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Abstract	

Background	

There	is	an	epidemiological	paradox	surrounding	Salmonella	enterica	serovar	

Enteritidis.	It	is	responsible	for	a	global	epidemic	of	poultry	associated,	self‐limiting	

gastroenteritis	in	the	developed	world	where	it	is	normally	considered	to	be	a	host	

generalist.	In	sub‐Saharan	Africa	(SSA),	however,	it	is	a	major	cause	of	invasive	

nontyphoidal	Salmonella	disease	in	humans	where	it	is	associated	with	high	mortality	if	

untreated.		

	

Methods	

Strains	of	S.	Enteritidis	originating	from	45	countries	were	selected	on	the	basis	of	

temporal	and	host	diversity,	and	antimicrobial	susceptibility	profile.	Isolates	were	

whole	genome	sequenced	and	the	phylogeny	was	reconstructed	using	maximum‐

likelihood	modelling	by	RAxML.	The	ages	of	major	lineages	were	estimated	using	

BEAST.		The	diversity	was	further	evaluated	by	defining	the	evolutionary	flux	described	

in	the	pangenome	as	well	as	high‐throughput	phenotyping	and	an	in	vivo	infection	

model.	

	

Results	

The	phylogeny	reveals	the	existence	of	two	novel	clades	of	S.	Enteritidis	that	are	

geographically	restricted	in	their	distribution	to	Africa	and	associated	with	bloodstream	

infection	and	drug‐resistance.	Each	of	these	clades	has	an	associated	characteristic	

accessory	genome,	including	the	prophage	repertoire	and	virulence	plasmid.	The	

genomes	of	the	African	lineages	show	signatures	of	genomic	degradation,	a	hallmark	of	

differential	host	adaptation.	These	findings	were	corroborated	both	by	the	BiologTM	

phenotyping	microarray	and	the	chick	infection	model,	which	demonstrated	that	

representatives	of	this	African	lineage	do	not	colonize	the	chicken	caecum	nor	invade	

the	spleen	unlike	the	‘classical’	global	epidemic	clones	of	S.	Enteritidis	which	are	

associated	with	poultry.	

	

Conclusions	
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Our	analysis	confirms	S.	Enteritidis	as	a	further	example	of	a	Salmonella	serotype	that	

has	become	a	prominent	cause	of	bloodstream	infection	in	SSA	and	which	displays	

differential	host‐adaption.	A	phylogenetically	distinct	lineage	of	S.	Enteritidis,	

traditionally	associated	solely	with	the	consumption	of	poultry,	has	in	the	last	few	

decades	exploited	a	new	niche.	In	this	setting	this	African	lineage	is	associated	with	

invasive	disease	and	increasing	antimicrobial	resistance.	Our	data,	not	only	highlight	the	

emergence	of	these	new	epidemic	lineages,	but	also	provide	the	means	to	track	them.	
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Introduction	

	

Salmonella	enterica	serovar	Enteritidis	(hereafter	referred	to	as	S.	Enteritidis)	has	been	

a	global	cause	of	major	epidemics	of	enterocolitis,	which	have	been	strongly	associated	

with	intensive	poultry	farming	and	egg	production[1].	The	serovar	is	considered	to	be	a	

generalist	in	terms	of	host	range	and	has	a	low	human	invasiveness	index,	typically	

causing	self‐limiting	enterocolitis	[2].	Following	a	number	of	interventions	in	the	

farming	industry	involving	both	hygiene	and	vaccination,	epidemic	S.	Enteritidis	has	

been	in	decline	in	many	settings	such	as	the	United	Kingdom	[3].	S.		Enteritidis	has	also	

been	extensively	used	since	the	1890s	as	a	rodenticide.	It	was	developed	at	Institute	

Pasteur	and	named	the	“Danysz	virus”	and	has	been	used	globally	since	the	1890s.	

Although	these	Salmonella‐based	rodenticides	were	banned	in	the	US,	Germany	and	the	

UK	in	the	1920s,	1930s	and	1960s	respectively,	S.	Enteritidis	is	still	produced	as	a	

rodenticide	in	Cuba,	under	the	name	Biorat®	[4].	

	

Serovars	of	Salmonella	that	cause	enterocolitis	in	industrial	settings	are	strongly	

associated	with	non‐focal	sepsis	or	invasive	nontyphoidal	Salmonella	(iNTS)	disease	in	

sub‐Saharan	Africa	(SSA),	a	clinical	syndrome	responsible	for	an	estimated	681,000	

deaths	per	year	[5,6].	Salmonella	serovars	S.	Enteritidis	and	S.	Typhimurium	are	the	two	

leading	causes	of	iNTS	disease	in	SSA	[7].	In	order	to	investigate	whether	there	are	

distinct	bacterial	characteristics	or	adaptions,	in	addition	to	(or	in	response	to)	host	

susceptibilities	such	as	advanced	HIV	infection,	whole	genome	sequence	(WGS)	based	

investigations	of	epidemic	strains	of	S.	Typhimurium	from	SSA	have	been	undertaken.	

These	revealed	a	novel	pathotype	of	multilocus	sequence	type	(MLST)	ST313,	which	

differ	from	strains	that	cause	enterocolitis	in	industrialised	settings	by	showing	

patterns	of	genomic	degradation	likely	to	be	associated	with	more	invasive	disease	and	

differential	host	adaptation	[8‐12].		

	

There	have	been	limited	reports	of	S.	Enteritidis	isolated	from	African	patients	living	in	

Europe	that	are	multidrug	resistant	and	which	display	a	distinct	Phage	Type	(PT	42)	

[13,14].	The	broadest	study	of	the	phylogeny	of	S.	Enteritidis	to	date	revealed	5	major	

lineages,	but	contained	only	two	African	strains	[15].	Salmonella	is	a	key	example	of	a	
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bacterial	genus	in	which	there	is	a	recognizable	genomic	signature	that	distinguishes	

between	a	gastrointestinal	and	extra‐intestinal	lifestyle	[16]	whereby	functions	

required	for	escalating	growth	in	an	inflamed	gut	are	lost	when	the	lineage	becomes	

locked	into	an	invasive	lifestyle	moving	away	from	the	lumen	of	the	gut	[17].		

	

We	hypothesize	from	the	available	epidemiological	data	that	there	were	distinct	

lineages	of	S.	Enteritidis	circulating	in	both	the	developed	and	developing	world	with	

manifestly	different	aetiologies,	likely	distinct	routes	of	spread	and	responsible	for	

different	patterns	of	disease	that	will	display	the	distinct	genomic	signatures	

characteristic	of	differential	adaptation.	To	investigate	this	we	set	out	to	collect	a	highly	

diverse	collection	of	S.	Enteritidis	strains	and	to	compare	them	using	the	highest	

possible	resolution	typing	methodology,	whole	genome	sequence	data.		

	

Methods	

	

Strain	selection	

	

Strains	were	selected	on	the	basis	of	diversity.	Factors	taken	into	account	in	order	to	

distinguish	isolates	were;	date	of	original	isolation,	antimicrobial	susceptibility	pattern,	

site	of	original	location,	source	(human	[invasive	vs	stool],	animal	or	environmental),	

Phage	type	(where	available),	and	Multilocus	Variable	Number	Tandem	Repeat	(MLVA)	

type	(where	available).	S.	Enteritidis	P125109	(EMBL	accession	no.	AM933172)	ioalted	

from	a	poultry	farm	from	the	UK	was	used	as	a	reference	[18].	The	full	metadata	are	in	

Supplementary	Table	1.	

	

Sequencing,	construction	of	phylogeny	and	comparative	genomics	

	

PCR	libraries	were	prepared	from	500ng	of	DNA	as	previously	described	[19].	Isolates	

were	sequenced	using	Illumina	machines	(Illumina,	San	Diego,	CA,	USA)	and	150	bp	

paired‐end	reads	were	generated.	Phylogeny	was	based	on	single	nucleotide	

polymorphisms	(SNPs)	in	conserved	regions	of	the	genome;	WGS	data	for	each	of	the	

isolates	was	mapped	to	a	pseudo	molecule	including	the	reference	strain	P125109	plus	
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its	plasmid	pSENV	using	SMALT	(http://www.sanger.ac.uk/resources/software/smalt/:	

version	0.5.8).	Phylogenetic	modelling	is	based	on	the	assumption	of	a	single	common	

ancestor,	therefore	variable	regions,	where	horizontal	genetic	transfer	occurs	were	

excluded	[20]	[21].	A	maximum	likelihood	(ML)	phylogenetic	tree	was	then	built	from	

the	SNP	alignments	of	the	isolates	using	RAxML	(version	7.0.4)	[22].	The	maximum‐

likelihood	phylogeny	was	supported	by	100	bootstrap	pseudo‐replicate	analyses	of	the	

alignment	data.	Clades	were	predicted	using	Hierarchical	Bayesian	Analysis	of	

Population	Structure	(hierBAPS)[23].	This	process	was	repeated	to	construct	the	

plasmid	phylogeny,	using	reads	that	aligned	to	pSENV.	Temporal	reconstruction	was	

performed	using	Bayesian	Evolutionary	Analysis	Sampling	Trees	(BEAST:	

http://beast.bio.ed.ac.uk/)[24].	Clock	models	were	selected	by	first	running	an	

uncorrelated,	relaxed	lognormal	clock	and	seeing	if	the	posterior	of	uncorrelated	

lognormal	relaxed	clock	standard	deviation	included	0,	which	would	indicate	that	a	

strict	clock	might	be	appropriate.	Skyline,	exponential	and	constant	population	models	

were	trialed.	Three	chains	of	100	million	states	were	run	in	parallel,	as	well	as	a	fourth	

chain	without	genomic	data	to	examine	the	influence	of	the	prior.	All	priors	and	

operators	were	left	as	their	defaults.	

	

In	order	to	gain	a	detailed	insight	into	genomic	differences,	a	single	high	quality	isolate	

from	Malawi,	D7795,	was	aligned	against	P125109	using	ABACAS	and	annotated	[25]	.	

Differences	were	manually	curated	against	the	reference	using	the	Artemis	Comparison	

Tool	(ACT)[26].	Sections	of	contigs	which	were	incorporated	into	the	alignment,	but	

which	did	not	align	with	P125109	were	manually	inspected	and	compared	to	the	public	

databases	using	BLASTn	(http://blast.ncbi.nlm.nih.gov).	When	these	regions	appeared	

to	be	novel	prophage	regions,	they	were	annotated	using	the	phage	search	tool	PHAST	

and	manually	curated	[27].		

	

Accessory	genome	

The	pangenome	for	the	dataset	was	predicted	using	Bio‐Roary	[28].	Genes	were	

considered	to	be	core	to	S.	Enteritidis	if	present	in	≥90%	of	isolates.	The	remaining	

genes	were	considered	to	be	core	to	the	clades	predicted	by	HierBAPS	if	present	in	

≥75%	if	isolates	from	the	clade.	These	genes	were	then	manually	curated	using	ACT	to	
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search	for	their	presence	and	position	in	reference	genome	P125109	or	the	improved	

draft	assembly	of	representative	isolates	of	each	of	the	other	clades	if	not	present	in	

P125109.	

	

Plasmid	biology	

	

Plasmid	DNA	was	extracted	from	isolate	D7795	using	the	Kado	&	Liu	method	and	

separated	by	gel‐electrophoresis	to	estimate	the	number	and	size	of	plasmids	present	

[29].	Plasmid	conjugation	was	attempted	by	mixing	100	μL	of	overnight	culture	of	

donor	and	recipient	strains	(rifampicin	resistant	Escherichia	coli	C600)	on	Luria‐Bertani	

agar	plates	and	incubating	overnight	at	26°C	and	37°C.	The	plasmid	was	sequenced	

using	the	PacBio	platform	(http://www.pacificbiosciences.com/)	to	gain	long	reads	and	

a	single	improved	draft	assembly,	which	was	aligned	against	P125109	plasmid	pSENV	

(unpublished).	For	novel	regions,	genes	were	predicted	using	GLIMMER	and	manual	

annotations	applied	based	on	homology	searches	against	the	public	databases,	using	

both	BLASTn	and	FASTA.		

	

High	throughput	phenotyping	

	

The	BiologTM	platform	(http://www.biolog.com)	enables	the	simultaneous	quantitative	

measurement	of	a	number	of	cellular	phenotypes,	and	therefore	the	creation	of	a	

phenotypic	profile	under	a	variety	of	growth	conditions	[30].	Incubation	and	recording	

of	phenotypic	data	was	performed	using	an	OmniLog	plate	reader.	In	these	experiments,	

two	replicates	of	D7795	were	compared	to	two	replicates	of	PT4‐like	strain	A1636	at	

28˚C	and	37˚C	to	represent	environmental	and	human	temperatures.	BiologTM	plates	

PM1‐4	and	9	(Carbon	source	[PM1,PM2],	nitrogen	source	[PM3]	and	phosphor	and	

sulphur	source	[PM4]	metabolism	and	osmotic	pressure	[PM9])	were	used.	Each	well	

was	inoculated	as	described	below,	thereby	testing	475	conditions	at	once	(each	plate	

has	one	negative	control	well).	Plates	were	scanned	every	15	min	for	48	hours	while	

incubated	at	28°C	and	37°C	in	air.	Culture	under	anaerobic	conditions	was	unavailable.	

Two	paired	replicates	were	performed	for	each	of	the	two	isolates.	
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After	completion	of	the	run,	the	signal	data	were	compiled	and	analysed	using	the	

limma	package	in	‘R’	(www.R‐project.org)	as	described	previously	[31].	A	log‐fold	

change	of	0.5	controlled	for	a	5%	false	discovery	rate	was	used	as	a	cut‐off	for	

investigating	a	specific	metabolite	further	using	Pathway	Tools[32]	and	the	metabolic	

change	was	related	to	pseudogenes	and	non	synonymous(NS)‐SNPs	in	genes	the	

genomes.	

	

In	vivo	Infection	Model	

	

Two	isolates	were	used	in	the	animal	models:	S.	Enteritidis	P125109	and	D7795.	

Unvaccinated	commercial	female	egg‐layer	Lohmann	Brown	chicks	were	obtained	from	

a	commercial	hatchery	and	housed	in	secure	floor	pens	at	a	temperature	of	25°C.	Five	

chicks	per	strain	were	inoculated	by	gavage	at	10	days	(d)	of	age	and	received	a	dose	of	

108	Salmonella	in	a	volume	of	0.2	mL.	Subsequently,	four	to	five	birds	from	each	group	

were	killed	3,	7	or	21	d	post‐infection	(p.i.).	At	post	mortem,	the	liver,	spleen,	and	caecal	

contents	were	removed	aseptically	serially	diluted	and	dispensed	onto	Brilliant	Green	

agar	(Oxoid)	to	quantify	colony	forming	units	(CFU)	as	described	previously	[33].	

Statistical	analysis	was	performed	using	SPSS,	version	20	(IBM).	Kruskal‐Wallis	was	

used	to	compare	bacterial	loads	between	infected	groups.	
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Results	

	

Strain	collection	

	

In	total,	675	strains	of	S.	Enteritidis	isolated	between	1948–2013	were	sequenced.	The	

collection	originated	from	45	countries	and	6	continents	(Table	1).	496/675	strains	

were	from	Africa,	with	353	from	SSA	and	a	further	131	from	the	Republic	of	South	

Africa	(RSA)	and	12	from	the	Maghreb	and	Egypt.	The	full	metadata	are	described	in	

Supplementary	Table	1.		

	

Phylogeny		

	

675	S.	Enteritidis	genomes	and	1	Salmonella	enterica	serovar	Gallinarum	were	mapped	

to	reference	isolate	P125109,	variable	regions	excluded	and	the	remaining	sites	were	

screened	for	SNPs.	This	left	an	alignment	file	containing	a	total	of	42,373	variable	sites,	

from	which	ML‐phylogeny	was	constructed	using	S.	Gallinarum	as	an	outgroup	(Figure	

1).	HierBAPS	was	run	over	two	rounds,	providing	excellent	distinction	between	clades.	

The	structure	seen	in	the	phylogeny	of	S.	Enteritidis	is	striking	for	many	reasons,	with	

clear	evidence	of	three	epidemics,	one	which	includes	reference	PT4‐like	isolate	

P125109,	which	we	termed	the	‘global	epidemic	clade’,	and	two	African	clades:	one	

predominantly	composed	of	West	African	isolates	(labeled	the	‘West	African	clade’)	and	

a	second	composed	of	isolates	predominantly	originating	in	Central	and	Eastern	Africa,	

called	the	‘Central/Eastern	African	clade’).	Figure	1	also	shows	the	other	clades	and	

clusters	predicted	by	HierBAPS,	the	largest	of	which	is	paraphyletic	cluster	from	which	

the	global	epidemic	clade	emerged,	and	a	further	five	smaller	clades	or	clusters	

predicted	by	hierBAPs.	

	

The	clade	containing	isolates	of	Phage	Type	4	and	1,	associated	with	a	global	epidemic	

of	poultry	associated	human	enterocolitis,	comprised	250	isolates	from	28	countries,	

and	these	strains	were	isolated	from	across	a	63‐year	period	(1948‐2013).	43	of	these	

isolates	were	from	Malawi	and	82	from	RSA.	Of	these	104/147	were	susceptible	to	all	

antimicrobials	tested,	five	were	multidrug	resistant	(MDR:	resistant	to	3	or	more	
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antimicrobial	classes),	one	was	nalidixic	acid	resistant	and	none	were	ESBL‐producing	

isolates.		

	

The	global	epidemic	clade	has	emerged	from	a	diverse	cluster,	which	encompassed	134	

isolates	(Figure	1).	In	addition	to	being	paraphyletic,	this	group	was	geographically	and	

temporally	diverse,	and	predominantly	drug	susceptible	(59/71	isolates).	Whilst	the	

majority	of	the	diversity	of	phage‐typed	isolates	was	contained	within	the	global	

epidemic	clade,	this	cluster	contained	isolates	of	phage	type	14b,	which	was	recently	

associated	with	a	multi‐country	outbreak	of	S.	Enteritidis	enterocolitis	in	Europe	

associated	with	chicken	eggs	from	a	German	company	[34].	There	were	also	41	isolates	

from	RSA	in	this	clade,	where	it	has	been	a	common	cause	of	bloodstream	infection.		

	

There	were	two	related,	but	phyletically	and	geographically	distinct,	epidemic	clades	

associated	with	SSA.	The	Central/Eastern	African	clade	included	167	isolates,	all	but	2	

of	which	(from	RSA)	came	from	this	region.	126/155	(82%)	were	MDR	and	148/153	

(97%)	possessed	between	one	and	four	antimicrobial	resistance	(AMR)	phenotypes.	

156/165	(95%)	of	these	isolates	were	invasive.	The	second	African	epidemic	clade	was	

significantly	associated	with	West	Africa	with	65/66	isolates	coming	from	this	region	

and	one	isolate	from	USA.	This	clade	was	also	significantly	associated	with	drug	

resistance	(4/66	strains	susceptible	to	all	antimicrobials	tested)	and	99%	of	these	

isolates	were	human‐invasive	(Supplementary	Table	1).		

	

The	remaining	58	isolates	included	in	this	study	were	extremely	diverse,	phyletically,	

temporally	and	geographically.	Only	one	was	MDR	and	only	two	displayed	any	

phenotypic	resistance.	20	were	human‐invasive,	and	6	were	from	stool.	Three	of	these	

isolates	were	from	stocks	of	rodenticide	and	these	were	phyletically	remote	from	both	

global‐epidemic	and	the	two	African	epidemic	clades.		

	

Its	apparent	from	the	location	of	the	archetypal	reference	isolate	and	archetypal	phage‐

types	in	the	phylogeny	(Supplementary	Figure	1)	that	the	majority	of	S.	Enteritidis	

studied	previously	belong	to	the	global	epidemic	clade	associated	with	developed	

countries	and	enterocolitis.	The	data	presented	here	show	the	emergence	of	two	
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additional	previously	unrecognised	lineages,	largely	restricted	to	Africa,	that	are	

strongly	associated	with	MDR	and	invasive	disease.	To	understand	how	recently	these	

lineages	emerged	we	used	Bayesian	Evolutionary	Analysis	by	Sampling	Trees	(BEAST)	

to	reconstruct	the	temporal	history	of	the	epidemic	clades	[35].	These data estimate the	

most	recent	common	ancestor	(MCRA)	of	the	Central/Eastern	African	clade	dates	to	

1945	(95%	Credible	Interval	[CrI]:	1924‐1951)	and	for	the	West	African	clade	it	was	

1933	(95%	CrI:	1901‐1956).	We	estimate	the	MCRA	of	the	global	epidemic	clade	was	

1918	(95%	CrI:	1879‐1942),	with	a	modern	expansion	occurring	in	1976	(95%	CrI:	

1968‐1983),	whereas	the	paraphyletic	cluster	from	which	it	emerged	dates	to	

approximately	1711	(95%	CrI:	1420‐1868).	

	

The	contribution	of	the	accessory	genome	to	the	emergence	of	the	African	clades	

	

Prophages	have	the	potential	to	carry	non‐essential	"cargo"	genes,	which	suggests	they	

confer	a	level	of	specialisation	to	their	host	bacterial	species,	whilst	plasmids	may	

confer	a	diverse	array	of	virulence	factors	and	AMR	[36,37].	Therefore	it	is	critical	to	

evaluate	the	accessory	genome	in	parallel	with	the	core‐genome.		622	sequenced	

genomes	were	used	to	create	a	pangenome,	which	yielded	a	core	genome	comprises	

4,076	predicted	genes	present	in	≥90%	isolates	and	which	carries	all	12	Salmonella	

Pathogenicity	Islands	encoding	functions	essential	for	virulence	across	most	pathogenic	

salmonellae	as	well	as	all	13	fimbrial	operons	found	in	the	P125109	reference	strain	

and	required	for	colonisation	and	interaction	with	the	host.	The	accessory	genome	

consisted	of	14,015	predicted	genes	present	in	<90%	of	the	isolates.	The	Of	the	

accessory	genes,	324	genes	were	highly	conserved	across	all	of	the	epidemic	clades	and	

were	almost	all	associated	with	the	acquisition	or	loss	of	MGEs	such	as	prophage	or	

plasmids.	These	regions	have	been	shown	to	be	stable	in	Salmonella	genomes	and	are	

potential	molecular	markers,	the	presence	of	which	has	previously	been	used	to	

distinguish	specific	clades	[9,38].	

	

The	lineage‐specific	whole	gene	differences	of	the	major	clades	are	summarized	in	

Figure	2	and	plotted	against	the	representatives	of	the	four	major	clades	in	

Supplementary	Figure	2.	The	lineage	specific	sequence	regions	include	57	predicted	
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genes	found	to	be	unique	to	the	global	epidemic	clade	(Figure	2),	all	of	which	were	

associated	with	prophage	ϕSE20,	a	region	previously	shown	to	be	essential	for	invasion	

of	chicken	ova	and	mice	[39].	There	were	a	further	39	genes	conserved	in	the	global	

epidemic	and	clade	5	which	were	absent	from	both	African	clades,	corresponding	to	

region	of	difference	(ROD)	21	[18].	The	Central/Eastern	Africa	clade	contained	77	

predicted	genes	that	were	absent	from	the	other	clades.	33	were	associated	with	the	

virulence	plasmid	and	40	were	associated	with	a	novel,	Fels‐2	like	prophage	region	

(Fels‐BT).	The	West	African	clade	had	only	15	distinct	genes,	11	of	which	were	plasmid	

associated.	The	two	African	clades	shared	a	further	102	genes.	48,	including	a	leucine‐

rich	repeat	region,	were	associated	with	a	novel	prophage	region	closely	related	to	

Enterobacter	phage	P88,	44	were	associated	with	a	Gifsy	1	prophage	found	in	S.	

Bovismorbificans	and	eight	were	associated	with	a	Gifsy‐2	prophage	which	is	

degenerate	in	the	reference	strain	P125109.		

	

The	S.	Enteritidis	plasmid	is	the	smallest	of	the	Salmonella	virulence	plasmids	at	58	kb	

and	is	unusual	in	that	it	contains	an	incomplete	set	of	tra	genes	responsible	for	

horizontal	transfer,	by	conjugation,	of	plasmids	into	other	recipients.		The	phylogeny	of	

the	S.	Enteritidis	virulence	plasmid	was	reconstructed	using	reads	that	mapped	to	the	S.	

Enteritidis	reference	virulence	plasmid,	pSENV.	120/675	(18%)	genomes	lacked	pSENV.	

The	plasmid	phylogeny	is	strikingly	similar	to	that	of	the	chromosome	suggesting	that	it	

is	highly	conserved	and	has	evolved	alongside	the	chromosome	(Supplementary	Figure	

3).		

	

Plasmids	from	the	African	clades	were	much	larger	than	those	held	in	the	other	clades	

at		~100	kb.	This	is	consistent	with	previous	reports	[13,14].	A	representative	example	

was	extracted	from	Malawian	isolate	D7795,	sequenced	using	long	read	technology	to	

accurately	reconstruct	it	(PacBio;	see	methods)	and	denoted	pSEN‐BT	(Accession	

number	xxxx).	pSEN‐BT	was	seen	to	be	composed	of	a	backbone	of	pSENV	with	

additional	regions	that	are	highly	similar	to	sequenced	fragments	of	an	S.	Enteritidis	

virulence	plasmid	(pUO‐SeVR)	isolated	from	an	African	patient	presenting	with	MDR	

invasive	S.	Enteritidis	in	Spain	[14].	Plasmid	pSEN‐BT	carries	nine	AMR	genes,	plus	

additional	genes	associated	with	virulence	and	a	toxin/antitoxin	plasmid	addiction	
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system.	Of	note,	plasmids	from	the	West	African	clade	have	a	plasmid	containing	

resistance	gene	chloramphenicol	acetyl	transferase	A1,	whereas	the	Central/Eastern	

African	strains	carry	catA2	and	tetracycline	resistance	gene	tetA4.	Like	pSENV,	the	

African	virulence	plasmid	contained	an	incomplete	set	of	tra	genes	and	so	is	not	self‐

transmissible.		These	observations	suggest	that	the	evolution	of	the	S.	Enteritidis	

plasmid	mirrors	that	of	the	chromosome;	it	is	not	a	‘novel’	plasmid,	but	in	different	SSA	

locations	has	acquired	different	AMR	genes	in	order	to	adapt	to	local	selection	

pressures.		

	

Multiple	signatures	of	differential	host	adaptation	

	

It	is	an	emerging	phenomenon	in	multiple	serovars	of	Salmonella	including	S.	Typhi,	S.	

Gallinarum	and	S.	Typhimurium	ST313	that	the	degradation	of	genes	necessary	for	the	

utilization	of	inflammation‐derived	nutrients	is	a	marker	of	that	lineage	having	moved	

from	an	enteric	to	a	more	invasive	lifestyle	[9,18,40].	Accordingly	we	have	looked	for	

similar	evidence	within	a	representative	example	of	a	MDR,	invasive,	Central/Eastern	

African	clade	strain;	strain	D7795	that	was	isolated	from	the	blood	of	a	Malawian	child	

in	2000.	The	draft	genome	sequence	of	D7795	closely	resembles	that	of	P125109,	

however,	in	addition	to	the	novel	prophage	repertoire	and	plasmid	genes	described	

above,	it	harbours	a	number	of	predicted	pseudogenes	or	hypothetically	disrupted	

genes	(HDGs).		

	

In	total	there	were	43	putative	HDGs,	many	of	which	are	involved	in	anaerobic	

metabolic	pathways	that	enable	Salmonella	to	utilize	inflammation‐derived	nutrients	

core	metabolic	pathways,	as	part	of	an	enteric	lifestyle	including	cobalamine	and	

propanediol	utilisation.	There	is	further	evidence	of	reductive	evolution	in	D7795	in	the	

form	of	363	genes	containing	NS‐SNPS	(which	change	the	amino	acid	sequence),	many	

of	which	are	in	genes	within	the	same	pathways	as	the	HDGs	(see	Supplementary	

Results	for	detailed	description).		Supplementary	Table	2	provides	a	list	of	some	of	the	

common	traits	identified	amongst	the	functions	of	genes	lost	independently	by	D7795,	

S.	Typhi	and	S.	Gallinarum.		The	disproportionate	clustering	of	mutations	in	membrane	

structures	seen	in	D7795	is	yet	another	signal	of	differential	host	adaptation	seen	in	
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both	S.	Typhi	[40]	and	S.	Gallinarum	[18].	Many	of	these	genes	will	be	functional,	but	it	

is	likely	that	some	have	become	HDGs	and	that	others	have	altered	functions.		

	

High‐throughput	phenotyping	differences	

Signal	values	of	replicate	pairs	of	a	Central/Eastern	African	isolate	(D7795)	and	a	global	

epidemic	isolate	(A1636)	were	compared	using	principal	component	analysis	and	found	

to	be	highly	consistent.	In	total,	80	metabolites	showed	evidence	of	differential	growth,	

in	the	form	of	significantly	different	signal	values.	The	entire	output	is	graphically	

displayed	in	Figures	3.A	(carbon	sources)	and	3.B	(nitrogen,	phosphorous	and	sulphur).	

Evaluation	using	Pathway	Tools	software	revealed	that	14/27	(52%)	of	pathways	with	

evidence	of	decreased	metabolic	activity	at	28˚C	in	D7795	also	displayed	evidence	of	

genomic	degradation,	and	12/30	(40%)	of	pathways	with	evidence	of	decreased	

metabolic	activity	at	37oC	in	D7795	also	displayed	evidence	of	genomic	degradation.		

	

Instances	of	reduced	activity	in	a	Central/Eastern	African	strain	compared	to	a	global	

epidemic	strain,	many	of	which	have	a	corresponding	signature	of	genomic	degradation,	

included	dulcitol	and	glycolic	acid	in	the	glycerol	degradation	pathway,	propionic	acid	

in	the	propanediol	pathway	and	ethylamine	and	ethynolamine.	These	are	all	B12	

dependent	reactions,	for	which	there	was	a	corresponding	signature	of	genomic	

degradation.	Also	there	was	reduced	activity	in	response	to	three	forms	of	butyric	acid,	

alloxan	and	allantoic	acid	metabolism.	Allantoin	can	be	found	in	the	serum	of	birds,	but	

not	humans	and	is	utilised	as	a	carbon	source	during	S.	Enteritidis	infection	of	chickens	

[41]	and	HDGs	relating	to	allantoin	have	been	noted	in	S.	Typhimurium	ST313	[9].	The	

full	list	of	differences	is	detailed	in	Supplementary	Table	3	and	4.	This	is	a	further	signal	

of	decreased	gut	anaerobic	metabolism.		

	

In	vivo	infection	model	shows	evolutionary	divide	in	host	range	between	key	

lineages	

	

Given	the	genotypic	and	phenotypic	differences	observed	in	the	global	and	African	

clades	we	predicted	that	these	lineages	would	have	differing	infection	phenotypes.	We	

compared	the	infection	profile	of	a	member	of	the	Central/Eastern	African	(D7795)	to	



 

16 

 

the	reference,	global	epidemic	strain	P125109	in	the	natural	avian	host.	The	groups	

infected	with	P125109	showed	mild	hepatosplenomegaly	consistent	with	infection	by	

this	Salmonella	serovar	and	caecal	colonization.	In	contrast,	the	“African”	strain	failed	to	

colonise	the	caeca	or	invade	either	liver	or	spleen.	This	reduced	colonization	phenotype,	

consistent	with	the	differences	in	the	accessory	genome,	suggests	an	entirely	different	

transmission	route	for	the	“African”	clades	(Figure	4A‐C).	It	also	suggests	that	in	the	

chick	infection	model	of	“African”	S.	Enteritidis,	genomic	degradation	is	a	signal	of	

differential	host	adaptation	and	not	differential	invasiveness.	This	is	in	marked	contrast	

to	the	behavior	of	S.	Typhimurium	ST313,	which	is	more	invasive	in	a	chick	infection	

model	[8].		
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Discussion	

	

S.	Enteritidis	appears	to	be	one	of	the	most	successful	Salmonella	lineages	seen	so	

far	in	its	ability	to	adapt	to	different	niches	as	and	when	opportunities	for	

specialization	have	presented	themselves.	Langridge	et	al	recently	evaluated	the	

Enteritidis/Gallinarum/Dublin	lineage	of	Salmonella,	revealing	the	nature	and	order	

of	events	necessary	for	both	broad	host‐range	and	for	host	restriction	[42].	In	this	

study,	we	have	highlighted	the	human	niche	plasticity	of	S.	Enteritidis,	providing	

evidence	of	three	distinct	epidemics	of	human	disease,	plus	a	further	seven	clades	

that	demonstrate	the	huge	reservoir	of	diversity	amongst	S.	Enteritidis	from	which	

future	human	epidemics	might	emerge.		

	

Two	African	epidemics	are	both	significantly	associated	with	a	novel	prophage	

repertoire,	an	expanded,	MDR	virulence	plasmid	and	the	genomic	degradation	that	

is	the	signature	of	host‐restriction	in	multiple	Salmonella	serotypes	[9,18,40].	This	

genomic	degradation	is	too	concentrated	in	pathways	specifically	associated	with	an	

enteric	lifestyle	to	have	arisen	through	a	stochastic	system;	instead	a	selective	

advantage	through	exploiting	a	specific	niche	is	implicated.	It	is	noteworthy	that	

both	the	MDR	Central/Eastern	African	and	the	drug	susceptible	global	epidemic	

clade	have	featured	as	prominent	causes	of	iNTS	disease	at	the	same	time	in	

Blantyre,	Malawi,	consistent	with	the	hypothesis	that	the	two	clades	occupy	

different	ecological	niches	outside	the	human	host.	

	

The	evolution	of	the	S.	Enteritidis	virulence	plasmid	is	intriguing;	pSENV	is	the	

smallest	of	the	Salmonella	virulence	plasmids.	The	global	epidemic	clade	has	thrived	

without	acquisition	of	drug	resistance,	whereas	in	SSA,	the	plasmid	has	nearly	

doubled	in	size.	The	absence	of	tra	genes	necessary	for	conjugal	transfer	either	

indicates	that	MDR	status	has	evolved	through	acquisition	of	MGEs	multiple	times	

or	through	clonal	expansion	and	vertical	transmission	of	the	plasmid	to	progeny.	

The	available	data	suggest	that	former	scenario	has	happened	twice,	once	in	West	
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Africa,	and	once	in	Central/Eastern	Africa.	The	sequential	acquisition	of	drug	

resistance	in	the	two	clades	from	SSA	suggests	that	this	has	been	critical	to	the	

expansion	of	these	lineages/ecotypes,	as	appears	to	have	been	the	case	with	ST313	

strains	of	S.	Typhimurium	[43,44].		

	

Phenotyping	of	these	strains	is	consistent	with	the	signatures	of	host‐adaptation	

seen	in	other	Salmonella	serovars	predicted	in	the	genome	of	the	“African”	S.	

Enteritidis,	for	example	revealing	reduced	activity	in	pathways	for	which	there	is	no	

obvious	signature	in	the	genome	i.e.	allantoin.	It	is	possible	that	these	pathways	

have	been	affected	by	more	subtle	changes	in	the	genome,	for	example	changes	in	

transcriptional	start	sites,	the	positions	of	which	are	extremely	hard	to	predict	from	

primary	sequence	alone.	The	chick	infection	model	in	which	African	S.	Enteritidis	

does	not	colonise	chick	caeca,	a	feature	critical	to	the	emergence	of	PT4‐like	S.	

Enteritidis,	confirms	the	different	host‐range	and	supports	the	hypothesis	of	

differing	ecological	niches	for	the	clades.	

	

The	most	important	question	posed	by	this	study	is	why	have	two	clades	of	

Salmonella	from	serotypes	normally	considered	to	be	weakly	invasive	emerged	in	

Africa?	HIV	is	highly	likely	to	have	been	an	important	factor,	but	in	contrast	to	the	

picture	seen	with	S.	Typhimurium,	fully	susceptible	S.	Enteritidis	isolates	from	the	

global	epidemic	clade	have	continued	to	cause	disease	alongside	the	novel	clade.	In	

Malawi,	where	there	has	been	robust,	long‐term	bloodstream	infection	(BSI)	

surveillance,	serotype	replacement	of	classical/susceptible	S.	Enteritidis	by	the	

African	clade	did	not	occur.	This	strongly	suggests	that	the	two	clades	are	not	in	

competition	outside	of	the	human	host,	instead	there	are	three	alternative	

possibilities:	

1. That	they	occupy	different	ecological	niches	and	are	indeed	different	

“ecotypes”	

2. They	share	the	same	niche	without	detriment	to	transmission	

3. They	demonstrate	symbiosis	within	the	same	niche	
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This	study	provides	compelling	evidence	of	a	need	to	understand	what	these	

ecological	niches	might	be,	and	what	the	transmission	pathways	of	African/invasive	

Salmonellae	are.	

	

Just	as	the	presence	of	these	strains	in	Africa	is	striking,	so	too	is	their	absence	from	

industrial	settings.	There	are	three	possible	explanations	for	this;	that	they	have	not	

had	the	opportunity	to	spread,	that	they	have	a	restricted	human	niche	only	found	

in	Africa	such	as	highly	prevalent	advanced	HIV‐infection,	or	that	they	are	only	

competitive	where	antibiotics	are	unrestricted.	It	is	notable,	therefore,	that	there	

were	only	two	“African”	S.	Enteritidis	isolates	amongst	the	strains	submitted	from	

RSA.	This	is	surprising	since	South	Africa	has	large	numbers	of	people	living	in	

extreme	poverty,	high	HIV	rates	and	a	large	migrant	population	from	SSA.	It	might	

be	relevant	that	South	Africa	has	better	water,	sanitation	and	hygiene	(WASH)	

infrastructure	relative	to	much	of	the	rest	of	the	continent	and	also	has	the	

resources	to	import	food,	favoring	the	emergence	of	the	global	epidemic	clade.	

These	data	suggest	these	strains	may	occupy	not	just	a	different	ecological	niche,	

but	a	different	socio‐economic	one	too	and	as	both	WASH	infrastructure	improves	

and	the	HIV	pandemic	declines,	their	niche	will	disappear	and	they	will	die	out.	Of	

note,	83%	of	HIV‐infected	individuals	eligible	for	antiretroviral	therapy	in	Malawi	

now	receive	it,	and	in	Blantyre,	Malawi	the	number	of	cases	of	iNTS	disease	due	to	

MDR	S.	Enteritidis	has	declined	from	237	in	2001	to	zero	in	2014	(Feasey	CID	2015	

in	press).		

	

The	principal	limitation	of	this	study	is	that	it	was	retrospective	in	design	and	

restricted	to	the	laboratories	that	culture	and	store	bacterial	isolates	and	there	was	

strain‐selection	bias	towards	invasive	isolates.	Of	note,	however	the	Global	Enteric	

Multicenter	Study	(GEMS)	has	recently	reported	that	Salmonella	serotypes	are	not	a	

common	cause	of	moderate	to	severe	diarrhoea	in	African	children	less	than	5‐years	

of	age	[45],	which	supports	the	hypothesis	that	these	strains	are	intrinsically	more	

invasive	in	susceptible	individuals.		
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In	Summary,	two	clades	of	S.	Enteritidis,	which	are	rarely	seen	outside	of	Africa,	

have	emerged	and	have	different	phenotypes	from	the	strains	of	S.	Enteritidis	

circulating	in	the	industrial	world.	These	strains	display	evidence	of	changing	host	

adaptation,	different	virulence	determinants	and	multi‐drug	resistance,	a	parallel	

situation	to	the	evolutional	history	of	S.	Typhimurium	ST313.	They	are	likely	to	have	

different	ecologies	and/or	host	ranges,	and	are	strongly	associated	with	drug	

resistance	have	caused	epidemics	of	BSI	in	at	least	three	settings	in	SSA,	yet	are	

rarely	responsible	for	disease	in	South	Africa.	An	investigation	into	the	

environmental	reservoirs	and	transmission	of	these	pathogens	is	urgently	required.	
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Tables	

Table	1:	Summary	of	metadata	
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Asia  11    5 1 5 

Europe  61  2  0 0 0 0 0 24 16 

North Africa  12  9  0 0 2 0 9 1 1 

South America  27  8  0 0 0 0 3 7 6 

Republic of South 

Africa 

131  83  44 4 0 0 57 0 74 

Sub‐Saharan 

Africa 

353  99  64 14

9 

0 3 269 7 22 

USA  75    4 29 19 

	

	

	 	



 

26 

 

	

Figures	(see	attached	power	point	slide	set)	

	

Figure	1:	Maximum	likelihood	phylogeny	of	S.	Enteritidis	rooted	to	S.	Gallinarum.	

There	are	3	epidemic	clades,	including	clear	evidence	of	2	African	epidemic	clades	

and	a	global	epidemic	clade 

	

Figure	2:	Differences	in	accessory	genomes	of	4	major	clades.	Approximate	position	

of	prophages	in	chromosome	is	depicted,	although	prophages	are	not	drawn	to	scale	

	

Figure	3:	Heat	map	revealing	metabolic	activity	of	isolates	global	epidemic	clade	

(represented	by	isolate	A1636)	and	Central/Eastern	African	clade	(represented	by	

isolate	D7795)	in	response	to	190	carbon	sources	(3A,	below)	and	to	95	nitrogen	

(left)	and	95	sulphur	&	phosphorous	sources	(right)	(3B	next	slide).		This	is	a	

graphical	representation	of	the	level	of	reduction	of	tetrazolium	blue	in	the	presence	

of	each	substrate	in	each	well.	Reduction	is	represented	a	coloured	bar	(see	key	

above)	and	has	been	averaged	across	pairs	of	replicates 

	

Figure	4:	Salmonella	isolation	from	chick	infection	model	demonstrates	failure	of	

Central/Eastern	African	clade	isolate	to	invade	chicken	spleen	(4A)	or	liver	(4B)	or	

to	colonise	chicken	caeca	(4C)	at	7	days	post	infection	(dpi)		unlike	the	global	

epidemic	clade		

	

Supplemental	Data:	

Supplemental	Table	1:	Metadata	associated	with	each	individual	strain	including	

date,	place,	and	source	of	isolation	plus	antimicrobial	susceptibility	data	where	

known.		Predicted	antimicrobial	resistance	genes	are	also	included	

Supplemental	Table	2:	Comparison	of	genomic	degradation	seen	in	African	epidemic	

clade	with	that	seen	in	S.	Typhi	and	S.	Gallinarum	
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Supplemental	Table	3:	Full	list	of	phenotypic	differences	between	an	example	of	the	

Central/Eastern	African	clade	(D7795)	and	an	example	of	the	global	epidemic	clades	

(A1636)	at	37˚C	and	corresponding	genetic	differences	

	Supplemental	Table	4:	Full	list	of	phenotypic	differences	between	an	example	of	the	

Central/Eastern	African	clade	(D7795)	and	an	example	of	the	global	epidemic	clades	

(A1636)	at	28˚C	and	corresponding	genetic	differences	

	

Supplemental	Figure	1:	ML‐phylogeny	with	strains	of	known	phage	type	highlighted,	

demonstrating	the	lack	of	genomic	diversity	captured	by	phage	typing		

	

Supplemental	Figure	2:	Distribution	of	prophage	regions	across	the	strain	collection	

highlighted.	Red	indicates	presence,	blue	absence	

Supplemental	Figure	3:	Maximum	likelihood	phylogeny	of	S.	Enteritidis	plasmids	

mirrors	that	of	the	chromosome	

Supplemental	Figures	X‐Y:BEAST	trees	

	

	

	

	

	

	



Supplementary methods and results 
 
High throughput phenotyping 

 

The BiologTM platform (http://www.biolog.com) enables the simultaneous 

quantitative measurement of a number of cellular phenotypes, and therefore the 

creation of a phenotypic profile under a variety of growth conditions [1]. Incubation 

and recording of phenotypic data was performed using an OmniLog plate reader. In 

these experiments, two replicates of D7795 were compared to two replicates of a 

PT4 like strain at 28˚C and 37˚C to represent environmental and human 

temperatures. BiologTM plates PM1-4 and 9 (Carbon source [PM1,PM2], nitrogen 

source [PM3] and phosphor and sulphur source [PM4] metabolism and osmotic 

pressure [PM9]) were used. Each well was inoculated as described below, thereby 

testing 475 conditions at once (each plate has one negative control well).  

 

The isolates were cultured overnight on LB-agar at 37oC in air to exclude 

contamination [2]. Colonies were scraped off plates and dispensed into IF-0a 

solution (Biolog) to a cell density corresponding to 81% transmittance. For each 

plate used, 880 µL of this cell suspension was added to 10 mL IF-10b GP/GP solution 

(Biolog) and 120 µL dye mix G (Biolog). This was then supplemented with a 1 mL 

solution of 7.5 mM D-ribose (Sigma), 2 mM magnesium chloride, 1 mM calcium 

chloride, 2 mM sodium pyrophosphate (Sigma), 25 µM L-arginine (Sigma), 25 µM L-

methionine (Sigma), 25 µM hypoxanthine (Sigma), 10 µM lipoamide (Sigma), 5 µM 

nicotine adenine dinucleotide (Sigma), 0.25 µM riboflavin (Sigma), 0.005% by mass 

yeast extract (Fluka) and 0.005% by mass Tween 80 (Sigma). 100µl of this mixture 

was dispensed into each well on the assay plate. Plates were then allowed to 

equilibrate in air for 5 min prior to being sealed in airtight bags and loaded into the 

Omnilog machine (Biolog). Plates were scanned every 15 min for 48 hours while 

incubated at 28°C and 37°C in air. Culture under anaerobic conditions was 

unavailable. Two paired replicates were performed for each of the two isolates. 

http://www.biolog.com/


After completion of the run, the signal data were compiled and analysed. The data 

were first evaluated by examination of redox curves and discrepancies between 

replicates of the same isolate at the same temperature noted and repeated. The 

subsequent analysis was conducted using ‘R’ (http://www.R-project.org). As 

described previously[2], data were transformed to signal values, and the 

Bioconductor package limma was use to determine significant differences in 

tetrazolium reduction over time. 

Significant differences in the data were defined as those changes with a Benjamini-

Hochberg corrected p-value of less than 0.05 and a log fold change in signal value of 

at least 0.5. Significant changes were then manually reviewed by examining the 

graph of the tetrazolium reduction to ensure there was no obvious artefact i.e. two 

flat lines with one slight upward deviation at the end of the incubation period 

representing spontaneous reduction of the dye. The remaining differences were 

then visualised using Pathway Tools [4] and the metabolic change was related to 

pseudogenes and NS-SNPs in the genomes. 

Chick Infection Models. 

Two isolates were used in the animal models: S. Enteritidis P125109 and D7795. 

Unvaccinated commercial female egg-layer Lohmann Brown chicks were obtained 

from a commercial hatchery and housed in secure floor pens at a temperature of 

25°C. Chicks were given ad libitum access to water and to a laboratory grade 

vegetable protein-based pellet diet (SDS). Five chicks per strain were inoculated by 

gavage at 10 days (d) of age and received a dose of 108 Salmonella in a volume of 0.2 

mL. Subsequently, four to five birds from each group were killed 3, 7 or 21 d post 

infection (p.i.). 

At post mortem, the liver, spleen, and caecal contents were removed aseptically 

from each bird and diluted 1:10 (wt/vol) in sterile PBS. Tissue and cecal content 

samples were then homogenized in a Colworth 80 BioMaster microstomacher (A. J. 

Seward & Co. Ltd.). Samples were serially diluted and dispensed onto Brilliant Green 



agar (Oxoid) to quantify Salmonella numbers as described previously [5]. Statistical 

analysis was performed using SPSS, version 20 (IBM). Comparison of bacterial load 

between infected groups was tested using Kruskal Wallis, an equivalent 

nonparametric test to ANOVA, because the data were not distributed normally. 

Pathology scoring on hematoxylin-and-eosin stained sections at days 3, 5 and 7 

following the methods described previously [6]. Statistical comparison between 

groups was performed using the Mann Whitney U-test. 

 

Supplementary Results 

Detailed comparison of an African MDR S. Enteritidis with P125109 

 

Malawian invasive strain D7795 was selected for detailed analysis. D7795 was 

isolated from the blood of a Malawian child in 2000, and is MDR (resistant to 

amoxicillin, chloramphenicol, cotrimoxazole and tetracycline). Unsurprisingly, the 

draft genome sequence of D7795 closely resembles that of P125109. It does, 

however harbour a number of predicted pseudogenes, a different prophage 

repertoire and a substantially larger plasmid with an MDR region. In total D7795 

shares 95.2% of its coding sequences with P125109 and P125109 shares 97.0% of 

its CDS with D7795. There are a further 363 genes in D7795 which have NS-SNPs 

with respect to P125109 (Table x). 

 

Evidence of recent gene acquisition in P125109 has previously been highlighted [7]; 

of the 130 CDSs specific to P125109, compared to S. Gallinarum strain 287/91, those 

associated with the novel genomic region denoted region of difference (ROD) 4 and 

prophages ΦSE10, ΦSE14 and ΦSE20 appear to be recent acquisitions with no 

evidence of them ever being present in S. Gallinarum strain 287/91. The same is 

partially true of D7795, which contains no remnant or genomic ‘scar’ to suggest the 

two neighbouring variable regions from P125109, ROD21 or ΦSE20 were ever 

present. It does, however contain the degraded remnant of a prophage Gifsy 2-like 



region, ΦSE12, although this region is even more degraded than in P125109. In 

contrast, P125109 contains the scar or remnant of a different Gifsy 2-like prophage 

region, which appears complete in D7795. These signature events are consistent 

with D7795 and P125109 having a common ancestor but them not being directly 

evolved from one another.  

 

The core genome of P125109 is largely conserved in D7795. All 12 SPIs and all 13 

fimbrial operons associated with P125109 are present. The genes within the SPIs 

are also intact, however fimbrial protein Y in the fim operon is a pseudogene, and 7 

other fimbrial operon genes contain non-synonymous SNPs. The fimbrial operons 

are otherwise intact with respect to P125109 and D7795 has maintained the 

multiple functional fimbrial operons common to host promiscuous Salmonellae [8]. 

These differences are put in detailed context in Supplementary Table 2, adapted 

from Thomson et al [9]. 

 

The principle abnormality between the two chromosomes is in the prophage 

regions and genomic islands (RODs). P125019 contains prophage ΦSE20 and near 

to it, genomic island ROD 21. Prophage region ΦSE20 encodes 51 CDS in ~41 kbp. 

Potential cargo genes including the type-three secretion-system (TTSS) secreted 

effector protein sseK3 and fragments of other TTSS effector genes including sopE, 

sspH2 and gogA [9]. It has recently been demonstrated in both a mouse model [10] 

and cell-line model [11] that genes associated with region ΦSE20 are likely to be 

necessary for invasion in mice and chickens.  The function of ROD21 is less clear. It 

is the largest genomic island in P125109 (~ 26 kb) and its structure has previously 

been described in detail [9]. Of note, it has a low G+C content and most of this island 

encodes paralogues of H-NS (hnsB – a down regulator of transcription) and/or an H-

NS antagonist, hnsT [12-14].  

 

In addition to these large differences, some of the prophage regions and RODs have 

under gone further degradation involving specific important genes. ΦSE12 and 

ΦSE12A are prophage remnants lying adjacent to each other and carry remnants of 



the PhoPQ-activated genes pagK and pagM, an intact copy of sopE known to 

stimulate cytoskeletal re-organisation. This region has undergone further 

degradation in D7795, which does not carry gene sodCI, encoding a Cu/Zn 

superoxide dismutase known to be an important colonisation factor for S. 

Typhimurium [15].  Genomic island ROD 30 has lost the nickel/cobalt transporter 

rcnA. Both of these regions are likely to be ancient acquisitions as they are present 

in S. Typhimurium LT2.   

 

D7795 contains three complete prophage regions that are absent from P125109, 

containing a total of 150 predicted CDS regions and including one Gifsy 2-like 

region, highly degraded in P125109, but retaining a further 10 genes in D7795. The 

three complete regions were annotated using Phast (see Table 8.3 for summary) 

and are closely related to phages Entero P2 (33.1 kb, 47 predicted CDS, including 3 

cargo genes), Yersinia 413 (38.1 kb, 52 CDS, including 13 cargo genes) and a Gifsy 2-

like prophage (33.1 kb, 52 CDS, including 5 cargo genes). The regions largely contain 

hypothetical genes or essential phage machinery, however the Yersinia 413 

prophage carries a gene predicted to encode a leucine rich repeat (LRP) protein. 

These LRP-domains are protein interaction regions and have been implicated in 

suppression of gut-inflammation through inhibition of NF-κB-dependent gene 

expression by both S. Typhimurium and Shigellae [16].  

 

Inspection of the draft assembly of D7795 reveals 43 putative pseudogenes (see 

Table 1 [summary] and Supplementary Table 3[full list]). Whilst this only 

represents 0.1% of the genome, it is a striking feature is how many are involved in 

core metabolic pathways, specifically in genes critical for an enteric lifestyle, and 

how many genes from the same pathway contain NS-SNPs. Some of them have 

catabolic roles in colonic mucus degradation, including SEN1434 (hexonate 

metabolism) and the sulphatase SEN 0035. Colonic mucus contains sugar acids, a 

source of nutrients that gut dwelling organisms must be able to utilize [17].  Several 

of the apparent pseudogenes are involved in anaerobic metabolism, including 

SEN3902, a glycerol dehydrogenase. Glycerol metabolism is necessary for anaerobic 



growth of enterobacteria on non-fermentable sources. Dimethyl sulphoxide 

reductase, a gene necessary for the use of terminal electron acceptors in anaerobic 

metabolism, has also been lost, together with two other sulphur metabolism genes. 

Two genes involved in formate metabolism have become degenerate. There are a 

further four metabolic pseudogenes, including mono-pentose pathway (L-fuculose 

kinase [fucK]).  

 

Gene pocR is a pseudogene in D7795. This is one of the most important regulatory 

genes for the B12 synthesis and propanediol utilisation pathway [18], a key enteric-

adaptation pathway. Many Enterobacteriaceae have lost the capacity to synthesise 

cobalamine and therefore to degrade 1,2-propanediol. However, Salmonella re-

acquired a 40 kb metabolic island encoding both the cbi and pdu loci [19-21]. 1,2-

propanediol is an important source of energy for S. Typhimurium, especially within 

the intracellular compartment [22]. Of note, the B12 transport gene yncD is also a 

pseudogene and a number of downstream genes in this pathway have acquired NS-

SNPs including two tetrathionate and three propanediol utilisation genes, which 

suggests the possibility of degradation of this pathway. Degradation in this pathway 

is also seen in invasive, host-adapted serotype S. Gallinarum [9]. 

 

Like S. Typhi and S. Gallinarum 287/91, S. Enteritidis D7795 carries a number of 

mutations in a gene which is centrally involved with shedding - shdA. This gene is a 

surface-localized, fibronectin-binding protein whose expression is induced in vivo in 

the murine caecum [23,24] and is carried on a 25-kb genetic island named 

centisome 54 (CS54 island) in S. Typhimurium. Absence of this gene is associated 

with reduced faecal carriage and shedding of S. Typhimurium in mice, but not pigs 

[23] [25]. This gene is also a pseudogene in S. Typhi and S. Gallinarum and whilst it 

is intact in the African invasive S. Typhimurium ST313, the related gene ratB from 

CS54 has become a pseudogene [9,26]. As discussed above, there is one fimbrial 

gene (fimY), which is a pseudogene and one type III secretion system protein. 

 



In addition to the metabolic signal suggestive of host adaptation, there are seven 

pseudogenes amongst membrane transport genes, including the two further genes 

involved in cobalamine metabolism. Cobalamine synthase incorporates Ni-Fe and 

Cobalt respectively, and it is interesting to note that D7795 has lost rncA, a high 

affinity Ni/Co transporter, through a deletion in ROD30 (see above)[27] and the 

gene encoding the cobalamine transporter yncB. Five other putative, 

uncharacterised transport genes are pseudogenes. A further seven membrane-

protein associated genes have significant mutations.   

 

Three DNA replication and repair genes carry mutations, including a mutT-family 

gene.  Only one pseudogene lies in an amino acid catabolic or biosynthetic pathway, 

L-serine (L-serine and L-threonine catabolism), for which there is redundancy [28].  

A further five hypothetical genes and one phage-protein gene have become 

pseudogenes. Table A6 in Appendix 5 provides a list of some of the common traits 

identified amongst the functions of genes lost independently by D7795, S. Typhi and 

S. Gallinarum. Some of the overlapping traits are striking; including the loss of genes 

involved in common metabolic processes such as cobalamine and propanediol 

utilisation and electron transport acceptor function.  

 

In addition to the large differences in terms of the variable region of the genome, 

there is further evidence of reductive evolution in D7795 in the form of 363 genes 

containing NS-SNPS (Table 8.5). The disproportionate clustering around membrane 

structures is yet another signal seen in host adaptation with both S. Typhi [29] and 

S. Gallinarum [9]. Many of these genes will be functional, but it is likely that some 

have become pseudogenes and that others have altered functions. Certainly there is 

evidence of clustering around pathways (Figure 8.5), for example the cobalamine 

biosynthetic pathway.  

 

The MDR virulence plasmid of the Southern African S. Enteritidis clade 

 



Plasmid extraction by Kado and Lui alkaline lysis, followed by gel-electrophoresis 

was performed on MDR isolate D7795 (Supplementary Figure 1). This revealed the 

presence of just one large plasmid, which was PacBio sequenced. This demonstrated 

a 100 kb plasmid, which, when aligned against finished P125109 plasmid pSENV 

revealed evidence of two deletions; the first contained genes srgA, srgB and luxR, 

part of the lux operon and the second was within gene pSENV0033, a putative 

integrase. All the other genes on pSENV including the virulence operon, were intact. 

The additional regions aligned against two sequenced fragments of an S. Enteritidis 

virulence plasmid (pUO-SeVR) isolated from an African patient presenting with 

MDR iNTS Enteritidis in Spain [30]. In total, nine antimicrobial resistance genes 

were identified, encoding resistance to amoxicillin (blaTEM-1), tetracycline (tetR 

and tetA), chloramphenicol (catA2) the components of cotrimoxazole (dfrA7, sul1 

and sul2) and aminoglycosides (strA and strB). 

 

The plasmid contained a number of additional genes that might be associated with 

virulence and a toxin/antitoxin plasmid addiction system (Supplementary Table 4). 

These included tir, associated with gut wall attachment in enteropathogenic E. coli, 

and associated with virulence in 0157:H7 strain [31]; a pecM gene which is a 

membrane spanning efflux protein which may have drug efflux properties [32]; and 

pncA which is a nicotinamidase whose function is unclear, however it is essential to 

the pathogenesis of Borrelia burgdorferi [33]. Lastly genes mucA and mucB are 

present. The latter has been shown to be a lesion bypass polymerase and although 

their precise role is unclear, together they may repair damaged plasmid DNA, or 

facilitate mutagenesis. This would be beneficial for an MGE transmitted through a 

number of bacterial hosts, by allowing faster adaptation to foreign intracellular 

environments [34].  

 

Like pSENV, the virulence plasmid contained an incomplete set of conjugal transfer 

genes (tra genes) and it was therefore predicted that this plasmid would not be 

capable of conjugal transfer. This was tested by conjugation experiments at 26˚C and 

37˚C using the plasmid from S. Typhimurium A54560 [35] and IncHI1 plasmid 



PHCM1 as positive controls and PT4-like S. Enteritidis A1636 as a negative control. 

As predicted, the plasmids of A1636 and D7795 failed to transfer, whilst the positive 

control successfully transferred.  

 

Interpretation of high-throughput phenotyping  

The findings from the pairs of replicates were compared using principal component 

analysis and found to be highly consistent. In total, there were 200 statistically 

significant differences between log-fold change in adjusted SVs between the 2 

isolates; 97 at 28˚C and 103 at 37˚C. Following manual review of the signal from each 

well, 80 of the results were considered genuinely significant and pursued further. 

The entire output is graphically displayed in Figures x.A (PM1 and 2 [carbon 

sources]) and x.B (both PM 3 [nitrogen] and 4 [phosphorous and sulphur]). 

Evaluation using Pathway Tools software to identify genes involved in each specific 

pathway with evidence of increased or decreased metabolic activity revealed that 

14/27 (52%) of pathways with evidence of decreased metabolic activity at 28˚C in 

D7795 also displayed evidence of genomic degradation, and 12/30 (40%) of 

pathways with evidence of decreased metabolic activity at 37oC in D7795 also 

displayed evidence of genomic degradation.  

The two replicates of D7795 showed enhanced metabolism of three simple 

carbohydrates, including glucose, sucrose and lactulose, also of D-saccharic acid, D-

alanine, mucic (galactaric) acid and formic acid. There were far more instances of 

reduced activity, many of which have a corresponding signature of genomic 

degradation, such as pseudogene formation or the presence of NS-SNPs in genes 

corresponding to the pathway. These included dulcitol and glycolic acid in the 

glycerol degradation pathway, propionic acid in the propanediol pathway and 

ethylamine and ethynolamine. Also there was reduced activity in response to three 

forms of butyric acid, a short chain fatty acid. This is another signature of loss of 

enteric adaptation, as the ability to metabolize short chain fatty acids is an 



extremely useful trait for enteric adaptation [36]. The full list of differences is 

detailed in Supplementary Table 5. 

 

There was no increased metabolism of any nitrogen sources in D7795 compared to 

A1636, however metabolism was reduced in several nitrogen sources 

(Supplementary Table 5). The most interesting sources noted to be down regulated 

were alloxan and allantoic acid. Allantoin can be found in the serum of birds, and is 

utilised as a carbon source during S. Enteritidis infection of chickens [37] and 

pseudogenes relating to allantoin have been noted in S. Typhimurium ST313 [26]. 

D7795 showed increased metabolism in the presence of 6% sodium chloride 

solution at both temperatures, but decreased metabolism in the presence of 4% 

sodium formate, which is consistent with the numerous mutations in formate 

catabolizing genes in D7795. 

 

Table 8-1: Summary of differences between P12509 and D7795 

Differences with respect 

to P125109 

Variable 

regions with 

differences  

Genes gained 

in D7795 

Genes 

lost in 

D7795 

Additional prophage 

regions 

3 150 0 

"Missing" prophage 

regions 

2 0 79 

Other insertions 3 25  

Other deletions 3 0 3 

Likely pseudogenes 43  45 

Plasmid  56 4 

Total   +221 -131 

 



Table 8-3: Summary of contents of prophages of D7795 

 Prophage 1 Prophage2 Prophage3 

Length 33.1 38.1 30.1 

Closest relative Entero 2 

(83%) 

Yersinia 

413C 

Gifsy1 

GC 53% 52 51% 

Related 

Salmonellae 

Prophage 

RE_2010 RE_2010 Gifsy1 

Total CDS 47 51 52 

Phage proteins 44 34 46 

Hypothetical 

proteins 

3 13 5 

Phage 

+hypothetical 

protein % 

100 92 98 

 

Table 8-4: Function categories of pseudogenes in D7795 

 

Functional category Number of 

pseudogenes 

Core metabolism 17 

Virulence, host adaptation 3 

Membrane 7 

Transporter 7 

DNA reproduction/repair 3 

Phage protein 1 

Hypothetical genes 5 

 



 

 

Table 8-5 Functional breakdown of genes containing NS-SNPs 

 

Functional class Number of 

genes 

Replication and repair 16 

Metabolism 41 

Membrane/surface structures 122 

Degradation of macromolecules 12 

Degradation of small molecules 18 

Regulators 67 

Conserved hypothetical 83 

Phage 4 

Total 363 

 

Table 8-6: Summary of phenotypic differences between A1636 and D7795. 

“Increased” and “decreased” refer to tetrazolium dye reduction by D7795 

when compared to A1636  

Condition (temp oC) Number of conditions 

  28 37 

Carbon sources (190) Activity increased 7 8 

 Activity decreased 13 20 

Nitrogen sources (95) Activity increased 0 0 

 Activity decreased 13 10 

Phosphorous & sulphur 

(95) 

Activity increased 1 2 

 Activity decreased 0 0 

Osmotic stress (95) Activity increased 3 2 



 Activity decreased 1 0 

Total differences  38 42 
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