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ABSTRACT: VHS1 (Vibrio harveyisiphoviridae like) is a newly described bacteriophage that has been tentatively placed in

the family Siphoviridae based on its morphology by transmission electron microscopy. However, there are examples among
emergent viruses where morphological characteristics do not correspond with genomic properties. Thus we attempted to
verify the phylogenetic relationship of VHSL1 to other tailed phages on the basis of its putative DNA polymerase. Although
we found no clear support for placement of VHS1 in any tailed-phage family, we did discover that a general phylogenetic tree
based on all putative tailed-phage sequences was not compatible with relationships based on phage morphology. However,
construction of individual putative DNA polymerase trees for traditional morphological phage families revealed a clear
tendency for grouping of putative DNA polymerase A and B types into either Gram negative or Gram positive bacteria
hosts in a manner that varied with phage family. Based on these results, we propose that early branching of an ancestral
DNA polymerase into polymerase A and B types may have accompanied phage specialization for Gram negative and Gram
positive hosts. Whether this proposal is correct or not, the study suggests that comparisons based on major genes such as
polymerases can constitute additional criteria for evaluation of DNA phage relationships and that genome comparisons may
complement morphology in devising a more natural taxonomy.
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INTRODUCTION tailed DNA bacteriophages. These are Myoviridae,
Siphoviridae, and Podoviridae. Based on morphol-
Bacteriophages are abundant in the marine environgy, Myoviridae contains phages with icosahedral
ment including fish and shrimp aquaculture pondseads and long, rigid tails (80—45516—20 nm) with
In shrimp pondsVibrio harveyi(VH) is a common a sheath, while Siphoviridae contains phages with
bacterial species that sometimes causes luminescé&usahedral heads and long, non-contractile and flex-
disease, although luminescence is not a requiremdhbte tails (65-570 nnx 7—10 nm), and the Podoviri-
for shrimp pathogenicity. On the other hand, it haslae contains phages with icosahedral heads and very
been shown that bacteriophages can sometimes lysadport, non-contractile tails (approximately @ nm).
enize VH and alter their pathogenicity for shriffph  VHS-1 is a Siphoviridae-like phage ®ibrio harveyi
Increased virulence due to lysogeny is well known fothat was isolated from a black tiger shrimp pond in
human pathogerisincludingSalmonella enteritic ~ Southern Thailand. Its head is approximately 60—
Vibrio cholerag® andStaphylococcus aurelisAtthe 67 nm in diameter and its tail is approximately 100—
same time, it has been proposed that lytic bacterid-20x 9-10 nitt.
phages may be important in limiting the population of DNA polymerase genes are crucial in genomic
marine bacteri&®. replication and mutagenic repair. They are classified
DNA bacteriophages are classified as non-headhto 6 families (i.e., A, B, C, D, X, and Y), the first four
tailed and head-tailed phages. No non-head-taileaf which (A-D) contain replicative polymerasés
DNA phages have yet been reported for VH but DNAThe latter two (X and Y) are newer families that
head-tailed phages havé Based on the seventh contain repair polymeras&s!4. The morphological
report of the international committee on taxonomy otriteria currently used to classify bacteriophage fami-
viruses (ICTV)Y, there are three families of head-lies by ICTV may be considered coarse in that phage
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particles have very simple structures when compared ExoI ExoII ExoIII

to other living organisms. It is doubtful that the feWyss:  kevevacoiemverpyvs  meGANFRYDLNWIK  ENLLPYAGEDIDAT
morphological features available would be sufficieng ot o e keomrte  Disnetsscvons

to reveal the relationships amongst the members @fcoli KAPVFAFDTETDSIDNIS ~KVGONLKYDRGILA ~ EEAGRYAAEDADVE
what may possibly be a very large group. The situarig. 1 Amino acid alignments of highly conserved segments
tion may be complicated further if one considers thef 3'-5' exonuclease of VHS1 phage (Exo I: position 140—
potential opportunity for dynamic genetic exchangeas7, Exo II: 217-230, and Exo lIl: 291-304), SPO1 phage
in marine and other aquatic environments. Here Wgxo I: 205-222, Exo II: 290-303, and Exo IlI: 369-382),
describe the use of molecular genetic informations phage (Exo I: 131-148, Exo Il: 190203, and Exo III:
from the VHS1 putative polymerase gene sequence #81-294), ancE. coli 0157:H7 (Exo |: 348-365, Exo II:
determine whether it supports the placement of VHS216-429, and Exo Ill: 492-505). Star (*): conserved
in the family Siphoviridae. This led to a more generalesidues; plus (+): strongly similar residues; dot (.): weakly
comparison of tailed-phage DNA polymerase genesmilar residues.

and the revelation of unexpected relationships.

MATERIALS AND METHODS matrix used to prepare the unrooted trees.
VHS-1 RESULTS AND DISCUSSION

VHS-1 phage was derived from plaques that arodgolymerase of VHS-1

on lawns ofVibrio harveyi VH1114 after exposure orr102-786 in clone PH102-1 (AF465603) from
to membrane filtered water from a shrimp pond. Ihcleotide positions 2109 to 4169 showed homol-
was stored in 3% NaCl or phosphate buffered salingyy to polymerase genes of both bacterial species
(PBS) pH 7.0 at room temperature and amplifiedng pacteriophages. The highest expectation value
when required as previously describéd Approxi- (5 x 10-36) was for a polymerase ofibrio cholerae
mately 20% of the VHS-1 genome has been sequencagc_002505). It also showed significant homology
and deposited at GenBatlk One of the deposned.to polymerases of bacteriophages SPO1 (family My-
sequences PH102-1 (4668 bp, AF465603) contan&,iridae) of Bacillus SUbti”SlS’lG, T5 phage (family

an ORF called PH102-768 with significant sequencsiphoviridae}’, Mycobacterial phage D29 (family
homology to DNA polymerase sequences at Gergiphoviridae}® and Mycobacterial phage bxb1 (fam-

Bank. That sequence was used togetherwith prev.iow Siphoviridae)® with expectation values ranging
records at GenBank to carry out the analysis describgdm 2 « 10-29 to 4 x 10-7.

herein. A search for conserved domains (RPS-blast of
GenBank) revealed that ORF102-786, contained the
3'-5' exonuclease domain of polymerase family A.
According to the report of Bernard et?dlthere are
The nucleic acid and deduced amino acid sequenct#see highly conserved segments 668 exonuclease

of the selective reported putative phage polymerase E. coli (i.e., Exo I, Exo Il and Exo Ill) (AP-
genes (including VHS1) were used to identify theit003944). The Exo | segment &. coli contains two
classification based on conserved domains by thenserved residues A¥S and GI#°” while Exo Il
RPS-blast program of GenBank. The conservepossesses the conserved residue*&sand Exo llI
domains of the reported tailed-phage polymerase®ntains the conserved residues “¥yrand Asp®.
included the polymerase A family (pfam00136), theThese conserved residues are alignedriop 1 with
polymerase B family (pfam00476), the polymerassequences from VHS1, SPO1, and T5. In addition,
C family (cog0587, DnaE pol), and the poxvirus polthe region 515-728 of ORF 102-786 from VHS1 also
family (pfam03288) which is also a member of poly-showed significant similarity to the conserved DNA
merase family B. The results are shownTiable 1 polymerase A domain, with a significant expectation
The nucleic acid sequences were converted to deducealue (6x 10~32).

amino acid sequences to carry out phylogenetic analy- The amino acid sequences from the polymerase
sis using the program Phylogenetic Tree Prediction @fenes of the DNA head-tailed phages were retrieved
the GeneBee servicevivw.genebee.msu.su/servicesfrom the GenBank database and then searched for con-
phtreereduced.htn)l The amino acid sequences ofserved domains to identify their replicative families
all the phages were put into the query window inTable ). A comparison of conserved domains in
FASTA format and BLOSUM62 was the selectedthe 3-5' exonuclease region, a repair polymerase, was

Sequence analysis and phylogenetic tree
prediction
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Table 1 Details of phage polymerase gene sequences used for phylogenetic analysis. These are listed under phage family
(as given in the relevant database) together with host bacterium, accession number and similarity (Blast expectation values or
E values) relative to various representative polymerase family sequences. The code pfam00476 represents DNA polymerase
family A while the codes pfam 0136 and pfam03175 both represent DNA polymerase family B. The pfam03288 and
COG0587 represent poxvirus DNA polymerase and DnaE polymerase which are representatives of polymerase families B
and C respectively.

Phage Phages Hosts Accession  Amino Replicative polymerase family
family number acids with expectation value
Myoviridae T4 Escherichia coli AAD42468 898 Pfam00136: 2 10~
RB69 Escherichia coli AAA93077 903 Pfam00136: 8 10~*°
KPV40  Vibrio parahemolyticus AAQ64153 850 Pfam00136: % 10 4°
S-PM2  Marine Synechococcus CAF34198 830 pfam00136: 4 10 3¢
Aehl Aeromonas hydrophila NP_943895 919 pfam00136::4 10~ 2°
SPO1 Bacillus substillis P30314 924 pfam00476::5610~ 117
LP65 Lactobacillus plantarum AAV35879 988 pfam00476: & 1018
Phi Adhl Lactobacillus gasseri NP-050131 771 pfam03288 (Poxvirus pol)x40~57
Siphoviridae L5 Mycobacterium tuberculosis CAA79420 595 pfam00476: & 10~1°°
D29 Mycobacterium tuberculosis 064235 607 pfam00476:4 10~ "¢
u2 Mycobacterium smegmatis AAR89682 608 pfam00476: % 1053
Bxbl Mycobacterium smegmatis NP 075308 608 pfam00476:>910~5°
T5 Escherichia Coli P19822 829 pfam00476:610~5°
BT1 Streptomyces lividans CAD80134 624 pfam00476: % 10~3¢
SPO2 Bacillus substillis P06225 648 pfam00476::410~13
Phi 12 Staphylococcus aureus AAL82293 650 pfam00476: ¥ 10~8
SPBc2 Bacillus subtilis str. 168 NP 046685 1305 Cog0587 (DnakE pol): 0.0
Podoviridae T7 Escherichia Coli P00581 704 pfam00476::610 104
T3 Escherichia Coli NP 523320 704 pfam00476:>410~ 10t
Phi 1122  Yersinia Pestis NP 848283 704 pfam00476:>310~ 192
GH-1 Pseudomonas putida NP 813764 709 pfam00476:>210 46
SIOo1 RosebacteBI067 NR064753 580 pfam00476:%510~37
P60 Synechococcus spvH7803 NP 570330 587 pfam00476x310~3°
VP5 Vibrio cholerae AAR92073 633 pfam00476: R 1033
PaP3 Pseudomonas aeruginosa NP_775225 545 pfam00476::8103°
VPV262 Vibrio parahemolyticus NP640280 661 pfam00476:5610~2°
Phi KMV Pseudomonas aeruginosa NP 877458 807 pfam00476:>310~1°
M2 Bacillus substillis AAA32368 572 pfam03175: % 1062
PZA Bacillus substillis ERBP2Z 572 pfam03175: 8 10~ %
Phi 29 Bacillus spp. P03680 575 pfam03175::1 10 %2
B103 Bacillus subtilis9/3 NP 690635 572 pfam03175:>110~5°
Cp-1 Streptococcus pneumoniae NP 044817 568 pfam03175:59104¢
P82 Mycoplasma pulmonis NO064636 694 pfam03175::310 ¢
P68 Staphylococcus aureus NP 817326 755 pfam03175:>910~3
44AHJD  Staphylococcus aureus NP 817305 755 pfam03175:>310~3
Unclassified HF1 Halorubrum coriense NP_861642 854 pfam03175::2 1027
HF2 Halorubrum coriense AAL54976 854 pfam03175: & 10~27
VHS1 Vibrio harveyi AAL85287 786 pfam00476: & 107

also carried outTable ). The COG0749 domain is a Halorubrum?! were included in the construction of
conserved domain of replicative polymerase family Aohylogenetic trees. Since most of the polymerases
and its 3-5' exonuclease while the COG0417 domairfell either into the polymerase A or B category, the
is conserved in polymerase family B. The deducetbllowing discussion relates predominantly to the A
amino acid sequences of all the phage polymerasaad B polymerases.

in Table 1 including those from the unclassified

phages HF1 and HF2 of the Archaebacterial genus
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Phylogenetic tree based on all reported
polymerases

The first attempt at tree construction was made using VpV262
all the reported putative tailed-phage polymerases
with matching domains that could be found in the
GenBank databaseTdble ). The resulting tree
showed three major clades, each with mixed A and
B putative polymerases and no particular pattern that Pai3
would suggest clear phylogenetic trends with respect All polymerase A
to either phage family or type of bacterial host. A

VPS.

P68 All polymerase B
All Gram positive

SIo1

Separate phylogenetic trees for A and B putative Family Podoviridae LR
polymerases

The second attempt at tree construction focused on _ _ ) N
separate trees for the A and B putative polymeraéag'z Phylogenetic tree of phages in the family Podoviridae

types. The tree for putative polymerase A phage‘gith reported putative polymerases showing a clean sepa-
showed some trends, in that two major clades and of@ion of the polymerase A types into a clade of Gram
smaller one contained phages of a single morphologacteria and the polymerase B types into Grabacteria.

ical type in a common type of bacterium (i.e., Gram

+ or —). However, 3 phages, including VHS1 fell

outside the 3 clades. With the putative polymerase B RB69

tree, similar trends were shown as with the putative laglyperase B
. A Polymerase B All Gram negative

polymerase A tree in that two major clades and one o, Gram positive

minor clade were formed also containing phages of
a single morphological type in a common type of 4 o’
bacterium (i.e, Grami or —). In this case, only 1

phage fell outside the three clades. LP6S

adhl

Separate phylogenetic trees for tailed-phage
families

S-PM2 Achl

After seeing the relational patterns in the phyl gig " Myovindas
er seeing the relational patterns in the phylogenetic. . . . -
trees for the putative polymerase types, a third attem'g{g' 3 Phylogenetic tree of phages in the family Myoviridae
was made by focusing on phylogenetic trees for eac ith reported putative polymerases showing two major
of the individual phage families (Fig@—4). In this clades with a clean separation of polymerase A types into
case, much clearer relational patterns were seen. nCIaOIe of Gran bacteria and polymerase B types into
the family PodoviridaeRig. 2) there were two distinct ram-— bacteria. There is one intermediate type adhl with
clades, one for putative polymerase A in Gram polymerase B in a Gram bacterium.

bacteria and one for putative polymerase B in Gfam

bacteria. Similarly, in the MyoviridaeFg. 3 and polymerase branched into A and B types early in the
Siphoviridae Fig. 4), there were two major clades eyplution of the 3 tailed-phage families in a more
grouped according to putative polymerase type i@y less random fashion with respect to their Gram

a particular bacterial type. Curiously, the A & B and Gram- hosts, such that subsequent evolution led
putative polymerases did not always group with thgy 3 single polymerase type for each phage in each
same bacterial type in every phage family. bacterial type. This hypothesis would accommodate
the variable patterns seen in the individual phage
family trees.

Based on the relational patterns seen in the previous There are some ramifications and predictions aris-
phylogenetic trees and considering that the phadeg from this hypothetical tree. For example, it
types in the Archaebacteria may represent types nearedicts that phages in the family Podoviridae with
the root of the phage putative polymerase tree, w&ramt bacterial hosts will use a DNA polymerase
constructed a hypothetical treBig. 5. The hypo- B, if indeed they still harbour their own DNA poly-
thetical tree suggests that an ancestral phage DNAerase. Similar arguments would apply to the other

Integrated phylogenetic tree
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Polymerase C | D29

VHS1 LS

All Polymerase A
All Gram negative
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phage families. If the predictions hold, the principle
revealed may apply also to other phage genes. The
possibility could be tested by comparing related genes
from a particular phage family to see whether they
also fall into two distinct groups according to bacterial

Myco type. We made a preliminary attempt at this but could
not find a suitable target gene.

In summary, our DNA polymerase comparisons
02 provide no strong support one way or the other for
inclusion of VHS1 in the family Siphoviridae. Its
closest neighbours in the overall DNA polymerase

ormycobacteria A tree were myophages and a podophage. On the

SPO2 yophag podophag
other hand, it did cluster with the siphophage T5

Fig. 4 Phylogenetic tree of phages in the family Siphoviri-When included in the Siphoviridae tregig. 4). It

dae with reported putative polymerases showing two majc5§ unfo;tu?ﬁte tthat more SeqbueTceEV\lferf nott alvallt?]ble
clades with a clean separation of polymerase A types into eti9 Imatr? \I/SH rehe more o . uts d 't?1 orhu.na © y €
ther Gram- or Gram- bacteria, except for one intermediate®""Y Ot€r phage associated with shrimitfio

: . : harveyi Myoviridae-like or VHML phage) described
h th pol C Granbact . .
phage with polymerase & In a Branbacterium from Australia by Oakey and Owefsand Oakey

et al*?> does not have a polymerase gene and could not
be included in our analysis. Nor does it have other
significant sequence homology with VHS1
In the separate phage family trees, there were
two ‘odd men out’, SPBc2 in the siphophage tree
and adhl in the myophage tree. SPBc2 is classified
as a siphovirus but is unique in possessing a dnak
polymerase from the polymerase C fangiy*. Poly-
Apolmenme ", merase C is not a common polymerase type and is
O usually reported only from bactefa Indeed, the
. whole polymerase sequence of SPBc2 shows very
high homology (E value 0) to the DNA polymerase
of its host bacterial specieBacillus subtilis This
suggests that one acquired its polymerase from the
other and our siphophage tree would suggest that
SPBc2 acquired its polymerase from its host.
With respect to adhl, its DNA polymerase B
Fig. 5 A hypothetical phylogenetic tree interpolating fromhas also been called a Poxvirus polyme?ééé In
the information in previous figures and prepared by assenour overall polymerase B tree, it was most closely
bly of the trees for the individual phage families (Figs. associated with polymerases of P68 and 44AHJD that
4). The tree is rooted (central black dot) for an ancestradre both members of the Podoviridae. Somewhat
phage type(s) that gave rise to separate branches for varigisilar to SPBc2 above, the polymerase of adhl
phage families united by a common morphology. It proposeshares reasonable homology with its Gram positive
that these families then evolved separate sub-branches ifostLactobacillus gassefiE value 10 43) suggesting
the various bacterial groups. Thus, polymerase A typethat it might be another example of a phage that
may be found in Gram bacteria in one phage family but derived its polymerase gene from its host —in this case
in Gram4 bacteria in another phage family. The samean ancestral host.
holds for polymerase A types. The branch lengths from By removing these 2 ‘odd men out’ from the 3
the ancestral type(s) do not represent evolutionary distanpdage family trees, there appears to be a trend towards
but are intended to show theoretical evolutionary links. The characteristic single polymerase type (A or B) for
phage Adhl in the family Myoviridae is included in thethe Gram positive and Gram negative bacteria in each
diagram on the branch line between the ancestral type($amily. As phage genome sequences accumulate in
before the sub-clades in the family because of its intermedihe database, it will be interesting to see whether this
ate characteristics. pattern holds and whether it will eventually include

TS

All Polymerase A
All Gram positive

Family Siphoviridae

All polymerase B
All Gram positive

Podoviridae
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Al polymerase A

All Gram negative

Myoviridae
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other phage genes.
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