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	201	

Fig	2:	Predicted	proteome-based	clustering	trees	of	93	spounavirin	and	spouna-like	202	

viruses.	Clustering	was	performed	using	the	Phage	Proteomics	Tree	approach	(A)	and	203	

proteomic	distance	(B).	Distances	were	calculated	pairwise	between	all	sets	of	predicted	204	

proteomes,	clustered	with	R	and	visualized	using	Itol.	The	trees	were	rooted	at	Brochotrix	205	

phage	A9.	Genera	are	delineated	with	colored	squares	and	suggested	subfamilies	with	206	

colored	circles.	207	

	208	

Among	1,296	singleton	proteins	and	2,070	protein	clusters	defined	using	the	209	

orthologous	protein	clusters	(OPC)	approach,	we	identified	12	clusters	common	for	all	210	

viruses	(Table	2,	S2	Table).	Classification	of	the	viral	proteins	using	prokaryotic	virus	211	

orthologous	groups	(pVOGs)	showed	that	38	pVOGs	were	shared	between	all	93	virus	212	

genomes	(Table	2,	S3	Table).	This	finding	was	in	stark	contrast	with	the	results	from	core	213	
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genome	analysis	using	Roary,	which	revealed	only	one	core	gene	(the	tail	tube	protein	214	

gene).	Upon	closer	inspection	of	the	gene	annotations,	we	found	that	these	analyses	might	215	

have	been	confounded	by	the	presence	of	introns	and	inteins	in	many	of	the	core	genes	216	

(S5–S6	Figs).	Indeed,	many	genes	of	spounavirins	and	related	viruses	are	invaded	by	mobile	217	

introns	or	inteins	[32,33].	These	gaps	in	coding	sequences	challenge	gene	prediction	tools	218	

and	introduce	additional	bias	in	similarity-based	cluster	algorithms.	219	

	220	

Table	2:	Core	genes	with	putative	annotated	functions	identified	in	all	93	spounavirin	and	221	

spouna-like	virus	genomes.	222	

Putative	function	of	the	core	gene	

identifieda	

pVOGb	/	OPCb	ID	 Identification	method	

DnaB-like	helicase		 VOG0025,	OPC6121	 OPC,	pVOG	

Baseplate	J-like	protein		 VOG4691,	VOG4644,	

OPC6132	

OPC,	pVOG	

Tail	sheath	protein		 VOG0067,	OPC6142	 OPC,	pVOG	

Terminase	large	subunit		 VOG0051,	OPC6160	 pVOG	

Major	capsid	protein		 VOG0061,	OPC6148	 OPC,	pVOG	

Prohead	protease		 VOG4568,	OPC6150	 pVOG	

Portal	protein		 VOG4556,	OPC6151	 OPC,	pVOG	

DNA	primase		 VOG4551	 pVOG	

DNA	polymerase	I		 VOG0668,	OPC6097	 OPC,	pVOG	

RNA	polymerase		 VOG0118	 pVOG	

Recombination	exonuclease		 VOG4575	 pVOG	
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Recombination	endonuclease		 VOG0083	 pVOG	

Tail	tape	measure	protein		 VOG0069	 pVOG	

Tail	tube	protein		 VOG0068,	OPC6141	 OPC,	pVOG,	Roary	

a
	The	full	lists	of	orthologous	proteins	and	pVOGs	are	available	in	S2	Table	and	S3	Table,	223	

respectively.		224	

b
	pVOG,	prokaryotic	virus	orthologous	group;	OPC,	orthologous	protein	clusters.		225	

	226	

The	pairwise	comparison	of	the	predicted	proteome	content	of	the	viruses	revealed	227	

a	very	low	overall	relatedness	at	the	protein	level	(S7	Fig	S7).	The	majority	of	viruses	shared	228	

less	than	10%	of	their	proteins.	However,	at	the	suggested	new	subfamily	rank,	we	observed	229	

obvious	virus	groups	sharing	their	proteomes.	The	Enterococcus	viruses	(“Brockvirinae”)	230	

shared	over	35%	of	their	protein	content.	The	members	of	the	Bacillus	virus	genera	231	

Spo1virus	and	Cp51virus	of	the	subfamily	Spounavirinae	(sensu	stricto)	had	approximately	232	

20%	of	their	proteins	in	common,	whereas	the	Bacillus	virus	genera	Bastillevirus,	B4virus,	233	

Bc431virus,	Agatevirus,	Nit1virus,	Tsarbombavirus,	and	Wphvirus	(“Bastillevirinae”)	and	the	234	

Staphylococcus	virus	genera	Kayvirus,	Silviavirus,	and	Twortvirus	(“Twortvirinae”)	shared	235	

over	25%	and	over	30%	of	their	predicted	proteomes,	respectively.	236	

Genomic	fluidity	is	a	measure	of	the	dissimilarity	of	genomes	evaluated	at	the	gene	237	

level	[34].	Accordingly,	the	genomic	fluidity	results	followed	those	obtained	using	proteome	238	

content	analysis	(S8	Fig).	Despite	a	high	genomic	fluidity	for	most	of	these	viruses,	the	newly	239	

suggested	subfamilies	and	genera	were	all	supported.	240	

The	topology	of	the	dendrogram	obtained	using	the	average	amino	acid	identity	241	

(AAI)	approach	also	supported	the	suggested	new	taxonomic	scheme	(S8	Fig).	The	AAI	was	242	

greater	than	35%	within	each	subfamily	and	greater	than	67%	within	each	genus.	The	AAI	of	243	
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all	viruses	analyzed	in	this	study	was	not	lower	than	22%.	The	members	of	the	genus	244	

Wphvirus	had	the	lowest	AAI	(76%)	and	the	lowest	AAI	for	a	pair	of	proteomes	(67%	245	

between	Bacillus	phage	W.Ph.	and	Bacillus	phage	Eyuki)	but	surprisingly	they	had	a	mid-246	

range	genomic	fluidity	(0.15),	suggesting	that	the	protein	sequences	of	wphviruses	might	247	

have	evolved	rapidly.	248	

The	pangenome	of	the	spounavirins	and	spouna-like	viruses	as	calculated	using	249	

Roary	[35],	consisting	of	4,182	genes,	was	further	analyzed	by	clustering	the	genomes	based	250	

on	the	presence	or	absence	of	the	accessory	genes	(S9	Fig).	The	obtained	tree	supported	the	251	

current	division	of	the	viruses	into	approved	genera	and	the	suggested	new	subfamilies.	252	

Many	virus	genomes	are	thought	to	be	highly	modular,	with	recombination	and	253	

horizontal	gene	transfer	potentially	resulting	in	“mosaic	genomes”	[36,37].	By	clustering	the	254	

spounavirin	and	spouna-like	virus	genomes	based	solely	on	the	gene	order	of	their	255	

genomes,	we	investigated	whether	the	gene	synteny	was	preserved	(S10	Fig).	The	results	256	

revealed	that	genomic	rearrangements	leave	a	measurable	evolutionary	signal	in	all	257	

lineages,	since	the	genomic	architecture	analysis	clustered	all	viruses	according	the	258	

suggested	taxa	with	the	potential	exception	of	Bacillus	phage	Moonbeam	[38].	However,	we	259	

did	not	observe	the	high	modularity	that	may	be	expected	with	rampant	mosaicism.	The	260	

lack	of	rampant	mosaicism	supports	the	recent	findings	by	Bolduc	et	al.	that	at	most	about	261	

10%	of	reference	virus	genomes	have	a	high	degree	of	mosaicism	[14].	Thus,	while	the	gene	262	

order	in	viruses	belonging	to	the	newly	suggested	family	“Herelleviridae”	is	not	necessarily	263	

strictly	conserved,	we	observed	a	clear	evolutionary	pattern	that	is	consistent	with	the	264	

sequence-based	approaches	tested	in	this	study.	265	
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Single	protein	phylogenies	266	

The	phylogenetic	trees	based	on	comparisons	of	the	major	capsid,	tail	sheath,	and	DnaB-like	267	

helicase	proteins	are	presented	in	Fig	3.	All	nine	phylograms	based	on	conserved	proteins	268	

(OPC)	are	depicted	in	the	trees	in	S11	Fig.	For	nearly	all	single	marker	trees,	the	topologies	269	

supported	the	suggested	taxonomic	scheme.	Generally,	each	taxon	is	represented	as	a	270	

separate	branch	on	the	dendrogram.	Notable	exceptions	could	be	found	in	two	trees	based	271	

on	hypothetical	proteins	(OPCs	10357	and	10386).	The	first	(10357)	places	revised	the	272	

subfamily	Spounavirinae	as	a	subclade	of	“Bastillevirinae”	and	the	second	(10386)	shuffled	273	

silviaviruses	and	kayviruses.	This	result	may	indicate	that	some	degree	of	horizontal	gene	274	

transfer	occurs	between	groups,	which	share	common	hosts.	275	

	276	

	277	

Fig	3:	Single	gene	phylogenies	of	the	major	capsid	protein	(MCP,	A),	tail	sheath	protein	278	

(TSP,	B)	and	helicase	(C)	amino	acid	sequences	of	93	spounavirin	and	spouna-like	viruses.	279	

Amino	acid	sequences	were	aligned	with	Clustal	Omega	and	trees	were	generated	using	280	
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FastTree	maximum	likelihood	with	Shimidaira-Hasegawa	tests.	The	scale	bar	represents	the	281	

number	of	substitutions	per	site.	The	trees	were	rooted	at	Brochotrix	phage	A9.	Genera	are	282	

delineated	with	colored	squares	and	suggested	subfamilies	with	colored	circles.	283	

	284	

	285	

Discussion		286	

Using	the	conventional	definition	of	“tailed	phage”	families,	Myoviridae,	Podoviridae,	and	287	

Siphoviridae	(order	Caudovirales),	researchers	effectively	classified	caudovirads	for	decades	288	

[39,40].	However,	the	classification	of	these	viruses,	defined	by	a	traditional	morphology-289	

based	approach,	has	been	contested	with	the	advent	of	high-throughput	sequencing.	The	290	

steadily	increasing	number	of	available	genomes	and	debates	on	the	impact	of	horizontal	291	

gene	transfer,	which	marked	the	late	1990s	and	early	2000s,	resulted	in	a	decade-long	292	

moratorium	on	the	introduction	of	any	new	taxonomy	for	prokaryotic	viruses	[41].	The	293	

increasing	discrepancy	between	the	official	taxonomic	framework	and	the	emerging	high-294	

volume	genomics	and	metagenomics	research	left	≈90%	of	prokaryotic	viruses	known	from	295	

genome	sequences	unclassified	beyond	the	family	rank,	i.e.	they	were	classified	as	orphan	296	

species	in	a	family.	Consequently,	prokaryotic	virus	diversity	was	vastly	underappreciated,	297	

and	virus	genome	curation	remained	in	disarray.	Recently,	rather	than	implementing	a	298	

‘repeal	and	replace’	strategy	for	prokaryotic	virus	taxonomy,	the	Committee	has	introduced	299	

a	holistic	system,	involving	virus	particle	morphology,	overall	DNA	and	protein	sequence	300	

identities,	and	phylogeny—an	approach	used	for	classification	of	all	other	viruses	[1,2].	301	

Successful	modern	taxonomic	approaches	must	scale	up	to	accommodate	the	302	

increasing	pace	of	prokaryotic	virus	discovery	and	be	effective	across	the	4,470	putative	303	

complete	prokaryotic	virus	sequences	currently	deposited	in	GenBank	and	other	databases	304	

[42].	These	scaling	requirements	have	remained	problematic,	and	although	there	are	more	305	
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than	3,400	publicly	available	caudovirad	genomes,	only	873	have	been	officially	classified	by	306	

the	ICTV	by	now	[43].	The	remaining	genomes	are	provisionally	stashed	within	307	

“unclassified”	bins	attached	to	the	order	Caudovirales	or	its	member	families,	either	308	

because	they	still	need	to	be	classified	in	a	species/genus/subfamily,	or	because	they	may	309	

be	unidentified	isolates	of	already	classified	viruses.	310	

The	growth	in	the	number	of	prokaryotic	virus	genome	sequences	now	supports	the	311	

application	of	a	range	of	genomic	analyses	for	robust	taxonomic	classification	[44,45].	312	

Meanwhile,	phylogenomic	approaches	are	yielding	to	network-based	approaches	to	better	313	

reflect	the	evolution	of	viral	genomes	[9,14].	These	network-based	approaches	help	to	314	

organize	the	viral	sequence	space	into	statistically-resolvable	“viral	clusters.”	These	clusters	315	

are	approximately	equivalent	to	ICTV-recognized	genera	and	provide	a	taxonomic	316	

description	that	better	reflects	evolutionary	relationships.	Given	the	high	computational	317	

demand	of	network-based	approaches,	however,	the	development	of	centralized	resources	318	

and	authority-monitored	cyberinfrastructure,	such	as	the	iVirus	platform	on	Cyverse	[46]	or	319	

the	Joint	Genome	Institute	Integrated	Microbial	Genomes	Virus	resource	IMG/VR	[47],	will	320	

have	to	assist	the	prokaryotic	virus	community	with	large	dataset	computation	and	321	

classification.	322	

Based	on	the	results	of	this	study,	we	suggest	that	the	group	of	spounavirin	and	323	

spouna-like	viruses	be	removed	from	the	family	Myoviridae	and	be	given	a	family	rank.	324	

Hence,	we	propose	establishing	the	suggested	family	“Herelleviridae”,	in	the	order	325	

Caudovirales	next	to	a	smaller	Myoviridae	and	the	established	Podoviridae	and	Siphoviridae	326	

families.	The	new	family	would	contain	five	subfamilies:	Spounavirinae	(sensu	stricto),	327	

“Bastillevirinae”,	“Twortvirinae”,	“Jasinkavirinae”,	and	“Brockvirinae”,	each	comprising	the	328	

ICTV-established	genera	listed	in	Table	1	(with	additional	information	in	S1	Table).	329	
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This	study	represents	the	first	example	of	a	true	taxonomic	assessment	from	an	330	

‘ensemble	of	methods’.	The	de	facto	taxon	splitting	suggested	here	results	from	the	331	

observed	diversity	of	prokaryotic	viruses.	We	are	encouraged	that	the	combination	of	332	

genome	BLAST	analyses,	virus	proteomic	trees,	core	protein	clusters,	genomic	synteny	333	

(GOAT),	and	single	gene	phylogenies	yields	consistent	and	complementary	results,	showing	334	

the	robustness	of	the	suggested	taxa.	In	addition,	the	suggested	genera	correspond	well	335	

with	the	taxonomy	of	the	hosts	(Bacillus,	Listeria,	Staphylococcus,	and	Enterococcus)	336	

indicating	broader	microbiological	consistency.	Moreover,	only	approximately	3%	of	viruses	337	

are	left	as	unassigned	at	the	genus	and	subfamily	rank	at	this	time	within	this	group.	These	338	

unassigned	viruses	may	represent	clades	at	the	genus	and	subfamily	rank	that	are	still	339	

under-sampled.	340	

This	work	demonstrates	the	usefulness	of	genome-based	classification	at	a	higher	341	

taxonomic	rank	and	its	ability	to	accommodate	the	complex	viral	diversity.	Substitution	of	342	

the	families	Podoviridae,	Myoviridae,	and	Siphoviridae	with	a	set	of	new	families	which	343	

more	faithfully	reflect	the	true	genetic	relationships	of	the	viruses	would	clarify	the	344	

taxonomic	situation.	However,	this	change	does	not	remove	the	historically	established	345	

virus	morphotypes	observed	in	the	nature	among	caudovirads:	myovirids	forming	particles	346	

with	contractile	tails,	siphovirids	forming	particles	with	long	non-contractile	tails,	and	347	

podovirids	forming	particles	with	short	non-contractile	ones.	By	disconnecting	morphotype	348	

and	family	classification	of	caudovirads,	taxonomically	related	clades	can	be	grouped	across	349	

morphotypes.	This	grouping	includes	the	muviruses	suggested	to	be	classified	in	the	family	350	

“Saltoviridae”	[48]	and	potentially	the	broad	set	of	Escherichia	phage	lambda-related	351	

viruses	that	are	currently	distributed	among	the	families	Siphoviridae	and	Podoviridae	[49].		352	
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We	believe	that	abolishment	of	the	Podoviridae,	Myoviridae	and	Siphoviridae	353	

families	will	soon	be	followed	by	the	“upgrade”	of	existing	viral	taxonomy	with	additional	354	

taxon	ranks	required	to	accommodate	the	observed	diversity	in	an	orderly	manner.	355	

	356	
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Materials	and	methods	357	

Creation	of	the	dataset	358	

Genome	sequences	of	known	spounavirins	and	spouna-like	viruses	were	retrieved	from	359	

GenBank	or	(preferably)	RefSeq	databases	in	based	on	literature	data,	ICTV	and	taxonomic	360	

classifications	provided	by	the	National	Center	for	Biotechnology	Information	(NCBI).	361	

Records	representing	genomes	of	candidate	spounavirins	and	spouna-like	viruses	were	362	

retrieved	by	searching	the	same	databases	with	the	tBLASTx	algorithm	using	terminase	and	363	

major	capsid	proteins	of	several	type	virus	isolates	as	a	query	(i.e.,	Bacillus	phage	SPO1,	364	

Staphylococcus	phage	Twort,	Bacillus	phage	Bastille,	Listeria	phage	A511,	Enterococcus	365	

phage	φEF24C,	and	Lactobacillus	phage	LP65)	[50,51].	Sequences	were	manually	curated	366	

and	pre-clustered	using	CLANS	(E-value	cut-off	1e-10)	to	confirm	their	spounaviral	affiliation	367	

[52].	This	search	yielded	a	set	of	93	complete	virus	genomes,	which	were	used	in	the	368	

following	analyses	(S1	Table).		369	

The	coding	sequences	in	the	genomes	were	re-annotated	using	PROKKA	with	the	370	

settings	--kingdom	Viruses,	--E-value	1e-6	[53].	All	genome	sequences	are	available	from	371	

NCBI	(accession	number	information	listed	in	S1	Table)	or	from	Github	372	

(github.com/evelienadri/herelleviridae).	373	

	374	

Genome-based	analyses	375	
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Gegenees	[54]	was	used	in	BLASTn	and	tBLASTx	modes	(fragment	length	200	bp;	step	length	376	

100	bp)	to	analyze	virus	genome	nucleotide	similarities.	Pairwise	identities	between	all	377	

genomes	under	study	were	determined	using	BLASTn	and	tBLASTx	algorithms	with	default	378	

parameters	[55].	Symmetrical	identity	scores	(%	SI)	were	calculated	for	each	pairwise	379	

comparison	using	the	formula		380	

	381	

%	SI	=	2.0	x		
!"	$	!%
&"	'	("	 	 		 	 	 	 	 (1)	382	

	383	

in	which	the	HL	is	defined	as	the	hit	length	of	the	BLAST	hit,	HI	is	defined	as	the	percentage	384	

hit	identity,	QL	is	defined	as	the	query	length,	and	SL	is	defined	as	the	subject	length.	385	

Symmetrical	identity	scores	were	converted	into	distances	using	the	formula	386	

Distance	=	 1.0	 − 	%./ ÷ 1001
	 	 	 	 	 	 	 (2)	387	

The	resulting	distance	matrix	was	hierarchically	clustered	(complete	linkage)	using	the	388	

hclust	function	of	R	[56].	Trees	were	visualized	using	Itol	[57].	389	

All	pairwise	comparisons	of	the	nucleotide	sequences	using	VICTOR,	a	Genome-390	

BLAST	Distance	Phylogeny	(GBDP)	method,	were	conducted	under	settings	recommended	391	

for	prokaryotic	viruses	[58,59].	The	resulting	intergenomic	distances	(including	100	392	

replicates	each)	were	used	to	infer	a	balanced	minimum	evolution	tree	with	branch	support	393	

via	FASTME	including	subtree	pruning	and	regrafting	(SPR)	post-processing	[60]	for	each	of	394	

the	formulas	D0,	D4,	and	D6,	respectively.	Trees	were	visualized	with	FigTree	[61].	Taxon	395	

demarcations	at	the	species,	genus	and	family	rank	were	estimated	with	the	OPTSIL	396	

program	[62],	the	recommended	clustering	thresholds	[59],	and	an	F	value	(fraction	of	links	397	

required	for	cluster	fusion)	of	0.5	[58].	398	

	399	
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Proteomic	tree	400	

The	Phage	Proteomic	Tree	was	constructed	as	described	previously	[63]	and	detailed	at	401	

https://github.com/linsalrob/PhageProteomicTree/tree/master/spounavirus.	Briefly,	the	402	

protein	sequences	were	extracted	and	clustered	using	BLASTp.	These	clusters	were	refined	403	

by	Smith-Waterman	alignment	using	CLUSTALW	version	2	[64].	Alignments	were	scored	404	

using	PROTDIST	from	the	PHYLIP	package	[65].	Alignment	scores	were	averaged	and	405	

weighted	as	described	previously	[63]	resulting	in	the	final	tree.	406	

	407	

Core	protein	clusters		408	

Orthologous	proteins	were	clustered	using	GET_HOMOLOGUES	software,	which	utilizes	409	

several	independent	clustering	methods	[66].	To	capture	as	many	evolutionary	relationships	410	

as	possible,	a	greedy	COGtriangles	algorithm	was	applied	with	a	50%	sequence	identity	411	

threshold,	50%	coverage	threshold,	and	an	E-value	cut-off	equal	to	1e-10	[67].	The	results	412	

were	converted	into	an	orthologue	matrix	with	the	“compare_clusters”	script	(part	of	the	413	

GET_HOMOLOGUES	suite)	[65].	414	

The	orthologous	protein	clusters	(OPCs)	defined	above	were	used	to	compute	the	415	

genomic	fluidity	for	each	pair	of	genomes.	For	two	genomes	i	and	j:		416	

Fluidity(i,j)	=	
23'24
53'54		 	 	 	 	 	 	 (3)	417	

	with	Ui	being	the	number	of	genes	of	i	not	found	in	j	and	Mi	being	the	number	of	genes	in	i	418	

[34].	The	resulting	distance	matrix	was	hierarchically	clustered	(complete	linkage)	using	the	419	

hclust	function	of	R	[56].	Trees	were	visualized	using	Itol	[57].	420	
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Multiple	alignments	were	generated	for	each	OPC	using	Clustal	Omega	[68].	For	each	421	

cluster,	the	amino	acid	identity	between	all	protein	pairs	inside	a	cluster	were	determined	422	

using	multiple	alignment.	For	all	genome	pairs,	the	AAI	[69]	was	then	computed	and	423	

transformed	into	distance	using	the	formula:	424	

Distance	=	
677899%
677 		 	 	 	 	 	 	 	 	 (4)	425	

The	resulting	distance	matrix	was	clustered	and	visualized	as	described	above.	426	

OPCs	and	multiple	alignments	for	each	cluster	were	used	to	determine	a	distance	427	

similar	to	the	distance	used	to	generate	the	Phage	Proteomic	Tree.	To	estimate	protein	428	

distances,	in	this	case,	the	dist	function	of	the	seqinR	package	[70]was	preferred	to	429	

PROTDIST	of	the	PHYLIP	package	[65]	as	the	resulting	distances	are	between	0	and	1.	430	

Proteomic	distances	were	then	computed	using	the	same	formula	as	for	the	Phage	431	

Proteomic	Tree.	The	results	were	clustered	and	visualized	as	described	above.		432	

The	Dice	score	is	based	on	reciprocal	BLAST	searches	between	all	pairs	of	genomes	A	433	

and	B	[31].	The	total	summed	bitscoresof	all	tBLASTx	hits	with	≥30%	identity,	alignment	434	

length	≥30	amino	acids,	and	E-value	≤0.01	was	converted	to	a	distance	DAB	as	follows:		435	

DAB	=	1−	(9:	'(:9(99	'(::	 	 	 	 	 	 	 	 	 (5)	436	

In	which	SAB	SAB	and	SBA	represent	the	summed	bitscores	between	tBLASTx	searches	of	A	437	

versus	B,	and	B	versusu	A,	respectively,	while	SAA	and	SBB	represent	the	summed	tBLASTx	438	

bitscores	of	the	self-queries	of	A	and	B,	respectively.	The	resulting	distance	matrix	was	439	

clustered	with	BionJ	[71].	440	

	441	
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To	investigate	a	genomic	synteny-based	classification	signal,	we	developed	a	442	

geneorder-based	metric	built	on	dynamic	programming,	the	Gene	Order	Alignment	Tool	443	

(GOAT,	Schuller	et	al.:	Python	scripts	are	available	on	request,	manuscript	in	preparation).	444	

GOAT	first	identified	protein-coding	genes	in	the	93	spounavirin	and	spouna-like	virus	445	

genomes	using	Prodigal	V2.6.3	in	anonymous	mode	[72],	and	assigned	them	to	the	latest	446	

pVOGs	[73]).	pVOG	alignments	(9,518)	were	downloaded	(http://dmk-447	

brain.ecn.uiowa.edu/pVOGs/)	and	converted	to	profiles	of	hidden	Markov	models	(HMM)	448	

using	HMMbuild	(HMMer	3.1b2,	[74]).	Proteins	were	assigned	to	pVOGs	using	HMMsearch	449	

(E-value	<10-2)	and	used	to	generate	a	synteny	profile	of	every	genome.	GOAT	accounted	450	

for	gene	replacements	and	distant	homology	by	using	an	all-vs-all	similarity	matrix	between	451	

pVOG	pairs	based	on	HMM-HMM	similarity	(HH-suite	2.0.16)	[75]).	Distant	HHsearch	452	

similarity	scores	between	protein	families	were	calculated	as	the	average	of	reciprocal	hits	453	

and	used	as	substitution	scores	in	the	gene	order	alignment.	The	GOAT	algorithm	identified	454	

the	optimal	gene	order	alignment	score	between	two	virus	genomes	by	implementing	semi-455	

global	dynamic	programming	alignment	based	only	on	the	order	of	pVOGs	identified	on	456	

every	virus	genome.	To	account	for	virus	genomes	being	cut	at	arbitrary	positions	during	457	

sequence	assembly,	GOAT	transmutes	the	gene	order	at	all	possible	positions	and	in	both	458	

sense	and	antisense	directions	in	search	of	the	optimal	alignment	score.	The	optimal	GOAT	459	

alignment	score	GAB	between	every	pair	of	virus	genomes	A	and	B,	was	converted	to	a	460	

distance	DAB	as	follows:		461	

DAB	=	1	−;9:	';:9
;99	';::	 	 	 	 	 	 	 	 	 (6)		462	
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in	which	GAB	and	GBA	represent	the	optimal	GOAT	score	between	A	and	B,	and	B	and	A,	463	

respectively,	while	GAA	and	GBB	represent	the	GOAT	scores	of	the	self-alignments	of	A	and	464	

B,	respectively.	This	pairwise	distance	matrix	was	clustered	with	BionJ	[71].	465	

Prokka	re-annotated	genomes	were	used	to	create	pan-,	core-,	and	accessory	466	

genomes	of	all	selected	spounavirins	and	spouna-like	viruses	[53].	The	annotations	were	467	

analyzed	using	Roary	[35]	with	a	50%	length	BLASTp	identity	threshold	for	homologous	468	

genes.	Roary	functions	as	follows:	CD-HIT	[76]	was	used	to	pre-cluster	protein	sequences	469	

and	perform	an	all-vs-all	comparison	of	protein	sequences	with	BLASTp	to	identify	orthologs	470	

and	paralogs	within	the	genomes.	MCL	[77]	was	then	used	to	cluster	the	genomes	based	on	471	

the	presence	and	absence	of	the	accessory	genes.	The	resulting	tree	file	was	visualized	using	472	

FigTree	v1.4.3	[61].	The	tree	was	rooted	in	Brochothrix	phage	A9.	The	gene	presence-473	

absence	output	table	from	Roary	was	then	imported	into	R	and	using	a	custom	R-script	474	

(available	from	github.com/evelienadri/herelleviridae/tree/master).	Pairwise	shared	gene	475	

contents	were	calculated	for	each	combination	of	genomes.	476	

	477	
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Single	gene	phylogenies	478	

Based	on	the	OPC	and	pVOG	analyses,	we	chose	nine	well-annotated	protein	clusters	479	

present	in	all	93	spounavirins	and	spouna-like	viruses.	Selected	clusters	included:	DNA	480	

helicases,	major	capsid	proteins,	tail	sheath	proteins,	two	different	groups	of	baseplate	481	

proteins,	and	four	clusters	with	no	known	function.	The	members	of	these	clusters	were	482	

aligned	using	Clustal	Omega	with	default	parameters	[47].	Resulting	alignments	were	483	

analyzed	with	ProtTest	3.4	[59]	to	determine	a	suitable	protein	evolution	model	(only	484	

variations	of	models	compatible	with	downstream	software	like	JTT	and	WAG	were	485	

considered).	Estimated	models	were	used	to	generate	phylograms	with	FastTree	2.1.7	[60].	486	

The	program	implements	the	approximately	maximum-likelihood	method	with	Shimodaira-487	

Hasegawa	tests	to	generate	the	tree	and	calculate	support	of	the	splits.	This	approach	is	488	

much	faster	than	“traditional”	maximum-likelihood	methods	with	negligible	accuracy	loss	489	

[59–61].	490	

	 	491	
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Figure	legends		492	

Fig	1:	Genome-based	clustering	trees	of	93	spounavirin	and	spouna-like	viruses.	Clustering	493	

was	performed	using	nucleotide	similarities	(BLASTn,	A)	or	translated	nucleotide	similarities	494	

(tBLASTx,	B).	Genomes	were	compared	in	a	pairwise	fashion	using	Gegenees,	transformed	495	

into	a	distance	matrix,	clustered	using	R	and	visualized	as	trees	using	Itol.	The	trees	were	496	

rooted	at	Brochotrix	phage	A9.	Genera	are	delineated	with	colored	squares	and	suggested	497	

subfamilies	with	colored	circles.		498	

	499	

Fig	2:	Predicted	proteome-based	clustering	trees	of	93	spounavirin	and	spouna-like	500	

viruses.	Clustering	was	performed	using	the	Phage	Proteomics	Tree	approach	(A)	and	501	

proteomic	distance	(B).	Distances	were	calculated	pairwise	between	all	sets	of	predicted	502	

proteomes,	clustered	with	R	and	visualized	using	Itol.	The	trees	were	rooted	at	Brochotrix	503	

phage	A9.	Genera	are	delineated	with	colored	squares	and	suggested	subfamilies	with	504	

colored	circles.	505	

	506	

Fig	3:	Single	gene	phylogenies	of	the	major	capsid	protein	(MCP,	A),	tail	sheath	protein	507	

(TSP,	B)	and	helicase	(C)	amino	acid	sequences	of	93	spounavirin	and	spouna-like	viruses.	508	

Amino	acid	sequences	were	aligned	with	Clustal	Omega	and	trees	were	generated	using	509	

FastTree	maximum	likelihood	with	Shimidaira-Hasegawa	tests.	The	scale	bar	represents	the	510	

number	of	substitutions	per	site.	The	trees	were	rooted	at	Brochotrix	phage	A9.	Genera	are	511	

delineated	with	colored	squares	and	suggested	subfamilies	with	colored	circles.	512	

	513	
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Supporting	information	515	

	516	

S1	Fig.	Heatmap	of	the	blastn-based	nucleotide	similarities	between	pairs	of	genomes	as	517	

calculated	with	Gegenees	at	default	parameters.		518	

S2	Fig.	Genome-blast	Distance	Phylogeny	as	calculated	using	VICTOR.	519	

S3	Fig.	Heatmap	of	the	DICE	coefficient	calculated	between	each	pair	of	genomes.	520	

S4	Fig.	Heatmap	of	the	tblastx-based	nucleotide	similarities	between	pairs	of	genomes	as	521	

calculated	with	Gegenees	at	default	parameters.	522	

S5	Fig.	Heatmap	of	the	pairwise	comparison	of	all	genomes	visualized	as	percentage	of	523	

shared	orthologous	proteins	(OPCs)	as	calculated	on	original	GenBank	files.	524	

S6	Fig.	Heatmap	of	the	pairwise	comparison	of	all	genomes	visualized	as	percentage	of	525	

shared	orthologous	proteins	(OPCs)	as	calculated	on	reannotated	genomes.		526	

S7	Fig.	Heatmap	of	the	pairwise	comparison	of	all	genomes	visualized	as	percentage	of	527	

shared	proteins	as	calculated	with	Roary	on	reannotated	genome	files.		528	

S8	Fig.	Clustering	trees	of	genomic	fluidity	and	amino	acid	identity	calculated	pairwise	529	

between	all	genomes	using	orthologous	protein	clusters.	530	

S9	Fig.	Accessory	genome	clustering	tree,	calculated	based	on	the	presence	and	absence	of	531	

accessory	genes	in	each	genome.		532	

S10	Fig.	Heatmap	and	clustering	tree	calculated	by	the	Gene	Order	Alignment	Tool	and	533	

visualized	as	a	distance	matrix	between	all	genome	pairs.						534	

S11	Fig.	Maximum	Likelihood	trees	of	single	gene	phylogenies	using	protein	clusters	present	535	

in	all	93	genomes.		536	

S1	Table.	Overview	of	the	93	phage	genomes	used	in	this	study.	537	

S2	Table.	Complete	list	of	all	orthologous	proteins	identified	in	the	set	of	93	spounavirin	and	538	

spouna-like	virus	genomes.	539	
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S3	Table.	Complete	list	of	prokaryotic	virus	orthologous	groups	identified	in	the	set	of	93	540	

spounavirin	and	spouna-like	virus	genomes.	541	
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