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ABSTRACT

American Foulbrood Disease, caused by the bacterium Paenibacillus larvae, is one of the most
destructive diseases of the honeybee, Apis mellifera. Our group recently published the
sequences of 9 new phages with the ability to infect and lyse P. larvae. Here, we characterize
the genomes of these P. larvae phages, compare them to each other and to other sequenced
P. larvae phages, and putatively identify protein function. The phage genomes are 38-45 kb in
size and contain 68-86 genes, most of which appear to be unique to P. larvae phages.
We classify P. larvae phages into 2 main clusters and one singleton based on nucleotide
sequence identity. Three of the new phages show sequence similarity to other sequenced P.
larvae phages, while the remaining 6 do not. We identified functions for roughly half of the P.
larvae phage proteins, including structural, assembly, host lysis, DNA replication/metabolism,
regulatory, and host-related functions. Structural and assembly proteins are highly conserved
among our phages and are located at the start of the genome. DNA replication/metabolism,
regulatory, and host-related proteins are located in the middle and end of the genome, and
are not conserved, with many of these genes found in some of our phages but not others. All
nine phages code for a conserved N-acetylmuramoyl-L-alanine amidase. Comparative analysis
showed the phages use the “cohesive ends with 3’ overhang” DNA packaging strategy. This
work is the first in-depth study of P. larvae phage genomics, and serves as a marker for future

ARTICLE HISTORY
Received 26 July 2016
Revised 28 July 2016
Accepted 31 July 2016

KEYWORDS

American Foulbrood;
bacteriophage; comparative
genomics; comparative
proteomics; DNA packaging
strategy; endolysin; large
terminase; N-
acetylmuramoyl-L-alanine
amidase; Paenibacillus larvae;
Phamerator; siphoviridae

work in this area.

Introduction

Paenibacillus larvae is a Gram-positive, spore-
forming bacterium that is the causative agent of
American Foulbrood Disease (AFB), one of the
leading causes of the global population decline of
the honeybee (Apis mellifera)." As its name implies,
P. larvae only infect the larva of the honeybee,
adult bees being immune.” Infection typically
occurs when food contaminated with P.
spores is fed to a honeybee larva by nurse bees.’

larvae

The spores germinate and proliferate in the larval
mid-gut within hours of ingestion, resulting in the
death of the larva.®> The dead larvae turn into a vis-
cous, brownish liquid that then dries to form a
hard scale.” AFB scales contain millions of highly
infectious spores that are then inadvertently spread
throughout the hive by other bees as they remove
dead larvae from the hive.* P. larvae spores are
extremely durable, lasting several decades, and are

largely antibiotic resistant, making treatment of P.
larvae outbreaks difficult.’ Currently the only
method for eliminating P. larvae outbreaks is the
wholesale incineration of infected hives.?
Antibiotics such as oxytetracycline have been used
extensively in the past to control AFB, however there
now exist antibiotic-resistant P. larvae strains,4’5 and
furthermore many countries ban the use of antibiot-
ics on honeybees.” As bees lack an adaptive immune
system, one potential antibiotic-free AFB treatment
is the use of bacteriophages that target P. larvae.
Phages have several attractive features as a treatment
strategy, such as not harming important symbiotic
bacteria in the larval gut®® The first P. larvae
phages were identified from the 1950s through the
1990s, but these were not sequenced as rapid and
cost-effective genome sequencing was not available
at the time.'”'® With the advent of next-generation
sequencing and the rise in antibiotic resistant
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P. larvae strains, there is growing interest in P. lar-
vae phages as a potential treatment for AFB. In the
last year alone 5 studies were published on treating
AFB with P. larvae phages or P. larvae phage endo-
lysins, with promising, if not conclusive, results.'??

Since 2013, several bacteriophages that infect P. lar-
vae were purified, sequenced, and characterized.?*%°
Phage philBB_PI23, isolated in Portugal in 2013, was
the first to be sequenced and characterized,** followed
in 2015 by phages Diva, Lily, Rani, Redbud, Shelly and
Sitara, isolated in North Carolina,”® and phage
HB10c2 in Germany.>> Our group recently sequenced
and published the genomes of 9 P. larvae phages.*®

In this work, we characterize the genomes of these 9
new P. larvae phages and compare them to the
genomes of other currently sequenced P. larvae
phages. We putatively identify protein function and
characterize the degree to which P. larvae phage pro-
teins are conserved, with a focus on 2 phage proteins
in particular: the large terminase and the N-acetyl-
muramoyl-L-alanine amidase endolysin.

Results

Phage sources, geographical origin, and
morphology

The source and geographic origins of the 9 new phages
are listed in Table 1. While 2 phages (Diane, Fern)
were obtained from lysogens, all 9 phages lyse P. lar-
vae in laboratory conditions (especially P. larvae geno-
type ERIC I) without needing to be induced, while

Table 1. Geographical origin and isolation source of P. larvae
phages.

Phage name Geographical location Isolation Source
Diane® OH Infected larva, ATCC
culture 25747
Fern® USDA lab Germantown Infected larva, P. larvae
MD wild strain 2231
Harrison Gilcrease Orchards, N. Las Soil
Vegas, NV
Hayley Gilcrease Orchards, N. Las Soil
Vegas, NV
Paisley PA Soil
Vadim® NV Lip balm
Vegas© NV Lip balm
Willow Near Bremerton, WA Soil
Xenia USDA lab Germantown Infected larva

MD

?Lysogenic phage from ATCC culture 25747 isolated in Ohio by White from an
infected insect?”

PLysogenic phage from P. larvae wild strain 2231 isolated from an infected
larva scale

“Isolated from commercial products purchased in NV

leaving other Paenibacillus species unharmed.”” Elec-
tron micrographs of phages Diane (Fig 1A), Fern
(Fig 1B) and Hayley (Fig 1C) are shown in Fig. 1. All
of our phages are Siphoviridae, as are all currently
known P. larvae phages.”’”****> Capsids are prolate,
approximately 100 nm long by 50 nm wide, and tails
are approximately 150-200 nm long (Fig. 1).

Phage genome sequencing and assembly

The GenBank accession numbers and results of the
genome assembly process for the 9 phages are shown
in Table 2. Genome size ranges from 38 to 45 kb, and
GC content from 40% to 43%. The genomes are 93—
95% coding. No tRNAs were identified. The assembly
process for Fern, Harrison, Paisley, Willow and Xenia
produced complete genomes (hence min. coverage
depth >1). For Diane, Hayley, Vadim and Vegas, the
assembly process missed the genome ends (hence
min. coverage depth = 1), and the genome ends were
obtained by PCR as described in ref 26.

Genome annotation and comparative genomics of P.
larvae phages

Genome annotation results are shown in Table 3.
The genome annotation process identified between
68 and 86 protein coding genes in each phage. The
number of genes increases linearly with genome
size (R°=0.99). Approximately 90-95% of the P.
larvae phage genes have a statistically significant
BLASTP or CD-Search match (E-value<lE-3),
while approximately half have a statistically signifi-
cant BLASTP or CD-Search match to a protein
with known function. Comparative genomics using
our Phamerator database revealed that the majority
(~75%) of the genes are found only in P. larvae
phages, with the majority of the remainder mostly
shared with other Bacillus phages. Xenia has 9
genes not found in any other phages, while Harri-
son and Paisley each have one gene unique to
them. Quantitative metrics of our phages genomes
such as the length and number of non-coding gaps
and overlaps are shown in Supplementary Table 1.
Dotplots of the phages’ genomes are shown in
Fig. 2. All phages have a conserved region located
at the start of the genome. Diane, Vadim, Vegas,
and Hayley all appear to be highly similar to each
other. Hayley appears to be missing a region
located approximately in the middle of the genome
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Figure 1. Scanning electron micrographs of phages (A) Diane, (B) Fern, and (C) Hayley.

that is present in Diane, Vadim, and Vegas. Paisley
and Harrison are also very similar to each other,
and Fern and Willow to each other. Xenia does not
appear to be highly similar to any other phage, but
seems closest to Fern and Willow.

To quantify the degree of nucleotide sequence
identity between our phages, we constructed a
nucleotide sequence identity matrix using ClustalW,
shown in Fig. 3. In this figure, we also included all
other currently published P. larvae phages (Diva,
Lily, Rani, Redbud, Shelly, Sitara, HB10c2 and
philBB_PI23). P. larvae phages fall into two simi-
larity clusters containing phages with >60 % nucle-
otide sequence very
divergent from all other P. larvae phages and does
not fall into either cluster. Cluster A and Cluster B
phages have a low degree of nucleotide sequence
identity with each other (~40%, which is roughly
the percentage nucleotide sequence identity pro-
duced by ClustalW for 2 randomly generated
nucleotide sequences of equal length). The clusters
can be broken down into subclusters containing

identity. Phage Lily is

Table 2. Accession numbers and genome assembly results of our

phages with >90 % nucleotide sequence identity,
with Cluster B containing several singletons. All of
these groupings cross geographical and source
boundaries, e.g. Xenia (isolated in MD) has a very
high degree of nucleotide sequence identity (99.5%)
with Shelly (isolated in NC). Phages within the
same subcluster have similar, though not identical
lytic profiles and plaque morphologies.’® For this
reason, we considered Diane, Vadim and Vegas
(>99.9% nucleotide sequence identity) and Fern
and Willow (99.99% nucleotide sequence identity)
to be distinct from each other. However, as the
annotation process did not produce any differences
between Diane, Vadim and Vegas, we treat these
phages as one in subsequent genomic analyses, and
do likewise for Fern and Willow. In contrast, anno-
tations of Xenia and Shelly are not identical despite
the 99.5% nucleotide sequence identity between
these two phages, as Shelly was annotated by
another group.

Genome maps produced with Phamerator are
shown in Figs. 4 and 5. The difference between

Table 3. Comparative genomics of our P. larvae phages.

P. larvae phages. No. of Genes
genes with  No. of foundin  Genes Gene
GenBank Av. Min. BLASTE- geneswith non-P. found only unique to

Phage accession Genome coverage coverage GC  Percent Phage No.of  value putative larvae inP. larvae  this
name number  length depth depth  content coding name genes <0.001 function  phages phages phage
Diane KT361657 45,653 67 1 43.7 95.7 Diane 86 83 45 22 64 0
Fern KT361649 37,995 502 98 419 93.7 Fern 68 65 36 18 50 0
Harrison KT361651 44,247 291 61 40.2 93.6 Harrison 84 75 38 23 60 1
Hayley  KT361655 44,256 43 1 435 954 Hayley 84 81 43 21 63 0
Paisley ~ KT361653 44,172 350 58 40.0 93.5 Paisley 84 75 38 23 60 1
Vadim KT361656 45,653 94 1 43.7 95.7 Vadim 86 83 45 22 64 0
Vegas KT361654 45,653 128 1 43.7 95.7 Vegas 86 83 45 22 64 0
Willow  KT361650 37,994 122 50 419 93.7 Willow 68 65 36 18 50 0
Xenia KT361652 41,149 123 4 4.5 93.2 Xenia 77 72 43 20 48 9
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Diane Vadim Vegas Hayley  Harrison Paisley Fern  Willow  Xenia
N N N
Diane
N\ N N
Vadim 3
N N N
Vegas
N\ % N
Hayley :
: N N N
Harrison ]
Al 5
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Fern N ~ . ~ ~ N i
~ ~ \
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Xenia . ..
\\ \\

Figure 2. Dotplot of the genomes for 9 new P. larvae phages. A black dot is placed where there is nucleotide identity between 2 phages.

Diane/Vadim/Vegas and Hayley is due to 2 genes
absent in Hayley (gp30 and gp31), but otherwise
all 4 of these phages contain the same genes. Simi-
larly, the difference between Harrison and Paisley
is due to a single gene (gp65). Up to gp2l the
majority of genes appear to be fully conserved in
all phage genomes, with the exception of gp5 and
gp8-15, which differ between Cluster A phages and

Fern/Willow and Xenia. Of these, gp5, gp8, gpl4
and gpl5 are single pham genes and are thus still
somewhat conserved across all phages, however
gp9-13 are not. Past gp21 the genomes diverge, the
sole exception being Xenia and Fern/Willow, which
have several genes in the same pham throughout
the genome, especially in the region between gp42
and gp52 in Fern/Willow (gp51 and gp6l in

Cluster A Cluster B
1 1
I Il |
Subcluster Al Subcluster A2 Subcluster Bl Subcluster B2 Subcluster B3 Subcluster B
1 1 1 1 1 ;
| T T 1 T ] Hhglesons
N i Fam Wik Honia Shally Rani R B0 Stara phiEE Dha Lty

Diane: WIEE A2 AL0I% | ALDA% | 4D30%  AU2E% | AT | ALST% | ALOS% | J93m | A%
Vim 4027 40.27% 41.0¥% A104% 40.30%: 40.27% 38A0% 4L5M% 41.96% 194 32.04%
Vegas 03 ADIF A% | Almes | 4028% | GRS | ALEI  ALDWR | IS | TLO6W

a0.13%

40.15% anaw AL3ER

ALBE

A1 4%

41907

4157%

Figure 3. Percent nucleotide sequence identity matrix for all 17 sequenced P. larvae phages. Phages are classified into clusters and sub-

clusters based on nucleotide sequence identity.
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Figure 4. Genome maps of our phages obtained from Phamerator (first half). Boxes represent genes, with boxes of the same color indi-
cating genes in the same pham. Genes in a pham of their own are uncolored. Shaded areas indicate regions of high nucleotide
sequence similarity between phages, with purple indicating the highest degree of similarity, and red the lowest.

Xenia). Gp53 and gp54 in Harrison and Paisley are  in the genomes’ mid-section, possibly indicating
very similar to gp40 and gp41 in Fern/Willow,  horizontal gene transfer. The same is true of the
even though they occur in a non-conserved region last gene in the genome of all the phages.
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P. larvae phage protein functions

Gene products that have at least one statistically sig-
nificant (E-value <1E-3) BLAST or CD-Search match
with a protein of known function are shown in Table 4.
The list of all the gene products of our 9 P. larvae
phages, the phams to which they belong, and any
other phage gene products in those phams are
included as Supplementary Table 2.

Virion particle genes

Virion particle genes are clustered near the start of the
genome, from position gp3 to gpl7. They include a
portal protein (gp3), a major capsid protein (gp5), a
head-tail connector (gp7), a head-tail adaptor protein
(gp8) and a head-tail joining protein (gp9), and 5 or 6
tail proteins, including a major tail protein (gpl1), a
tail tape measure protein (gpl4), and an endopepti-
dase tail protein (gp16). The head-tail adaptor protein
at gp7 also has strong BLAST and CD-Search matches
with a “DNA packaging protein.” However, as this is
not confirmed and DNA packaging is handled by the
terminase, we assigned head-tail adaptor function to
this gene product. The tail tape measure protein is
encoded by the longest gene in the genome in all of
the phages. All the identified virion particle genes are
found in all of our phages, except for the head-tail
joining protein (gp9) found only in Cluster A phages,
and a tail protein (gp10) exclusive to Fern/Willow and
Xenia.

Virion particle genes are conserved, as they are
all single-pham genes, the sole exception being the
major tail protein (gpll), which is in 2 phams (see
also Fig. 3); one pham for the Cluster A phages
(who have the same major tail protein), and one
pham for Fern/Willow, and Xenia (who also have
the same major tail protein). The tail tape measure
protein (gpl4) is a single-pham gene, however it
follows the same pattern as the major tail protein:
Cluster A phages have an identical tail tape mea-
sure protein that is different than the tail tape mea-
sure protein of Fern/Willow, and Xenia. Both the
major tail protein and tail tape measure protein of
Cluster A phages are considerably longer than
those of Fern/Willow and Xenia, suggesting Cluster
A phages have longer tails than Fern/Willow and
Xenia. From Fig. 1, we can discern that Diane and
Hayley do indeed have a longer tail (~200 nm)
than Fern (~150 nm).

Virion assembly genes

Assembly genes identified include a small and large ter-
minase (gpl and gp2, respectively), a Clp protease (gp4)
and a prohead protease (gp10). The small and large ter-
minase and the Clp protease are found in all the phages,
but the prohead protease at gp10 is only present in Clus-
ter A phages. The assembly genes are all conserved, all of
them being single-pham genes.

Host lysis genes

All of our phages encode an N-acetylmuramoyl-L-ala-
nine amidase endolysin at position gp21. This protein
varies between 224 and 226 amino acids in length and
is conserved among our phages, as all N-acetylmura-
moyl-L-alanine amidases are in a single pham. In
addition, all of our phages encode a transglycosylase
near the end of their genomes. Transglycosylases, also
known as glycosyltransferases, are known to cleave
glycosidic bonds in the host glycan, and are thus used
by phages for host lysis.”*** The transglycosylase is
conserved, as it is a single-pham gene. In addition,
Xenia encodes a protein (gp26) with statistically sig-
nificant matches to an amidase domain, although
nothing more is known about the function of this pro-
tein (and it also has statistically significant matches to
peptidase domains).

DNA replication and metabolism genes

All our phages encode numerous genes with putative
functions related to DNA replication and metabolism.
These include transposases, integrases, endonucleases,
serine recombinases, excisionases, methyltransferases,
and others. This is by far the largest and most diverse
functional category. The vast majority of DNA
replication and metabolism genes are not conserved
among our phages. Only 2 genes in this category, the
transposase at gp23/gp22 and the HNH endonuclease
(which is the last gene in the phage genomes), are found
in all the phages and are conserved. Of significance is that
the transposase at gp23/gp22 has significant BLAST
matches to proteins with holin function. However, the
matches to transposase function are much more statisti-
cally significant than to those with holin function (e.g.,
E-value of 1E-37 compared to 1E-5), thus we assigned it
transposase function.

A conserved integrase is found in Diane/Vadim/
Vegas (gp38), Hayley (gp36), and Fern/Willow (gp32).
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Table 4. P. larvae phage genes with statistically significant BLAST and/or CDD matches (E-value < 1E-3) to proteins with known func-
tion. The gene product number is shown in the first row of each cell, and the pham number is shown in the second row, italicized in
parentheses. Rows are colored according to protein function. We classify phage proteins into 6 functional categories: 1) virion particle
(blue), 2) virion assembly (burgundy), 3) host lysis (purple), 4) DNA replication/metabolism (tan), 5) gene regulation, including putative
transcription factors (green), and 6) host-related functions (yellow). Gene products whose function cannot be classified into these 6 cate-
gories due to lack of sufficient information or conflicting information are left uncolored. Instances where there are 2 or more unrelated
functions with statistically significant matches are marked with a footnote, with the more statistically significant (or with higher bit
score) function listed in the table, and the less statistically significant (or with lower bitscore) function listed in the footnotes at the end
of the table.

Diane/Vadim/Vegas  Hayley Harrison Paisley Fern/Willow Xenia

Bacteriocin biosynthesis protein gp20 gp20 gp20 gp20 gp20 gp20
(16613) (16613) (16613) (16613) (16613) (16613)

Acetyltransferase gp22° gp22°
(16870) (16870)
Transposase gp23° gp23° gp23° gp23° gp22° gp22°
(16615) (16615) (16615) (16615) (16615) (16615)
ABC-like transporter protein gp25 gp25
(19147) (19147)
Amidase domain protein gp26°
(16618)
Transposase gp30 gp29"
(16876) (16621)
Transposase gp31
(16622)
Toxin-like protein gp26
(18320)
YolD-like protein gp28 gp35
(16625) (16625)
Toxin gp30 gp30
) (19152) (19152)
Ankyrin-repeat containing protein  gp31'
(16877)
Arc-like DNA binding protein gp32 gp30
(16878) (16878)
Transposase gp36"

(690)

(Continued)
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Table 4. (Continued)

Diane/Vadim/Vegas  Hayley Harrison Paisley Fern/Willow Xenia
Transposase gp37"
(16626)
Transposase gp38
(16627)
Stress protein gp35 gp33
(16880) (16880)
Integrase gp38 gp36 gp32
(16588) (16588) (16588)
Toxin gp39 gp37
(16723) (16723)
Transcriptional regulator gp35 gp35
(19155) (19155)
Telomeric repeat binding factor 2 gp37 gp37
(19014) (19014)
Accessory gene regulator B gp39 gp39
(16970) (16970)
Dipeptidyl aminopeptidase/ gp41 gp4l
acylaminoacyl-peptidase (19158) (19158)
Serine recombinase gp44 gp44
(19161) (19161)
Helix-turn-helix domain XRE family gp40 gp38
transcriptional regulator (16883) (16883)
Helix-turn-helix domain XRE family ~ gp41 gp39 gp45 gp45 gp33*
transcriptional regulator (16884) (16884) (19162) (19162) (17376)
Helix-turn-helix Cro/C1 family gp34
transcriptional regulator (18325)
Helix-turn-helix domain gp35'
transcriptional regulator (18326)
Helix-turn-helix domain XRE family gp46 gp46
transcriptional regulator (19163) (19163)
Rha-like antirepressor gp41
(16810)
Transcriptional regulator gpa2™
(696)
Helix-turn-helix domain XRE family gp43"
transcriptional regulator (16628)
Helix-turn-helix domain XRE family gp44
transcriptional regulator (16629)
Restriction endonuclease gp43 gp41
(16885) (16885)
DNA binding antirepressor gp45° gp43° gp37° gpa7°
(16631) (16631) (16631) (16631)
Excisionase gp46 gp44
(16887) (16887)
Antirepressor gp53 gp53 gp4l gp51
(16689) (16689) (16689) (16689)
AAA domain ATPase gp45 gp55
(16634) (16634)
DNA recombinational protein RecT gp47 gp57
(16636) (16636)
Metallo-hydrolase gp48 gp58
(16637) (16637)
Primosome component-like protein gp50 gp60
(16639) (16639)
Replicative DNA helicase gp51 gp61
(16640) (16640)
yopX family protein gp55
(16645)
DNA methylase gp61 gp59
(16902) (16902)
Single-stranded DNA binding protein, gp61 gp61
ERF superfamily (19169) (19169)
Single-stranded DNA binding protein gp62 gp62
(16720) (16729)
AbrB family transcriptional regulator gp64 gp62
(16905) (16905)

(Continued)
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Table 4. (Continued)

Diane/Vadim/Vegas  Hayley Harrison Paisley Fern/Willow Xenia
Replication terminator protein gp65 gp63
(16906) (16906)
Primosome, DnaD subunit gp65
(16529)
DNA damage-inducible protein DnaD gp65
(15038)
DNA replication protein gp66° gp66°
(16552) (16552)
Chromosome segregation protein ~ gp679 gp65¢
SMC (16908) (16908)
AAA domain ATPase gp68’ gp66"
(16909) (16909)
DEAD/DEAH box helicase gp70 gp68
(16911) (16911)
ABC-type transport system, ATP gp71 gp69
binding protein (16912) (16912)
DNA primase gp72° gp70°
(16913) (16913)
Endodeoxyribonuclease RusA gp69 gp69
(19173) (19173)
Crossover junction gp75 gp73
endodeoxyribonuclease RusA (16916) (16916)
DNA-cytosine methyltransferase gp72 gp72 gp63
(16642) (16642) (16642)
RuvC-like resolvase gp62 gp66
(16647) (16647)
RNA polymerase sigma factor gp77 gp75
(16918) (16918)
ArpU family/ArpU-like transcriptional gp78 gp78 gpo4 gp68
regulator (16560) (16560) (16560) (16560)
RinA transcriptional activator-like ~ gp79 gp77
protein (16920) (16920)
Serine recombinase gp70
(16818)
Phosphomannomutase gp80 gp78 gp71
(16819) (16819) (16819)
Toxin HicA gps81" gp79"
(16921) (16921)
Antitoxin HicB gp82 gp80 gp80 gp80 gp65 gp72
(16922) (16922) (16649) (16649) (16649) (16649)
Toxin HicA gps81" gp81" gp66 gp73"
(16820) (16820) (16650) (16820)
Transglycosylase gp83 gp81 gp83 gp83 gp67 gp 76
(16651) (16651) (16651) (16651) (16651) (16651)
HNH endonuclease gp86 gp84 gp84 gp84 gp68 gp77
(16652) (16652) (16652) (16652) (16652) (16652)

?Also has equally strong BLAST and CDD matches to DNA packaging protein

PAlso has equally strong BLAST and CDD matches to head-tail joining protein

¢CDD matches only (Evalue=1E-123)

dAlso has strong BLAST and CDD matches to bhlA protein

€Also has equally strong BLAST matches to DNA methyltransferase

f Also has strong BLAST matches to holin

9Also has equally strong BLAST matches to peptidase domain

_"Also has equally strong BLAST and CDD matches to integrase

"Also has strong BLAST matches to toxin-like protein, DNA Smf single strand binding protein, transcriptional regulatory protein YclJ, phosphatase, transposase
J Also has equally strong BLAST matches to integrase, ATPase, resolvase, invertase

kAlso has strong BLAST and CDD matches to peptidase

' Also has strong BLAST and CDD matches to excisionase

"Also has strong BLAST matches to Xre-like protein

"Also has strong BLAST matches to repressor

°Also has equally strong BLAST and CDD matches to Rha family transcriptional regulator

PAlso has equally strong BLAST and CDD matches to chromosomal replication initiator protein DnaA

9Also has equally strong BLAST matches to DNA recombination protein RecF

"Also has strong BLAST matches to oxidoreductase, putative DNA helicase, putative RecA NTPase, ATP-dependent Lon protease
*Also has equally strong BLAST matches to RecA familyATPase

“Also has equally strong BLAST and CDD matches to ycfA-like protein
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Figure 6. Multiple alignment and percent amino acid sequence identity matrix of P. larvae phage large terminases. With the exception
of Lily, all P. larvae phages have a large terminase that is either identical to that of Diane (Diane, Hayley, Vadim, Vegas, Harrison, Paisley),
or Xenia (Xenia, Fern, Willow, Diva, Rani, Redbud, Shelly, Sitara, HB10c2, philBB_PI23).

Harrison and Paisley possess a serine recombinase at
gp44 that has equally significant BLAST and CDD
matches to integrases, therefore this protein could be
an integrase. In addition, Xenia possesses several genes
assigned transposase function that have equally signifi-
cant matches to proteins with integrase function (gp29,
gp36, gp37). It is therefore possible and in fact likely
that all of our phages possess at least one integrase,
indicating they possess lysogenic potential; in fact 2 of

our phages (Diane and Fern) were isolated as lysogens
that converted to lytic phages in vitro.

Regulatory genes

All 9 P. larvae phages encode genes that regulate gene
expression, whether in the host or the phage itself. These
include XRE (Xenobiotic response element), Cro/Cl,
AbrB (ambiactive repressor) and ArpU (autolysin



regulatory protein) family transcriptional regulators, as
well as anti-repressor proteins. Many of these proteins,
in particular the XRE-family transcriptional regulators,
contain a helix-turn-helix domain. However, the func-
tion of these proteins in the P. larvae phage life cycle is
not known, which suggests these phages use novel
methods of gene regulation to modulate host expression
in support of their life cycle. These are the least con-
served genes in our phages. There is no regulatory gene
that is common to all of the phages, and even genes of
the same family are divergent, e.g., the XRE family tran-
scriptional regulator at gp4l in Diane/Vadim/Vegas,
gp39 in Hayley, gp45 in Harrison and Paisley, and gp33
in Fern/Willow, is in 3 different phams.

Host-related genes

The nine phages also code for a variety of host-related
proteins, such as several toxins, 2 ABC transporters, a
stress protein, a metallo-hydrolase, a phosphomanno-
mutase, a toxin-antitoxin system, and others. At posi-
tion gp20 all the phages code for a conserved (single-
pham) bacteriocin, a toxin prokaryotes produce to
inhibit the growth of closely related competitor
strains.”’ This gene also has strong BLAST matches to
a “bhlA protein,” an unconfirmed holin-like pro-
tein.”>>> While this could be the “missing” holin gene,
we assigned bacteriocin function due to its much more
statistically significant match (E-value < 1E-100 com-
pared to 1E-13). Fern/Willow and Xenia contain a
putative metallo-hydrolase, a type of pB-lactamase
(gp48/58). All of the phages also encode the HicA/
HicB toxin/antitoxin system. With the exception of the
bacteriocin, none of these genes are conserved. Besides
the bacteriocin, only the toxin-antitoxin genes are
present in all of the phages, and these are not con-
served; the HicA genes are in 3 phams, while the HicB
genes are in 2 phams. In Diane/Vadim/Vegas and
Hayley the HicA genes are located in front of the
HicB genes, while the opposite is true in the other
phages.

Gene operons

In every one of our phages’ genomes, there are 10 to
15 instances of genes whose start codon is located
3 bp before the stop codon of the gene upstream,
suggesting these genes are transcribed together as
part of an operon. Of these, the following are operons
involving proteins with putative function: The large
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terminase at gp2 and the portal protein at gp3 (all
phages), the Clp protease at gp4 and the major capsid
protein at gp5 (all phages), the head-tail connector at
gp7 and the head-tail adaptor at gp8 (all phages),
which extends to include the head-tail joining protein
at gp9 and the prohead protease at gp10 in the Clus-
ter A phages, the major tail protein at gpll and the
hypothetical protein at gpl2 (Fern/Willow, Xenia),
the tail tape measure protein at gp14 and the tail pro-
tein at gpl5 (Fern/Willow, Xenia), the endopeptidase
tail protein at gpl6 and the tail protein at gp17 (all
phages), the bacteriocin at gp20 and the N-acetyl-
muramoyl-L-alanine amidase at gp21 (all phages),
the transglycosylase at gp67/gp76 and the HNH
endonuclease at gp68/gp77 (Fern/Willow, Xenia).

Multiple alignment of P. larvae phage large
terminases

We performed a multiple alignment of the P. larvae
phage large terminases using ClustalW in Fig. 6. The
alignment showed that there are only 3 distinct large
terminases for the 17 known P. larvae phages. Diane/
Vadim/Vegas, Hayley, Harrison and Paisley all have
the same large terminase (Group 1), as do Fern/
Willow, Xenia, Diva, Rani, Redbud, Shelly, Sitara,
HB10c2 and philBB_PI23 (Group 2), with the large
terminase of Lily by itself (Group 3). The large termi-
nases follow the classification of the phages based on
nucleotide sequence identity, i.e. Cluster A phages all
have the Groupl large terminase, while Cluster B
phages have the Group 2 large terminase, with Lily an
outlier (Fig. 3). From Fig. 6A we observe 11 locations
where the Group 1 and Group 2 large terminases dif-
fer, corresponding to an amino acid sequence identity
of approximately 98% (Fig. 6B). We also note the large
terminase of Lily is very distant from the other 2 (10%
amino acid identity), and also considerably longer
than the other 2 (622 amino acids compared to 574
amino acids). A pham circle of the P. larvae phage
large terminase is included as Supplementary Fig. 1.

Multiple alignment of P. larvae phage
N-acetylmuramoyl-L-alanine amidases

A multiple alignment of the N-acetylmuramoyl-L-
alanine amidases of all the P. larvae phages is shown
in Fig. 7. There are 5 distinct N-acetylmuramoyl-L-
alanine amidases among the 17 currently sequenced
P. larvae phages. Group 1 consists of the N-
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Figure 7. Multiple alignment and average amino acid identity matrix of P. larvae phage N-acetylmuramoyl-L-alanine amidases. There
are 5 distinct P. larvae phage N-acetylmuramoyl-L-alanine amidases, with phages in the same group having an identical N-acetylmura-
moyl-L-alanine amidase. Group 1 consists of phages Diane, Vadim, Vegas and Hayley, Group 2 consists of phages Harrison, Paisley and
philBB_PI23, Group 3 consists of phages Willow and Fern, Group 4 consists of phages Xenia, Shelly, Diva, and Sitara, and Group 5 con-

sists of phages HB10c2, Rani, and Redbud.

acetylmuramoyl-L-alanine amidase of Diane/Vadim/
Vegas, and Hayley, Group 2 consists of Harrison,
Paisley, and philBB_PI23, Group 3 consists of Fern/
Willow, Group 4 consists of Xenia, Diva, Shelly and
Sitara, and Group 5 consists of HB10c2, Redbud,
and Rani. The N-acetylmuramoyl-L-alanine ami-
dases follow the classification of the phages based
on nucleotide sequence identity (Fig. 3), i.e. phages
in the same subcluster have the same N-acetylmura-
moyl-L-alanine amidase. The 5 different N-acetyl-
muramoyl-L-alanine amidases all have >90 %
similarity with each other. A pham circle of the P.
larvae phage N-acetylmuramoyl-L-alanine amidases
is included as Supplementary Fig. 2.

P. larvae phages use the 3’ cohesive ends DNA
packaging strategy

Comparative analysis shows our phages use the cohe-
sive ends with 3’ overhangs DNA packaging strategy.
Diva, Rani, Redbud, Shelly and Sitara (whose large
terminases are either 98% or 100% identical with
those of our phages) are known to possess 9-bp 3’
overhangs with the sequence “CGACTGCCC.”* We
found the same 9-bp sequence in Diane/Vadim/
Vegas, Hayley, Fern/Willow and Xenia, and rear-
ranged their genomes so that base 1 is the first base
immediately after the last overhang base. When the
genomes are rearranged this way, the first gene in the



genome is the small terminase, which begins 50 bp
downstream of base 1, exactly like in Diva, Rani,
Redbud, Shelly and Sitara.”> When we rearrange the
genomes of Harrison and Paisley in this manner, this
reveals an overhang whose sequence is “CGACG-
GACC,” differing by 2 bases from the overhang of
the other phages, even though the large terminase of
Harrison and Paisley is identical to that of Diane/
Vadim/Vegas and Hayley. That P. larvae phages use
the 3’ cohesive ends packaging strategy is further
confirmed by a phylogenetic tree of the large termi-
nases of the phages in our Phamerator database,
shown in Supplementary Fig. 3.

Discussion

In this study we have conducted an in-depth compara-
tive genomic analysis of 9 P. larvae phages recently
sequenced and published by our group. These phages
were isolated from a variety of sources, such as
infected larvae, soil samples, and commercial beeswax
products, from different geographical regions of the
United States. Interestingly, there are several instances
of phages from different locations having a very high
degree of nucleotide sequence identity with each other.
Phage Fern (lysogenic phage isolated from a wild P.
larvae strain) is very similar to phage Willow (soil
sample from Washington state); phage Harrison (soil
sample from Nevada) is very similar to phage Paisley
(soil sample from Pennsylvania); and phages Diane
(lysogenic phage isolated from ATCC P. larvae strain),
Vadim (commercial beeswax product), Vegas (another
commercial beeswax product) and Hayley (soil sample
from Nevada) are all very similar to one another.
Phage Xenia (isolated from infected larva from a
USDA lab in Maryland) shows a very high degree of
sequence similarity (99.5%) with phage Shelly, which
was isolated in North Carolina by another group.
These findings suggest that subsets of P. larvae phages
are subject to very similar selection pressures.

P. larvae phages can be classified into 2 main clusters
based on nucleotide sequence identity (we used a thresh-
old of 60%), both of which can be broken down into 2 or
more subclusters, and one singleton (Lily). Cluster A
phages (Diane, Vadim, Vegas, Hayley, Harrison, Paisley)
show little sequence similarity (~40%) with Cluster B
phages (Fern, Willow, Xenia, Diva, Rani, Redbud, Shelly,
Sitara, HB10c2, philBB_PI23). The clusters are them-
selves heterogeneous and can be further broken down
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into subclusters that contain phages that are very similar
to one another (>90% nucleotide sequence identity), and
in the case of Cluster B, several singletons. This is similar
to what has been observed in other well-studied phages,
such as Mycobacterium phages.** As with Mycobacterium
phages, we expect that as the number of sequenced P. lar-
vae phages increases over time, the clusters and subclus-
ters will increase in number and grow in size and
diversity.”

Comparative genomic analysis of the 9 new P. lar-
vae phages shows that the majority of their genes are
only found in P. larvae phages. Using bioinformatics
tools alone, we were able to predict putative functions
for about half of the genes of the new P. larvae phages.
We found genes coding for virion particle proteins,
virion assembly proteins, host lysis proteins, DNA
replication and metabolism proteins, regulatory pro-
teins, and host-related proteins. Almost all of the
virion particle and assembly genes are found in all our
phages and are conserved, indicating similar morphol-
ogy and assembly mechanisms. The tail proteins may
possess catalytic activity (e.g., gpl6 may have endo-
peptidase activity), which would allow the phages to
penetrate into their host; more work is needed to
understand how P. larvae phages invade their hosts.
On the other hand, the DNA replication/metabolism,
regulatory genes, and host-related genes are generally
not conserved. Many of the DNA replication/metabo-
lism, regulatory, and host-related genes are found in
some of the phages but are absent from others. This
suggests diverse and potentially novel DNA replica-
tion and gene regulation mechanisms at the transcrip-
tional level. More work is needed to understand the
functions of many of the DNA replication/metabo-
lism, regulatory, and host-related genes, as their pre-
cise role in P. larvae phage and/or P. larvae biology is
not known. The host-related genes are of particular
interest as they include genes implicated in antibiotic
resistance, such as a S-lactamase, and host virulence,
such as toxins, a bacteriocin, and a toxin-antitoxin
system. These genes may be used by the phages, once
integrated into the host chromosome, to promote
their spread by assisting infected P. larvae in outcom-
peting bacterial competitors and in defending against
antibiotics.

In terms of genome architecture, the conserved
virion particle and assembly genes are located at the
front end of the genome in synteny, typical of Sipho-
viridae phage genomes.”® It is possible, and in fact
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likely, that genes located in this genomic region whose
function cannot be inferred from sequence compari-
son alone, such as gp6, gp9, gpl2, gpl3, gpl8 and
gpl9 encode virion particle or assembly genes, but
more work is needed to identify the function of these
genes. The divergent DNA replication/metabolism,
regulatory and host-related genes are located down-
stream of the virion particle and assembly genes. The
genomes of our P. larvae phages converge at the ends,
where a conserved transglycosylase and HNH endo-
nuclease are located.

All of the new phages encode a highly conserved N-
acetylmuramoyl-L-alanine amidase endolysin. Multi-
ple alignment of the P. larvae phages’ N-acetylmura-
moyl-L-alanine amidase revealed that there are 5
distinct N-acetylmuramoyl-L-alanine amidases among
the 17 currently sequenced P. larvae phages, all with
>90% amino acid sequence identity to each other.
Phages grouped in the same subcluster by nucleotide
sequence identity have the same N-acetylmuramoyl-
L-alanine amidase, suggesting subsets of P. larvae
phages lyse slightly different hosts.

Many bacteriophages lyse their hosts by means of a
holin/endolysin cassette.”” The new P. larvae phages
seem to lack a holin on first inspection, although they
do encode for at least 2 proteins with significant
matches to holin or holin-like proteins (the bacterio-
cin at gp20 and the transposase at gp23/gp22). It could
be that either (or perhaps both) of these proteins are
indeed holins used by the P. larvae phages. This possi-
bility is reinforced by the fact that both genes are
located proximally to the N-acetylmuramoyl-L-ala-
nine amidase, and that the putative bacteriocin is part
of the same operon with the N-acetylmuramoyl-L-ala-
nine amidase. Holins are generally not conserved, and
are therefore difficult to detect bioinformatically, thus
more work is needed in this area.

The phages also code for a transglycosylase, raising
the interesting possibility that P. larvae phages have
more than one lytic mechanism. The fact that the
transglycosylase is found in all our phages and is con-
served (all transglyosylases are in the same pham),
lends additional support to this hypothesis. This gene
occurs in a region of the genome that is not conserved,
suggesting it may have spread by horizontal gene
transfer. More work is needed to discern the mecha-
nisms of how P. larvae phages lyse their hosts.

All the phages also encode at least one transposase
and likely one integrase. Thus in addition to lytic

activity, they also appear to possess lysogenic activity.
However these proteins are not conserved among our
phages, pointing to potentially different lysogenic
mechanisms.

Analysis of the large terminase protein indicated
that there are only 3 distinct large terminases among
the 17 currently sequenced P. larvae phages. Two of
the large terminases are very similar to each other,
having 98% amino acid sequence identity between
them. These 2 large terminases account for 16 of the
17 P. larvae phages, the sole exception being the large
terminase of phage Lily, which is very divergent from
the other two (i.e. Cluster A and Cluster B). Phages in
the same cluster have the same large terminase. All
our P. larvae phages use the “cohesive ends with 9-bp
3’ overhangs” strategy, consistent with all other
sequenced P. larvae phages (with the sole exception of
phage Lily).

In recent years there has been a surge of interest in
P. larvae phages, partly due to their potential to treat
AFB. The number of sequenced P. larvae phages has
increased from 0 at the start of 2013, to 17 as of this
writing, and is likely to grow significantly. Our com-
parative genomic study is the first of its kind, and we
expect to see much growth in P. larvae genomics in
the coming years. Key areas to be addressed are identi-
fying the function of more P. larvae phage proteins,
the evolutionary history of P. larvae phages, the mech-
anisms by which P. larvae phages lyse their hosts,
including identification of P. larvae phage holins and
the role of transglycosylase, and the role of phage-
encoded B-lactamases and toxins in P. larvae antibi-
otic resistance and virulence. Other potential areas of
interest are the mechanism by which P. larvae phages
penetrate their host, the relationship of P. larvae
phages to their hosts in the wild, including the phages’
role in horizontal gene transfer, identifying uses of P.
larvae phage proteins for biotechnology applications,
understanding how P. larvae defend against infection
from phages, and further studies on the use of P. lar-
vae phages as a treatment of AFB.

Materials and methods

Phages were isolated from a variety of sources and ampli-
fied using P. larvae NRRL 2605. Details of the isolation
and amplification process are given in*’. Assembly was
carried out using Geneious 7.1 (Biomatters, Auckland,
NZ).*® Details of the assembly process are given in*°,



Genomes were annotated using DNA Master (coba
mide2.bio.pitt.edu), which includes the gene calling
programs Glimmer (http://ccb.jhu.edu/software/glim

)>* and GeneMark (exon.gatech.edu).*® We also

mer
used GeneMarkhmm (exon.gatech.edu).*’ Details of
the annotation procedure are given in*°.

Dot plots were obtained with Gepard 1.30 (cube.
univie.ac.at/gepard).*>  The

sequence identity between phage genomes was

percent  nucleotide
obtained by performing a multiple alignment using
ClustalW,* using the TUB cost matrix. Protein align-
ments were performed using ClustalW using the BLO-
SUMBS62 cost matrix. Protein phylogenetic trees were
constructed using Clustal Omega.**

Putative protein function was inferred from manual
curation of searches of NCBI's non-redundant protein
database with BLASTP, and searches of NCBI's
Conserved Domain Database (CDD) with CD-
Search,” both with an E-value cutoff of 1E-3. In cases
where the searches returned multiple conflicting
results, the result with the lowest E-value was chosen
(unless the result was a “hypothetical protein,” in
which case the result with the lowest E-value that
wasn’t a hypothetical protein was entered). In cases
where there were conflicting results with equal
E-value, the bit score was used as a tie-breaker.

Phage genome maps and pham circles were
obtained from Phamerator.*® Phage genome maps
were obtained using the “Align Two Sequences” algo-
rithm of BLASTN and default window and step size,
and an E-value cutoff of 1E-4. Genes with percent
nucleotide identity >32.5% as calculated using Clus-
talW and BLAST E-value < 1E-50 were grouped into
the same “pham”. The Phamerator database was pop-
ulated with Bacillus and non-Bacillus phages whose
proteins appeared in our BLAST results with E-value
< 1E-3, as in*’. The full list of phages in our Phamera-
tor database, their accession number, and host, is
included as Supplementary Table 3.
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