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Lambdoid phages with abundant Chi recombination
hotspots reflect diverse viral strategies for
recombination-dependent growth

Clarence Zheng,1,4 Sherwood R. Casjens,2 Alan R. Davidson,3 Susan K. Amundsen,1

and Gerald R. Smith1
1Fred Hutchinson Cancer Center, Seattle, Washington 98109, USA; 2Department of Pathology, University of Utah, Salt Lake City,
Utah 84112, USA; 3Department of Molecular Genetics and Department of Biochemistry, University of Toronto, Toronto,
Ontario M5G 1M1, Canada

Many phages encode recombination-mediating enzymes, but characterization of their roles in phage lifecycles is limited,

and their impact on phage replication is controversial. To address these issues, we have searched for phages whose growth

is impacted by the major recombination-promoting helicase-nuclease of Escherichia coli, the RecBCD enzyme. Although no

phages inhibited by RecBCD are identified, growth of a newly isolated phage, named LLS, is enhanced by RecBCD. LLS’s

genome sequence reveals it is related to bacteriophage λ but encodes no recombination-promoting (Rec) proteins or asso-

ciated RecBCD inhibitor. However, it contains an unexpectedly high number of Chi sites, activators of RecBCD-dependent

recombination. Through analysis of 325 genomes of phages related to λ (lambdoid phages), we have found 71 other phage

genomes that encode no Rec proteins but mostly possess large numbers of Chi sites. Conversely, phages encoding Rec pro-

teins and a RecBCD inhibitor (collectively a Rec module) mostly lack Chi sites. Lambdoid phages of both diverse enteric

bacteria and a pseudomonad have these properties. For this study, we thoroughly analyze the Recmodules of 246 lambdoid

phage genomes. These analyses reveal a remarkable heterogeneity of Rec module protein types, both in sequence and in

function, and allow us to identify phages that do not contain Rec modules. We conclude that phages lacking their own re-

combination systems have compensated by becoming enriched in Chi sites, enabling them to use the host’s RecBCD to fulfill

the requirement for recombination to efficiently replicate. This study highlights the importance of recombination for phage

survival and the diversity of strategies to achieve it.

[Supplemental material is available for this article.]

Viruses encodemany functions essential for their growth, but host
functions are also critical for nearly all viruses. Examples of the lat-
ter are functions for energy production (ATP synthesis) and syn-
thesis of precursors for macromolecules (amino acids for proteins
and nucleoside triphosphates for DNA and RNA synthesis). In
some cases, as studied here, recombination is critical for viral
DNA replication, which together produce concatemeric DNA es-
sential for viral packaging. This is the case for viruses as diverse
as bacteriophage, such as λ, and human viruses, such as herpes
simplex virus (HSV) and pox virus (Weller and Sawitzke 2014;
Weerasooriya et al. 2019; Packard and Dembowski 2021; Evans
2022). The recombination functions can be encoded by the virus
or be supplied by the host. In some cases, these two sources can
be used interchangeably, but in other cases, only the host func-
tions are available because the virus does not encode recombina-
tion functions.

An example of a virus requiring host-encoded recombina-
tion is Escherichia coli temperate phage P1, which requires the
host’s recombination proteins RecA and RecBCD for growth

(Sternberg and Hoess 1983). These proteins promote recombina-
tion of P1’s terminal direct repeats of ∼5–10 kbp when P1’s 94.8
kbp linear DNA is injected into the cell. Terminal-repeat recombi-
nation forms circular DNA, which is replicated to form the conca-
temeric DNA that is essential for packaging and formation of
progeny phage. The host RecA promotes exchange of homolo-
gous DNA strands to form D-loops and Holliday junctions, which
lead to DNA break repair and recombination (Bell and
Kowalczykowski 2016). The three-subunit RecBCD enzyme of
E. coli and other enteric bacteria is a complex helicase-nuclease
with multiple enzymatic activities (for review, see Amundsen
and Smith 2023). During its rapid unwinding of DNA (up to 1
kb/sec), RecBCD produces single-stranded loops and tails. Upon
encountering a properly oriented crossover hotspot instigator
(Chi) site 5′-GCTGGTGG-3′, RecBCD nicks the strand with that
sequence and loads RecA onto the newly generated 3′-end.
Polymerization of RecA then forms a single-stranded DNA–pro-
tein filament, which can engage homologous duplex DNA to
form a D-loop. Replication can be initiated at the invading 3′-
end in the D-loop, leading to abundant DNA for formation of
new progeny. These essential recombination events are likely
stimulated by the 50 Chi sites in P1 DNA, most of which are in4Present address: Department of Biological Engineering,
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or near its terminal repeats; three P1-related phages have similar
properties (Subramaniam and Smith 2022).

Phages related to the well-studied bacteriophage λ (lambdoid
phages) also require recombination for their growth (for review,
see Smith 1983; for discussion of phage classification nomencla-
ture, see Valencia-Toxqui and Ramsey 2024). The classic bacterio-
phage λ encodes its own nuclease (Exo) and strand-exchange
protein (Beta); the corresponding genes are often designated redα
(or exo) and redβ (or bet). Consequently, λ grows on recA and
recBCDmutant hosts. λ also encodes an inhibitor of RecBCD called
Gam. λ red gam double mutants fail to grow on recA mutants
because of the lack of both host- and phage-promoted recombina-
tion. They do grow on recBCD nuclease-negative cells because roll-
ing circle replication, which occurs in the absence RecBCD
nuclease activity (with or without recombination), produces con-
catemeric DNA for packaging.

The RecBCDof E. coli and other enteric bacteria is activated by
Chi sequences to enhance repair and recombination of broken
(linear) DNA (for review, see Smith 2012). E. coli strain K-12 (ob-
tained from the NCBI GenBank database [https://www.ncbi.nlm
.nih.gov/genbank/] under accession number NC_000913.3) has
1008 Chi sites in its 4.64 Mbp genome, or one per 4.6 kbp on av-
erage (Blattner et al. 1997). In contrast, some E. coli phages, includ-
ing the 48.5 kbp bacteriophage λ (GenBank accession number
J02459), have no Chi sites (Lam et al. 1974). Consequently, nu-
merous authors (e.g., Biswas et al. 1995;
Myers et al. 1995; Anderson and
Kowalczykowski 1998; Kobayashi 1998;
Jockovich and Myers 2001; Stahl 2005;
Dillingham and Kowalczykowski 2008;
Handa et al. 2012; Wigley 2013; Levy
et al. 2015; Cheng et al. 2020; Millman
et al. 2020; Wilkinson et al. 2022) have
stated that RecBCD distinguishes E. coli’s
DNA from other (“foreign”) DNA based
on Chi and destroys intracellular foreign
DNAwhile saving E. coli DNA. For exam-
ple, the title of one paper (Cheng et al.
2020) states, “… Chi converts RecBCD
from phage destruction to DNA repair,”
but this and other published papers do
not specify any phage that is actually de-
stroyed by RecBCD.We recently reported
an extensive, but fruitless, search for
such phages (Zheng et al. 2024).
Instead, we found four independent iso-
lates of a phage whose growth is aided
by RecBCD, a behavior opposite to that
of the widespread dogma about RecBCD
destroying foreign DNA.

In this report, we describe and ana-
lyze the genomes of these four newly
isolated lambdoid phages, which carry
abundant Chi sites. In parallel with
the analysis of these phages, we ex-
amined the genome sequences of 313
other lambdoid phages from various
Enterobacteriales species and of 11 from
Pseudomonas aeruginosa. To evaluate the
interaction of host and phage recombi-
nation systems, we grouped these 325
phages based on their recombination

functions and their Chi content. The analysis of these phages
and their encoded proteins provides broad perspective and allows
discussion of the complex evolution of these phages and their in-
teraction with RecBCD and Chi.

Results and Discussion

Four lambdoid phages aided by RecBCD

In our search for phages destroyed by RecBCD in cells, we tested
more than 125 sources for phages that could grow in the absence
of RecBCD but not in its presence in cells (Zheng et al. 2024).
These sources were the feces of warm-blooded animals (mammals
and birds), ponds and streams visited by them, and sewage plant
effluent. To avoid host restriction of the phages, we plated
these samples on E. coli strain ER1821 (recBCD+), which lacks all
known restriction enzymes (Jobling et al. 2016), and its isogenic
derivative ER1821 ΔrecBCD, which lacks RecBCD (Supplemental
Fig. S1). Bacterial strains used in this report are described in
Supplemental Table S1. Among the more than 80 independent
phages tested, we found none that were blocked by the presence
of RecBCD enzyme, but we did find four independently isolated
phages that made plaques that are more readily visible on
recBCD+ than on ΔrecBCD. On both strains, the plaques were small
and hazy (Fig. 1A); on some days, they were clearly visible on

A B

Figure 1. LLS phage grows less well on the recBCD deletion strain than on recBCD+ E. coli. (A, top) A
suspension of LLS phage containing about 200 phages (pfu) was plated on ER1821 ΔrecBCD and
ER1821 recBCD+ (wt). After overnight incubation at 37°C, photographs were made. (Bottom)
Bacteriophage λ was used similarly as a control, showing that it grows equally well with and without
RecBCD, as expected. Phages mouse 3, rabbit 1, and dog 1 behaved like LLS as expected because
they have the same DNA sequence. (B) Growth curves show LLS requires RecBCD for optimal growth,
but λ does not. ER1821 (recBCD+; round symbols) and ER1821 ΔrecBCD (star symbols) growing in tryp-
tone broth at 37°C were infected with LLS (red symbols) or λ (black symbols) at an moi of about 0.01.
Samples were removed at the indicated times into SM with CHCl3 and titered on ER1821. Similar results
were observed in a repeat experiment.
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recBCD+ but not visible on ΔrecBCD. These four phages, which be-
haved similarly, were from a peat bog lake (Larsen Lake, the source
of phage Larsen Lake Small [LLS]) and mammalian feces (phages
rabbit 1, dog 1, andmouse 3) (Supplemental Fig. S2). The last three
phages were isolated about a year after LLS was isolated. We also
tested these phages on other isogenic E. coli recBCD+ and recBCD-
null mutant strains in our laboratory and found similar results.

To quantify RecBCD’s aiding the growth of these phages, we
examined LLS inmore detail with λ as a control. Cells in liquid cul-
ture were infected at a multiplicity of infection (moi) of ∼0.01. At
various times, samples of the cultures were treated with CHCl3 and
titered on ER1821 recBCD+. λ grew indistinguishably in recBCD+

and ΔrecBCD, but LLS growth was considerably slower in
ΔrecBCD relative to recBCD+, and full phage yield was delayed by
∼1 h (Fig. 1B). These data are consistent with the plaque size differ-
encementioned above. LLS alsomademore readily visible plaques
on a recD mutant host than on recB or recC mutant hosts, likely
because recD mutants are recombination-proficient, although
they lack nuclease activity (Amundsen et al. 1986).

We isolated DNA from the above four phages and sequenced
their genomes (LLS was sequenced twice). The five sequences,
42,883 bp long, were identical. This sequence (GenBank accession
number PQ299149) shows that these phages are related to bacter-
iophage λ (48.5 kbp) based on their encoded proteins, inferred
transcription pattern, and gene expression cascade discussed
next (Fig. 2). LLS is thus clearly a lambdoid phage, and its genome
has a mosaic relationship to those of other lambdoid phages.
Hereafter, we refer to these phages as LLS.

We were initially surprised that the nucleotide sequences of
these four phages were identical, because they were isolated at
four different sites 3 to 40 km apart (Supplemental Fig. S2), and
LLSwas isolated about 1 year before the other three.We later noted
previous reports of very closely related phages being isolated in
even more distant global positions, such as Norway, Greece, and

Chile or such as Puerto Rico and Antarctica, and sometimes across
several years (Breitbart et al. 2004; Kalatzis et al. 2017; Bellas et al.
2020). We conjecture that the LLS phage described here has been
spread in the Seattle area, perhaps by birds flying among the sites
of isolation (Supplemental Fig. S2).

LLS is a lambdoid phage with novel properties

We analyzed in more detail the relationship of LLS genes to those
of other lambdoid phages, proceeding from left to right across the
genome (in the standard λ orientation with terminase genes at the
left end). The left-most 18.5 kbp and right-most 0.5 kbp of LLS are
very similar to lambdoid phage mEp213 (Fig. 2), which was isolat-
ed from a human fecal sample in Mexico (Kameyama et al. 1999).
This region includes the DNA packaging cos site and all head and
tail genes except the side tail-fiber genes. Large terminase protein
sequences correlate with the type of DNA ends that are generated
during packaging (Casjens et al. 2005; Casjens and Gilcrease
2009), and the LLS TerL protein falls with high confidence in the
same group as that of bacteriophage λ TerL (E =4×10−18 by
BLASTP analysis with 84% query coverage). Thus, like λ, LLS very
likely creates cohesive ends with a 5′-overhang. We infer that
LLS creates cohesive ends with a 12-nucleotide 5′-overhang
(5′-GGGCGGCGCGCT…-3′), the same as the putative cos site of
mEp213 (Vahanian et al. 2017; M. Feiss, pers. comm.) but slightly
different from the cos site of λ (5′-GGGCGGCGACCT…-3′, differ-
ences underlined) (Sanger et al. 1982). The head proteins of
mEp213 have not been studied. They are very different from those
of λ but are similar to those of lambdoid phage Gifsy-2, whose pro-
head protease and coat protein genes are fused (Effantin et al.
2010). The LLS tail proteins are quite similar to λ tail proteins,
but the LLS side-tail-fibers are not closely related to those of any
other reported phage. LLS has two adjacent and oppositely orient-
ed putative tail-fiber genes and a DNA invertase gene, suggesting
that LLS likely undergoes tail-fiber tip (and thus host receptor)
switching similar to that of phages Mu and P1 (Grundy and
Howe 1984; Sandmeier et al. 1992).

The integrase (Int) gene and attP attachment site of LLS
were deduced by comparison with known prophages. LLS’s Int
is 99.7% identical to that of a prophage present in the genome
of E. coli strain FSIS12139259 (GenBank accession number
ABAGKQ010000015); this prophage is integrated in the tmRNA-
encoding ssrA RNA gene. Thus, LLS contains a 29 bp sequence
identical to that of the 3′-end of the ssrA gene and should integrate
its chromosome into the 3′-end of the E. coli ssrA gene without de-
stroying its function, and the putative attP site is contained within
the LLS bp 26,466–26,494 interval. Curiously, the E. coli K-12 mo-
bile element CP4-57 can be integrated in the same host gene and
excised by the element’s IntA protein (Kirby et al. 1994; Trempy
et al. 1994; Wang et al. 2009), which is only 17% identical to the
LLS Int. This appears to be a case in which quite different DNA el-
ements (a phage and a mobile element) have converged to use the
same bacterial target.

The lambdoid phages that have been studied experimentally,
such as λ and P22, have genes involved in homologous recombina-
tion in the middle of the leftward operon expressed early after in-
fection. LLS appears not to have such genes, and this unusual
feature is discussed in more detail below.

The closest known relatives of LLS CI repressor and Cro pro-
teins are the cognate proteins encoded by phage mEp460_4F5
(GenBank accession number LR595868), which are 89% and
78% identical in the two phages, respectively. To our knowledge,

Figure 2. Map of the phage LLS genome. The gray rectangles represent
phage LLS and bacteriophage λ genomes. Green and red arrows indicate
early and late transcription, respectively, and the orange arrows indicate
repressor transcripts from the prophages. Gene functions are shown above
and below the twomaps; genemodules encoding proteins of related func-
tion, such as formation of phage heads, are indicated by horizontal orange
bars. The thick black bar above the LLS genome marks the region of 98%
identity to the phagemEp213 genome (Kameyama et al. 1999). The open
reading frames in the early left operon regions are expanded at the top and
bottom. Note that λ has a Rec module, with exo, beta, and gam, between
the integration genes and the cI repressor gene, whereas LLS has genes of
unrelated function (see text). LLS genes at the bottom are indicated by
names within the green arrows and by numbers above the gray bar.
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phage mEp460_4F5 has not been studied experimentally. Among
the phage repressors of known specificity, the LLS repressor is only
47% identical to its closest relative, phage P22 repressor, and this
similarity is largely in the C-terminal, non-DNA-binding domain.
The operator specificity of LLS repressor remains unknown and is
likely novel.

The LLS DNA replication module is unusual among studied
lambdoid phages in that it contains only one gene, a homolog
of the λ origin-binding O protein. No homolog (or analog) of the
λ P helicase loader or other known replication protein is encoded
by the LLS replication module. This situation is, however, not
unique in the lambdoid phages: 34 members of the 314
Enterobacteriales lambdoid phages studied here (see below) encode
only a geneO protein homologwith no helicase or helicase loader.
None of these 34 phages have been studied experimentally, and
replication of this type of lambdoid phage is not yet understood.

No homolog of the λ early antiterminator N protein is found
in the LLS genome, so it may have a put RNA-mediated early anti-
termination mechanism like phage HK022 (Banik-Maiti et al.
1997; Weisberg et al. 1999; Kang et al. 2017). At 56% identical,
LLS’s late antiterminator Q protein is a “type 5” Q protein accord-
ing to our earlier analysis of Q proteins (Grose and Casjens 2014),
and its closest relative is that of phage λ_2H10.

The five-gene LLS lysis module (genes 52, 53, 54, 55, and 56)
is very similar to that of lambdoid phage 21. It encodes a pinholin
that allows release of the signal-anchor-release-type lysozyme
through the inner membrane and an antipinholin inhibitor as
well as i-spanin and o-spanin proteins that disrupt the outer mem-
brane (see Feiss et al. 2022 and references therein). These analyses
establish LLS as a lambdoid phage.

LLS contains many terminally clustered Chi sites

that stimulate recombination

Because LLS grows better on cells with RecBCD than on cells with-
out it (Fig. 1) and because a Chi sitemutation enhances growth of λ
red gammutants in cells with RecBCD (Lam et al. 1974; Henderson
and Weil 1975), we examined the LLS sequence for Chi
(5′-GCTGGTGG-3′) (Smith et al. 1981). Unexpectedly, we found
that LLS has 23 Chi sites, most of which are concentrated near
the right end of the genome when aligned with the standard λ

map (Fig. 3A). Twenty of them are in the orientation necessary
for (1) Chi stimulation of homologous recombination in bacterio-
phage λ red gam χ+ mutants and (2) nicking of DNA at Chi by
RecBCD enzyme entering the DNA from the right end (as defined
in Fig. 2) (Faulds et al. 1979; Taylor et al. 1985). This contrasts
sharply with wild-type λ, which has no Chi sites. To our knowl-
edge, the Chi octamer acts only with RecBCD, and the abundance
of Chi sites is consistent with LLS requiring RecBCD for optimal
growth.

Lambdoid phage homologous recombination modules

LLS is unusual among lambdoid phages in two seemingly related
aspects. It appears not to have genes related to homologous recom-
bination in its early left operon, and it hasmanyChi sites (Fig. 3A).
To explore this finding further and to verify the conclusions, we
extended our analysis to homologous recombination genes and
Chi site distributions in other lambdoid phages. Each of the early
left operons in the well-studied lambdoid phages λ, P22, and
HK620 and the defective Rac prophage in E. coli K-12 contains a
contiguous cluster of homologous recombination genes (Recmod-
ules) (Fig. 2; Table 1). These genes have also been implicated in the
switch from circular (θ or theta) replication to rolling circle (σ or
sigma) replication in bacteriophage λ (Enquist and Skalka 1973;
Smith 1983). The genes in the Rec modules of these phages form
contiguous clusters with no extraneous genes with unknown or
nonrecombination functions. Our examination of this region in
a panel of 325 lambdoid phage genomes (for more detail, see
Supplemental Material) indicates that genes with some com-
bination of the following four functions are found in the Recmod-
ules of most lambdoid phages: (1) single-strand DNA-binding
proteins (SSBs), (2) nucleases, (3) proteins that promote DNA
strand-annealing (SAPs), and (4) proteins that inhibit RecBCDheli-
case-nuclease (anti-RecBCD) (Table 1). For explanations of the
Rec protein designation methodology used in this report, see Sup-
plemental Material and Supplemental Table S2. Supplemental
Table S3 lists the 325 phages in our lambdoid phage panel, their
Rec module type, recombination gene sequence types and protein
function types, host species, genome accession number, and
information about Chi sites. The proteins that perform each of
these functions in the panel phages can be homologswith very dif-
ferent amino acid sequences (different “sequence types”) or can be

nonhomologous proteins with similar
functions (and thus grouped into differ-
ent “functional types”) (Supplemental
Table S4, columnsD–G). These in turn al-
low the definition of module “sequence
types” (Supplemental Table S4, columns
A,B) and module “functional types”
(Supplemental Table S4, column H).
The four functional types of recombina-
tion proteins are discussed in the follow-
ing paragraphs.

Single-strand DNA-binding proteins

The λ, P22, and Rac Rec modules do not
encode an SSB, butmanyother lambdoid
phages do (Table 1; Supplemental Tables
S3, S4). Although they have not been
studied experimentally, Sf6 and ES18
Rec Module proteins have been recog-
nized by sequence homology as robust

A B

Figure 3. Phages LLS andMD8containmanyChi sites, which are concentratednear the right end.Dots
are placed at the positions of Chi along the phage genomewith equal vertical spacing reflecting their nu-
merical order and showing a high concentration near the right end (vertical dashed line). Red dots areChi
sites in the orientation to activate RecBCD entering the DNA from the right end, as in bacteriophage λ
(Kobayashi et al. 1982). (A) E. coli phage LLS. Note that the active Chi sites (5′-GCTGGTGG-3′ on the
top strand) are about seven times more abundant than the inactive ones (20 vs. three). (B) P. aeruginosa
phage MD8 (Evseev et al. 2021). Note that it has 32 Pseudomonas “Chi” sites (5′-GCTGGCGC-3′) in the
presumably active orientation but none in the opposite orientation. For additional P. aeruginosa phages
related to MD8, see Supplemental Fig. S5.
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members of the bacterial SSB family (Casjens et al. 2004, 2005),
and they have similar AlphaFold 3-predicted structures (Fig. 4A;
Abramson et al. 2024). We call this protein sequence type “SSB-
1” (Supplemental Table S2). The Rec modules of phage HK97
and phage Chronis encode other very different proteins, gp40
and gp37, whose predicted structures are similar to bacterial SSBs
and which we call SSB-1b and SSB-1c, respectively; presumably,
these have diverged to the point of having little to no recognizable
amino acid sequence similarity to known SSBs (e.g., ≤15% identi-
cal to ES18 SSB-1) (Figs. 4A, 5). The HK620 Rec module encodes
protein HhaK (called “SSB-2” here), which binds ssDNA in vitro
but is not a homolog of bacterial SSB (Fig. 4A; Hutinet et al. 2018).

SSBs are important in many bacterial DNA transactions, and
the fact that they are often encoded by genes within lambdoid
Rec modules strongly suggests involvement in phage-mediated
homologous recombination. E. coli SSB is required for bacterial re-
combination (Glassberg et al. 1979) and recombination in bacter-
iophage λ red gammutants (Ennis et al. 1987). SSB binds the λDNA
strand-exchange protein Beta (Zakharova et al. 2024) and presum-
ably enhances the activity of Beta and RecA proteins.

Nucleases

Bacteriophage λ and prophage Rac Rec modules encode nucleases,
but those of P22 and HK620 do not. The Rec modules of the lamb-
doid panel phages encode four different nuclease types; in addi-
tion, two Pseudomonad phages encode a nuclease similar to that
of RecB, not considered further here. Bacteriophage λ Exo and
Rac prophage RecE (also called exonuclease VIII) are 5′-to-3′ exo-
nucleases that promote homologous recombination (Joseph and
Kolodner 1983; for review, see Smith 1983). We also discovered

that lambdoid Recmodules can encodeDnaQ-like 3′-to-5′ nucleas-
es (Viswanathan and Lovett 1999) that have previously been im-
plicated in DNA polymerase proofreading (Moser et al. 1997)
and CRISPR spacer integration (Drabavicius et al. 2018), but, curi-
ously, usually inhibit homologous recombination (Lovett 2011).
The fourth nuclease type is composed of HNH-type endonucleases
that have been implicated in such varied processes as host defense,
intron mobility, DNA packaging and homologous recombination
(Xu and Gupta 2013; Kala et al. 2014; Wu et al. 2020). The appar-
ent mobility of some HNH nuclease genes suggests caution in pre-
dicting their roles from their gene position. Nonetheless, the tight
packing of phage epsilon34 DnaQ and ES18 HNH nuclease genes,
for example, with other canonical Rec module genes suggests they
are very likely legitimate Rec module members (Fig. 5).

Strand-annealing proteins

Bacteriophage λ Beta, phage P22 Erf, prophage Rac RecT, and
phage HK620 Sak4 (or HkaL) Rec module proteins catalyze
strand-annealing and exchange of complementary DNA strands
in vitro and promote homologous recombination in vivo
(Botstein and Matz 1970; Lopes et al. 2010; Hutinet et al. 2018;
Caldwell and Bell 2019; Brewster and Tolun 2020). The strand-
annealing proteins of the lambdoid panel phages can be parsed
into eightmajor sequence types by their strand-annealing domain
relationships. Seven of these are structurally related types within
the Rad52/Beta/Erf/RecT strand-annealing protein family, called
SAP proteins here (Fig. 4B; Supplemental Material; Supplemental
Fig. S3C; see also Lopes et al. 2010).Weuse the uniformnomencla-
ture “SAP-1,” “SAP-2,” etc., for clarity, because the more common
names do not indicate their unitary function. The eighth type

Table 1. Chi site number and distribution in Enterobacteriales lambdoid phages are strongly correlated with absence of anti-RecBCD in diverse
Rec modules

Class
Prototype
phagea

No. of
phages

Anti-
RecBCD SSB Nuclease SAP

No. of Chi sites
(top/bottom
strand); range

No. with four or
more top-strand

Chi sites

No. with right-
end clustered Chi

sitesb

A (no Rec
module)c

Larsen Lake
Small (LLS)

68 – – – – 25/0–3/1 62 48

B (no anti-
RecBCD)

Gifsy-1 21 – – + + 23/2–0/0 14 4

Tritos 4 – – + – 21/6–7/2 4 3

Sum 25 18 7

C (anti-
RecBCD)

λ 102 + – + + 15/1–0/0 8 0

P22 46 + – – + 13/4–0/0 4 0

HK75 27 + + – + 11/0–0/0 11 2

ES18 25 + + + + 5/0–0/0 1 0

Chronis 2 + + + – 0/0 0 0

Sum 202 24 2

D (other
(diversity
types)

mEp234 7 – + – + 7/0–0/0 2 0

Pocitis76 6 – + + + 8/0–0/0 1 0

EhrS_49 3 – – – + 7/0–0/0 1 0

SEN22 2 – + + – 0/0 0 0

ZF40 1 + – – – 19/2 1 0

Sum 19 5 0

aThe prototype phages of the 13 Rec module functional types illustrated by red brackets in Figure 5 and described in Supplemental Table S4.
bP<0.1 for Kolmogorov–Smirnov test for clustering (Massey 1951); phages with fewer than four top-strand Chi sites were not considered to have sig-
nificant right-end clustering regardless of P value.
cRecombination (Rec) modules are shown in Figure 5 and Supplemental Table S4.
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belongs to the Rad51/RecA SAP family that has a different polypep-
tide fold from that of the SAP proteins (Fig. 4B). In addition, three
Pseudomonad phages encode SAPs not closely related to others
studied here.

RecBCD inhibitors

The 325 lambdoid panel phages collectively encode four types of
nonhomologous anti-RecBCD proteins; the Gam, GamL, Abc2,
and MuGam type proteins inhibit various activities of the host
RecBCD helicase-nuclease (Supplemental Tables S3, S4). λ Gam
binds RecBCD at its DNA entry site, and MuGam binds DNA
ends, so both inhibit all RecBCD activities (d’Adda di Fagagna
et al. 2003; Bhattacharyya et al. 2018; Wilkinson et al. 2022).
P22 Abc2 binds to the RecC subunit and blocks activation at Chi
recombination hotspots (Murphy and Lewis 1993; Wilkinson
et al. 2022). λ Gam and ø80 GamL have very different amino
acid sequences (i.e., are different sequence types) but are predicted
to have similar protein folds (Fig. 4C); GamL blocks RecBCD by an

unknown mechanism but may bind RecBCD like Gam (Rotman
et al. 2012).

Other possible early left operon DNA transaction proteins

P22 Abc1 and Arf proteins are encoded by genes in its Rec module
and aid in, but are not essential for, homologous recombination.
Their molecular functions are unknown (Murphy et al. 1987;
Poteete et al. 1991). We identified several “RecE-2” proteins that
are distantly related to Rac and Gifsy-1 RecE proteins but appear
to lack a nuclease domain by AlphaFold 3 polypeptide fold analy-
sis. The roles of such proteins are not known, and these proteins
are not considered in detail here.

We considered the possibility of additional unrecognized
lambdoid Rec module genes. In addition to the above four pro-
teins, proteins that are very distant relatives of replicon partition-
ing proteins ParA and ParB are encoded separately in a few
lambdoid early left regions, but their very distant relationship to
canonical ParA and ParB suggests that their functions may have

Chronis gp37
(AF3)

HK620 gpHkaK
  (AF3)

E. coli SSB
(x-ray)

SSB protein folds

HK97 gp40
(AF3)

SSB-1

SSB-2

ES18 gp48
(AF3)

A

HK620 gpHkaL 
(AF3)

mEpX1 RecT
(SAP-3) (AF3)

P22 Erf (SAP-2)
(AF3)

Human Rad52
(x-ray).

Lambda Bet (SAP-1)
 (AF3 and C-term x-ray)

Human Rad51
(cryoEM).

E. coli RecA
(x-ray)

RecA type

Strand annealing protein foldsB

Gam/GamL

Lambda Gam
(from RecBCD
complex x-ray)

ø80 GamL
(AF3)

P22 Abc2
N-term frag
(from RecBCD
complex x-ray) HK140 MuGam

(AF3)
P22 Abc2

(AF3)

MuGam

*

Abc2

C Anti-RecBCD protein folds

Bet/Erf/RecT type

Figure 4. Polypeptide folds of Rec module proteins. Ribbon diagrams are shown for protein folds for single-strand binding proteins (SSBs; A), strand-
annealing proteins (SAPs; B), and anti-RecBCD proteins (C). The diagrams were created with ChimeraX-1.5 (Pettersen et al. 2004) from proteins folded
by AlphaFold 3 (AF3) (Abramson et al. 2024) unless otherwise indicated as determined by x-ray diffraction or cryo-electron microscopy. The core folds
of proteins are shown in rainbow mode with blue at the N terminus and red at the C terminus. “Extra” polypeptide chain not in the common core fold
is shown in tan. PDB accession numbers for experimentally determined structures shown are as follows: E. coli SSB, 1SRU and 4MZ9; λ Gam, 2UUZ and
5MBV; N-terminal fragment of P22 Abc2, 8B1T; C-terminal fragment of λ Beta, 7UJL and 6M9K; human Rad51, 5H1B; human Rad52, 8RIL; and E. coli
RecA, 7JY9 and 2REB.
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changed significantly. ParB-like genes are also sometimes present
in the early right operon, something that is not true for the true
Recmodule genes discussed above. A few lambdoid phages encode
RdgC protein homologs in their early left regions. RdgC is a DNA-
binding protein that is reported to inhibit RecA-mediated homol-
ogous recombination (Briggs et al. 2010); however, its structure is
very similar to that of λ RexA protein (Adams et al. 2024), suggest-
ing that it may function in superinfection exclusion and/or pro-
phage induction like λ RexA (Parma et al. 1992; Thomason et al.
2021). Its gene location, when it is present, just left of the cI repres-
sor gene in several phages suggests that it may be encoded within
the cI transcript like RexA. Finally, sporadic HNH nuclease and
DnaQ-type nuclease genes are present in some panel phages that
do not lie within a recognizable Rec module. When present in
the early left operon, the above five DNA-interaction protein types
are usually encoded very near int at the left end of the early left op-
eron or at the right end near the cI gene, rather than in the canon-
ical Recmodule location in themiddle of the early left operon (Fig.
2). In addition, they are often present in genomes that also have
separate canonical Rec modules. Thus, except for the cases in
which such a nuclease gene is contiguous with the other Rec mod-
ule proteins (above), we do not consider these to be Rec module
proteins.

There are very few examples of genes that are neatly placed in-
side otherwise canonical Recmodules of our lambdoid panel phag-
es whose function cannot be predicted by homology with a
protein of known function. However, apparent Rec module pro-
tein “SSB-1c” (above) is an example of a protein whose proposed
function remains rather speculative. It is neatly inside the Rec
module in the phages Chronis and Brookers, for example, and its
fold is reminiscent of that of SSB-1 proteins (Fig. 4A).We tentative-
ly include it in the SSB functional group, but additional work will
be required to confirm this.

Rec module diversity

The lambdoid Rec modules are extremely variable, and the phages
in our panel carry zero to four putative Recmodule genes (Table 1;
Supplemental Table S3). The 314 Enterobacteriales panel phage Rec
modules encode 34 different combinations of protein “sequence
types” that can be merged into 13 different module “functional
types” (Table 1; Fig. 5; Supplemental Table S4). Asmight be expect-
ed, we find that nearly all putative headful-packaging phages have
a Recmodule.We have foundno other convincing correlations be-
tween Rec module gene content and virion morphology, DNA
packaging terminase type, or replication protein type, which is
consistent with frequent shuffling of Rec and other modules dur-
ing phage evolution.

The various Rec module protein functional types and se-
quence types are present in numerous different combinations
(Fig. 5; Supplemental Table S4). For example, SAP sequence type
4 can apparently function (1) with no phage-encoded SSB (e.g.,
in phage HK140) or with SSB-2 (TL-2011c), (2) with no phage-
encoded nuclease (HK140) or with Exo (ø80) or RecE (Edno5)
type nucleases, and (3) with no anti-RecBCD protein (Edno5) or
with GamL (ø80) or MuGam (HK140) (Supplemental Table S4).
At least some of this apparent promiscuity is likely owing to shuf-
fling of partner interaction domains, but such an analysis is be-
yond the scope of this report.

Among the 246 Enterobacteriales-infecting panel members
with recognizable Rec module genes, only nine lack a SAP gene,
whereas 84 lack a nuclease gene, 177 lack an SSB gene, and 43

lack an anti-RecBCD gene. There are only three phages with
more than one gene that encode the same function in the Rec
module (GamL and MuGam anti-RecBCD proteins in HK639;
SSB-1 [frameshifted pseudogene] and SSB-1c in Brookers; and
Exo and HNH nucleases in PSTNGR2lys). It is not possible to be
certain of the functionality of the unstudied Rec module genes.
In particular, those modules with only one or two genes are some-
what suspect, although they could have evolved to require more
host functions than modules with three or four genes.
Nonetheless, there is no reason to suspect widespread nonfunc-
tionality, and there appear to be many ways to assemble an appar-
ently functional Rec module.

LLS and other lambdoid phages with no Rec module

We were initially surprised that 68 (22%) of the genomes in our
Enterobacteriales lambdoid phage panel have no recognizable Rec
module genes (Table 1; Supplemental Tables S3, S4). Unfortunate-
ly, none of the phages of this type has, to our knowledge, been
studied extensively in the laboratory, so it is not unequivocally
known if they truly have no Rec module or if they encode proteins
that cannot yet be recognized as having a recombination function;
however, no universally present genes of unknown function are
present in the early left region of these phages. During preparation
of this paper, we noted that Bobay et al. (2013) had analyzed from
RefSeq (ftp://ftp.ncbi.nih.gov/genomes/) the DNA sequences of

Figure 5. Lambdoid recombination modules. Genes are indicated by
pointed boxes drawn approximately to scale as follows: SSB (green), nucle-
ase (red), SAP (orange), and anti-RecBCD (blue). Different shades of the
same color indicate different sequence types. Pointed ends on the gene
boxes indicate the direction of transcription. Vertical red brackets on the
right indicate the 13 module types that encode the same combination of
functions regardless of their sequence relationships; the prototype phage
for each group (see Supplemental Table S4) is indicated in red text.
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237 lambdoid prophages and 38 lambdoid phages of E. coli and Sal-
monella for SAPs (homologs of λ Beta, P22 Erf, or HK620 Sak4) and
anti-RecBCD proteins (homologs of λ Gam or P22 Abc2); they did
not report analysis of Exo or SSB functions. They found that, of
these 275 prophages and phages, 134 had no apparent SAP (thus
designated “Rec−”), and 180 had no apparent anti-RecBCDprotein
(“Inh−”); all 134 Rec− were also Inh− and may correspond to the
“no Rec module” class described here (see below for further
discussion).

Phage LLS does not encode any of the known recombination
proteins and so belongs to this group, whichwe designate the “LLS
functional type group.” Its early left operon is most closely related
to the parallel region of lambdoid phages ST64B (Mmolawa et al.
2003) and øNP (Petty et al. 2011). For example, LLS-encoded pro-
teins gp37, gp38, and gp39 are 76%, 77%, and 90% identical to
phage ST64B gp35, gp36, and gp37, respectively. Homologs of
these three genes are sometimes called yfbR, yfdQ, and yfdP, respec-
tively; the first is predicted to encode a putative 5′-nucleotide
phosphatase, but the latter two have no known function. These
gene types are fairly common in the early left operon in lambdoid
phages but are not limited to, nor are they universally present in,
the phages that lack a canonical Rec module. For example, this
cluster is present in E. coli lambdoid phage ArgO145 (Krüger
et al. 2018), which also carries a complete and separate Recmodule
with all four functions (Supplemental Table S3). Thus, it seems un-
likely that these genes encode currently unrecognizable recombi-
nation proteins. We also note that some lambdoid phages carry
additional recombination-related proteins in their distal early
right operon “nin” region; however, LLS has no such gene there.

The LLS genome has unexpectedly abundant Chi sites

The genomes of the well-studied lambdoid phages λ, 21, 434, Sf6,
and P22 contain no Chi recombination hotspot sites, and in our
lambdoid phage panel (Supplemental Table S3), the genomes of
172 of 314 Enterobacteriales phages have only one or no Chi site.
Thus, it was somewhat surprising, as noted above, that the LLS ge-
nome contains 23 Chi sites (one site per 1.86 kbp on average). The
LLS Chi sites are not randomly distributed: 20 are in the orienta-
tion that is active in λ Chi-containing mutants (Faulds et al.
1979; Taylor et al. 1985), and half (10) occur in the rightmost

22%of the genome (as oriented in Fig. 2; Fig. 3A). The LLSChi den-
sity is 2.5 times higher than the 1008 Chi sites in E. coli K-12’s 4.6
million bp (one per 4.6 kbp). Random nucleotide association of
50% G+C DNA 50 kbp long, approximately as in nearly all phage
in our panel (Supplemental Table S3), predicts 0.85 Chi sites per
genome. These observations suggest that LLS has actively accumu-
lated Chi sites.

Bobay et al. (2013) noted that some of the 275 lambdoid pro-
phages and phages mentioned above have up to 27 Chi sites, and
these phages are generally Rec− Inh−. The 180 Inh− class have on
average about 2.5 times more Chi sites than expected from their
trinucleotide content, whereas the 95 Inh+ class, all of which are
Rec+, have fewer Chi sites than expected. We note, however, that
the prophages, which account for 86% of the sequences Bobay
et al. analyzed, could include as many as 15 insertion sequences,
such as IS3. These sequences likely represent cryptic (inactive) pro-
phages, whichwould be expected to accumulateChi just as the rest
of the E. coli chromosome does. Our analysis below revealed high
frequencies of Chi sites in active lambdoid phages infecting a wide
variety of Enterobacteriales strains and Pseudomonas.

We note that, although temperate phage P1 is not a lambdoid
phage, it also carries numerous Chi sites (50 in its 94.8 kbp ge-
nome, or one per 1.90 kbp) and requires RecBCD for growth
(Sternberg and Hoess 1983). The Chi sequence 5′ GCTGGTGG 3′

is the most frequent octamer in both the LLS and P1 genomes
(Supplemental Table S3; Subramaniam and Smith 2022). The
next most frequent octamer in each phage (5′-TGCTGGTG-3′) oc-
curs 16 times in LLS and 32 times in P1 and shares seven contigu-
ous nucleotides with Chi (underlined if in Chi sequence). In λ,
which lacks Chi, the most frequent octamer (5′-GCTGGCTG-3′)
occurs 18 times and shares only five contiguous nucleotides (un-
derlined) with Chi. The relatively high frequency of these
octamers related to Chi could mean that natural mutational pro-
cesses cause functional Chi sites to be inactivated frequently and
inactive sites tomutate to active Chi sites in these phages; namely,
Chi sitesmight be expected to come and go over evolutionary time
as modules are shuffled, as discussed further below.

Chi contains the most frequent codon (CTG) for leucine,
which is the most or second-most frequent amino acid in proteins
of LLS, λ, P1, and their E. coli host (Fig. 6; Subramaniam and Smith
2022). Codonusagemight thereby account for Chi’s high frequen-

cy in LLS, but a comparison of λ and LLS
argues against this view. The frequencies
of amino acids and codons are nearly
the same in λ and LLS (Fig. 6), indicating
that preferential codon usage does
not account for Chi being abundant in
LLS but absent from λ. We infer that
RecBCD’s positive role in the growth of
P1 and LLS results in Chi being positive-
ly selected to activate RecBCD for
recombination.

LLS represents an important class of

lambdoid phages that lack a Rec module

As described above and in Figure 2, anal-
ysis of the LLS genome sequence indicat-
ed that it is a typical lambdoid phage
except that it appears to have no Rec
module and has abundant Chi sites.
Among the 314 previously sequenced

Figure 6. Amino acid and codon frequencies are highly similar in bacteriophage λ (with no Chi sites)
and phage LLS (with 23 Chi sites). The frequencies of encoded amino acids (left) and codons (right) in λ
are plotted versus their frequencies in LLS. Note that the slope of the linear regression line (dotted line) is
nearly equal to one, which would indicate equality (solid line). The Pearson regression coefficients (r) in-
dicate high correlation. Red dots indicate codons within Chi (right) and their encoded amino acids (left).
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Enterobacteriales lambdoid phage genomes that we analyzed, 68
have no recognizable Rec module genes (Table 1; Supplemental
Table S3). Sixty-two of these phages have eight or more Chi se-
quences in the proposed active orientation (up to 25 in phage
OS31) in their 29.3–58.3 kbp genomes, as well as six or fewer
Chi sequences in the inactive orientation. We predict that these
phages will be found to have growth requirements similar to those
of LLS. These phages infect diverse bacteria across the
Enterobacteriales order, ranging from Providencia to Hafnia to
E. coli, and four others infect a Pseudomonad (see below). Thus,
this little-recognized class of λ-like phages appears to be wide-
spread in nature.

This “no Rec module” class of lambdoid phages typified by
LLS likely uses their abundant Chi sites and RecBCD enzyme to
their advantage, as is the case for the unrelated phage P1 and its rel-
atives (Subramaniam and Smith 2022). In both cases, we propose
that Chi stimulates RecBCD to promote recombination of linear
DNA to help form concatemeric DNA essential for packaging
and production of complete viable phage virions. This scenario
can account for the high frequency and preferential location of
the multiple Chi sites toward the phages’ right DNA ends (Fig.
3A; Supplemental Table S3) and the enhancement of LLS, but
not λ, growth by RecBCD (Fig. 1).

A few phages among the 314 analyzed above have both a Rec
module and abundant Chi sites (Fig. 7) or have no Recmodule and
relatively fewChi sites (Supplemental Table S3). Such phages could
have recently acquired or lost a Rec module region from a phage
with a very different Chi content. Such a recombination event
could have, for example, placed an intact Recmodule and flanking
DNA lacking Chi (e.g., from λ) into a Chi-containing phage with-
out a Recmodule (e.g., LLS) and produced a phagewith a Recmod-
ule but few or no adjacent Chi sites (e.g., phage øES15). As this
phage evolves further, it may eliminate Chi, as λ and its many rel-
atives appear to have done. On the other hand, phages with few or
no Chi sites could lose their Rec module, and future evolution
might favor accumulation of Chi sites. Such a model predicts
that before Chi optimization has occurred, the Chi density in
the Rec module region would correlate with the putative parental
phage from which it was acquired.

To test this idea, we examined the 14 “unusual” cases of phag-
es that carry a Rec module and have the most abundant Chi sites
(six or more on the top, putatively active strand). Among these,
most had several kilobase pairs of DNA flanking the Rec module
on both sides that lack Chi (Fig. 7). The distribution of Chi in these
phages is highly significantly different from that of the 14 phages
without a Rec module or lacking an anti-RecBCD function and

Figure 7. Rare, exceptional phages with both anti-RecBCD andmany Chi sites often lack Chi near the Recmodule. The positions of Chi sites (red dots) are
placed on the genome sequence of the indicated phage as a fraction of the genome length, to facilitate comparison of genomes with different lengths.
(Left) All 13 Enterobacteriales phages in the lambdoid panel (Supplemental Table S3) with an encoded anti-RecBCD function and six or more Chi sites are
plotted; their Rec module is blue. (Right) All 13 Enterobacteriales phages in Supplemental Table S3 without an encoded anti-RecBCD function and 18 or
more Chi sites are plotted. P. aeruginosa phages MD8 and D3 are included for comparison but are not included in the histograms of G+C content because
of their highG+C content reflecting that of their host P. aeruginosa. The histogramdirectly below eachChi position plot shows the density of Chi sites in each
10% bin of the genome. Note that in the left panel there aremany fewer Chi sites near the Recmodule than far to one side or the other. The distributions in
the left and right panels are significantly different (P<0.0001 by χ2 test). This outcome is consistent with this region having recently come from a typical
lambdoid phage, such as λ or P22, with a Rec module but without Chi sites (Supplemental Table S3). The histogram below each Chi density histogram
shows themeanG+C content in each 10%bin of the genome, with error bars representing standard error. In both the left and rightpanels, the G+C content
of the rightmost three bins is significantly less than that of the leftmost seven bins (P<0.001 by paired two-sample t-test).
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with themost abundant Chi sites (18 ormore on the top, putative-
ly active strand). These observations support the proposed shuf-
fling of Rec modules and Chi sites during evolution to have one
or the other but not both or neither.No phageswithout a Recmod-
ule or with only an anti-RecBCD function lack Chi on the top
strand (Supplemental Table S3), further pointing to the impor-
tance of Chi-stimulated host recombination in the life cycle of
phages without their own recombination machinery.

We also tested the possibility that, in the phages without a
Rec module, the higher frequency of Chi near the right end of
the phages (Fig. 7, right panel) than elsewhere in these phages
stems from a higher G+C content on the right (Chi is 75% G+C).
We observed the opposite; the G+C content is significantly lower
(P<0.001 by paired two-sample t-test) in the three right-most in-
tervals with high Chi density than elsewhere in the genomes.
This negative correlation of Chi and G+C content supports our
conclusion that Chi is actively selected for in LLS and its relatives
without a Rec module.

The proposed shuffling of Rec modules among lambdoid
phages is also supported by analysis of a phylogenetic tree of Int
proteins (Fig. 8). Int is encoded by a gene close to the Rec module
location (Fig. 2) and is sufficiently long (e.g., 391 amino acids in
phage LLS) to allow reliable tree building. Inmultiple cases, a clade
of five ormore diverse Int types has either a Recmodule and few or
no Chi sites (e.g., 12 phages with λ subtype of Int) (top portion of
branch with pink background in Fig. 8) or no Rec module and
many (12 or more) Chi sites (e.g., five phages with ST64B subtype;
bottom portion of branch with pink background). Other cases of
Int divergence with maintenance of “Rec module-Chi deficiency”
indicate that shuffling of Int and Rec has occurred repeatedly, we
suppose by recombination between distinct lambdoid phages,
such as between λ and LLS as suggested above.

LLS growth enhancement by RecBCD

LLS grows less well on cells lacking RecB or RecC but grows equally
well, or perhaps better, on cells lacking RecD compared with
growth on wild type. Mutants that lack recB or recC or both have
the same cellular phenotype. They lack helicase and nuclease ac-
tivities of RecBCD and are deficient for recombination and DNA
break repair (for review, see Amundsen and Smith 2023). On the
other hand, recD mutants have a markedly different phenotype;
they retain helicase and RecA-loading activities and are recombi-
nation-proficient even though they lack nuclease and Chi activa-
tion. These phenotypes could account for LLS growth differentials.

We suppose the requirement for RecB and RecC, but not
RecD, for optimal growth of LLS reflects RecBCD enzyme being
needed to promote Chi-stimulated recombination. This proposal
is consistent with the high density of Chi sites near the right
end of these DNAs (Fig. 3A). This is the end of λ DNA that is avail-
able to RecBCD after DNA packaging is initiated by the terminase
complex (Kobayashi et al. 1982). As noted above, we infer that LLS
packages DNA as λ does, with its left end occluded by terminase
but with the right end open to RecBCD. RecBCD entering the right
DNA end encounters Chi from its 3′ side when Chi is on the “up-
per” DNA strand, that with the 3′-end on the right. Such an en-
counter in λ activates RecBCD, but a Chi site in the opposite
orientation in λ is inactive, because RecBCD encounters it from
the opposite direction (Faulds et al. 1979; Taylor et al. 1985).
Twenty of the 23 Chi sites in the LLS genome are in the active ori-
entation if RecBCD enters from the right and proceeds leftward
(Fig. 2). This high nonrandomness strongly suggests that Chi sites

Figure 8. Correlation of integrase protein sequence with occurrence of
Rec modules and Chi sites. BLASTP analysis (Altschul et al. 1997) was used
to identify the integrase proteins encoded by the Enterobacteriales phages
in Suppelmental Table S3. A sample of these proteins, chosen before (i.e.,
independently of) analysis of the phages’ Rec modules and Chi sites, that
represents the extent of the panel’s integrase diversity was used to gener-
ate a maximum-likelihood phylogenetic tree at http://www.phylogeny.fr/
(PhyML program as implemented by Dereeper et al. 2008). Phage names
are given at the right of each branch; bootstrap values (0.0 to 1.0) are
shown in the tree; branches with bootstrap values less than 0.80 are col-
lapsed; a scale bar of estimated evolutionary distance (changes per site)
is shown at the bottom of the figure; and the four major integrase clades
are indicated by different background colors. In the right-hand columns,
the numbers of Chi sites in the two strands (upper/lower)
(Suppelmental_Table_S3) are indicated on the left, and Rec module type
as defined in Table 1 is shown on the right. Green and yellow left column
background colors highlight high and low numbers of Chi sites, respec-
tively; green and yellow right column backgrounds indicate Table 1 classes
whose members usually have high and low numbers of Chi sites, respec-
tively. Asterisks mark 12 phages in which the number of Chi sites is unusual
for its Rec module class; eight of these are in Figure 7 (left panel), which
suggests they are evolving between Class A or B and Class C.
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are important for LLS propagation in wild-type E. coli. We suppose
that in recD mutants, in which LLS grows well, recombination is
still required and proceeds in a Chi-independent manner; alterna-
tively, rolling-circle replication may occur in recD mutants, which
lack RecBCD nuclease activity (Enquist and Skalka 1973;
Amundsen et al. 1986).

“No Rec module–high Chi density” feature is not limited

to Enterobacteriales phages

During these sequence analyses, we noted that phage MD8
(GenBank accession number KX198612) of P. aeruginosa (Evseev
et al. 2021), a member of the Pseudomonadales bacterial order,
has a lambdoid gene arrangement but lacks a Rec module and
has 32 “Chi” sites (5′-GCTGGCGC-3′), all on the “top,” putatively
active strand. This DNA sequence, identical to E. coli Chi at six of
the eight positions (underlined), is site-specifically cut by the puri-
fied Pseudomonas syringae RecBCD enzyme and stimulates homol-
ogous recombination in E. coli expressing P. syringae RecBCD
(Pavankumar et al. 2010, 2018). Phage MD8, originally isolated
from Lake Baikal in eastern Russia (Evseev et al. 2021), strictly re-
quires RecA for growth but not RecB (Supplemental Fig. S4);
RecC and RecD mutants have not been tested. We propose that
MD8, like phage P1, strictly requires host-promoted recombina-
tion for growth and that this recombination is stimulated by P. aer-
uginosa RecBCD acting at the “Chi” sites, which are concentrated
near the right end of the MD8 genome as for LLS and many other
lambdoid phages lacking a Rec module (Figs. 3, 7). MD8 lacks all
potential parts of the early left operon Rec module, but it does
have a λ NinG homolog encoded in its early right operon, which
in the case of λ strongly aids RecBCD-promoted recombination be-
tween the phage and a plasmid (Hollifield et al. 1987).

Three other P. aeruginosa phages (JBD68, Φ2, and F10) related
to MD8 (Evseev et al. 2021) also lack a Rec module and have abun-
dant “Chi” sites all on the top strand, as inMD8 (Supplemental Fig.
S5; Supplemental Table S3). In the absence of RecBCD nuclease ac-
tivity (i.e., in the recB-null mutant tested), MD8 and perhaps these
other similar phages may readily switch from theta to rolling-circle
replication and thereby produce the concatemeric DNA needed for
packaging, as in bacteriophage λ (for review, see Smith 1983).
Although these points remain to be tested, they are consistent
with the idea that MD8 and its relatives, like LLS and other phages
noted above, are not destroyed by RecBCD and have evolved abun-
dant “Chi” sites to use RecBCD for their benefit. Thus, as previously
noted, the Chi-RecBCDparadigm appears to extend beyond the en-
teric bacteria, of which all tested species use Chi as a recombination
hotspot (Schultz and Smith 1986; Smith et al. 1986; McKittrick and
Smith 1989; Subramaniam and Smith 2022).

In phageMD8, “Chi” is the most frequent octamer among its
37,849 unique octamers. In the genome of its host, P. aeruginosa
PAO1 (GenBank accession number AE004091.2), “Chi” is only
the 43rd most abundant octamer among its 65,499 unique
octamers. In MD8, “Chi” occurs 32 times, all in the presumed ac-
tive orientation and concentrated near the right end (Fig. 3B);
“Chi” is also significantly concentrated near the right end of Φ2
(Supplemental Fig. S5). The fourth most abundant octamer in
MD8 (5′ GCCGGCGC 3′) occurs 26 times and shares 7 nucleotides
with Pseudomonas “Chi,” suggesting that MD8may evolve further
to increase its “Chi” frequency and enhance its recombination by
RecBCD. In contrast, P. aeruginosa phage D3 (GenBank accession
number AF165214.2) (Kropinski 2000) is a lambdoid with a Rec
module and has only seven top-strand (but no bottom strand)

“Chi” sites, all in the left one-third of the genome (Fig. 7, left).
Thus, D3 has the features of several Enterobacteriales lambdoids
noted earlier, such as HK639 (Fig. 7, left), with both a Rec module
and distant Chi sites. D3 may have also recently arisen from
recombination between phages with and without a Rec module
but differing in “Chi” content, as proposed above for HK639 and
its relatives (Fig. 7, left). Six other P. aeruginosa phages
(Supplemental Table S3) have a variety of Rec modules and
“Chi” site abundances similar to those of the Enterobacteriales
phages discussed above, indicating that the patterns noted for
the Enterobacteriales phages extend to Pseudomonad phages.

The findings reported here are consistent with the idea that
phages LLS and MD8, like phage P1, enrich Chi in their genomes
to promote recombination mediated by RecBCD. λ encodes its
own recombination machinery, which acts independently of
Chi, and has thus not enriched its genome for Chi. The absence
of a Rec module and the abundance of Chi therefore distinguish
this LLS class from the otherwell-studied lambdoid classes of phag-
es, whose Recmodule genes we have extensively analyzed and cat-
egorized. The diversity of lambdoid phages likely reflects frequent
gene exchanges among them by homologous recombination,
which is strongly influenced by the Rec modules themselves.

Methods

Bacterial strains

Strains, derivatives of E. coli K-12 or P. aeruginosa PAO1, and their
genotypes are listed in Supplemental Table S1.

Growth media and phage suspension medium

Cells were grown in tryptone broth or on tryptone agar plates with
1.0% agar in the bottom layer and 0.75% agar in the top layer.
MgCl2 or MgSO4 (10 mM) was sometimes added but made little
difference in phage or bacterial behavior. Incubation was at
37°C. Phage were suspended and diluted in suspension medium
(20 mM Tri-HCl at pH 7.4, 1 mM MgSO4, 0.5% NaCl, 0.01% gela-
tin), designated SM.

Phage isolation and analysis

Fecal samples were mixed with about 3 volumes of water, agitated
to make a uniform slurry, and centrifuged at 21 kg for 1 min. The
supernate was passed through a 0.22 micron filter (Millipore); liq-
uid samples, such as pond water or sewage, were similarly filtered.
A small volume, typically 0.2–0.5 mL, was mixed with 0.1 mL of
freshly grown host cells and incubated for 10 min at 37°C. Top
agar (2.5 or 3 mL) was added, and the mixture poured onto a bot-
tom agar plate (∼35 mL). In some cases, the samples were diluted
before plating to result in about 200 plaques per plate. In other cas-
es, ∼10 µL samples were spotted onto lawns of host cells. Plates
were incubated overnight at 37°C.

Phage from individual plaques of each type (clear or turbid,
large or small, etc.) from a given source were picked with a
Pasteur pipette into 1 mL of SM with ∼30 µL of chloroform.
After about 5 min with occasional gentle shaking, a sample of
the aqueous supernate was spotted onto lawns of bacteria and
streaked with a fine needle. Phages showing differential growth
on recBCD+ and ΔrecBCD cells were purified by picking an isolated
plaque to SM or by streaking with a fine platinum–iridium needle
directly from a plaque onto a fresh lawn of host cells. After
purification, a confluent spot of phage was scraped from the plate
with a sterile spatula, suspended in SM with chloroform, and
stored at 4°C.
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DNA preparation, sequencing, and analysis

Phagewere grown in 25mL cultures of strain ER1821 (initialOD650

about 0.5 andmoi about 0.1) and harvested after 3–4 h of vigorous
shaking (or overnight) at 37°C. In some cases, bacteria were con-
centrated 10-fold by centrifugation before infection and subse-
quently diluted for growth. CHCl3 (∼1% vol/vol) was added and,
after ∼10 min, the culture was centrifuged at 10 kg for 5 min.
The supernate was titered, and DNA was extracted from ∼2×1010

plaque-forming units with a modification of the protocol in the
New England Biolabs Monarch genomic DNA purification kit.
Briefly, phage lysate was treated with RNase and DNase I and incu-
bated with 10% PEG-8000 and 1 M NaCl overnight at 4°C, fol-
lowed by centrifugation and resuspension of the pellet. The
resuspension was treated with Proteinase K andMonarch tissue ly-
sis buffer. DNA was precipitated using sodium acetate, ethanol,
and Novagen’s pellet paint coprecipitant.

DNA (∼1 µg) was sequenced by Plasmidsaurus using Nanopore
sequencingmethods. Sequences were compiled from about 25–100
overlapping reads∼1 to∼40kbp long. LLSwas sequenced twice, and
the other three isolates (rabbit 1, dog 1, and mouse 3) once.
Sequencing of PCR amplicons was used to resolve any ambiguities.
These sequences did not include the ends of the DNAs surrounding
the cos site, soDNAwas PCR-amplified using primerswith 3′-ends at
nucleotides 93 (“leftward” directed) and 42,707 (“rightward” direct-
ed), which produced a fragment that crossed the cos site (see text)
and allowed completion of the sequences.

Sequences were analyzed and compared using SnapGene
(https://www.snapgene.com), PHASTER (Arndt et al. 2016),
PHASTEST (Wishart et al. 2023), DNA Strider (Douglas 1994),
and NCBI-BLAST (Altschul et al. 1997).

Analysis of Rec module proteins and Chi sites

Our panel of 325 lambdoid phage genomes and the details of their
analysis are described in the Supplemental Material. Recombina-
tion proteins encodedby these genomeswere identified by system-
atic psiBLAST (at the University of Utah) (Altschul et al. 1997) and
hidden Markov models (HMMs; at University of Toronto, Fred
Hutchinson Cancer Center, and MIT) (Finn et al. 2015). In addi-
tion, structures predicted by AlphaFold 3 (Abramson et al. 2024)
and Clustal X neighbor-joining trees (Larkin et al. 2007) were
used as sensitive tests of structural similarity. For descriptions of
the results of these analyses, see Supplemental Tables S2–S4.

Statistics regarding the abundance and distribution of Chi
sites were computed using Python 3.12 (http://www.python.org/)
with Numpy 2.0.0 (Harris et al. 2020). Briefly, the rank of Chi
out of all octamers was calculated based on each octamer’s number
of occurrences. The number of Chi sites on each strand was count-
ed, and indices for all Chi sites were extracted. Subsequently,
Kolmogorov–Smirnov testing (Massey 1951) was used to classify
the top-strand Chi sites as left-end clustered, right-end clustered,
or not significantly clustered to either end.

Data access

All sequencing data generated in this study have been submitted to
the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/
genbank/) under accession number PQ299149.1. Phage LLS is
available at the Félix d’Hérelle Reference Center for Bacterial
Viruses at the University of Laval, Quebec, Canada (https://www
.phage.ulaval.ca) under phage HER number 843.
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