after P22 

infection. Mutations in these genes lead to faster progression of the infection, as measured 

by the amount of host DNA present. For example, mutations in genes that affect the 

synthesis of membrane associated parts of flagella (fliC, F, J, L and O) and mutants in ompA 
and ycfM that encode outer membrane proteins lead to faster loss of host DNA, presumably 

because of an increase in the rate of P22 infection progression in these mutants (Tables 2 and 

S2). We do not know why inactivation of these genes affects progression after P22 infection, 

but their role in the outer membrane may be relevant to this phenotype, especially 

concerning phage DNA delivery into cells.

Not all the remaining genes in Tables 2 and S2 can be discussed individually but a few have 

been observed in other contexts in phage infection. The hflKCX gene cluster encodes 

proteins known to inhibit bacteriophage lambda CII cleavage and thereby inhibit lysogeny 

(Kihara et al., 1997). The oxyR gene is known to suppress lambda prophage induction 

(Glinkowska et al., 2010). Inactivation of the OxyR protein can result in shortening of the O-
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antigen chains (Cota et al., 2012) and failure to glycosylate the galactose in the O-antigen 

tri-saccharide (Broadbent et al., 2010, Vander Byl & Kropinski, 2000).

The inner membrane protein YajC is needed for phage P22 DNA entry into the target cell

The yajC gene, which encodes an inner membrane protein that is part of the Sec protein 

translocase complex (Pogliano & Beckwith, 1994b), was found here to be essential for P22 

proliferation in several experiments (Table 1). The fraction of bacteria with Tn5 integrations 

in yajC increased upon challenge with P22 (Table 1), and no plaques were observed in spot 

tests (Figure 5) when P22 was plated on the yajC deleted strain ΔSTM14_0481 from the 

SGD panel (Porwollik et al., 2014). Strain ΔSTM14_0481 cell culture growth was 

unaffected by the presence of P22; there was no cell growth inhibition and no phage-induced 

cell lysis (Figure 6). Complementation of a plasmid pYajC-borne yajC gene in the 

ΔSTM14_0481 (ΔyajC) mutant restored P22 infection efficiency as measured by spot tests 

(Figure 5). Compared with the parental 14028s cell line, complementation of the ΔyajC 
mutant with a plasmid carrying a wild type yajC gene showed only a slight delay of P22 

induced cell lysis (Figure 6). This result could be explained by a decrease in available YajC 

protein if expression from the pYajC plasmid was not as efficient as in the 14028s strain. 

Collectively, these results show that in ΔSTM14_0481 it is the yajC defect itself, and not a 

polar effect on any downstream gene, that is responsible for P22’s failure to propagate, and 

we conclude that yajC is essential for P22 propagation in Salmonella. Few studies have 

examined the role of host proteins during P22 entry (Casjens & Molineux, 2012). Therefore, 

the identification of yajC as important for P22 entry piqued our interest. Here, we focus on 

further characterization of this novel finding.

The YajC protein is not essential for Salmonella growth since the yajC SGD strain 

ΔSTM14_0481 grows apparently normally, but its presence as an accessory factor in the Sec 

preprotein translocase complex (Pogliano & Beckwith, 1993) suggests that its absence could 

affect secretion of some Salmonella proteins and therefore affect other features of the 

bacteria. The most obvious possible effect that could lead to P22 resistance would be a low 

O-antigen polysaccharide amount or length, since its synthesis requires the secretion of 

several periplasmic proteins. Thus, in order to determine whether the yajC deletion has an 

effect on LPS production, we extracted LPS from the parental strain 14028s and the isogenic 

ΔyajC mutant as previously described and visualized the resulting preparations in silver-

stained SDS polyacrylamide electrophoresis gels (Parent et al., 2014, Porcek & Parent, 

2015). There was also no effect on LPS functionality as measured by in vitro genome 

ejection caused by purified LPS nor was there any change in the ability of P22 to adsorb to 

ΔyajC cells in vivo by phage depletion methods we have previously described (see 

Supplementary Figure S4) (Jin et al., 2015, Parent et al., 2014). In addition, two other 

phages, 9NA and Det7, both of which utilize the O-antigen as their primary receptor (Andres 

et al., 2012, Walter et al., 2008), were tested and neither phage’s growth was affected by the 

ΔyajC deletion (Figure 5). We conclude from these experiments that LPS and O-antigen 

production is not affected by the absence of YajC protein. These results also indicate a role 

for YajC in a narrow range of bacteriophages, as P22 was affected by its absence, but Det7 

and 9NA were not.
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To determine which portions of YajC are critical for its function during P22 infection, we 

constructed several C-terminally truncated versions of YajC, and tested each for the ability 

to support P22 growth by spot tests (Figure 7). All truncations showed some effect on P22 

entry. A construct containing residues 1-103 (missing only seven C-terminal amino acids) 

showed some clearing in spot tests (i.e., cell killing at high MOI); however, the plating 

efficiency was several orders of magnitude lower than on hosts expressing the full-length 

protein. All other yajC deletions were completely resistant to phage P22 infection, indicating 

that essentially the full-length protein is required for function.

The failure of P22 to infect ΔSTM14_0481 (Figures 5–7) indicates that some part of its lytic 

cycle cannot function properly in this host mutant. To determine whether this defect occurs 

early or late in the infection cycle, we tested whether infection by P22 results in the 

formation of lysogens of ΔSTM14_0481, since only early gene functions are required for 

establishment of lysogeny. S. enterica strains 14028s and ΔSTM14_0481 were infected with 

a P22 that carries a chloramphenicol resistance gene (see Experimental Procedures), and 

chloramphenicol resistant lysogen colonies were formed with 14028s about 107 times more 

frequently than with ΔSTM14_0481. Under the conditions used, about one-third of the 

infections resulted in lysogen formation in strain 14028s. The failure to establish lysogeny in 

the absence of YajC protein indicates that some part of P22’s early life cycle is very strongly 

dependent on YajC. Several P22 early genes are required for stable lysogen formation, for 

example phage integrase-catalyzed DNA integration and lytic gene repression by the phage-

encoded repressor (Susskind & Botstein, 1978). In addition, we tested the ability of strain 

ΔSTM14_0481 to accept phage P22 transducing DNA as follows: The P22 lysogenic 

Salmonella strain UB-1988 (described in (Leavitt et al., 2013a)), which carries a 

chloramphenicol resistance cassette between S. enterica LT2 open reading frames STM764 

and STM765 (McClelland et al., 2001), was induced with carbadox. The released P22 

virions were used to infect growing cultures of strains 14028s and ΔSTM14_0481 (ΔyajC) at 

2 x 108 cells/mL and an MOI of 0.1 for 30 minutes at 37°C. The cultures were then plated 

for chloramphenicol resistant colonies overnight at 37°C. The 14028s culture contained 

6,600 resistant colonies per mL, and the ΔSTM14_0481 (ΔyajC) culture gave <1 resistant 

transductants per mL (i.e. no transductants were detected). Thus, the yajC defect lowers the 

frequency of generalized transduction at least 6600-fold. The failure to form lysogens or be 

transduced by host DNA in P22 virions seems likely to be due to a blockage of DNA 

delivery into the cytoplasm from the virion. Therefore, we next tested specifically for 

successful DNA delivery into ΔSTM14_0481.

We used a potassium efflux assay (Boulanger & Letellier, 1988, Leavitt et al., 2013b) to test 

the ability of phage P22 to eject its DNA into the parental 14028s (non deletion strain), 

ΔSTM14_0481 (ΔyajC), and ΔSTM14_0481 complemented with yajC in trans by plasmid 

pYajC (above). K+ release correlates with successful P22 delivery of DNA into the 

cytoplasm of target cells, and can be used to demonstrate phage DNA passage across the 

host inner membrane (Cumby et al., 2015, Leavitt et al., 2013b). Figure 8 shows that K+ 

release, and therefore P22 phage DNA ejection into the cytoplasm, is completely blocked in 

the ΔyajC knockout and is essentially fully restored by the complementing plasmid pYajC. 

As a control, the ΔSTM14_4474 (ΔrfaL) SGD strain, a mutant that fails to produce O-

antigen polysaccharide (above), was also tested and, as previously published (Leavitt et al., 
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2013a), P22 causes no K+ release. The slight DNA release delay in the plasmid-

complemented ΔSTM14_0481 (ΔyajC /pYajC) relative to the parental strain is likely due to 

different levels of yajC gene expression from the plasmid and the native chromosomal gene. 

Figure 8 shows the release patterns from strains following P22 infections with an MOI of 5, 

but even an increased MOI of 15 failed to release K+ from the ΔyajC strain. We conclude 

that YajC is required for successful DNA delivery into Samonellla cells by phage P22.

DISCUSSION

Discovery of hundreds of new phenotypes that influence P22 infection

A transposon screen of Salmonella Typhimurium strain 14028s, including mutations in 5313 

protein coding genes, revealed selection for 235 mutants during P22 infection and selection 

against 77 mutants (FDR <0.1) (Figure 1, Tables 1, 2, S1, S2, S3). Many of the Salmonella 
genes identified in our screens as important or essential for P22 DNA delivery into bacterial 

host cells are involved in LPS production. This is not surprising, as previous reports have 

shown that LPS is critical for P22 entry (Liu et al., 2014). LPS has also been shown to 

contribute to particle ejection in vitro (Andres et al., 2010, Andres et al., 2012); recently 

reviewed in (Broeker & Barbirz, 2017)). However, LPS causes a slow and inefficient 

triggering of P22 ejection alone, whereas outer membrane proteins are critical for 

accelerating this process and for E-protein release which is essential for infection (Jin et al., 

2015). Therefore, in this work, we used a transposon assay and SGD screens to identify 

additional gene products critical for modulating P22 adsorption.

We identified each individual LPS gene that is necessary as well as a few that were not 

necessary (Figure 2). Essentially all of our results concerning the genes involved in the 

synthesis of the polysaccharide portion of LPS are in agreement with the known biological 

facts, or there are reasonable explanations for the small number of apparent exceptions. We 

take this as a strong indication of the validity of biological conclusions drawn from the Tn5 

experiment. Two additional genes, ihfA (Supplemental Figure S2) and yajC (Figures 5–8) 

were shown to be essential to P22 infection.

We identified many host genes that can modulate P22 infection either by assisting in 

infection without being essential to infection (Tables 1 and S1) or by delaying host DNA 

loss (Tables 2 and S2). We demonstrated that some mutants delay but do not stop P22-

induced cell lysis (e.g., dam, Figure 3), while other mutants accelerate lysis after infection 

(e.g., wecC and wecD, Figure 4). Both of these latter gene classes represent novel findings. 

Genes in the Enterobacterial common antigen (ECA) and OPG pathways are largely in the 

class of genes that delay progression of infection (Figures 4, S3). The exact biological roles 

of these polysaccharides are currently unknown. Some evidence suggests that ECA can 

mask the immunogenicity of surface antigens (Gilbreath et al., 2012, Huang et al., 2016). 

ECA may also strengthen the outer membrane against harsh conditions such as detergents 

and bile salts (Ramos-Morales et al., 2003). Thus, P22 might infect ECA or OPG defective 

Salmonella better than the parent either because its O-antigen or another receptor are 

masked by the ECA polysaccharide, or because weakening of the outer membrane might 

allow easier penetration of the outer membrane. Alternatively, a less crowded periplasm may 

allow easier entry by the P22 DNA delivery machinery.
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The inner membrane protein YajC is essential for P22 infection

Previous studies have shown that various inner membrane proteins are essential for DNA 

delivery by different bacteriophages. For example, the mannose YZ permease complex, 

which transports mannose across the cytoplasmic membrane, is essential for Siphoviridae E. 
coli phage λ entry (Erni et al., 1987), and the inner membrane glucose transporter PtsG is 

essential for Siphoviridae HK97 infection (Cumby et al., 2015). Both ManYZ and PtsG are 

large proteins that have cellular functions in sugar transport. The large (~85 kDa) inner 

membrane protein NfrB of unknown cellular function, as well as NfrC (whose gene is now 

called wecB and is encoded in the same operon as nfrB), were shown to be essential for 

Podoviridae E. coli phage N4 adsorption (Kiino et al., 1993). The same work showed that 

the NfrC/WecB protein is directly involved in the ECA synthesis pathway (see Figure S3).

By contrast to the phage receptors listed above, YajC is a small inner membrane protein of 

only 110 amino acids, and its exact function is currently unknown. It forms a heteromeric 

complex with SecD and SecF, and this complex in combination with the SecYEG complex 

increases the affinity and efficiency of the SecA protein translocase (Schulze et al., 2014). 

Unlike SecD and SecF knockouts that display severe cold sensitive defects (Pogliano & 

Beckwith, 1994a), YajC is not needed for translocation or for cellular viability (de Keyzer et 
al., 2003) and is found widely in the Enterobacteriacea but not across other bacterial species 

(Caufield et al., 2015). Thus, it is not essential for general protein translocation, but may 

exert a modulatory effect on the Sec translocase. YajC has a single N-terminal 

transmembrane region as well as a large C-terminal domain that extends into the cytoplasm 

(Fang & Wei, 2011) (Figure 7). Recently, the location of YajC in Sec holo-transolocon 

complexes has been determined by cryo-electron microscopy studies (Botte et al., 2016), 

and it has been suggested that YajC might help to stabilize the translocon complex. When all 

three proteins are present in the complex (SecD-SecF-YajC), there is a positive effect on 

translocation efficiency in vivo (Nouwen & Driessen, 2002). We could not directly measure 

individual effects of SecD or SecF as these proteins are essential to the host and no SGD 

mutants were available for these genes. Therefore, it is possible that the entire complex, and 

not just the YajC protein, is essential for P22 entry. To our knowledge, YajC has not been 

previously been implicated in infection by any phage. Based on the potassium efflux assay 

(Figure 8), the lack of YajC severely affects P22 DNA entry into the cytoplasm. If the 

absence of YajC indeed decreases protein translocation efficiency, there could be subtle 

changes to the outer membrane protein composition in Salmonella that could block P22 

entry.

In addition to primary receptors, such as LPS, which mediate initial binding of virions to 

cells, many phages also must recognize a second cell envelope feature, in order to complete 

DNA delivery (Casjens & Molineux, 2012). Recently, studies with a close relative of P22 

identified multiple outer membrane proteins (Omps) that, in addition to O-antigen, are 

important for mediating phage Sf6 DNA delivery into Shigella flexneri (Parent et al., 2012, 

Parent et al., 2014, Porcek & Parent, 2015). OmpA and OmpC were identified as critical for 

attachment after Sf6 virions conclude their initial interactions with the primary LPS receptor 

(Verma et al., 1991, Clark et al., 1991, Chua et al., 1999). In vitro ejection experiments 

suggested that, like Sf6, phage P22 may also require Omps, as these proteins were shown to 
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be necessary for LPS mediated ejection of essential internal phage proteins which are not 

released when P22 particles are treated with LPS alone (Jin et al., 2015). Previously, 

individual Salmonella omp gene knockouts have not been found to have an obvious effect on 

phage P22 ejection into whole cells. Therefore, phage P22 entry may utilize either a greater 

variety or a different set of proteinaceous surface receptors (Jin et al., 2015).

Single omp knockouts did not show any effect on P22 propagation using SGD mutants, 

although both ompA and ycfM were identified in the Tn5 assay. Thus, it is difficult to know 

at this point whether YajC and/or other Sec proteins are a P22 inner membrane receptor or 

whether YajC drastically affects availability of another surface receptor for P22. P22 escape 

mutants have yet to be isolated on the ΔyajC knockout cell lines (data not shown). 

Therefore, we currently do not know if YajC physically interacts with phage P22 structural 

proteins, such as the phage E-proteins that are released from the virion during DNA delivery 

and are necessary for successful DNA delivery (Israel, 1977), or if YajC is required for other 

reasons. The mechanism of YajC action during P22 infection will be explored in future 

work.

In summary, these studies have revealed many genes that have new phenotypes associated 

with accelerating or delaying P22 infection. As part of these studies, a new gene involved in 

the early stages of DNA ejection has been uncovered.

EXPERIMENTAL PROCEDURES

Strains/media

The strains used included Salmonella enterica serovar Typhimurium 14028s and single gene 

deletion library (SGD) derivatives; SGD mutants were KanR (50 μg/mL), and CamR (20 

μg/mL) (Porwollik et al., 2014). The P22 phage used for the Tn5 assay and all SGD screens 

contains a clear plaque repressor mutant c1-7 that makes it unable to form lysogens (Levine 

& Curtiss, 1961). Phages Det7 (Casjens et al., 2015) and 9NA (Casjens et al., 2014) have 

been described. Purified phage stocks were stored in a 10 mM Tris (pH 7.6) and 10 mM 

MgCl2 buffer. LB Miller broth (Invitrogen) and LB agar (Invitrogen) were used for all 

experiments.

Transposon library construction, barcoding, and assay for P22 infection

EZ-Tn5™ <KAN-2> (http://www.lucigen.com) was modified to contain an N18 barcode 

directly adjacent to an Illumina Read 1 sequence. A library of over 240,000 separate 

Salmonella Typhimurium insertion mutants was constructed by mixing the transposase with 

the barcoded construct and electroporation in strain 14028s. The barcode associated with 

each unique Tn5 insertion at each position in the genome was determined using a previously 

described method (de Moraes et al., 2017). This library was grown to mid-log phase (O.D. 

600nm = 0.4, or ~2x108 cells/mL) in LB with Kanamycin at 50 μg/mL. The culture was then 

split into two parts; one was infected and one not infected by phage. Cells in one portion 

were infected with phage P22 at a multiplicity of infection (MOI) of 7.5 phage per cell, to 

ensure that ~98% of the cells were infected. Infection was confirmed by plating the culture 

for surviving colonies before and after phage infection. One mL aliquots were collected, 
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glycerol was added to a 25% final concentration, the samples were spun for 30 seconds at 

13,200 rpm in a microcentrifuge, and the resulting pellets were kept frozen at −80 ˚C. 

Samples were taken immediately after infection (T0) and at 90 minutes after infection 

(T90-infected) and uninfected (T90-control). The experiment was performed in triplicate.

Half of each pellet (equivalent to 5 x 107 bacteria in the input) were processed from the 

input and output library cultures using three washes in water followed by proteinase K 

digestion as described previously (de Moraes et al., 2017). After inactivation of the protease, 

a nested PCR regimen was performed to amplify the N18 barcode region and to add sample- 

and experiment-specific N8 indices, exactly as described before (de Moraes et al., 2017). 

Different samples, with different indexes, were pooled and subjected to QIAquick PCR 

product purification (Qiagen) according to the manufacturer’s recommendation. Illumina 

sequencing proceeded with standard Illumina primers, as described (de Moraes et al., 2017). 

For identification of barcoded mutants, the first 18 bases, which represented the unique N18 

tag for each Tn5 mutant, were extracted, and the abundance of all unique 18-mers was 

calculated using custom perl scripts. The abundance of all N18 barcodes mapped within each 

annotated genome feature were summed in a strand specific manner. This represented the 

aggregated abundance for each feature in the coding strand and the non-coding strand. A 

plot of the ratios of input and output across the genome indicated that replication initiation 

had ceased or slowed after infection. The raw ratios were adjusted, accordingly, to account 

for this change in relative copy number. The aggregated abundances for the input and output 

libraries were statistically analyzed using DESeq2 and the log2 fold changes and false 

discovery rates (FDRs) were estimated as described (Love et al., 2014).

Initial screening of the SGD library for resistance against P22 infection

A high throughput assay was developed to screen an SGD S. enterica strain 14028s panel 

(Porwollik et al., 2014). Using a large format LB agar plate, and a 96-well replicator pin 

tool, colonies from the SGD library were transferred onto two plates. The first plate 

contained LB only, and the second plate had a top agar overlay containing P22 phage at a 

final concentration of 1 x 109 per mL. Plates were grown overnight at 30oC. Colonies that 

grew equally well on the plates with and without phage were considered potentially phage 

resistant and were further screened. Additional screening included quantitative 

measurements of plaque forming units (PFUs) produced on the single gene knockout 

compared with the wild type strain 14028s, and in some cases, time course assays (see 

below).

Bacterial culture growth rate (time course) assays

A Molecular Devices FilterMax F5 plate reader using 96-well plates was used to monitor 

growth rates of cultures with and without phage as described, and as reported previously, 

subtle differences between strains of 5 minutes are reliably measured (Dover et al., 2016). 

An overnight culture of each cell type was diluted 1:10 in broth and added to each well. 

Cells were either uninfected or infected with phage P22 at an MOI of ~0.1. The plates were 

incubated at 37 °C for 5 h with absorbance measurements taken at 595 nm every 5 min with 

vigorous shaking before each read.
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Construction of pYajC and truncation mutants

The yajC gene was cloned by PCR amplification from S. enterica serovar Typhimurium 

14028s genomic DNA with a 5′ primer that introduced a BamHI site and a 3′ primer that 

introduced a HindIII site. The amplified gene was digested with BamHI and HindIII and 

ligated into pSE380 (Invitrogen), digested with the same enzymes to create the final plasmid 

“pYajC”. This plasmid was transformed into ΔSTM14_0481 (ΔyajC) by electroporation and 

selected for with 100 μg/mL ampicillin. Truncated versions of pYajC were constructed by 

site-directed mutagenesis using Quikchange (Agilent) to individually replace codons for 

residues 42, 74, 90, and 104 with a “TAA” stop codon. The RSTF Genomics Core at 

Michigan State University performed sequencing on all pYajC constructs.

Complementation spot assay for YajC activity

Top agar was seeded with Salmonella cells (either 14028s, ΔSTM14_0481, or 

ΔSTM14_0481 with pYajC) and spread on LB agar plates. YajC was expressed from pYajC 

by induction with 2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) in the presence of 

100 μg/mL ampicillin. Serial dilutions of phages (P22, 9NA, or Det7) were spotted in 2 μL 

aliquots on top of the cells, and the plates were incubated at 37˚C overnight.

P22 lysogeny establishment assay

Logarithmically growing ΔSTM_0481 and the parental strain 14028s were grown to mid-log 

stage at a concentration of 2x108 cells/mL in LB at 37°C and were infected with P22 

orf25::CamR-EG1, 13−amH101, sieA−Δ1 at an MOI=5. Infected cultures were grown with 

shaking at 37°C for 90 min, and plated for single colonies on chloramphenicol selective 

media. The three mutant alleles in this phage do not greatly affect the frequency of lysogeny; 

the latter two have been previously described (Leavitt et al., 2013b), and orf25::CamR-EG1 

is a chloramphenicol resistance cassette inserted into the P22 genome between lysis and 

head genes (details to be described elsewhere). There is no effect on either the lytic or 

lysogenic life cycle.

Potassium ion efflux measurement

Potassium ion concentrations were measured with an Orion Ionplus potassium electrode 

(Thermo Scientific) and a Corning model 430 pH meter as described (Leavitt et al., 2013a).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SGD single gene deletion
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PFU plaque-forming units

MOI multiplicity of infection

Tn transposon

LPS lipopolysaccharide

Omps outer membrane proteins

KanR kanamycin resistant

CmR chloramphenicol resistant

FDR false discovery rate

ECA enterobacterial common antigen
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Figure 1. Volcano plot of all 5313 mutated host protein coding genes that were screened by 
transposon analysis
Data represent the relative change in representation of mutations in each gene in bacterial 

pools collected at T90-infected versus T0. The X axis represents the log2 fold change. The Y 

axis represents the log10 False Discovery Rate (FDR) plotted in reverse order. About 5200 

mutant genes with an FDR above 0.1 (10%), indicating low confidence that relative 

representation of these mutants changed during infection, are represented by black dots. 

Mutated genes with an FDR below 0.1 (higher confidence) are shown color-coded according 

to behavior, and a cartoon schematic is shown below. Red represents genes where insertion 

mutants became proportionally rarer during infection. Blue represents genes where insertion 

mutants became proportionally more common during infection. Black represents mutants 

that did not display a relative change.
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Figure 2. Mutants in the LPS biosynthetic pathway are strongly selected for during P22 infection
A) The S. enterica serovar Typhimurium O-antigen is shown diagrammatically and in more 

detail in B), along with pathways of synthesis of the sugars in its trimer repeat unit (shown 

in square brackets) (reviewed by (Raetz et al., 1996)). Genes, in which mutants slowed P22 

infection as measured by the Tn5 experiment, are indicated in blue at the bonds these 

enzymes catalyze. Genes in which mutation had no significant effects on P22 infection are 

indicated in black text, and highlighted with a red dashed box. Genes for which mutants 

were not assayed because the gene is essential or near essential for survival of the host in 

rich media are indicated in gray. LPS synthesis proceeds generally from right to left in the 

figure; Wzy/Rfc protein adds tetrasaccharide units to the growing O-antigen chain; RfbP 

protein adds the first galactose of the trisaccharide repeat to bactoprenol and RfaL transfers 

the O-antigen chain from there to LPS core-lipid A. Abbreviations are as follows: Glc, 

glucose; Rha, rhamnose; GlcNAc, N-acetylglucosamine; Man, mannose; OAc, O-acetyl; 

Hep, heptose; Gal, galactose; KDO, 2-keto-3-deoxyoctulosonic acid; P, phosphate, PEtN, 

phosphoethanolamine.
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Figure 3. Mutations in dam delay growth of P22
Representative growth curves for the parental strain 14028s, and ΔSTM14_4196 (Δdam) 

with antibiotic cassette in the sense and antisense orientation, are shown. Growth curves 

were performed with and without the addition of P22 phages. Three technical and three 

biological replicates were performed for each condition, and a representative experiment is 

shown.
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Figure 4. Mutations in wecC and wecD promote early host cell lysis after P22 infection
Representative growth curves for the parental strain 14028s, ΔSTM14_4719 (ΔwecC), and 

ΔSTM14_4722 (ΔwecD) are shown. All growth curves were performed with and without the 

addition of P22 phages. Three technical replicates were performed for each mutant, and a 

representative experiment is shown.
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Figure 5. YajC is needed for P22 plaque formation
Plaques are shown after plating of serial dilutions of phages P22, Det7, and 9NA on lawns of 

the parental strain 14028s or the SGD knockout, ΔSTM14_0482 (ΔyajC) with or without the 

plasmid expressing YajC.
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Figure 6. The defect in P22 plaque formation on a ΔSTM14_0481 S. enterica host is repaired by 
plasmid-borne YajC complementation
Representative growth curves are shown for the parental strain 14028s and the yajC 
knockout, ΔSTM14_0481 (ΔyajC) with and without expression of YajC from the plasmid 

pYajC; all growth curves were performed with and without the addition of P22 phages. 

Three technical and three biological replicates were performed for each condition, and a 

representative experiment is shown.
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Figure 7. Regions of YajC critical for P22 infection
The top schematic shows the YajC secondary structure prediction by PSI-PRED (McGuffin 

et al., 2000). Ovals represent alpha helices and arrows represent beta strands. Triangles 

indicate positions where stop codons were engineered into the yajC gene of pYajC. Below, 

plaque formation after plating of serial dilutions of phage P22 on lawns of bacterial cells, 

either the parental strain 14028s, ΔSTM14_0482 (ΔyajC), or ΔSTM14_0482 complemented 

with a plasmid expressing full length (ΔyajC/pYajC) or various truncated YajC versions 

(panels A–D).
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Figure 8. P22 DNA entry into hosts requires YajC
The indicated Salmonella cells were infected by P22 c1-7 phages at an MOI of 5 at 37˚C, 

and K+ ion release was measured after infection. Hosts that lack a functional YajC 

(ΔSTM14_0481) with and without the complementing plasmid pYajC were tested, and K+ 

ion release by the parental strain 14028s is shown for comparison. Potassium ion 

measurements were performed as described in the Materials and Methods section. Values are 

the fraction of total K+ released upon cell disruption.

Bohm et al. Page 30

Mol Microbiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bohm et al. Page 31

Ta
b

le
 1

E
xa

m
pl

es
 o

f 
Sa

lm
on

el
la

 g
en

es
 t

ha
t 

ar
e 

re
qu

ir
ed

 fo
r,

 o
r 

as
si

st
 in

, P
22

 in
fe

ct
io

n

G
en

es
 a

re
 r

an
ke

d 
ac

co
rd

in
g 

to
 d

es
ce

nd
in

g 
or

de
r 

of
 s

el
ec

tio
n 

st
re

ng
th

 o
f 

m
ut

an
ts

 (
se

e 
E

xp
er

im
en

ta
l P

ro
ce

du
re

s)
. S

ee
 S

up
pl

em
en

ta
ry

 T
ab

le
 S

1 
fo

r 
m

or
e 

ca
nd

id
at

e 
ge

ne
s 

in
 th

is
 c

la
ss

.

G
en

e 
na

m
e

ST
M

14
 

op
en

 
re

ad
in

g 
fr

am
e 

lo
cu

s_
ta

g
P

la
qu

es
 o

n 
SG

D
?

P
he

no
ty

pe
 in

 
ba

ct
er

ia
l g

ro
w

th
 

as
sa

y?
P

at
hw

ay
F

un
ct

io
n

rf
bK

25
77

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

ph
os

ph
om

an
no

m
ut

as
e

rf
bF

25
86

N
o

nd
O

-a
nt

ig
en

gl
uc

os
e-

1-
ph

os
ph

at
e 

cy
tid

yl
yl

tr
an

sf
er

as
e

rf
aK

44
75

N
o

N
o 

ly
si

s
L

PS
 c

or
e

lip
op

ol
ys

ac
ch

ar
id

e 
1,

2-
N

-a
ce

ty
lg

lu
co

sa
m

in
et

ra
ns

fe
ra

se

rf
bM

25
78

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

m
an

no
se

-1
-p

ho
sp

ha
te

 g
ua

ny
ly

ltr
an

sf
er

as
e 

(G
D

P)
 / 

M
an

no
se

-6
-p

ho
sp

ha
te

 
is

om
er

as
e

rf
c 

(w
xy

)
16

16
nd

nd
O

-a
nt

ig
en

O
-a

nt
ig

en
 p

ol
ym

er
as

e

ga
lE

09
01

N
o

nd
O

-a
nt

ig
en

 &
 L

PS
 c

or
e

U
D

P-
ga

la
ct

os
e 

4-
ep

im
er

as
e

rf
bD

25
90

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

dT
D

P-
4-

de
hy

dr
or

ha
m

no
se

 r
ed

uc
ta

se

rf
aJ

44
78

N
o

nd
L

PS
 c

or
e

U
D

P-
gl

uc
os

e:
(g

lu
co

sy
l)

lip
op

ol
ys

ac
ch

ar
id

e 
al

ph
a-

1,
2-

gl
uc

os
yl

tr
an

sf
er

as
e

rf
bN

25
79

N
o

nd
O

-a
nt

ig
en

O
 a

nt
ig

en
 b

io
sy

nt
he

si
s 

rh
am

no
sy

ltr
an

sf
er

as
e

rf
bI

25
87

Y
es

D
el

ay
ed

 ly
si

s
O

-a
nt

ig
en

C
D

P-
6-

de
ox

y-
de

lta
-3

,4
-g

lu
co

se
en

 r
ed

uc
ta

se

rf
bP

25
76

N
o

nd
O

-a
nt

ig
en

un
de

ca
pr

en
yl

-p
ho

sp
ha

te
 g

al
ac

to
se

ph
os

ph
ot

ra
ns

fe
ra

se

rf
bC

25
88

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

dT
D

P-
4-

de
hy

dr
or

ha
m

no
se

 3
,5

-e
pi

m
er

as
e

rf
aL

44
74

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

O
-a

nt
ig

en
 li

ga
se

rf
bX

 (w
zx

)
25

82
nd

nd
O

-a
nt

ig
en

O
-a

nt
ig

en
 in

ne
r 

m
em

br
an

e 
fl

ip
pa

se

rf
bU

25
80

N
o

N
o 

ly
si

s
O

-a
nt

ig
en

m
an

no
sy

l t
ra

ns
fe

ra
se

–
27

30
nd

nd
nd

un
kn

ow
n 

fu
nc

tio
n;

 o
nl

y 
34

 A
A

rf
aI

44
79

.J
nd

nd
L

PS
 c

or
e

U
D

P-
gl

uc
os

e:
(g

lu
co

sy
l)

lip
op

ol
ys

ac
ch

ar
id

e 
al

ph
a-

1,
3-

gl
uc

os
yl

tr
an

sf
er

as
e

rn
hA

03
08

.J
nd

nd
N

uc
le

ic
 a

ci
d 

m
et

ab
ol

is
m

R
ib

on
uc

le
as

e 
H

I

yi
dD

46
36

Y
es

D
el

ay
ed

 ly
si

s
m

em
br

an
e 

pr
ot

ei
n 

in
se

rt
io

n
m

em
br

an
e 

pr
ot

ei
n 

in
se

rt
io

n 
ef

fi
ci

en
cy

 f
ac

to
r 

(a
ct

s 
w

ith
 in

se
rt

as
e 

Y
id

C
);

 s
m

al
l 8

5 
co

do
ns

co
rC

07
76

Y
es

Si
gn

if
ic

an
t d

el
ay

 
in

 ly
si

s 
in

 
an

tis
en

se
m

et
al

 io
n 

ef
fl

ux
M

ag
ne

si
um

 a
nd

 c
ob

al
t e

ff
lu

x 
ac

ce
ss

or
y 

pr
ot

ei
n;

 n
ot

 a
 m

em
br

an
e 

pr
ot

ei
n?

Mol Microbiol. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bohm et al. Page 32

G
en

e 
na

m
e

ST
M

14
 

op
en

 
re

ad
in

g 
fr

am
e 

lo
cu

s_
ta

g
P

la
qu

es
 o

n 
SG

D
?

P
he

no
ty

pe
 in

 
ba

ct
er

ia
l g

ro
w

th
 

as
sa

y?
P

at
hw

ay
F

un
ct

io
n

rf
aG

44
83

N
o

N
o 

ly
si

s
L

PS
 c

or
e

U
D

P-
gl

uc
os

e:
(h

ep
to

sy
l)

 L
PS

 a
lp

ha
1,

3-
gl

uc
os

yl
tr

an
sf

er
as

e

yi
bJ

50
97

Y
es

Sl
ig

ht
 d

el
ay

 in
 

ly
si

s 
in

 a
nt

is
en

se
nd

un
kn

ow
n 

fu
nc

tio
n;

 o
nl

y 
70

 A
A

ph
oP

14
09

Y
es

D
el

ay
ed

 ly
si

s 
on

ly
 in

 a
nt

is
en

se
re

gu
la

to
ry

re
sp

on
se

 r
eg

ul
at

or
 in

 tw
o-

co
m

po
ne

nt
 r

eg
ul

at
or

y 
sy

st
em

 w
ith

 P
ho

Q

–
08

42
nd

nd
su

ga
r 

tr
an

sp
or

t
su

ga
r 

A
B

C
 tr

an
sp

or
te

r 
A

T
P-

bi
nd

in
g 

su
bu

ni
t

su
fD

16
66

Y
es

D
el

ay
ed

 ly
si

s
nd

w
ith

 S
uf

B
C

 a
ct

iv
at

es
 c

ys
te

in
e 

de
su

lf
ur

as
e 

Su
fS

dc
p

18
26

Y
es

D
el

ay
ed

 ly
si

s
pr

ot
ea

se
D

ip
ep

tid
yl

 c
ar

bo
xy

pe
pt

id
as

e

rf
aF

44
72

N
o

nd
L

PS
 c

or
e

A
D

P-
he

pt
os

e:
L

PS
 h

ep
to

sy
ltr

an
sf

er
as

e 
II

rf
bH

25
84

nd
nd

O
-a

nt
ig

en
C

D
P-

6-
de

ox
y-

D
-x

yl
o-

4-
he

xu
lo

se
-3

-d
eh

yd
ra

se

ya
jC

04
81

N
o

N
o 

ly
si

s
Se

c 
de

pe
nd

en
t t

ra
ns

lo
ca

tio
n

pr
ep

ro
te

in
 tr

an
sl

oc
as

e 
ac

ce
ss

or
y 

su
bu

ni
t

gi
dA

46
71

nd
nd

nd
tR

N
A

 u
ri

di
ne

 5
-c

ar
bo

xy
m

et
hy

la
m

in
om

et
hy

l m
od

if
ic

at
io

n 
en

zy
m

e

oa
fA

27
58

Y
es

Sl
ig

ht
 d

el
ay

 in
 

ly
si

s 
in

 a
nt

is
en

se
O

-a
nt

ig
en

O
-a

nt
ig

en
 a

be
qu

os
e 

ac
et

yl
as

e

ph
oQ

14
08

Y
es

D
el

ay
ed

 ly
si

s 
in

 
an

tis
en

se
ge

ne
 r

eg
ul

at
io

n
se

ns
or

 p
ro

te
in

 in
 tw

o-
co

m
po

ne
nt

 r
eg

ul
at

or
y 

sy
st

em
 w

ith
 P

ho
P

da
m

41
96

Y
es

D
el

ay
ed

 ly
si

s
ge

ne
 r

eg
ul

at
io

n,
 r

ep
ai

r
D

N
A

 M
et

ab
ol

is
m

_D
N

A
 r

ep
ai

r,

da
m

X
41

97
Y

es
D

el
ay

ed
 ly

si
s

D
el

ay
ed

 ly
si

s
nd

un
kn

ow
n

Ih
fA

**
16

26
N

o
N

o 
ly

si
s

R
ec

om
bi

na
tio

n,
 tr

an
sc

ri
pt

io
n,

 tr
an

sl
at

io
n

In
te

gr
at

io
n 

ho
st

 f
ac

to
r 

su
bu

ni
t a

lp
ha

* nd
 =

 n
ot

 d
et

er
m

in
ed

**
A

ss
ay

ed
 w

ith
 S

G
D

 b
ut

 n
ot

 T
n5

.

Mol Microbiol. Author manuscript; available in PMC 2019 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bohm et al. Page 33

Table 2
Examples of Salmonella genes that delay host DNA degradation after P22 infection

Genes are ranked according to descending order of selection strength of mutants (see Experimental 

Procedures). See Supplementary Table S2 for more candidate genes in this class.

Gene name

STM14 open 
reading frame 
locus_tag Pathway Function

wzxE 4724 ECA common antigen translocase (flippase)

yfhK 3143 nd putative 2-component sensor protein

glmU 4657 ECA
bifunctional N-acetylglucosamine-1-phosphate uridyltransferase/
glucosamine-1-phosphate acetyltransferase

mdoG 1317 periplasmic glucan synthesis glucans biosynthesis

wecG 4727 ECA Probable UDP-N-acetyl-D-mannosaminuronic acid transferase

ygfY 3679 nd unknown function

wecD 4722 ECA TDP-fucosamine acetyltransferase

fliF 2390 flagellar biosynthesis flagellar M-ring protein

wecE 4723 ECA TDP-4-oxo-6-deoxy-D-glucose transaminase

– 4350 nd unknown function

yebA 2299 nd cell wall endopeptidase, family M23/M37

fliJ 2394 flagellar biosynthesis flagellar biosynthesis chaperone; rod/hook and filament chaperone

– 5018 nd unknown function

oxyR 4959 nd transcriptional regulator

wecB 4718 ECA UDP-N-acetylglucosamine 2-epimerase

ybeB 0750 nd unknown function

ycfM 1381 nd putative outer membrane lipoprotein

– 2444 nd unknown function

wecC 4719 ECA UDP-N-acetyl-D-mannosamine dehydrogenase

ompA 1214 nd outer membrane protein A precursor; osmoregulation

flgC 1346 flagellar biosynthesis
flagellar basal body rod protein; part of proximal portion of the flagellar 
basal body rod

fliO 2399 flagellar biosynthesis
flagellar biosynthesis; a membrane components of the flagellar export 
apparatus

sdhD 0852 nd succinate dehydrogenase hydrophobic membrane anchor protein

*
nd = not determined
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