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Eight different bacteriophages were isolated from leaves of Pisum sativum, Phaseolus vulgaris, Lycopersicon
esculentum, Daucus carota sativum, Raphanus sativum, and Ocimum basilicum. All contain three segments of
double-stranded RNA and have genomic-segment sizes that are similar but not identical to those of previously
described bacteriophage 6. All appear to have lipid-containing membranes. The base sequences of some of the
viruses are very similar but not identical to those of ¢6. Three of the viruses have little or no base sequence
identity to ¢6. Two of the viruses, $p8 and ¢ 12, contain proteins with a size distribution very different from that
of $6 and do not package genomic segments of ¢p6. Whereas ¢6 attaches to host cells by means of a pilus,
several of the new isolates attach directly to the outer membrane. Although the normal hosts of these viruses
seem to be pseudomonads, those viruses that attach directly to the outer membrane can establish carrier states
in Escherichia coli or Salmonella typhimurium. One of the isolates, ¢8, can form plaques on heptoseless strains

of S. typhimurium.

Bacteriophage 6 was isolated from bean straw infested with
Pseudomonas syringae pv. phaseolicola (25). It contains a ge-
nome of three segments of double-stranded RNA (22) pack-
aged inside a procapsid which is covered by a shell of protein
P8 and a lipid-containing membrane containing additional vi-
ral proteins (25). The genome of ¢6 has been cloned and
sequenced, and the life cycle and structure of the phage have
been subjects of considerable investigation (1, 8).

We have developed a model for the mechanism of genomic
packaging in $6 and accumulated evidence to support it (7, 15,
17). The model involves the binding of segment S to sites on
the outside of the empty procapsid so as to position the 5" end
at an entry portal. Upon packaging of segment S, the binding
sites are lost and new sites for segment M appear on the
outside of the particle. The process repeats, and the sites for
segment M disappear and those for segment L appear. We had
shown previously that each of the segments contains a pack-
aging sequence of about 200 nucleotides near the 5 ends of the
plus strands (5). We embarked upon the search for relatives of
$6 in the hope that a comparison of the sequences in the
packaging regions of the segments would suggest important
structural or sequence motifs. Up until now, ¢6 has been alone
in the family Cystoviridae and alone in the genus Cystovirus
(11). It is now clear that this group is composed of many more
phages, some very similar to ¢$6 and some rather distantly
related.

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. P. syringae pv. phaseolicola HB10Y
(HB) (25) was used as the primary host for phage plating. LM2333 was selected
as a mutant of HB resistant to several DNA phages. LM2489 is a derivative of
LM2333. MPO.16 is a derivative of HB that lacks type I'V pili and is resistant to
$6 (19, 20). MR is a derivative of P. aeruginosa that has the type IV pilus of P.
syringae (19). LM2509 is a derivative of LM2489 that lacks pili and is resistant to
$6. Strain ERA is an isolate of P. pseudoalcaligenes. $6 infects ERA when it has
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a mutation in gene 3 called &7 (9). S4 is a derivative of ERA that contains a
nonsense suppressor mutation. S4M is a derivative of S4 that has mutated so as
to be infected by &6 without the Al mutation. P. syringae pv. phaseolicola
Ro49dRal is a rough derivative (21). SL1102 and SL3789 are strains of Salmo-
nella typhimurium LT2 from the Salmonella Genetic Stock Centre, and they have
lipopolysaccharide (LPS) defects due to mutations rfaE543 and rfaF511, respec-
tively (18).

Plasmid pLM1454 is a derivative of the cloning vector pT7T319U (Pharma-
cia). It was used for the cloning of cDNA copies of phage DNA produced by
reverse transcription (RT)-PCR.

Media. The media used were LC and MB (23). Ampicillin plates contained 200
g of ampicillin per ml in LC agar.

Enzymes and chemicals. All restriction enzymes, T4 DNA ligase, T4 DNA
polymerase, T4 polynucleotide kinase, Klenow enzyme, and exonuclease BAL 31
were purchased from Promega Corp. (Madison, Wis.), New England Biolabs
(Boston, Mass.), and Boehringer GmbH (Mannheim, Germany).

Reverse transcriptase reaction. About 3 g of RNA in 20 wl of water was
mixed with 200 ng of oligonucleotide primer OLM297, which is essentially
identical to the first 16 nucleotides of the three genomic segments of ¢6 and also
carries a Pstl site. Its sequence is GGGGGGCTGCAGAAAAAAACTTTATA
TA. The mixture was heated at 100°C for 4 min and quickly cooled to 42°C, and
12 pl was mixed with 4 ul of RT buffer (5X; Promega), 2 pl of deoxynucleoside
triphosphates (2 mM each), and 2 pl of avian myeloblastosis virus reverse
transcriptase (5 U). The mixture was incubated at 42°C for 1 h.

PCR. A 10-pl volume of the RT mixture was supplemented with 0.2 mM
deoxynucleoside triphosphates; 1 pg of OLM297; 1 pg of OLM15, OLM298, or
OLM296; 2.5 U of Pwo DNA polymerase; and PCR buffer components (Boehr-
inger GmbH) in 50 pl. The mixture was taken through 30 cycles of 94°C for 1
min, 45°C for 30 s, and 72°C for 2 min. The final product was extracted with
phenol, ethanol precipitated, and dissolved in 20 pl of DNA buffer. Oligonucle-
otides OLM15, OLM298, and OLM296 are complementary to the plus strands
of ¢6 segments S (nucleotides 1158 to 1141), M (nucleotides 464 to 445), and
L (nucleotides 656 to 634).

Cloning and ing. The PCR products were cut with Ps¢I and either Sacl,
Munl, or Xhol and ligated to vector pLM1454 that had been cut with PstI and
Sacl, EcoRlI, or Sall, respectively. The ligates were then introduced into Esche-
richia coli IM109 by transformation, and white colonies were picked from Luria-
Bertani plates containing ampicillin and 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside (X-Gal). Small DNA preparations were made, and the plasmids
were analyzed to determine their restriction site patterns. Sequencing was done
at the New York University Medical Center Sequencing Facility. In this way, we
determined the sequences of the 5’ regions of the RNAs of 7, $9, $10, and $11.

LPS analysis. A qualitative test for LPS structure is the gel electrophoresis
procedure of de Kievit and Lam (5). Samples were prepared as previously
described and stained with silver after periodate treatment.

Nucleotide sequence accession numbers. Sequences have been deposited in
GenBank with the following accession numbers: ¢7 S, AF125682; ¢7 M,
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TABLE 1. Properties of the new bacteriophages relative to ¢6

Ability to infect strain®: Genome
Phage segment Source (reference)
HB MR LM2333 SAM ERA sizes (kbp)
b6 + + + + - 29,41, 64 P. vulgaris (25)
&7 + + + =€ 2.9,4.1,64 P. sativum
d8 - - + + + 3.2,4.7,7.1 P. sativum
$9 + + + - = 3.0, 4.4, 6.6 P. vulgaris
$10 + + + + 3.0, 4.2, 6.8 L. esculentum
b1l + + + 3.0,4.2,6.8 L. esculentum
$12 - - + + 3.0, 4.2, 6.8 O. basilicum
$13 - - - + 3.0,4.2, 6.5 Raphanus sativum
bl14 - - + 3.0, 4.4, 6.6 Daucus carota sativum

“ No mutants for plating.

> Mutant isolated that infected LM2333.

¢ Mutant isolated that infected ERA.

@ Host strains are described in Materials and Methods.

AF125681; ¢7 L, AF125680; ¢9 S, AF125679; &9 M, AF125678; ¢9 L,
AF125677; $10 S, AF125676; $10 M, AF125675; $10 L, AF125674.

RESULTS AND DISCUSSION

Leaves of the various plants were incubated for several
hours in Luria-Bertani broth at room temperature. The liquid
was passed through a 0.2 pm filter, and aliquots of about 100
wl were plated on lawns of P. syringae pv. phaseolicola HB. The
numbers of plaques appearing ranged from zero to several
thousand. Most plaques contained virus that appeared to have
DNA genomes. In order to screen out these phages, we iso-
lated a mutant of HB that was resistant to several of the
dominant plaque types. This strain was designated LM2333. 6
infected LM2333 with the same efficiency as HB. The original
strategy for the isolation of new phages was to plate the ex-
tracts on LM2333, test infection of HB, and then test for
plaque formation on MPO.16, which is a derivative of HB that
lacks type IV pili and cannot be infected by 6. Phages that
infected the first two strains and not MPO.16 would be tested
for chloroform sensitivity and, if sensitive, would be then an-
alyzed for the presence of a double-stranded RNA (dsRNA)
genome.

Close relatives of ¢&6. In this way, we isolated ¢7, $9, $10,
and ¢11, all of which infected LM2333 and HB and not
MPO.16. These phages contained genomes of three pieces of
dsRNA. The RNA segments were of approximately the same
sizes as those of ¢6 (Table 1). RT-PCR analysis of this group,
with primers derived from ¢6 sequences, proved difficult but
possible. When the resulting cDNA clones were sequenced, it
was found that the nucleotide sequences differed from that of
&6 by about 15 to 20%. Within open reading frames (ORFs),
the base sequence changes were concentrated in the third base
of codon triplets so that the amino acid sequence remained
highly conserved. The 5’ ends of the genomic plus strands
contain the pac sequences, which are about 200 nucleotides in
length and unique and specific for the packaging of each seg-
ment (6). The sequences of the pac regions in this group of
phages were about 90% identical; however, the sequence
changes were often complementary in regions where presumed
stem-loop structures are present (27). Changes in one strand of
the stems were often compensated by complementary changes
in the other strand (7).

The only observed exception was in the sequences preceding
that of gene 14 (Fig. 1). Gene 14 is a small ORF preceding
gene 7 in segment L of $6 (2). It is not essential, is not a
component of the virion, and probably plays a role in the

regulation of expression of gene 7 (3). In $6, gene 14 starts at
nucleotide 270 (10). In 7, gene 14 starts at nucleotide 473
with 75% base identity and 90% amino acid identity to the
sequences of 6. The sequence of gene 14 in ¢7 is preceded by
an ORF (ORF E) that starts at nucleotide 268, and that ORF
has no similarity to the $6 sequence. $9 shows a similar ar-
rangement, with the new ORF starting at nucleotide 268 and
gene 14 starting at nucleotide 473. The base sequence of the
new ORF in ¢9 is similar (86%) but not identical to that in ¢7.
The pac region of $b6 segment L has been shown to end at
about nucleotide 205 (6). It is interesting that the sequence
divergence observed in ¢7 and ¢9 begins at about that point.

The phages were tested for the ability to accept genomic
segments from ¢6. This was done by crossing the phages with
a derivative of ¢6 that carried a deletion of genes 7, 2, and 4 in
segment L (14) and a Laca reporter group in segment M (13).
This phage forms plaques on a host containing plasmids that
express genes 7, 2, and 4. The products of the cross were plated
on strain LM1034, which carries the lacw gene so that blue
plaques appear on X-Gal plates if the phage carries the «
portion of the B-galactosidase gene. Since the $6 deletion
construct cannot infect this strain, any blue plaques indicate
that segment M has been incorporated into the phage in ques-
tion. In this way, it was found that ¢7, 9, $10, and ¢11 can
accept the M segment of ¢6. Similar experiments showed that
they can also accept segment S of ¢6.

Distant relatives of 6. It was subsequently found that ad-
ditional phages (¢8, $12, and ¢13) could be isolated that infect
P. pseudoalcaligenes ERA, which is an alternative host for 6
(9). These phages infected LM2333 but not HB, the normal
host of $6. The plating characteristics of the various isolates
are shown in Table 1. These phages were able to infect a
derivative of LM2333, designated LM25009, that is resistant to
$6 due to the loss of the specific type IV pilus. Various strains
of P. syringae were tested for the ability to be infected by ¢8,
$12, and $13. The only positive candidate was a rough strain,
Ro49dRal. These results suggested that phages, $8, ¢$12, and
$13 were attaching directly to rough LPS or some element
exposed in this type of outer membrane. It also seemed rea-
sonable that strain LM2333 and its derivatives were rough
mutants of HB and that this was the reason for their general
resistance to many DNA phages. E. coli IM109 is known to be
somewhat rough in its LPS composition (24). Plating of con-
centrated suspensions of these phages on lawns of JM109
showed killing but not plaque formation. The phages did not
show this killing of strain HB. A gel analysis of LPS of strains
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1 50
5eg5plO0L  GUAAAAARAAC UUUAUAUAGU CUUUUACCUG GAUUCUCUGU GCAGAACUGA
seq5p6L. GUABRAAAAAC UUUAUAUAGU CUUUUACCUG GAUUCUCUGU GCAGAACUGA
segbp7lL GUARAAAAAC UUUAUAUAGU CUUUUACCUG GACUCUCUAU GCAGAAAUGA
seg5pSL GUAAAAAAAC UUUAUAUAGU CUUUUACCUG GACUCUCUAU GCAGAAAUGA

pac
51 100
seq5pl0L GAACUGAACG CUACCCUUGC GGGGGAUGCG GCCCCGGGCU ACGGCCUAGG
seq5p6L GAACUGAACG CUACCCUUGC GGGGGAUGCG GCCCCGGGCU ACGGCCUAGE
seqSp7L GAGCUGAACG CUACCCUUGC GGGGGAUGCG GCCCUAGGCU ACGGCUCGSE

seg5p9L GAGCUGAACG CUACCCUUGC GGGGGAUGCG GCCCUAGGCU ACGGCUCGGG pac

101 150
seq5pl0L GAUCCAGCGU GGCUCACGGG CUGCCGGAAC UGACGUCCGU AACAAACGUC
seq5pbéL.  GAUCCAGCGU GGCUCACGGG CCGCCGGAAC UGACGUCCGU AACARACGUC
segbp7L GAUCCAGCGU GACUCACGGG UCGCCGGAAC UAACGUCCGU AACAAACGUU
seq5p9L  GAUCCAGCGU GACUUACGGG UCACCGGAAC UAACGUCCGU AACAAACGUU

pac

151 200
seq5pl0L CUUGGGAUAG GAGUACAGUA ACCAUUCUUA GAUACCCGAU UCCCCUGUUU
seg5p6L CUUGGGAUAG GAGUACAGUA ACCACUCUUA GAUACCCGAU UCCCCUGUUU
seg5p7L CUUGAGCUAG GUGCACAGUA ACCAUUCUUA GAUGCCUGAU GCUCUUGACU
seq5p9L CUUGAGCUAG GUGCACAGUA ACCAUUCUUA GAUGCCUGAU GCUCUUGAUU

pac
201 250
seq5pl0L CUGCGUGGAR GCCCUUCGAC AGCURCCAAG CUUAGAUCGU CUGGUGCCCU
seq5p6L  CUGCGUGGAA GCCUUUCGAC AGCUACCCAG CUUAGAUCGU CUGGUGCCCU
seg5p7L CUGCCUGGUC CAUUCUCGAC AGUCACCAGA CUUAGAUCGU UUUUGGUCCU
seq5p9L  CUGCUUGGUC CAUCCUCGAC AGUCACCAGA CUUAGAUCGU UCUUGGUCCU

251 start of gene 14(6,10) 300

seg5pl0L AAAUCCCUGG AGAUAACCAA UGGCUACGUU ACAAGAUGUG CAUCUACGGG
seqgSp6L  AARAUCCCUGG AGAUAACCAA UGGCUACAUU ACAAGAUGUG CAUCUACGGG
seq5p7L  AAACUAAUGG AGGUUGUAUG UCURACAAAC GUAMACCACU UCCCGACGCG orf g7 g)
seqSpYL  AMAUCAAUGG AGGUUGUAUG UCUAACCAAC GUAAACCACU CCCCGACGCG
start of orf £(7,9)

301 350
seq5plOL  UGAAUGACCG CGUAACACCG GUCUAUUUCA CUGCUCGCUC GUUUCUGCUC gene 14(6,10)
seq5p6L  UGAAUGACCG GGUAACACCG GUGUACUUCA CUGCUCGCUC GUUUCUGCUC
seq5p7L  CUUUUAGCCC CGUUGGUGGR GCCUUUCCAA UCGGAUGAGC AACGUUUCAU off £(7,9)
seq5p9L  UUUC AcUUGC , ACCUUUCCAA UCGGAUGAGC AAUGCCUCAU

gene 14(6,10)

23 490
seqSplOL GUUUCUCCGA AACGUGCGGG GCAAGCAACG UUCCUCGCUC GCGAGGAGSS gene 14(6,10)
seq5p6L.  GUUUCUCCGA AACGUGCGGG GCAAGCAACG UUCCUCGCUC GCGAGGAGGG
seg5p7L CACACGAGAG GAGGUACUCA AGCGUUGUCG UGAGGCURUU CAGUUGGGCG grf E(Zg)
seq5pYL CACACGAGAG GAGGUACUUA AGCGUUGUCG UGAAGCCAUC CAGUUCGGUG

49, 430
seq5pl0L UACUGACAAU CCUGUCGUUA CCUGUC, ... .oeecnsnvr connnvenes gene 14(6,10)
seq5p6l. UACUGACAAU CCUGUCGUUA CCUGUCAUGU AUCCGACUUU UAUAAGGACG
seq5p7L AGGAGCUCAU CAARACUGUCU GAGCCAAGCG AUAAACGGUC CCUUAAAACG off E£(7,9)
seq5p9L AAGCACUCAU CGAGCUGUCU GAGUCUAACG GCGRACGAUC CCUUAAAACG

451 start of gene 7(6,10) 500
BegSPLOL L. it ceicreente cessetaece setiaieens sesesevene gene 7(6,10)
seg5pbL. GUGUGUAAUG ACUUUGUACC UGGUCCCUCC GCUGGAUUCG GCGGACAAAG
seg5p7L AACCCCUUUU CUGGGUGAUA GCAUGUCUAC UCUUCAAGAU GUAGCAUUGA gene 14(7,9)
seq5piL U CUGGGUGAUA GCAUGUCUAC UCUUCAAGAU GUUGCAUUGA

) start of gene 14(7,9)

SeqQSPLOL .. ..ce.r erevcrates srestetees seecareaces srevessess gene 7(6,10)
seqSp6l: AGUUGCCUGC UCUGGCUUCC AAAGCUGGGG UAACGCUUCU CGAGAUCGAG

seq5p7L  GGGUGAACGA CCGGGUAACC CCAGUCUAUU UCACUGCUCG UUCCUUCCGU gene 14(7,9)
seq5pIl. GAGUGAACGA ACGGGUURCU CCUGUCUACU UCACCGCUCG CUCCUUCCGU

SEUSPLOL (T v e e e e e e iees st s s, gene 7(6,10)
seg5p6L UUUCUUCACG AGCUCUGGCC UCACCUCAGU GGUGGUCAGA UCGUGAUCGC

seg5p7L CUCGUCUCUC CCAAGCGAGC CGGCCAAGCA ACCUUUCUCG CACGUGARAGA gene 14(7,9)
seg5p%L  CUCGUUUCUC CGAAACGAGC CGGCCAAGCA ACCUUUCUCG CACGUGAAGA ’

FIG. 1. Comparison of the nucleotide sequences of the 5’ regions of segment
L RNA plus strands in viruses closely related to ¢6. Note that the pac sequence
ends at about nucleotide 205. Gene 14 begins at nucleotide 270 in ¢6 and $10
and at nucleotide 473 in ¢7 and ¢9. ORF E is not present in ¢6 or ¢10 and starts
at nucleotide 268 in ¢7 and ¢9.

that plated this group of phages indicated that the strains on
which they grew had truncated LPS (Fig. 2). A collection of S.
typhimurium strains with various mutations causing changes in
LPS was obtained from the Salmonella Genetic Stock Centre.
The phages were plated on these strains. Phages ¢12 and ¢13
were able to kill strains that had lost O antigen, but they did
not form plaques. Phage ¢8 was able to kill the strains that had
lost O antigen but was also able to form plaques on strains that
harbored an rfaC, rfaE, or rfaF mutation (18). These strains
have either no heptose or only one of the two normal heptose
residues in their LPS. The efficiency of plating of ¢$8 on the
heptoseless strains was similar to that on the pseudomonads,
although the plaques were small and turbid.

PHAGES WITH GENOMES OF SEGMENTED DOUBLE-STRANDED RNA 4507

HB RO 2489 JM ERA PA

FIG. 2. Silver-stained sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gel of LPSs from various cultures. The samples are as follows: HB,
smooth; RO, P. syringae rough; 2489, rough derivative of HB; JM, E. coli IM109;
ERA, P. pseudoalcaligenes; PA, P. aeruginosa smooth.

Whereas RT-PCR on the RNAs of phages ¢7, ¢$9, $10, and
& 11 was successful with primers derived from the $6 sequence,
similar attempts with the RNAs of ¢8, $12, and $13 failed.
The cloning and sequencing of the genomes of the latter three
phages will be the subjects of separate reports. The three
phages in this group were tested for the ability to acquire the
M segment of ¢6 in crosses. $p13 was able to pick up the M
segment at low frequency; however, the other two phages
could not acquire the $6 M segment at a measurable fre-
quency. Another way to test for the ability to acquire a new
genomic segment is to plate the phage on a lawn of bacteria
carrying a plasmid whose transcript contains a complete plus-
strand copy of a genomic segment. If there is a strong enough
selection, it is possible to screen for phages that have acquired
the new genomic segment (14). Phages $8, ¢12, and $13 can-
not form plaques on HB and do not produce mutants that can
infect this strain. If these phages could acquire segment M
from ¢6, they might be able to infect HB because the attach-
ment proteins are coded by genes in the M segment. Phage was
grown on lawns of strain LM2489 carrying plasmid pLM1084.
Strain LM?2489 can be infected by ¢6 and all of its relatives.
Plasmid pLM1084 produces a transcript that contains the en-
tire M segment of $6. We found that ¢13 was able to acquire
the M segment, while $8 and ¢12 were unable to do so. ¢$13
with a $6 M segment was able to infect HB but not strain
LM2509, which lacks the pilus receptor for $6. Once we had a
derivative of ¢$13 that could no longer form plaques on strain
LM2509, we prepared strain LM2489 with a plasmid,
pLM2440, containing a copy of segment M of ¢13, with the 6
pac region at the 5" end and with kan inserted in the 3’ non-
coding region. In this way, we were able to isolate a phage that
had regained the ¢13 host range but had kanamycin resistance
as well. The sequencing and cloning of the cDNA copy of the
$13 genome are the subjects of another report (10a). It ap-
pears that $8 and ¢12 are quite distant genetically from ¢6 and



4508 MINDICH ET AL.

L -
M=>
S >

-+ Mkan - Mkan

D6 ©13/3789
®6 P13/2509

FIG. 3. dsRNA extracted from cells resistant to kanamycin due to carrier
state infections. Lanes: 6, dsRNA isolated from ¢6 virions; $13/2509, RNA
isolated from kanamycin-resistant cells of LM2509 (P. syringae without type IV
pili); $13/3789, RNA isolated from kanamycin-resistant S. typhimurium SL3789.
$13 contains a segment M with kan inserted in the 3’ noncoding region.

the closely related phages, while ¢13 is between the two
groups.

6 is able to form a stable carrier state in host cells (4, 12).
In these cases, the phage reproduces in the cell without killing
it. If the virus carries a gene such as kan, which confers resis-
tance to kanamycin, the cells become resistant and will form
colonies on agar containing kanamycin. The $13 derivative
with kan was able to form carrier state cells of strain LM2489.
It was also able to form carrier state cultures of E. coli JIM109
and S. typhimurium SL3789, although at a lower frequency
than with Pseudomonas cells. If RNA is isolated from carrier
state cells and subjected to electrophoresis, it is possible to see
the dsRNA in ethidium-stained gels. The carrier state cells of
JM109 and SL3789 contained viral RNA to about the same
extent as the Pseudomonas carrier state cells (Fig. 3), indicat-
ing that the virus was able to propagate efficiently in the enteric
bacteria once it had entered without killing the cells.

The host ranges of $6 and its relatives are of interest in that
they seem to constitute a niche that is left over after infection
by more abundant phages. The rough-LPS mutants are gener-
ally resistant to many of the DNA phages (16), and the phages
that use the HB type IV pilus are also able to infect cells that
are resistant to the more common viruses that the host en-
counters. This type of strategy is seen in many bacteriophages;
in members of the family Enterobacteriaceae, there are many
phages that are specific to rough LPS (26), but the ability to
infect rough-LPS mutants might also be a mechanism by which
to enlarge the host range of the virus. The observation that ¢$8
can form plaques on Salmonella cells suggests that these
phages can, in principle, propagate on many different gram-
negative bacteria. It remains to be seen whether more phages
of this family will be found among other gram-negative genera.
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