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Abstract

Salmonella enterica Serovar Typhimurium (Salmonella) and its bacteriophage P22 are a

model system for the study of horizontal gene transfer by generalized transduction. Typi-

cally, the P22 DNA packaging machinery initiates packaging when a short sequence of

DNA, known as the pac site, is recognized on the P22 genome. However, sequences similar

to the pac site in the host genome, called pseudo-pac sites, lead to erroneous packaging

and subsequent generalized transduction of Salmonella DNA. While the general genomic

locations of the Salmonella pseudo-pac sites are known, the sequences themselves have

not been determined. We used visualization of P22 sequencing reads mapped to host Sal-

monella genomes to define regions of generalized transduction initiation and the likely loca-

tions of pseudo-pac sites. We searched each genome region for the sequence with the

highest similarity to the P22 pac site and aligned the resulting sequences. We built a regular

expression (sequence match pattern) from the alignment and used it to search the genomes

of two P22-susceptible Salmonella strains—LT2 and 14028S—for sequence matches. The

final regular expression successfully identified pseudo-pac sites in both LT2 and 14028S

that correspond with generalized transduction initiation sites in mapped read coverages.

The pseudo-pac site sequences identified in this study can be used to predict locations of

generalized transduction in other P22-susceptible hosts or to initiate generalized transduc-

tion at specific locations in P22-susceptible hosts with genetic engineering. Furthermore,

the bioinformatics approach used to identify the Salmonella pseudo-pac sites in this study

could be applied to other phage—host systems.

Author summary

Bacteriophage P22 has been a genetic tool and a key model for the study of generalized

transduction in Salmonella since the 1950s, yet certain components of the generalized

transduction molecular mechanism remain unknown. Specifically, the locations and

sequences of pseudo-pac sites, hypothesized to facilitate packaging of Salmonella DNA by

P22, have not been determined to date. In this study, we identified the specific locations
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and sequences of the pseudo-pac sites frequently recognized by P22 in Salmonella
genomes. The identification of highly efficient pseudo-pac sites in Salmonella helps us

understand the sequence specificity necessary for P22 pac site recognition and paves the

way for more targeted use of generalized transduction with P22.

Introduction

Transduction, the transfer of DNA between bacterial cells by bacteriophages, can lead to hori-

zontal gene transfer of entire operons of genetic material and can cause dramatic changes in

bacterial phenotypes [1–4]. Generalized transduction, one of several potential modes of trans-

duction, was first discovered in 1952 in the bacteriophage P22 and Salmonella enterica Serovar

Typhimurium LT2 (LT2), thus making these a model system for generalized transduction

[5,6]. Generalized transduction was initially thought to be a random transfer of host DNA, but

when the frequencies of transduced LT2 gene markers were quantified, it became clear that

transduction frequencies differed widely across the genome [7–9]. Similar transduction loca-

tions and frequencies were seen in 2 recent studies that used mapped P22 DNA sequencing

reads to visualize transduction patterns in LT2. These studies demonstrate that the

P22-facilitated generalized transduction of LT2 is nonrandom and consistent between meth-

ods and experiments [10,11]. The observed pattern consists of sharp increases in read coverage

followed by sloping decreases of coverage across several regions of the LT2 genome (Fig 1A).

P22 uses a headful packaging mechanism in which a short sequence of DNA, known as the

pac site, is recognized prior to packaging initiation. After initiation, the P22 DNA packaging

machinery packages several capsids in series using the same concatemer of DNA on which the

pac site is located [14–16]. Generalized transduction by P22 occurs when its small terminase,

responsible for pac site recognition [17,18], recognizes a sequence in the host genome that is

similar to the phage’s pac site (i.e., pseudo-pac site), leading to initiation of packaging on the

bacterial chromosome [9,18–20]. The locations of pseudo-pac sites along a bacterial chromo-

some lead to the nonrandom generalized transduction patterns observed between P22 and

LT2. Despite P22’s pac site sequence having been previously described by Wu and colleagues

[13], the exact pseudo-pac site sequences and locations remained unknown.

Results

Identifying pseudo-pac site candidate sequences

We used sequencing reads from ultra-purified P22 propagated on LT2 and mapped them back

to the LT2 genome to identify the locations where pseudo-pac site facilitated packaging of the

LT2 genome occurred. The regions where packaging is initiated are characterized by a sudden,

sharp increase in read coverage (Fig 1A). We visually identified 8 sites that matched this profile

and extracted 120 base pair (bp) regions of the LT2 genome surrounding these sites (Fig 1A).

We chose 120 bp because the P22 packaging machinery makes its packaging initiation cuts in

a 120 bp region surrounding its pac site [17]. We searched each of the eight 120 bp regions for

the sequence that best matched the 12 bp P22 consensus pac site sequence—50 AAGATTTAT

CTG 30—identified in Casjens and colleagues [12] and further characterized by Wu and col-

leagues [13] using P22 mutants. For generalized transduction events whose read coverage pat-

terns sloped left to right across the LT2 genome (sites 3, 4, 5, 7, and 8), we searched the

forward strand of the genome and for events that sloped right to left (sites 1, 2, and 6), we

searched the reverse strand. The 8 sequences that best matched the P22 pac site in each of the
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Fig 1. Salmonella pseudo-pac site candidate sequences identified using P22 reads mapped to the Salmonella genome. (A) Coverage plot of

the Salmonella enterica Serovar Typhimurium LT2 (LT2) genome with sequencing reads from purified P22. Black vertical lines indicate the eight

initiation sites for generalized transduction and the locations of the associated pseudo-pac sites along the LT2 genome. The exact locations of the

pseudo-pac site sequences identified in this study are highlighted in pink on subsets of the LT2 read coverage plot associated with each site. The

sequence of the pseudo-pac site candidate associated with each site is displayed above its respective read coverage plot. (B) A multiple sequence
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120 bp regions (Fig 1A) are henceforth referred to as pseudo-pac site candidates. We per-

formed a multiple sequence alignment (MSA) of the pseudo-pac site candidates and neighbor-

ing genome regions which revealed that sequence conservation between the candidates

extended beyond the 12 bp pseudo-pac site consensus region (Fig 1B). We adjusted the con-

sensus region to include all strongly conserved regions of the MSA accordingly.

Confirming accuracy of the pseudo-pac site consensus sequence

To determine if the consensus sequence obtained using the MSA was accurate, we used it to

“scan” the genome of Salmonella enterica Serovar Typhimurium 14028S (14028S) for matches.

Strain 14028S is susceptible to P22 infection and based on read mapping, we determined that

14028S shares the same generalized transduction sites and associated candidate pseudo-pac

site sequences as LT2. However, when 14028S is infected with P22, we observed 1 additional

generalized transduction site located on the reverse strand around 1.3 Mbp in the mapped

read coverages. The additional site was seemingly not present in LT2 when infected with P22

(Fig 2A). We hypothesized that if our pseudo-pac site consensus sequence was correct, it could

be used to identify the pseudo-pac site present at the additional generalized transduction site

in 14028S. We built a regular expression (sequence match pattern)—50 AAG[AG][TC][AT]

[AT][ATC][TC][TC]T[GT][ACG][ACG][ACG]TC 30—that represents the bases observed for

each position of the MSA. This regular expression specifies that any matching sequence will

have an AAG in the first 3 positions, the fourth position must be either A or G, the fifth posi-

tion must be either T or C, and so on. Five new sequences were identified in both LT2 and

14028S using the regular expression, two of which, located on the forward strand around 2.5

and 2.8 Mbp, were associated with right to left sloping read coverages immediately following

the match location. These sequence matches likely represent 2 additional pseudo-pac sites in

the LT2 and 14028S genomes (sites 9 and 10, respectively, in Fig 2C) which were not identified

in our initial visual screen as they are not as prominent in LT2 compared to 14028S.

Despite the newly identified sites, the additional generalized transduction site present in

14028S was not identified by the regular expression which indicated an error in the consensus

sequence. After testing various changes to the regular expression, we ultimately found that

changing the conserved G in position three to G or C enabled the identification of the addi-

tional pseudo-pac site in 14028S (Fig 2C) with minimal false positives. While we only tested a

relatively small number of all the possible changes to the regular expression, we found that

changes to other conserved positions, like the As in the first 2 positions or the C in the last

position, caused large increases in false positive matches (S1 Fig). Eight out of the 18 and 19

matches in LT2 and 14028S, respectively, to the final regular expression do not appear to be

associated with large jumps and/or sloping read coverages. This could be due to the corre-

sponding generalized transduction patterns being covered by more prominent patterns at

these positions or by secondary DNA structures preventing the P22 packaging machinery

from binding.

Discussion

Based on the evidence presented, we are confident that the 10 pseudo-pac site sequences iden-

tified in LT2 (Fig 2D) are the exact sequences that P22 routinely recognizes for generalized

alignment (MSA) generated with ClustalW of the 8 pseudo-pac site candidate sequences, the P22 pac site and the respective neighboring genome

sequences. The location of the 12-bp pac site consensus region, identified in Casjens and colleagues [12] and further characterized by Wu and

colleagues [13], is defined above the MSA. The regular expression pattern built from the pseudo-pac site candidate sequences is displayed below

the MSA.

https://doi.org/10.1371/journal.ppat.1012301.g001
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Fig 2. Salmonella pseudo-pac site sequences identified using regular expression searches. (A–C) Coverage plots of the

Salmonella enterica Serovar Typhimurium LT2 (LT2) and Salmonella enterica Serovar Typhimurium 14028S (14028S) genomes

with sequencing reads from purified P22. The additional generalized transduction site present in 14028S but not LT2 is shaded in

grey. The regular expression (Regex) patterns used to search the Salmonella genomes for additional pseudo-pac sites are displayed

above their associated plots. Black vertical lines indicate the locations of the pseudo-pac site sequences that were previously
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transduction. We are also confident that our final regular expression pseudo-pac site consen-

sus sequence—50 AA[GC][AG][TC][AT][AT][ATC][TC][TC]T[GT][ACG][ACG] [ACG]TC

30—can identify highly efficient pseudo-pac sites in other P22-susceptible Salmonella strains,

like the 11 sites identified in 14028S (Fig 2D). Our results could be further validated in vitro by

genetically engineering the pseudo-pac site sequences identified in this study into a P22-sus-

ceptible host bacteria, infecting the host with P22, and sequencing the purified P22 to deter-

mine if generalized transduction was induced at the location of the inserted pseudo-pac site

sequence. The identification of pseudo-pac sites in Salmonella provides fundamental insights

into the sequence specificity necessary for P22 pac site recognition and opens the door to more

targeted use of generalized transduction with P22.

Additionally, we hope that the methods used to identify the P22 pseudo-pac sites in LT2

and 14028S can be adapted by others to identify pseudo-pac sites used for generalized trans-

duction in diverse phage—host systems.

Materials and methods

The ultra-purified P22 reads used for mapping against LT2 originated from previously pub-

lished Illumina sequencing reads [10]. We used BBMap [21] with ambiguous = random,

qtrim = lr, and minid = 0.97 for mapping and pileup.sh with stdev = t and binsize = 25 to cre-

ate data frames for read coverage visualization in R using ggplot2 [22]. We created an R script

(S1 Text) to search the eight 120 bp regions across the LT2 genome for matches to the P22 pac

site. We performed the MSA of both the P22 pac site and the pseudo-pac site candidates

including the respective neighboring genome regions with ClustalW [23]. We used a Full Mul-

tiple Alignment and Bootstrap NJ Tree with 1,000 trees for the ClustalW MSA. We created an

R function to search both the forward and reverse strands of genome sequences for regular

expression matches (S1 Text).

Supporting information

S1 Fig. Examples of Salmonella genome matches to other regular expression patterns. (A–

C) Coverage plots of the Salmonella enterica sv. Typhimurium LT2 (LT2) and Salmonella
enterica sv. Typhimurium 14028S (14028S) genomes with sequencing reads from purified P22.

The additional generalized transduction site present in 14028S but not LT2 is shaded in gray.

The regular expression (Regex) patterns used to search the Salmonella genomes for additional

pseudo-pac sites are displayed above their associated plots. Black vertical lines indicate the

locations of the pseudo-pac site sequences that were previously identified in this study. Orange

and pink dashed lines indicate the locations of regular expression matches on the forward and

reverse Salmonella genome strands, respectively.

(TIF)

S1 Text. R code used to identify the pseudo-pac site sequences.

(DOCX)

identified in this study. Orange and pink dashed lines indicate the locations of regex matches on the forward and reverse

Salmonella genome strands, respectively. The additional pseudo-pac sites identified with the regex searches, sites 9–11, are

indicated in dashed boxes below their respective pattern match locations. (D) A summary table with information about each

pseudo-pac site identified in this study numbered in order of detection. Sites 1–8 were initially visually identified using P22 read

coverages mapped to the Salmonella genome. Sites 9–11 were identified using the regex searches and were confirmed visually with

read coverages.

https://doi.org/10.1371/journal.ppat.1012301.g002
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