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A phage T4 site-specific endonuclease, SegE, is responsible for a
non-reciprocal genetic exchange between T-even-related phages
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Abstract The bacteriophage T4 segE gene encoding site-
specific endonuclease lies between the hoc.1 and uvsW genes.
The similar region of T-even-related phage RB30 lacks the segE
gene. Here we demonstrate that the phage T4 segE gene is
inherited preferably by progeny of mixed infection with RB30.
The preferred inheritance of the segE gene depends on its own
expression and is based on a non-reciprocal homologous
recombination event providing the transfer of the gene from the
segE-containing to the segE-lacking allele. The SegE endonu-
clease cleaves DNA in a site located at the 5’ end of the ursW
gene in the RB30 genome. The T4 DNA is also cleaved by the
enzyme, but less efficiently. The cleavage at the RB30 site
appears to initiate the observed conversion, which is stimulated
by DNA homology and accompanied by co-conversion of
flanking markers. Our findings provide a novel example of
endonuclease-dependent generation of genetic variation in
prokaryotes.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

It is well documented that target DNA cleavage plays the
key role in initiation of diverse genetic processes including
intron homing, meiotic gene conversion, transposition and
V(D)J recombination [1-3]. These data have resulted in the
view that the target DNA cleavage and subsequent DNA
repair are involved in molecular mechanisms leading to genet-
ic variations. The study of homing of Escherichia coli phage
T4 group I introns td and sunY has demonstrated that endo-
nuclease-dependent genetic variations appear to occur in
mixed infections of related bacteriophages [4]. Endonucleases
I-Tevl [5] and I-TevII [6] encoded by ORFs of the td and
sunY introns, respectively, are required for homing of their
own introns [4]. In each case, the enzyme initiates double-
strand break repair, cleaving intronless DNA of the related
T2 phage near the intron insertion site. Double-strand break
repair results in the efficient unidirectional transfer of the in-
tron to the intronless allele, converting the gene to an intron-
containing allele. Furthermore, at least in the case of 7d intron
homing the event is associated with co-conversion of flanking
exon sequences [7,8]. Although the requirement for I-TevI and
I-Tevll for intron homing has been shown in plasmid-to-
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phage and phage-to-plasmid mobility experiments [4], it seems
likely that these endonucleases can also promote the same
processes during mixed infection between T4 and T2. Re-
cently, a direct involvement of a site-specific endonuclease,
I-Hmull, in the generation of genetic variation occurring in
mixed infection of the closely related Bacillus subtilis phages
SPO1 and SP82 has been demonstrated [9]. The I-Hmull en-
coded by the ORF in the DNA polymerase intron of phage
SP82 is responsible for the preferred inheritance of the intron
and its flanking markers by progeny of mixed infection with
SP0O1 harbouring a similar DNA polymerase intron [9]. Con-
trary to intron homing [1], this process is initiated by I-
Hmull-mediated cleavage of SP01 DNA near the site of in-
tron insertion and occurs via a conversion of the intron and
flanking DNA sequence of phage SP01 to the corresponding
region of the phage SP82 genome. The above results allow
one to suggest that other phage site-specific endonucleases
might be involved in similar processes of genetic exchange
between related phages.

The segE gene of phage T4 lies in the soc.1-uvsW intergenic
region and encodes a site-specific endonuclease [10-13]. SegE
and related proteins (SegA-SegD) have a GIY-YIG motif,
which is also present within I-Tevl endonuclease [14]. We
have found earlier that efficient transfer of the segE gene
from plasmids to the hoc.1-uvsW intergenic region of the T-
even-related phage RB30 which naturally lacks this gene de-
pends on segE expression [15]. Here we demonstrate that the
segE gene is inherited preferentially by progeny of mixed in-
fections between segE-containing and segE-lacking phages.
This process is based on NHRE and depends on SegE endo-
nuclease activity.

2. Materials and methods

2.1. Primers

Primers were designed to anneal to phage T4 DNA and were as
follows: 1, S'-TTTAGCTTTAGCTTCTTTG-3'; 2, 5'-CCCGACTA-
AGCCGAATG-3'; 3, 5'-CCATCAGCTTCGAAGCTAAAGAAAT-
C-3'; 4, S'"-TTGGATCCTTATTTTAATGTTACG-3¥; 5, 5'-CGAA-
AATAGCTTTACCATGCG-3'; 6, 5'-TTCATATGACTTTTACAG-
TTGATATAACTCC-3'; 7, 5'-TTAAGCTTGACCACCTGGATAG-
GTATAGATG-3'; 8, 5-TTCATATGTACCACTTTGTATAT-3'; 9,
5'-ATGCCTTACTAAATTTGCCT-3'. Nucleotides mismatched with
phage T4 sequences are underlined. The primer locations are shown in
Fig. 1.

2.2. Plasmids and phages

Plasmid construction, PCR amplification and DNA sequencing
were performed according to standard techniques [19]. The locations
of cloned DNA fragments are shown in Fig. 1. The construction of
plasmids pVT123, pMX3,4-2, pVTX and psEET-3a was described
earlier [11,15,16]. Plasmids pEW19, pseT219 and pAA19 contain frag-
ments from the T4 hoc.1-uvsW region that were generated by PCR
using primer pairs 1+5, 1+2, and 143, respectively, and inserted into
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the Smal site of pUCI9. The sizes of DNA fragments cloned into the
plasmids pEW19, pseT219 and pAA19 are 1829 bp, 934 bp and 840
bp, respectively. pEWAP19 was obtained by deletion of the 697 bp
PstI fragment from pEW19. In all plasmids, the segE-containing in-
sert is cloned in orientation opposite to the lac promoter. The struc-
ture of all the cloned fragments was verified by DNA sequencing.
Plasmids pHW and pHAEWI19 contain fragments from the hoc.1-
uvsW region of phage RB30 generated by PCR using primer pairs
1+5 and 4+5, respectively, and inserted into the Smal site of
pUCI19. The sizes of DNA fragments cloned into the plasmids
pHW and pHAEWI19 are 1212 bp and 1835 bp, respectively. These
plasmids were used to determine a nucleotide sequence of the 1790 bp
DNA fragment of the phage RB30 genome from the 3’ end of primer
4 to the 3’ end of primer 5 (the accession number in the EMBL Data
Library is Y13611).

Phage RB30 was kindly provided by Prof. W.B. Wood (University
of Colorado, USA) and Dr. E.S. Miller (North Carolina State Uni-
versity, USA). Phage T4 was from our laboratory’s collection. Phage
stocks were grown according to Steinberg and Edgar [17] using E. coli
strain BL21 [18] as a host. To construct recombinant phages, crosses
between RB30 and pVT123 and between RB30 and pVTX were per-
formed. Negative colonies of phages RB30segE and RB30segEAXbaq,
which had acquired a copy of the native and the disrupted segE gene,
respectively, were identified using plaque hybridisation with a 33P-
labelled segE probe. Results of the sequencing of fragments amplified
by PCR from the phage DNAs confirmed that DNA sequences from
the 3’ end of primer 1 to the 3’ end of primer 2 surrounding both the
native and the disrupted segE are identical to those of phage T4.

2.3. Mixed infections and crosses between phages and plasmids

E. coli BL21 cells were grown at 37°C to an ODgg of 0.6-0.7
(5%X10® cells/ml) in L broth supplemented with 2% casamino acids;
just before infection, KCN was added to give a final concentration of
4 mM. Mixed infections were performed with a multiplicity of infec-
tion of 5 of each phage by mixing equal volumes of two phage dilu-
tions (in L broth), each 5X10°/ml, and then adding one volume of the
mixture to an equal volume of bacteria. Adsorption was allowed to
proceed for 10 min. The cultures were incubated after infection for 2 h
at 37°C and then treated with chloroform to ensure complete lysis of
bacterial cells. To perform crosses between phages and plasmids,
phages were plated on E. coli BL21 transformants (~2X 108 cells)
in top agar on LB plates and grown overnight at 37°C. Progeny
phages from plates where confluent lysis occurred were extracted
with TMN buffer (10 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 150
mM NaCl) for 2 h at 4°C. Dilutions of the resulting progeny of mixed
infections or crosses between phages and plasmids were plated in top
agar with E. coli BL21 and incubated overnight at 37°C.

2.4. Hybridisation of progeny plaque DNAs to % P-labelled segE probe

Primers 8 and 9, homologous to the segE ORF and the template
DNA of psEET-3a, were used for 33P-labelling of DNA by PCR
according to Mertz and Rashtchian [20]. Hybridisation of progeny
plaque DNAs to the **P-labelled segE probe was performed as de-
scribed by Sambrook et al. [19]. After hybridisation filters were
washed four times for 10 min in 0.5XSSC at 60°C.

2.5. The endonuclease SegE preparation
The endonuclease SegE was expressed in E. coli and purified as
described earlier [11].

Table 1
Inheritance of the segE gene by the progeny of mixed infections be-
tween the segE-containing and segE-lacking phages

Cross segE-containing progeny (%o)*
1. T4A+RB30 99.5+0.4
2. RB30segEAXba+RB30 524%42
3. RB30segE+RB30 99.5+0.4

2Percentages with standard deviations determined from four separate
experiments were calculated from the number of progeny plaques
giving a positive signal with the 33P-labelled probe of the segE gene,
divided by the total number of progeny, times 100. The percentage of
RB30segEAXba progeny phage for cross 3 is presented.
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Fig. 1. Physical maps of the T4 and RB30 genome regions, contain-
ing the hoc gene through to the uvsW gene and summary of plas-
mids containing inserts from the corresponding region of these
phages. Locations of genes hoc, hoc.1, segE and uvsW are indicated
by boxes. Cleavage sites of the SegE endonuclease are shown by
vertical arrows. Maps also indicate locations of selected restriction
sites (C, Clal; P, Pstl; H, HindIIl) and primers 1-9 (horizontal ar-
rows) used in the study. Bold and thin lines designate the cloned T4
and RB30 sequences, respectively. Arrowhead shows the location of
TAG triplet of segE in pVTX.

3. Results

To determine whether the phage T4 segE gene is inherited
preferentially by progeny of mixed infection, E. coli BL21 was
coinfected with phages T4 and RB30. The progeny were an-
alysed for the presence of the segE gene by hybridisation with
the #3P-labelled segE probe. The results presented in Table 1
(cross 1) indicate that 99.5% of the progeny inherit the segE
gene. In order to explore the requirement of segE gene ex-
pression for its own preferential inheritance, the recombinant
phages RB30segE and RB30segEAXba were constructed. Un-
like RB30segE, RB30segEAXba contains the disrupted segE
gene in which translation of SegE is truncated after 51 aa. The
phages RB30segE, RB30segEAXba and RB30 in single infec-
tions had comparable burst sizes indicating that the segE
DNA does not influence phage propagation. When coinfec-
tion of RB30 with RB30segEAXba occurred, uniform distri-
bution of the disrupted segE gene in the progeny was ob-
served (Table 1, cross 2). In contrast, the overwhelming
majority of progeny from mixed infection of RB30 with
RB30segE inherited the native segE gene (Table 1, cross 3).
These data indicate that the preferred inheritance of the segE
gene absolutely depends on segE gene expression.

In order to determine whether the preferential inheritance
of the segE gene is associated with the exclusion of the RB30
region lacking this sequence, genomic DNAs extracted from
48 progeny plaques of the mixed infection between RB30 and
RB30segE were amplified by PCR with primers 4 and 5. In all
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Fig. 2. The endonuclease SegE prefers to cleave RB30 DNA. 1.5 pg
of individual DNA fragments that were amplified from T4 or RB30
DNA using primers 1 and 5 and purified by Wizard PCR Preps
(Promega), or 3 pg of an equal mixture of these fragments (1:1)
was incubated at 30°C with 5 ng of the SegE in a 75 pl reaction
mixture containing 20 mM Tris-HCl (pH 8.0), 10 mM MgCl, and
50 pg/ml bovine serum albumin. Aliquots of 15 pl were removed at
0, 15, 30, 60 and 90 min. Reactions were stopped by adding 10 mM
EDTA and transfer to 0°C. The reaction products separated on 6%
polyacrylamide gel. Sizes of reaction products (bp) are indicated on
the left. M, lambda DNA digested with EcoRI and HindIIL.

48 cases, the amplification of a single DNA fragment contain-
ing the segE ORF was observed (data not shown). This might
account for either SegE-dependent restriction of DNA lacking
segE or SegE-dependent transfer of the segE gene from the
RB30segE genome to the hoc.l-uvsW intergenic region of
RB30 via NHRE. The first suggestion was eliminated, because
propagation of RB30 in transformants harbouring a plasmid
containing the native segE gene did not change its burst size.

To further confirm the non-reciprocal character of segE
inheritance, the frequencies of loss and acquisition of the
segE gene by progeny of crosses between phages and E. coli
transformants harbouring plasmids were measured. The plas-
mids which were used in these and subsequent experiments are
shown in Fig. 1. When crosses between segE-containing phage
(T4 or RB30segE) and transformants harbouring the cloned
RB30 DNA fragment (pHWI19 or pHAEWI19) were per-
formed, the frequency of loss of the segE gene by progeny
was less than 0.2% (the expected level of a reciprocal recom-
bination only). On the other hand, 16-71% of progeny ac-
quired the gene from crosses between RB30 and transform-
ants harbouring the T4 cloned DNAs (Table 2, crosses 1-3).

Table 2
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Thus, the frequency of gene acquisition is approximately two
orders of magnitude greater than the level of gene loss. These
results indicate that preferential inheritance occurs by NHRE
ensuring transfer of the segE gene from a donor allele to a
recipient one.

The dependence of segE gene transfer on its own expression
strongly suggested that the endonuclease SegE might be capa-
ble of initiating the transfer. We have previously demon-
strated that a site at the 5’ end of the uvsW gene of both
T4 and RB30 (Fig. 1) is cleaved by SegE endonuclease [12].
Furthermore, primer extension analysis confirmed that cleav-
age at the site of both segE-lacking and segE-containing
phages occurred when cells were infected by RB30 and
RB30segE but never took place during co-propagation of
RB30 and RB30segEAXba (Kadyrov et al., unpublished re-
sults). These results were provocative because the same sensi-
tivity of both DNAs to SegE would not result in efficient segE
gene transfer. This suggests that a probable step defining the
transfer is conditioned by a preferential cleavage of the RB30
site. To verify this hypothesis we studied SegE-mediated cleav-
age of PCR fragments of phages RB30 and T4 both sepa-
rately and in a mixture. As shown in Fig. 2, cleavage at the
expected sites occurred. In addition, weak cleavage was ob-
served at a secondary site of T4 DNA located within segE
[11,12]. When individual DNA was incubated with SegE, a
preferential cutting of RB30 DNA was found. This effect
was more pronounced when both substrates were incubated
with the enzyme simultaneously. The presence of T4 DNA did
not influence the efficiency of RB30 DNA cleavage but the
degree of T4 DNA cleavage decreased sharply. Therefore the
SegE endonuclease prefers cleaving phage RB30 DNA indi-
cating that preferential cleavage is responsible for the efficient
segE gene transfer.

A comparison of the RB30 DNA sequence from the 3’ end
of primer 4 to the 3’ end of primer 5 with that of phage T4
reveals that with the exception of the segE ORF, these se-
quences share 95.6% identity. It is known that after cleavage
and nucleotide degradation, the 3’ ends of the recipient allele
are annealed with complementary sequences of the donor al-
lele generating a donor-recipient duplex, an essential step of
NHRE initiated by double-strand breakage [1]. In the case of
segE gene transfer, recipient sequences both upstream of the
site lacking the segE gene and downstream of the SegE cleav-
age site might be involved in the formation of duplexes with
homologous donor sequences. In order to determine whether
the recipient phage requires the presence of the homologous
donor sequences to efficiently acquire the gene, transformants
containing the native segE gene and different portions of the
flanking sequences were infected with RB30. Efficient acquis-

Influence of the length of the cloned sequences flanking the segE ORF on gene acquisition by the progeny of crosses with RB30

Cross 5" length®* (bp) 3’ length® (bp) segB-acquiring progeny (%0)°
1. pMX3,4-2 2614 400 (272) 164%1.2

2. pPEW19 115 1096 (968) 71 *25

3. pPEWAPI19 115 422 (294) 19.2+1.5

4. psET219 115 201 (73) 0.8%0.5

5. pAA19 115 107 <0.01

aLength of cloned T4 DNA upstream of the segE ORF.

bLength of cloned T4 DNA downstream of the segE ORF. The downstream DNA homology region between a donor plasmid and the cleaved
recipient phage genome (3’ length of the cloned T4 DNA minus 128 bp) is indicated in parentheses.
“Percentages are presented with standard deviations for exception of cross 5, where segE-acquiring progeny was not observed, and were calculated

as in Table 1.
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ition of the segE gene by RB30 occurred when the flanking
sequences contained at least 115 bp at the 5’ end and 272 bp
at the 3’ end (Table 2, crosses 1-3) homologous to the cleaved
recipient DNA upstream of the site lacking the segE gene and
downstream of the SegE cleavage site, respectively. The fre-
quency of segE gene inheritance by progeny declined approx-
imately threefold when the downstream DNA homology was
decreased from 968 bp to 294 bp. Further decreasing the
downstream DNA homology to 73 bp or its absence did
not result in efficient acquisition of the segE gene by RB30
(Table 2, crosses 4 and 5). Thus, efficient segE gene transfer is
stimulated by extensive DNA homology between the donor
and recipient alleles since the downstream DNA homology
required for the transfer is within a range of 73-272 bp.

To study whether the conversion to segE is accompanied by
co-conversion of flanking sequences, the frequency of appear-
ance of T4 markers surrounding the gene in segE-acquiring
progeny was analysed using a PCR-based approach. Phage T4
hoc gene located 717 bp upstream of the segE was used as a 5’
DNA marker (Fig. 1), since a fragment amplified with the
hoc-specific primers 6 and 7 from RB30 DNA is about 200
bp longer than the analogous PCR product of T4 (Fig. 3).
The observed difference in size appears to reflect the different
molecular weights of the T4 Hoc (40 kDa) and RB30 Hoc (50
kDa) proteins [21]. PCR analyses of 20 segE-acquiring phage
plaque DNAs for the presence of the T4 hoc gene were per-
formed and some of the results are shown in Fig. 3. The
amplification products of five out of 20 DNAs contained
the fragment corresponding to the T4 hoc gene, indicating
that this gene is transferred together with segE at a frequency
of 25%. In order to test co-conversion of 3’ flanking sequen-
ces, Clal and HindIII sites, which are located 48 bp and 440
bp downstream of the 3’ end of the segE gene, respectively
(Fig. 1), in T4 but not RB30 DNA, were used as markers.
Thirteen out of 14 patterns generated by PCR followed by
digestion showed fragments similar to the T4 DNA pattern.
In only one case was the loss of the HindlIIl site observed
(Fig. 4, lane 3). These data indicate that the conversion of
the segE™ to the segE™ allele is accompanied by highly effi-
cient co-conversion of the 3’ flanking markers.

negative

positive

RB30 hoc
‘T4 hoc
T4 segE
RB30 AsegE

Fig. 3. The conversion to segE is accompanied by co-conversion of
the 5’ flanking marker. DNA of single plaques of progeny from the
cross between RB30 and pMX3,4-2 (Table 2, cross 1), which gave
negative or positive signals with the *3P-labelled probe of segE
DNA, were amplified using the primer pairs 1+2 and 6+7. Phage
RB30 and T4 DNAs were amplified with the same primers and
used as controls. PCR products were separated on 1.2% agarose
gels. Arrows on the right indicate the positions of the RB30 hoc-,
T4 hoc-, T4 segE- and RB30 AsegE-containing fragments.
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Fig. 4. The conversion to segE is accompanied by co-conversion of
the 3’ flanking markers. DNA of single plaques of progeny from
the cross between RB30 and pEW19 (Table 1, cross 2), which ac-
quired segE, were amplified using primer pair 4+5 and cleaved with
HindIIl and Clal (lanes 1-14). The same pattern obtained from
phage T4 DNA was used as a control (lane 15). The cleavage prod-
ucts were separated on 1.2% agarose gels. Arrows on the right indi-
cate the positions of the cleavage products of the 2447 bp PCR
fragment at the Clal, Clal+HindIIl and HindlIl sites. Their sizes
(bp) are indicated in parentheses.

4. Discussion

In this study we have demonstrated that the phage T4 op-
tional gene segE encoding the site-specific endonuclease is in-
herited preferentially by progeny of mixed infection between
the segE-containing and segE-lacking phages. This phenom-
enon depends on SegE endonuclease activity and occurs via
NHRE resulting in the efficient transfer of the segE™ allele
with its flanking sequences to the segE™ allele. It is interesting
to note that SegE, as well as Endo.Scel [22] and I-HmulI [9],
are able to cleave both their own and the heterologous DNA,
although the enzymes demonstrate an obvious preference in
cutting the latter, which appears to define the direction of
transfer of genetic information. In the case of SegE this capa-
bility is conditioned by differences in nucleotide sequences of
the sites recognised by the enzyme [12]. In contrast, other site-
specific endonucleases involved in initiation of NHRE are
able to cleave only DNA of recipient alleles [1]. There are
many local genetic determinants of phage T4 that are prefer-
entially inherited by progeny of mixed infection with a related
phage [23]. Genetic studies suggested that different optional
genes are required for the preferential inheritance of various
T4 genetic determinants [23,24]. Recently, the involvement of
the SegA endonuclease in preferential inheritance of genetic
markers located at both sides of its gene by progeny of mixed
infection with phage T2 has been reported (A. Belle and D.A.
Shub, personal communication). There are some data indicat-
ing that the phage T4 site-specific endonucleases SegB and
SegD can also initiate similar processes of non-reciprocal ge-
netic exchange in mixed infections with a close relative (Ka-
dyrov et al., unpublished data). The ability of intron-encoded
endonucleases and related enzymes, HO, PI-Scel and Endo.-
Scel, to initiate NHRE has been described in other organisms
as well [1,9,22,25,26].

In T-even-related phages, NHRE leading to T4 ¢d intron
homing has been well characterised using varios model sys-
tems [4,7,8,27-30]. These studies have demonstrated that the
I-Tevl endonuclease initiates the process primarily via intro-
duction of a double-strand break into the intronless allele.
After the cleavage occurs, td intron homing proceeds through
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multiple pathways and depends on the expression of T4 genes
involved in phage recombination-dependent DNA replication.
The general feature of the td intron homing pathways consists
of using DNA of the intron-containing allele as the template
for repairing cleaved and processed 3’ DNA ends of the in-
tronless allele. There are a number of similarities between
segE gene transfer and ¢d intron homing. First, the efficient
inheritance of both the td intron and the segE gene by the
corresponding recipient allele absolutely depends on the ex-
pression of their own ORFs. When the ORFs were disrupted,
the frequencies of transfer of both the ¢d intron and the segE
gene from plasmids to phage genomes decreased by one to
two orders of magnitude [4,15]. Second, in both cases, NHRE
ensures transfer of flanking DNA sequences. The study of
transfer frequencies of DNA markers closely linked to the
segE gene demonstrated that the efficiency of the process
drops with increasing distance from the segE gene. This is
in agreement with the observed gradient in co-conversion effi-
ciency of sequences of the phage T2 td gene accompanying td
intron homing [7,8]. Third, the mobility of both the #d intron
and the segE gene is stimulated by DNA homology between
the donor and recipient alleles. However, it appears that for
an efficient transfer the ¢d intron and the segE gene require
different lengths of the DNA homology regions. The ¢d intron
homing occurred efficiently even when the length of DNA
homology was decreased by up to 35-50 bp [30], while segE
gene mobility did not take place when the downstream DNA
homology region was reduced to 73 bp. It is also known that
expression of both the I-Tevl ORF and the segE gene is con-
trolled by T4 late promoters [4,13]. Thus, although the de-
tailed molecular mechanism by which segE gene transfer oc-
curs remains to be determined, the process promoted by the
SegE endonuclease appears to be associated with the phage
recombination-dependent DNA replication occurring at the
late phase of the T4 life cycle [31]. All the observations sum-
marised above indicate that homing of the td intron and the
transfer of segE gene are generally similar phenomena. This
allows us to designate the segE gene as a ‘mobile endonuclease
gene’. We speculate that the mobile ¢d intron and the mobile
segE gene encoding endonucleases of the GIY-YIG family
[14] arose from a common progenitor endonuclease-encoding
DNA which was inserted into the td intron and the hoc.1-
uvsW intergenic regions, respectively, during divergent evolu-
tion of T-even-related phages. This is consistent with the idea
that ORFs of site-specific endonucleases rather than group I
introns were the original mobile elements and the introns
simply were optimal locations for the ORFs where their in-
sertion has a minimal impact on the host genome [5,32,33].
It has been postulated that phage evolution proceeds by
generation and subsequent selection of genetic variations
[34,35]. Shuffling of genetic material by homologous recombi-
nation between closely related phages during their propaga-
tion in the same host cell is one of the potential sources of
genetic variation [34,35]. In any single event, some genetic
variation occurring among recombinant progeny could result
in selective advantages and subsequent spread in nature. In
accordance with this scenario, ‘mobile endonucleases’ of T-
even-related phages appear to be responsible for an extensive
non-reciprocal genetic exchange in mixed infections of close
relatives leading to efficient generation of genetic variations. If
it were generally true, then the distinctive ability of the T4
intron-encoded and Seg proteins to cleave highly polymorphic
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sequences would expand the potential number of initiating
sites for non-reciprocal homologous recombination [12,36,
37]. This would contribute efficient generation of genetic var-
iations in mixed infection of T4 with a related phage. In this
context it will be interesting to determine whether non-recip-
rocal genetic exchange between T4 and related phages is ini-
tiated by SegE-mediated DNA cleavage at any other site.
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