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ABSTRACT

Tectiviridae are composed of tailless bacteriophages with an icosahedral capsid and an inner
membrane enclosing a double-stranded 15 kb linear DNA genome. Five of the seven previously
studied Tectivirus isolates infect bacteria from Bacillus cereus sensu lato group (Betatectivirus),
one distantly related member (PRD1) infect Enterobactericeae (Alpatectivirus) and one recently
discovered virus infect Gluconobacter cerinus (Gammatectivirus). Here we expand the host
spectrum of Betatectivirus elements to four additional genera (Streptococcus, Exiguobacterium,
Clostridium and Brevibacillus) and to more distantly related Bacillus species (B. pumilus and B.
flexus) by studying the genomes of fourteen novel tectiviral elements. Overall, the genomes show
significant conservation in gene synteny and in modules responsible for genome replication and
formation of the virion core (including DNA packaging). Notable variation exists in regions
encoding host attachment and lysis along with the surrounding area of a site in which mutations

are known to alter phage life cycle.
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INTRODUCTION

The virus family Tectiviridae contain a single genus, Tectivirus, that comprises tailless
bacteriophages with an icosahedral protein capsid of approximately 70 nm in diameter. The
protein coat encloses an inner membrane, which during infection extrudes from the capsid to
penetrate the cell wall and membrane(s) of the host. The ~15kb double stranded linear DNA
genome harbors around 30 genes and is replicated in protein-primed manner by a phage-encoded
polymerase (Caldentey et al., 1992; Berjon-Otero et al., 2016). After genome replication, DNA is

packed with an ATPase into the capsid and the host cell is lysed with an endolysin.
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The type virus of the Tectiviridae is PRD1, Gram-negative bacteria infecting plasmid-dependent
phage (Olsen et al., 1974). As PRD1 binds to a plasmid-encoded receptor on the host cell, its host-
range aligns with that of the plasmid (Olsen et al., 1974). PRD1 has been studied intensively for
several decades, making it one of the best characterized viruses in terms of genome, structure and
function (Abrescia et al., 2004; Cockburn et al., 2004). Yet, PRD1 is the sole representative of the
family in the Gram-negative clade (excluding a handful of other isolates that are genetically almost
100% identical to PRD1, Saren et al., 2005). The other previously known members of Tectiviridae
infect Gram-positive bacteria of Bacillus cereus sensu lato group (Bacillus anthracis, Bacillus
cereus and Bacillus thuringiensis, Gillis and Mahillion, 2014a). However, very recently, a novel
Tectivirus GC1 infecting Gluconobacter cerinus was characterized and proposed to form a new
genus, “Gammatectivirus” (Philippe et al., 2018). There are clear differences among the clades of
the family. PRDL1 is a strictly lytic virus whereas the Bacillus infecting representatives and GC1
can establish lysogeny (in case of tectiviruses, the genome is replicated within the host cell without
integrating into the host genome). Lysogenic cycle of Gram-positive bacteria infecting
tectiviruses, however, is prone to switch into strictly lytic cycle when the host-encoded LexA
repressor binding site on the virus genome gets disrupted by mutations (Fornelos et al., 2011;
Fornelos et al., 2015). Genetically the clades are very different and there is little homology on the
level of DNA (Ravantti et al., 2003; Philippe et al., 2018). However, the products of the core genes
of these viruses (namely the genes coding for major capsid protein and DNA packaging ATPase)
share approximately 20-30% similarity on the level of amino acids and all tectiviruses are

structurally very similar.

Currently identified members of Bacillus cereus sensu lato infecting Tectiviridae share 60% to
100% identity on DNA level. These phages are Bam35 (or almost identical Gil01 that differs by
eleven nucleotides, Verheust et al., 2001; Ravantti et al., 2003), Gil16 (Verheust et al., 2005),

AP50 (Sozhamannan et al., 2008), Wipl (Kan et al., 2013) and pBClin15 (Stromsten et al., 2003).
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One of early tectiviral isolates infecting B. acidocaldarius, phiNS11 (Sakaki et al., 1977), is no
longer available in the laboratory and has not been sequenced. A large-scale PCR-based screening
for Tectivirus-related elements among 2000 B. cereus isolates confirmed their presence in only
2.7% of the strains, indicating that they are relatively rare but also genetically conserved (Gillis
and Mabhillion, 2014a, Gillis and Mahillion, 2014b). It is also notable that only around half of the
annotated open reading frames (ORFs) of these tectiviruses have identifiable homologs in
databases (Sozhamannan et al., 2008; Berjon-Otero et al., 2017). Given that the currently
identified phages infect relatively closely related hosts (and PRD1 and GC1 infect extremely
distant hosts), it has not been possible to study the evolution of (Gram-positive bacteria infecting)
tectiviruses beyond B. cereus sensu lato group. In this paper, we analyze the genomes of fourteen
new Tectivirus-related elements from four new genera (Streptococcus, Exiguobacterium,
Clostridium and Brevibacillus), from more distantly related Bacillus species (B. pumilus and B.

flexus) in addition with elements from new strains of Bacillus cereus sensu lato group.

RESULTS AND DISCUSSION

Tectivirus genomes were used as a query to search homologous viral elements in databases.
Genomes of twelve novel tectivirus-like elements were discovered from the GenBank. Four of
these elements originate from novel genera, namely Streptococcus, Clostridium, Brevibacillus and
Exiguobacterium, none of which have been previously known to host tectiviruses. Six additional
elements were discovered from different Bacillus species: B. cereus, B. thuringiensis, B. pumilus
and B. licheniformis. The latter two are not part of the Bacillus cereus sensu lato group, and thus
provides examples of these elements in more distant Bacillus hosts. Further, there are two very
incomplete environmental metagenomics sequences from Red Sea in which clear Tectivirus-like

elements exists (GenBank ids KX984138 and KX984131). However, we left them out from
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detailed analysis due to the lack of information on hosts and the incompleteness of the sequences.
Nevertheless, the sequences studied here double the number of Tectivirus-like elements for which
nearly-complete genome sequence is available (listed in Table 1. Note that the two elements in
Streptococcus are the same and the element in Bacillus cereus strain FSL M8-0473 is identical to
previously studied element pBClin15 because the same strain was sequenced twice, first in 2003

(lvanova et al. 2003) and later in 2017 (direct deposit).

All of these elements were manually checked for their (automated) annotations. Unsurprisingly,
many of the likely coding domains had not been identified. We curated the genomes by adopting
the following criteria to locate putative genes: the open reading frames (ORFs) should be preceded
by a potential Shine-Dalgarno site (AGGAGG sequence allowing some permutations) to which
ribosomes bind, and the ORFs should fill the apparent “non-coding” regions in the genome (as
tectiviruses are known to be tightly packed with coding areas and thus existence of long regions
without genes is unlikely). Five to ten new putative genes were identified from each element and
most had homologs in other tectiviral elements, suggesting that they are likely to be genes.
Further, analysis of the deposited annotations revealed a short-coming of these automated tools as
they generally failed to describe the genetic content accurately enough in order to identify them as
potential proviruses without either utilizing specific tools (such as the improved Phage Search
Tool, PHASTER, Arndt et al., 2016, which indeed successfully recognized the elements studied
here as potential tectiviruses) or conducting targeted analysis of individual genes on sequence
level. The problem in identification derives from the annotations of the known viruses in databases
as most of them describe the coding domains to produce “hypothetical proteins” or “cytoplasmic
protein”. Yet, in reality, many of these hypothetical proteins have been demonstrated to produce
structural components of the virions (see e.g. Stromsten et al., 2003; Sozhamannan et al., 2008) or
to have interactions with other proteins in the genome (Berjon-Otero et al., 2017). Accurate

identification of the elements appear relevant for deriving useful information from whole genome
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sequencing projects given that members of Tectiviridae are known to influence growth rate,
biofilm formation, swarming motility, sporulation (Gillis and Mahillion, 2014c) and they
continuously produce viral particles in liquid cultures (that infect other hosts in their environment,

Jalasvuori et al., 2009; Jalasvuori et al., 2013).

The evolutionary distances of the elements were inferred by studying the major capsid protein
(MCP, Figure 1) along with the packaging ATPase (Supplementary Figure 1) as they have been
repeatedly argued to define the identity of the virus and are considered to be evolutionarily tightly
linked (and thus likely to be co-inherited to viral offspring from the same virus, Bamford et al.,
2002; Krupovic and Bamford, 2010; Sinclair et al., 2017); the same approach has been utilized to
group relatively distant elements in other viruses with icosahedral capsids and inner membranes
(Jalasvuori et al., 2010; Pawlowski et al., 2014). Both proteins indeed produce comparable trees
(Figure 1 and Supplementary Figure 1), although there are some uncertainties (low bootstrap
values) with more distantly related elements. Yet, in the case of Gill6¢c and the elements in B.
cereus strains VD166 and VD184, a clear recombination between the genes for ATPase and MCP
has occurred. On amino acid level, Gil16 ATPase is 96% identical to that of VD184 but only 79%
identical to VD166 while the Gill6c MCP is 98% identical to MCP of VD166 but only 72%
identical to VD184. This reveals that even the areas between tightly linked “virus identifying”
genes may sometimes serve as sites for recombination among Tectiviridae. Overall, the most
divergent members of the group are the elements in the hosts that were previously not known to
harbor tectiviruses, i.e. Brevibacillus sp., Clostridium sp., Exiguobacterium antarcticum, Bacillus
pumilus and Bacillus flexus, all sharing around 32-40% similarity on DNA level with the others

(Table 2).

Overall, the divergence of tectiviruses appears to follow that of their host organisms when the
16sRNA trees of Gram-positive bacteria is used as a reference (Onyenwoke et al., 2004). This is

expected, given the host specificity of bacteriophages in general and tectiviruses in particular
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(Jalasvuori et al., 2013; Gillis and Mabhillion, 2014b; Mattila et al., 2015), making jumps to
taxonomically distant hosts unlikely. However, there is single exception. The element in
Streptococcus is closely related to Bacillus anthracis viruses of AP50 and Wipl despite of the
more distant relationship of their hosts. This suggest that a Tectivirus-like element of probably

Bacillus origin has recently invaded Streptococcus.

We compared the genomes of all the elements to each other (Figure 2) and scored the number of
(potential) homologs in other members of the group (including PRD1). Hits to identical elements
were ignored (pBClinl5 and element in Bacillus cereus strain FSL MB8-0473; and both
Streptococcus pneumoniae elements). Overall gene synteny among tectiviruses or Tectivirus-like
element in Gram-positive bacteria is very conserved and no major shifting of the modules is
observed, excluding the previously denoted localization of DNA polymerase in Wip1 in the 3° end
of the genome (Kan et al., 2013). The genome replication machinery of Wipl in general shows
notable divergence in comparison to other elements. Otherwise, several genomic regions are
conserved, including those for DNA polymerase and the genome terminal protein, both of which
are necessary for the protein-primed replication, along with those genes encoding for key
structural components of the virion and DNA packing. Most variability, on the other hand, is
observed around the previously demonstrated host encoded LexA suppressor binding site, where
mutations often result in virus to be unable to suppress its lytic life cycle (Fornelos et al., 2011).
Such mutations can be favourable in certain ecological situations, such as when there is large
susceptible host population for lytic mutants to proliferate in. Yet, in the absence of new hosts,
reversion to temperate cycle can be necessary for the long-term survival of the phage (Jalasvuori
and Koonin, 2015). These possible alterations in ecological conditions have been suggested to
contribute in the genetic diversity of the region (Jalasvuori et al., 2014). However, while
previously most of the genes in this region had homologs neither in databases nor among other

tectiviruses, now we were able to identify potential homologs for majority of the genes in other



O©CoO~NOOTA~AWNE

elements. This suggest that the region, while variable, is not evolving as rapidly as was formerly
considered. Also, relatively long putatively non-coding sequences are more common within this
region than elsewhere in the genome. Second region where variability abounds is the one in the 3’
end of the genome encoding for host recognition features along with endolysins responsible of
successful release of virions to the environment. Given that both functions act either on cell
surface or murein components, both of which are in itself highly divergent (Scott and Barnett,
2006; Davis and Weiser, 2011), the variability is possibly best explained by host-parasite

evolutionary arms race.

In most tectiviral elements, the polymerase is immediately followed by a short and conserved gene
coding for a protein that binds to LexA (a host-encoded repressor activated upon bacterial stress,
see e.g. Fornelos et al., 2016) enhancing its binding to the promoter that activates the operon for
Iytic functions. Further, this protein in sufficiently high concentrations can interfere with bacterial
SOS response (Fornelos et al., 2015), suggesting a phage-adaptation to control normal bacterial
regulation pathways under stress. Brevibacillus element lacks the gene for LexA binding protein,
but at the same loci it harbors a gene encoding a putative protein with distant similarity to DNA
unwinding helicases, DNA binding proteins and zinc finger proteins. Further, in both B. flexus and
B. pumilus elements, the gene is similarly missing but has been replaced with two and three genes,
respectively, without any similarity to proteins in databases. Given the genomic location, it is
possible that these genes code for proteins that have functions in controlling normal gene
expression and/or stress response of the host and may thus be of value for future research in these

species.

Brevibacillus element in general has most genes without resemblance to other members of the
group. The gene in the beginning of the virion assembly region encodes a possible TonB-domain
(COG0810), which is known to link inner and outer membranes in Gram-negative bacteria. Given

the inner membrane in Tectivirus virion, the protein can be speculated to be a structural
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component of the capsid. None of the putative proteins encoded from genes in the 3’ end of the
element has significant similarity to proteins in databases suggesting that the element encodes a
novel receptor binding spike. Further, the second last gene in Exiguobacterium antarctica element
is dissimilar to other tectiviral elements but similar to peripherally T4-related phage Pf16 infecting
Pseudomonas putida, indicating potential gene exchange between a Tectivirus and a member of
Caudovirales. Previously similar recombination was identified in PRD1-like tectiviruses that
apparently acquired a lysis cassette from Caudovirales (Krupovic et al., 2008). Also, its notable
that around half of the elements contain putative genes of below 100 nucleotides in length
(sometimes being as short as 63 nts), a limit utilized by many algorithms for detecting open
reading frames. These putative genes are shared by multiple elements, suggesting that they are not
annotation artefacts. In PRD1, short genes encode peptides with transmembrane helices and are
known to be involved in linking DNA packing complex to the virion (Stromsten et al., 2003). Yet,
most of the short peptides analyzed for this study have no predictable transmembrane regions
(although some do) and possibly carry out different functions. Many of the genes indeed have
identical counterparts in certain plasmids of the same or closely related species suggesting that
they do provide fitness benefits for several types of extrachromosomal genetic elements that are
not likely to form virions. Nevertheless, as short genes are likely to go unnoticed by automated
tools and thus, even if potential homologs exist in sequences per se, their translations are likely to
be absent from curated non-redundant protein databases that lack majority of directly deposited
sequences (such as BLAST). As has been argued previously (Samoya et al., 2011; Andrews and
Rothnagel, 2014), it is still a somewhat overlooked area of research to scan existing (bacterial and
bacteriophage) genomes solely for putative short genes that show characteristics of being actually
translated into peptides (such as having significant Shine-Dalgarno sites, encode structurally stable
peptides and the ORFs having counterparts in whole genome alignments with closely related

species) and then associate them with different phenotypic, ecological and environmental qualities.



O©CoO~NOOTA~AWNE

To conclude, tectiviral elements in Gram-positive bacteria are conserved for their gene synteny
and for genes necessary for building up the core of the virion. Genomic variability is observed for
regions that are responsible of controlling the life cycle as well as mediating host attachment and
lysis. All elements reside in bacteria known to be present in soil (along with various other
environments). Brevibacillus and Streptococus are not known to form spores, thus implying that
Tectiviridae in Gram-positive bacteria are not restricted to spore-formers. In the future, whole-
genome sequencing projects are likely to produce more Tectivirus-like elements, thus expanding
the known host spectrum even further. Yet the complete absence of new elements from Gram-
negative hosts despite of the exponentially increasing amount of sequences from all possible

samples suggests that they may indeed be very rare.

MATERIALS AND METHODS

Amino acid sequence of major capsid proteins of known Tectivirus members AP50, Gil16, Bam35
and pBClinl5 (complete genome RefSeq ids NC_011523, NC_006945, NC_005258 and
NC_00472, respectively), were used as seeds for BLAST (https://blast.ncbi.nlm.nih.gov/).
Significant hits to unknown sequences were manually checked for the size and the presence of
other Tectivirus-like genes. Fourteen sequences of likely tectiviral origin were obtained and
thereafter handled with Geneious 11.0.2 software (www.geneious.com). PHASTER (Arndt et al.,

2016; http://phaster.ca) was used to further investigate whether the elements can be recognized by

automated tools as prophages by submitting the complete sequence for analysis (all of them being
identified correctly as prophages related to Bam35). Whole genome alignments were conducted
with ClustalW 2.1. (Larkin et al., 2007) with IUB cost matrix and gap open and extension costs of
7 and 4, respectively. The annotations of the sequences were checked manually for potential errors

and unmarked putative genes, and were re-annotated accordingly (as described in Results and


http://phaster.ca)/
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Discussion). All putative gene products of the novel elements along with (putative) genes in all
previous Tectivirus sequences were translated into a local protein database. Then each protein
from each element was BLASTed against this database. Two proteins were considered potential
homologs when the selected E- values were considered positive hits using the following criteria.
The E - value to a hit was below 1.0e-1 or in the case of short proteins (i.e.< 60 amino acids) the
pairwise align to a similar sized protein including identical or similar amino acids. Naturally, in
some cases where the similarity is relatively low, potential homology cannot be inferred in terms
of the genes sharing a common ancestral gene in an ancestor virus, but may rather implicate
different types of relationships such as being originated by duplication of partial genes or
transposition of partial sequences elsewhere in the genome. A total of approximately 550 proteins
were manually checked for their hits to putative proteins in other members of the family. Short
proteins of below around 35 amino acids in size were investigated for the existence of putative
transmembrane regions with TMHMM 2.0 (http://www.cbs.dtu.dk/servicessTMHMMY/). The
existence of potential homologs in databases to putative gene products of Tectivirus-like elements
was conducted with BLAST. Evolutionary analyses were conducted in MEGA7 (Kumar et al.,
2016). Divergence of MCPs and ATPases were inferred by using the Maximum Likelihood
method based on the JTT matrix-based model (Jones et al., 1992). The trees in Figure 1 and in
Supplementary Figure 1 are the ones with the highest log likelihoods (-7105.24 and -3586.80,
respectively). Initial trees for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood value. All positions containing

gaps and missing data were eliminated.
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Figure and Table Legends

Table 1. Tectiviridae related elements in databases.

Tectiviridae element

BThuPhagel
BCerPhagel
BCerPhage2
BCerPhage3
BCerPhage4
BCerPhage5
BPumPhagel
BLicPhagel
ClosPhagel
EAntPhagel
BFlexPhagel
SPneuPhagel
SpneuPhage2
BreviPhagel

Putative genes in

Tectiviridae element in bacterium Sequence length  Putative genes GC% RefSeq id original annotation
Bacillus thuringiensis serovar sumiyoshiensis strain BGSC 4A01 14329 31 399 NZ_NFCM01000003 23
Bacillus cereus strain MOD1_Bc143 14642 27 339 NZ_NBNG01000017 20
Bacillus cereus strain FSL M8-0473 15258 26 38.1 NZ_MUAP01000079 21
Bacillus cereus strain MOD1_Bc67 12062 25 37.4 NZ_MIFF01000080 19
Bacillus cereus VD184 15259 30 40.1 NZ_KB976851 25
Bacillus cereus VD166 14445 29 36.1 NZ_JH791864 22
Bacillus pumilus strain CB0O1 14220 29 42.2 NZ_LYXP01000014 24
Bacillus licheniformis strain B4092 13295 24 441 NZ_LQYK01000004 19
Clostridium sp. HMSC19B11 8527 18 38.6 NZ_KV785301 13
Exiguobacterium antarcticum DSM 14480 14829 28 42.2 NZ_JMKS01000002 23
Bacillus flexus T6186-2 13112 27 36.0 NZ_JANV01000006 22
Streptococcus pneumoniae strain 6B 14440 31 354 NZ_CWJH01000041 21
Streptococcus pneumoniae strain 38 14558 31 389 NZ_CMPS01000060 21
Brevibacillus sp. CF112 13935 31 459 NZ_AKKB01000094 25
Table 2. DNA identity matrix of complete Tectivirus-elements.
Bacillus® Bacillus®  Clostridium? Bacillus@  Bacillus@  Bacillus@ Bacillus? Bacillus® 1@ Bacillus® Bacillus® Bacillus® Bacillus®  Stre 2 Bacillus Bacillus? Exiguobacteriumi Brevibacillust
pumilusi  licheniformisz inl  cereusl i ingiensis ingiensist  cereus! EI cereus®  pne anthracis  anthracisi antarcticum®SMi sp.LF112
strain@BO1 strain4092 HMSC19B11 T6186-2 strain®SL? phaged MOD1_Bc67 VD166 i phage?  phageill6  strain® VD184 strain®B  phage@P50 phage@ipl 14480

sumi

4A01

jensisi  Bam35
strainBGSCH

ExiguobacteriumiantarcticumDSM24480

36.4
359
36.1
38.1
52.0
52.0
82.4

36.6
363
36.1
38.9
523
523
83.4
82.9

373
363
368
38.0
54.8
54.8
739
693
79.6

36.1
35.1
35.4
372
56.9
56.8
63.4
585
63.9
67.2
633
643

375 36.8 363
362 35.8 35.1
371 36.7 353
381 37.8 375
54.4 53.5 45.6
54.4 53.5 456
49.0 9.2 6.9
48.0 47.6 46.3
47.3 47.4 6.6
506 50.7 454
504 50.7 4.7
50.0 50.2 439
525 52.4 432

83.5 60.4

585

357 331
344 322
347 342
366 353
386 36.4
386 364
38.0 357
369 347
373 347
39.0 355
383 354
386 352
391 347
403 37.0
397 36.1
373 339

346

Figure 1. Molecular Phylogenetic analysis of the major capsid protein sequences of the Tectivirus-

like elements. The tree is drawn to scale, with branch lengths measured in the number of

substitutions per site. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. There was a total of 348 positions in the final dataset.

Figure 2. Genomic comparison of known tectiviruses and Tectivirus-like elements. The translations
of all annotated open reading frames (ORFs) were compared to the translations of annotated ORFs
in other elements. The whole genome alignment was conducted via ClustalW. The stated functions
for genes in the bottom of the figure are those determined or suggested for phage AP50, but the
functions of genes in similar aligned positions in other phages may still differ.
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Table 1

Tectiviridae element Tectiviridae element in bacterium

BThuPhagel Bacillus thuringiensis serovar sumiyoshiensis strain BGSC 4A01
BCerPhagel Bacillus cereus strain MOD1_Bc143
BCerPhage2 Bacillus cereus strain FSL M8-0473
BCerPhage3 Bacillus cereus strain MOD1_Bc67
BCerPhage4 Bacillus cereus VD184

BCerPhage5 Bacillus cereus VD166

BPumPhagel Bacillus pumilus strain CB01

BLicPhagel Bacillus licheniformis strain B4092
ClosPhagel Clostridium sp. HMSC19B11
EAntPhagel Exiguobacterium antarcticum DSM 14480
BFlexPhagel Bacillus flexus T6186-2

SPneuPhagel Streptococcus pneumoniae strain 6B
SpneuPhage2 Streptococcus pneumoniae strain 38

BreviPhagel

Brevibacillus sp. CF112



Table 2

Element in / virus Bacillus Bacillus
pumilus licheniformis
strain CBO1 strain B4092

Bacillus pumilus strain CB01 55.8
Bacillus licheniformis strain B4092

Clostridium sp. HMSC19B11

Bacillus flexus T6186-2

Bacillus cereus strain FSL M8-0473

Bacillus cereus linear plasmid pBClin15

Bacillus cereus strain MOD1_Bc67

Bacillus cereus VD166

Bacillus thuringiensis serovar sumiyoshiensis strain BGSC 4A01
Bacillus thuringiensis phage Bam35

Bacillus thuringiensis phage Gil16

Bacillus cereus strain MOD1_Bc143

Bacillus cereus VD184

Streptococcus pneumoniae strain 6B

Bacillus anthracis phage AP50

Bacillus anthracis phage Wip1

Exiguobacterium antarcticum DSM 14480

Brevibacillus sp. CF112
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