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Large	scale	genomic	analysis	shows	no	evidence	for	repeated	1	

pathogen	adaptation	during	the	invasive	phase	of	bacterial	2	

meningitis	in	humans	3	
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Abstract	19	

Recent	studies	have	provided	evidence	for	rapid	pathogen	genome	variation,	20	

some	of	which	could	potentially	affect	the	course	of	disease.	We	have	previously	21	

detected	such	variation	by	comparing	isolates	infecting	the	blood	and	22	

cerebrospinal	fluid	(CSF)	of	a	single	patient	during	a	case	of	bacterial	meningitis.	23	

To	determine	whether	the	observed	variation	repeatedly	occurs	in	cases	of	24	

disease,	we	performed	whole	genome	sequencing	of	paired	isolates	from	blood	25	

and	CSF	of	938	meningitis	patients.	We	also	applied	the	same	techniques	to	54	26	

paired	isolates	from	the	nasopharynx	and	CSF.	27	

Using	a	combination	of	reference-free	variant	calling	approaches	we	show	that	28	

no	genetic	adaptation	occurs	in	the	invasive	phase	of	bacterial	meningitis	for	29	

four	major	pathogen	species:	Streptococcus	pneumoniae,	Neisseria	meningitidis,	30	

Listeria	monocytogenes	and	Haemophilus	influenzae.	From	nasopharynx	to	CSF	,	31	

no	adaptation	was	seen	in	S.	pneumoniae,	but	in	N.	meningitidis	mutations	32	

potentially	mediating	adaptation	to	the	invasive	niche	were	occasionally	33	

observed	in	the	dca	gene.	34	

This	study	therefore	shows	that	the	bacteria	capable	of	causing	meningitis	are	35	

already	able	to	do	this	upon	entering	the	blood,	and	no	further	sequence	change	36	

is	necessary	to	cross	the	blood-brain	barrier.	The	variation	discovered	from	37	

nasopharyngeal	isolates	suggest	that	larger	studies	comparing	carriage	and	38	

invasion	may	help	determine	the	likely	mechanisms	of	invasiveness.	39	
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Author	Summary	41	

We	have	analysed	the	entire	DNA	sequence	from	bacterial	pathogen	isolates	42	

from	cases	of	meningitis	in	938	Dutch	adults,	focusing	on	comparing	pairs	of	43	

isolates	from	the	patient’s	blood	and	their	cerebrospinal	fluid.	Previous	research	44	

has	been	on	only	a	single	patient,	but	showed	possible	signs	of	adaptation	to	45	

treatment	within	the	host	over	the	course	of	a	single	case	of	disease.	46	

	47	

By	sequencing	many	more	such	paired	samples,	and	including	four	different	48	

bacterial	species,	we	were	able	to	determine	that	adaptation	of	the	pathogen	49	

does	not	occur	after	bloodstream	invasion	during	bacterial	meningitis.		50	

	51	

We	also	analysed	54	pairs	of	isolates	from	pre-	and	post-invasive	niches	from	the	52	

same	patient.	In	N.	meningitidis	we	found	variation	in	the	sequence	of	one	gene	53	

which	appears	to	provide	bacteria	with	an	advantage	after	invasion	of	the	54	

bloodstream.	55	

	56	

Overall,	our	findings	indicate	that	evolution	after	invasion	in	bacterial	meningitis	57	

is	not	a	major	contribution	to	disease	pathogenesis.	Future	studies	should	58	

involve	more	extensive	sampling	between	the	carriage	and	disease	niches,	or	on	59	

variation	of	the	host.	60	

	61	

Introduction	62	

Bacterial	meningitis	is	a	severe	inflammation	of	the	meninges	surrounding	the	63	

brain	as	a	response	to	the	presence	of	bacteria	[1].	This	inflammation	can	64	
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compromise	brain	function,	requiring	immediate	admission	to	hospital.	In	65	

European	countries,	the	four	bacteria	which	most	frequently	cause	meningitis	66	

are	Streptococcus	pneumoniae,	Neisseria	meningitidis,	Haemophilus	influenzae	67	

and	Listeria	monocytogenes	[2].	68	

	69	

The	route	of	infection	varies	depending	on	the	species	of	bacteria,	though	in	the	70	

majority	of	invasive	cases	the	final	stage	is	from	blood	to	cerebrospinal	fluid	71	

(CSF)	[1].	Respiratory	pathogens	(S.	pneumoniae,	N.	meningitidis	and	H.	72	

influenzae)	are	carried	asymptomatically	in	the	nasopharynx	by	a	proportion	of	73	

the	population	at	a	given	time	[3,	4].	L.	monocytogenes	is	food-borne	infection	74	

and	can	result	from	consumption	of	contaminated	products	[5,	6].	In	a	small	75	

number	of	cases	commensal	nasopharyngeal	or	ingested	food-borne	bacteria	76	

may	invade	the	blood	through	a	single	cell	bottleneck	(bacteraemia)	[7],	then	77	

cross	the	blood-brain	barrier	into	the	CSF	where	they	cause	meningitis	[8].	In	78	

some	meningitis	patients	the	CSF	may	be	invaded	directly	due	to	CSF	leakage	or	79	

otitis	media	[9],	in	which	case	the	progression	of	bacteria	after	carriage	is	80	

reversed:	CSF	to	blood.	81	

	82	

Until	recently	it	was	thought	that	mutation	rates	in	bacterial	genomes	were	low,	83	

and	as	such	would	not	change	within	a	single	host	[10].	However,	many	studies	84	

sequencing	bacterial	populations	of	various	different	species	gave	estimates	85	

three	orders	of	magnitude	higher	than	previously	expected	[11-13].	These	new	86	

estimates	of	mutation	rate	also	gave	evidence	that	DNA	sequence	variation	can	87	

occur	over	the	course	of	a	single	infection	[14].	88	

	89	
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Such	within-host	variation	has	been	shown	to	occur	through	a	variety	of	90	

mechanisms	such	as	recombination	[15],	gene	loss	[16,	17]	and	variation	in	91	

regulatory	regions	[18-20].	The	rapid	variation	that	occurs	in	these	regions	of	92	

the	genome	can	increase	the	population's	fitness	as	the	bacteria	adapt	to	the	host	93	

environment	[21,	22],	and	potentially	affect	the	course	of	disease	[23].	Previous	94	

studies	have	shown	variation	between	strains	even	during	the	rapid	clinical	95	

progression	of	bacterial	meningitis	[24,	25].	96	

	97	

It	is	possible	that	the	existing	genetics	of	the	bacterium	invading	from	the	98	

carriage	population	may	determine,	prior	to	blood	stream	invasion,	whether	CSF	99	

invasion	is	possible.	Causing	invasive	disease	is	an	evolutionary	dead	end	for	100	

these	pathogens,	so	studies	of	carriage	will	not	observe	selection	for	variations	101	

that	advantage	bacteria	in	the	blood	or	CSF.	Current	knowledge	is	mostly	focused	102	

at	the	serotype	and	MLST	level,	and	lacks	the	resolution	and	sample	size	to	be	103	

able	to	address	this	question	[26-28].	Though	the	only	whole	genome	based	104	

study	suggests	this	is	not	case	(at	the	gene	level)	in	S.	pneumoniae	[29],	we	105	

believe	higher	powered	study	designs	are	needed	to	better	answer	this	question.	106	

	107	

We	also	hypothesise	that	bacterial	variation	may	also	occur	during	the	invasive	108	

phase	of	meningitis.	We	have	previously	reported	in	a	single	patient	that	the	109	

bacteria	appeared	to	adapt	to	the	distinct	conditions	of	blood	and	CSF	[24].	110	

These	are	very	different	niches	from	that	of	nasopharyngeal	carriage	where	this	111	

variation	is	well	documented	[30],	not	least	because	the	bacteria	are	under	more	112	

intense	exposure	to	immune	pressures	and	have	less	time	over	which	to	113	

accumulate	mutations.	114	
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	115	

To	look	for	adaptation	to	these	three	niches,	we	used	samples	from	the	116	

MeninGene	study	[31,	32],	based	at	the	Academic	Medical	Centre	Amsterdam.	117	

938	patients	recruited	to	the	study	had	culture	positive	bacterial	meningitis	with	118	

samples	collected	from	both	their	blood	and	CSF	(breakdown	by	species	in	Table	119	

S1),	and	54	with	pneumococcal	or	meningococcal	meningitis	have	a	matched	120	

sample	taken	from	their	nasopharynx.	By	whole	genome	sequence	analysis	of	121	

large	numbers	of	paired	bacterial	isolates	cultured	from	these	samples,	we	have	122	

been	able	to	test	for	repeated	variation	that	occurs	during	the	course	of	the	123	

disease.	124	

Results	125	

We	made	assumptions	about	the	evolution	of	bacteria	within	the	host,	under	126	

which	we	discuss	the	power	of	pairwise	comparisons	between	single	colonies	127	

taken	from	each	niche	to	capture	repeated	evolution	occurring	post-invasion:	128	

1. There	is	a	bottleneck	of	a	single	bacterium	upon	invasion	into	the	first	129	

sterile	niche	(usually	blood),	which	then	founds	the	post-invasion	130	

population	[7,	33].	131	

2. A	large	invasive	population	is	quickly	established,	as	the	population	size	132	

approaches	the	carrying	capacity	of	the	blood/CSF.	The	population	size	is	133	

large	enough	for	selection	to	operate	efficiently.	134	

3. As	infection	occurs	in	a	mass	transport	system,	populations	are	well	135	

mixed	without	any	substructure.	Therefore,	the	effective	population	size	136	

equals	the	census	population	size.	137	

4. The	bacterial	growth	curve	within	blood	and	CSF	is	similar.	138	
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	139	

Initially	the	population	size	is	small,	so	selection	is	inefficient	and	the	140	

population-wide	mutation	rate	is	low.	However,	the	eventual	carrying	capacity	of	141	

the	blood	and	CSF	are	large	enough	(>1.5x105)	[34,	35]	for	beneficial	mutations	142	

to	fix	rapidly.	Due	to	the	short	generation	time	of	around	an	hour	[36],	this	143	

carrying	capacity	is	reached	early	in	the	course	of	the	disease	(after	1-2	days)	144	

[37].	145	

	146	

Crucially,	population	sizes	where	selection	acts	efficiently	[38]	are	reached	even	147	

earlier	than	this	–	a	few	hours	after	invasion.	Therefore,	mutations	with	a	148	

selective	advantage	occurring	after	the	first	stages	of	infection	will	eventually	149	

become	fixed	in	the	niche’s	population.	So,	sequence	comparison	between	colony	150	

picks	from	each	niche	is	likely	to	find	adaptation	that	has	occurred	post	invasion.		151	

	152	

Similarity	of	the	bacterial	growth	curve	within	blood	and	CSF	is	an	important	153	

assumption	because	in	45%	of	the	pneumococcal	cases	there	was	evidence	that	154	

CSF	invasion	happened	before	blood	invasion	(patients	had	a	documented	prior	155	

CSF	leak,	otitis	media	or	sinusitis	[39,	40]).	This	allows	us	to	search	for	post-156	

adaptation	invasion	that	happens	in	either	direction	in	this	species.	We	157	

investigated	the	validity	of	this	assumption	using	analysis	of	data	on	the	ivr	locus	158	

(see	Methods).	159	

	160	

In	carriage	samples,	although	the	population	size	is	small	[41]	carriage	episodes	161	

can	persist	over	many	months	[42],	therefore	allowing	the	potential	for	162	

mutations	conferring	an	advantage	in	an	invasive	niche	to	arise.	Additionally,	163	
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during	carriage	there	is	known	to	be	population	wide	diversity	[30]	and	in	some	164	

cases	competition	between	strains	[43].	We	only	sample	a	single	strain	from	this	165	

diverse	pool,	which	means	we	have	less	power	to	detect	mutations	either	side	of	166	

the	bottleneck.	Combined	with	the	small	sample	size,	this	means	only	adaptive	167	

mutations	with	large	selective	advantages	will	be	discovered	in	this	part	of	the	168	

study.	We	therefore	discuss	our	results	from	blood	and	CSF	comparisons	first,	as	169	

we	have	a	higher	power	to	detect	variation	between	these	niches.	170	

	171	

No	repeated	post-invasion	adaptation	in	coding	regions	across	species	172	

We	performed	comparisons	between	the	pan-genome	of	each	pair	of	blood	and	173	

CSF	isolates,	using	reference-free	variant	calling	techniques	(see	Methods).	The	174	

method	was	evaluated	using	simulated	data,	giving	us	confidence	that	it	could	175	

detect	the	small	amounts	of	variation	expected	between	each	isolate	pair	(figures	176	

S1,	S2).		177	

	178	

For	each	species	we	then	counted	the	number	of	variants	of	any	type	between	179	

each	blood/CSF	isolate	pair	taken	from	a	patient.	For	all	species	except	180	

N.	meningitidis	the	majority	of	paired	samples	have	no	variation	between	them	181	

(Fig.	1).	182	

	183	

In	S.	pneumoniae	452	of	674	paired	samples	(67%)	were	identical.	The	184	

distribution	is	roughly	Poisson	(mean	=	0.547),	excluding	outliers.	In	H.	185	

influenzae	and	L.	monocytogenes	the	observed	number	of	mutations	between	186	

each	paired	set	of	strains	is	low,	and	similar	in	distribution	to	S.	pneumoniae.	187	
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Variation	between	N.	meningitidis	pairs	also	followed	a	roughly	Poisson	188	

distribution	(mean	=	2.34),	which	when	compared	to	other	species	showed	a	189	

higher	number	of	variants	between	blood	and	CSF	isolates	(Wilcoxon	rank-sum	190	

test,	W	=	25790,	p-value	<	10-16)	such	that	most	pairs	have	at	least	one	variant	191	

between	the	blood	and	CSF	samples.		192	

	193	

In	N.	meningitidis	these	mutations	may	be	a	signal	of	repeated	adaptation	194	

between	the	two	niches	if	they	cause	the	same	functional	change.	Similarly,	rare	195	

mutations	in	the	other	three	species,	if	they	cause	the	same	functional	change,	196	

could	represent	a	signal	of	adaptation.	To	determine	whether	this	is	the	case,	we	197	

counted	the	number	of	times	each	gene	annotation	contained	variation	between	198	

the	blood	and	CSF	isolate	over	all	the	pairs	collected,	and	used	a	Poisson	test	to	199	

determine	whether	this	was	more	than	expected	for	each	gene	(see	Methods).	200	

For	L.	monocytogenes	and	H.	influenzae	there	was	not	enough	variation	measured	201	

in	the	samples	to	show	any	such	signal.	For	S.	pneumoniae	the	results	are	shown	202	

in	table	1.		203	

	204	

Table	1:	Genes	containing	significantly	repeated	mutations	between	blood	205	

and	CSF	isolate	pairs	in	S.	pneumoniae.	Ordered	by	increasing	p-value;	locus	206	

tags	refer	to	the	D39	genome,	if	present.		207	

Gene	name	 Gene	length	(bp)	 Mutations	between	
blood	and	CSF	

p-value	

pde1	(SPD_2032)	 1973	 19	 <10-10	
dltD	(SPD_2002)	 1269	 13	 <10-10	
dltB	(SPD_2004)	 1245	 12	 <10-10	
dltA	(SPD_2005)	 1551	 11	 <10-10	
clpX	(SPD_1399)	 1233	 7	 1.3x10-8	
wcaJ	(SPD_1620)	 693	 6	 3.4x10-8	
cysB	(SPD_0513)	 909	 5	 1.6x10-5	
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cbpJ		 1122	 5	 4.7x10-5	
amiC	(SPD_1670)	 1332	 4	 6.0x10-3	
marR		 435	 3	 9.6x10-3	
fhuC	 519	 3	 1.6x10-2	
	208	

The	dlt	operon,	responsible	for	D-alanylation	in	teichoic	acids	in	the	cell	wall	[44-209	

46],	was	the	most	frequently	mutated	region:	36	mutations	in	31	sample	pairs	210	

(Poisson	test	p<10-10).	211	

	212	

Mapping	the	variation	between	sample	pairs	to	the	R6	S.	pneumoniae	strain,	213	

which	has	a	functional	dlt	operon,	the	variations	were	annotated	with	their	214	

predicted	function.	There	was	no	directionality	to	the	mutations:	19	occurred	in	215	

the	blood,	and	11	in	the	CSF.	Only	seven	of	the	patients	infected	by	these	strains	216	

showed	signs	of	blood	invasion	before	CSF	invasion	(sinusitis	or	otitis);	this	also	217	

did	not	show	directionality.	The	nature	of	the	mutations	is	shown	in	Fig.	2	and	218	

Table	S2.	Most	of	these	mutations	would	be	expected	to	cause	a	loss	of	function	219	

(LoF)	in	the	operon.	Though	this	suggests	this	locus	has	a	deleterious	effect	in	220	

invasive	disease	generally,	the	lack	of	directionality	to	the	mutations	means	it	221	

does	not	show	evidence	of	adaptation	to	either	the	blood	or	CSF	specifically.		222	

	223	

In	all	the	other	genes	in	table	1	the	variants	are	non-synonymous	SNPs	224	

distributed	evenly	between	blood	and	CSF,	therefore	also	showing	no	adaptation	225	

specific	to	either	niche.	226	

	227	

The	most	frequently	mutated	genes	between	pairs	in	N.	meningitidis	are	shown	228	

in	table	2.		229	

	230	
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Table	2:	Genes	containing	significantly	repeated	mutations	between	blood	231	

and	CSF	isolate	pairs	in	N.	meningitidis.	Ordered	by	increasing	p-value;	locus	232	

tags	refer	to	the	MC58	genome,	if	present.	233	

Gene	name	 Gene	length	(bp)	 Mutations	between	
blood	and	CSF	

p-value	

pilE	(NMB0018)	 384	 18	 <10-10	
lgtC	 189	 16	 <10-10	
hyaD	 327	 14	 <10-10	
oatA	 1869	 19	 <10-10	
hpuB	(NMB1668)	 2382	 17	 <10-10	
porA	(NMB1429)	 1178	 12	 <10-10	
lgtA	(NMB1929)	 1050	 10	 <10-10	
kfoC	 360	 7	 <10-10	
cotSA	 1134	 7	 9.2x10-9	
ssa1	 3252	 6	 3.9x10-4	
	234	

Top	ranked	are	those	relating	to	the	pilus:	pilE	(19),	pilC	(6)	and	pilQ	(4).	pilE	235	

genes	are	associated	with	immune	interaction	[47],	and	are	therefore	expected	236	

to	be	under	diversifying	selection;	an	excess	of	non-synonymous	mutations	237	

(46/49	observed;	33/49	expected	for	neutral	selection)	is	consistent	with	this.	238	

The	other	notable	gene	with	more	mutations	than	expected	in	N.	meningitidis	239	

was	porA,	a	variable	region	which	is	a	major	determinant	of	immune	reaction	240	

[48],	in	which	12	samples	had	frameshift	mutations	in	one	of	two	positions.	241	

Phase	variation	in	the	gene’s	promoter	region,	affecting	its	expression,	is	242	

discussed	in	more	detail	below.		243	

	244	

The	mutations	in	table	2	show	no	association	with	blood	or	CSF	specifically,	so	245	

do	not	represent	adaptation	to	either	niche.	Genetic	variation	in	pilE,	hpuA,	wbpC,	246	

porA	and	lgtB	within	host	has	been	observed	previously	in	a	single	patient	with	a	247	

hypermutating	N.	meningitidis	infection	[25].	The	coding	sequences	with	excess	248	

variants	that	are	found	in	the	samples	analysed	here	include	these	genes.	This	249	
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also	suggests	an	elevated	background	rate	in	these	sequences,	rather	than	strong	250	

selection	between	the	blood	and	CSF	niches.	251	

	252	

No	evidence	for	repeated	adaptation	in	intergenic	regions	in	S.	pneumoniae	and	N.	253	

meningitidis	254	

Our	previous	result	suggesting	adaptation	from	blood	to	CSF	was	an	intergenic	255	

change	affecting	the	transcription	the	patAB	genes,	encoding	an	efflux	pump.	In	256	

general	it	is	known	that	in	pathogenic	bacteria	a	common	form	of	adaptation	is	257	

mutation	in	intergenic	regions,	which	may	affect	global	transcription	levels,	258	

causing	a	virulent	phenotype	[49,	50],	antimicrobial	resistance	[51]	and	259	

changing	interaction	with	the	host	immune	system	[52].	Changes	in	these	260	

regions	have	previously	been	shown	to	display	signs	of	adaptation	during	single	261	

cases	of	bacterial	disease	[18].	262	

	263	

We	therefore	separately	investigated	the	mutations	in	non-coding	regions,	which	264	

were	only	observed	in	S.	pneumoniae	and	N.	meningitidis.	As	genome	annotations	265	

from	the	calling	above	are	not	consistent	between	samples	outside	of	CDSs,	we	266	

mapped	the	variation	in	intergenic	regions	to	the	coordinates	of	a	reference	267	

genome.	In	a	subset	of	samples	we	had	carriage	isolates	corresponding	to	blood	268	

and	CSF	isolate	pairs	(discussed	further	below);	we	used	these	carriage	isolates	269	

as	the	reference	genome	to	determine	whether	these	mutations	occur	in	the	270	

blood	or	CSF	isolate.	271	

	272	
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Figure	S3a	shows	all	mutations	plotted	genome-wide	in	S.	pneumoniae.	The	273	

peaks	correspond	to	mutations	in	genes	described	in	table	1.	In	the	remaining	274	

121	mutations	in	non-coding	regions	we	observed	no	clustering	by	position.	275	

Over	all	pairs	of	samples,	intergenic	mutations	were	spread	between	blood	and	276	

CSF	isolates	when	compared	to	a	carriage	reference.	This	suggests	none	of	the	277	

intergenic	mutations	are	providing	a	selective	advantage	in	either	invasive	niche.	278	

	279	

The	mutations	in	N.	meningitidis	are	plotted	in	figure	S4a,	110	of	which	were	in	280	

non-coding	regions.	We	observed	enrichment,	but	no	niche	specificity,	in	the	281	

upstream	region	of	six	genes.	These	mutations	are	listed	in	table	3.	Some	of	the	282	

mutations	upstream	of	porA	and	opc	are	in	phase	variable	homopolymeric	tracts,	283	

which	are	discussed	more	fully	in	the	section	below.	The	other	mutations	are	284	

upstream	of	the	adhesins	hsf/NMB0992	and	NMB1994,	which	are	involved	in	285	

colonisation	[53]	and	immune	interaction	during	invasion	[54],	and	286	

frpB/NMB1988	which	is	a	surface	antigen	involved	in	iron	uptake	[55].	287	

Differential	expression	of	these	genes	may	be	an	important	factor	affecting	288	

invasion,	but	the	mutations	we	observed	that	may	affect	this	do	not	appear	to	be	289	

specific	to	blood	or	CSF.	290	

	291	

Table	3:	Intergenic	regions	containing	significantly	repeated	mutations	292	

between	CSF	and	blood	isolate	pairs	in	N.	meningitidis.	Ordered	by	293	

increasing	number	of	mutations;	coordinates	refer	to	the	MC58	genome.	294	

Coordinates	 Downstream	gene(s)	 Mutations	between	blood	
and	CSF	

1468329-1468331	 porA	(NMB1429)	 7	
1072215-1072328	 opc	(NMB1429)	 7	
1008872-1008985	 hsf	(NMB0992)	 6	
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1315621-1315672	 NMB1299	 6	
2092257-2092552	 frpB	(NMB1988)	 5	
2100124-2100258	 NMB1994	 4	
	295	

No	evidence	for	repeated	adaptation	in	phase	variable	regions	in	S.	pneumoniae	296	

and	N.	meningitidis	297	

Phase	variable	regions,	which	may	also	be	intergenic,	can	mutate	rapidly	and	are	298	

known	to	be	a	significant	source	of	variation	in	pathogenic	bacteria	[56].	This	299	

mutation	is	an	important	mechanism	of	adaptation	[57],	and	meningococcal	300	

genomes	in	particular	contain	many	of	these	elements	[58].	301	

	302	

In	N.	meningitidis	we	observed	six	samples	with	single	base	changes	in	length	of	303	

the	phase-variable	homopolymeric	tract	in	the	porA	gene’s	promoter	sequence,	304	

and	five	samples	with	the	single	base	length	changes	in	the	analogous	promoter	305	

sequence	of	opc.	While	changes	in	the	length	of	these	tracts	will	affect	expression	306	

of	the	corresponding	genes,	both	of	which	are	major	determinants	of	immune	307	

response	[59,	60],	the	tract	length	does	not	correlate	with	blood	or	CSF	308	

specifically.	porA	expression	has	previously	been	found	to	be	independent	of	309	

whether	isolates	were	taken	from	CSF,	blood	or	throat	[59].	310	

	311	

In	S.	pneumoniae,	recent	publications	highlight	a	potential	role	in	virulence	for	312	

the	ivr	locus,	a	type	I	restriction-modification	system	with	a	phase-variable	313	

specificity	gene	allele	of	hsdS	in	the	host	specificity	domain	(Fig.	3)	[19,	20,	61].	314	

There	are	six	possible	different	alleles	A-F	(Figure	S5)	for	hsdS,	each	315	

corresponding	to	a	different	level	of	capsule	expression.	Some	of	these	alleles	are	316	

more	successful	in	a	murine	model	of	invasion,	whereas	others	are	more	317	
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successful	in	carriage.	We	used	a	mapping	based	approach	(see	methods)	to	318	

determine	whether	any	of	these	alleles	were	associated	with	either	the	blood	or	319	

CSF	niche	specifically,	which	could	be	a	sign	of	adaptation.	320	

	321	

As	the	locus	inversion	is	rapid	and	occurs	within	host,	we	first	ensured	that	322	

cultured	samples	are	representative	of	the	original	clinical	samples	using	PCR	323	

quantification	of	each	allele.	However,	as	even	a	single	colony	contains	324	

heterogeneity	at	this	locus,	simply	taking	the	allele	with	the	most	reads	mapping	325	

to	it	in	each	sample	gives	a	poor	estimate	of	the	overall	presence	of	each	allele	in	326	

the	blood	and	CSF	niches.	To	take	into	account	the	mix	of	alleles	present	in	each	327	

sample,	and	to	calculate	confidence	intervals,	we	developed	a	hierarchical	328	

Bayesian	model	for	the	ivr	allele	(see	Fig	S6	and	Methods).	This	simultaneously	329	

estimates	the	proportion	of	each	colony	pick	with	alleles	A-F	for	both	each	330	

individual	isolate	(p),	and	summed	over	all	the	samples	in	each	niche	(µ).	We	331	

apply	this	over	i	samples	and	c	niches	(in	this	case	c	can	be	blood	or	CSF).	332	

	333	

For	each	pair	of	blood	and	CSF	samples	listed	in	Table	S1,	the	difference	in	allele	334	

prevalence	πCSF	-	πblood	was	calculated	(table	S3).	All	S.	pneumoniae	samples	had	a	335	

difference	in	mean	of	at	least	one	allele	(as	the	confidence	intervals	overlap	336	

zero),	highlighting	the	speed	at	which	this	locus	inverts.		337	

	338	

While	this	means	that	between	a	single	CSF	and	blood	pair	the	allele	at	this	locus	339	

usually	changes,	it	is	the	mean	of	µc	(corresponding	to	the	mean	allele	frequency	340	

in	each	niche	over	all	sample	pairs)	which	tells	us	whether	selection	of	an	allele	341	

occurs	in	either	the	blood	or	CSF	more	generally.	This	is	plotted	in	Fig.	4.	As	the	342	
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confidence	intervals	overlap,	no	particular	allele	is	associated	with	either	blood	343	

or	CSF	S.	pneumoniae	isolates.		344	

	345	

Previous	work	on	a	murine	invasion	model	[19]	has	shown	an	increase	in	346	

proportion	of	alleles	A	and	B	over	the	course	of	infection.	We	did	not	observe	the	347	

same	effect	in	our	clinical	samples,	though	the	large	confidence	intervals	from	348	

the	mathematical	model	suggest	that	genomic	data	with	a	small	insert	size	349	

relative	to	the	size	of	repeats	in	the	locus	is	limited	in	resolving	changes	in	this	350	

allele.	A	small	selective	effect	of	ivr	allele	between	these	niches	would	therefore	351	

not	be	detected,	but	we	can	rule	out	strong	selection	for	a	particular	allele	(odds	352	

ratio	>	2).	Application	to	read	data	from	a	large	carriage	dataset	may	help	353	

resolve	whether	the	same	effect	does	occur	in	humans,	as	it	would	provide	a	354	

greater	temporal	range	over	the	course	of	pathogenesis.	355	

Carriage	and	invasive	disease	sample	pairs	show	some	evidence	of	repeated	356	

adaptation	357	

Using	the	same	methods,	we	also	sequenced	and	analysed	pairs	of	genomes	from	358	

54	patients	that	were	collected	from	the	nasopharynx	and	CSF.	Six	of	these	were	359	

S.	pneumoniae.	In	these	S.	pneumoniae	samples,	we	detected	only	one	sample	360	

with	any	variation,	which	was	a	two	base	insertion	upstream	of	the	gph	gene	361	

(Figure	5).	This	is	similar	to	the	amount	of	mutation	observed	between	the	blood	362	

and	CSF	isolates,	which	is	expected	given	the	similar	sampling	timeframes.	While	363	

we	found	that	a	functional	dlt	operon	appears	to	have	a	deleterious	effect	in	364	

invasive	disease,	we	did	not	observe	mutation	between	our	carriage	and	disease	365	
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samples.	However,	this	was	expected	given	the	small	number	of	carriage	samples	366	

relative	to	the	effect	size	detected	for	this	operon.	367	

	368	

Between	the	48	N.	meningitidis	carriage	and	CSF	isolate	pairs	small	numbers	of	369	

mutations	were	common.	We	went	on	to	search	for	regions	enriched	for	370	

mutation,	however	in	8	samples	we	observed	large	numbers	of	mutations	371	

clustered	close	together.	These	represent	single	recombination	events,	so	when	372	

analysing	genes	enriched	for	mutation	we	counted	each	recombination	as	a	373	

single	event	[62,	63].		374	

	375	

Table	4	shows	the	results	of	this	analysis.	Similar	genes	are	mutated	as	in	the	376	

blood/CSF	pairs,	again	with	no	specificity	to	either	niche.	In	phase	variable	377	

intergenic	regions,	we	observed	four	sample	pairs	with	an	insertion	or	deletion	378	

in	the	porA	promoter	tract	with	no	niche	specificity.	Otherwise,	none	of	the	379	

regions	above	showed	enrichment	for	mutation	in	either	niche.	These	380	

observations	support	the	theory	that	these	genes	mutate	at	a	higher	rate	but	do	381	

not	confer	a	selective	advantage	in	any	of	the	three	niches	studied.	382	

	383	

Table	4:	Genes	containing	significantly	repeated	mutations	between	384	

nasopharyngeal	and	CSF	isolate	pairs	in	N.	meningitidis.	Ordered	by	385	

increasing	p-value;	locus	tags	refer	to	the	MC58	genome,	if	present.	386	

Gene	name	 Gene	length	(bp)	 Mutations	between	
nasopharynx	and	CSF	

p-value	

lgtA	(NMB1929)	 1050	 6	 5.0x10-7	
oatA	 1869	 6	 1.5x10-5	
hyaD	 327	 4	 2.6x10-5	
pilE	(NMB0018)	 384	 4	 3.8x10-3	
pilT	(NMB0052)	 1131	 4	 3.5x10-3	
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dca	(NMB0415)	 444	 3	 1.1x10-2	
	387	

A	notable	exception	to	this	is	the	dca	gene,	a	phase	variable	gene	involved	in	388	

competence	in	Neisseria	gonorrhoea	but	of	unknown	function	in	N.	meningitidis	389	

[64,	65],	in	which	all	mutations	are	protein	truncating	variants	in	the	invasive	390	

isolate.	Similarly,	though	not	reaching	significance	(due	to	the	long	length	of	the	391	

genes)	were	the	ggt	(NMB1057)	and	czcD	(NMB1732)	genes	in	which	three	392	

recombinations	occurred,	all	of	which	were	in	the	invasive	isolate	of	the	pair.		393	

	394	

The	mutations	in	these	three	genes	therefore	may	confer	a	selective	advantage	in	395	

the	invasive	niche;	the	sequence	at	these	loci	in	the	invasive	strains	are	the	same	396	

as	the	MC58	reference,	an	invasive	isolate	itself.	ggt	has	previously	shown	to	be	397	

essential	for	N.	meningitidis	growth	in	CSF	in	rats	[66],	and	metal	exporters	such	398	

as	czcD	have	been	shown	to	increase	virulence	in	a	mouse	sepsis	model	[67].	399	

More	such	paired	carriage	and	invasion	samples	would	be	needed	to	confirm	this	400	

is	the	case	in	human	invasive	disease.	401	

	402	

Discussion	403	

Previous	studies	have	shown	that	substantial	levels	of	genomic	DNA	sequence	404	

variation	occur	in	bacteria	colonising	or	infecting	human	hosts	[12,	14,	15]	and	405	

suggest	that	some	of	this	variation	may	be	due	to	selective	adaptation	[18,	22-24,	406	

68].	Such	adaptations	during	invasive	bacterial	disease	could	lead	to	new	407	

insights	into	the	processes	of	pathogenesis	with	the	potential	to	inform	408	

therapies[69,	70].	Therefore	it	is	important	to	capture	evidence	of	such	409	

variation;	we	sought	to	do	this	through	large-scale	genomic	analysis.	We	have	410	
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searched	for	variation	in	four	different	bacterial	species	comparing	genomes	411	

from	bacteria	isolated	from	both	blood	and	CSF	from	the	same	individuals	in	938	412	

bacterial	meningitis	cases.	413	

	414	

We	found	overall	that	the	amount	of	variation	within	bacteria	that	occurs	after	415	

infection	is	low.	The	mutation	observed	is	not	randomly	distributed	throughout	416	

the	genome,	but	is	randomly	distributed	between	blood	and	CSF	isolates.	These	417	

mutations	are	therefore	an	observation	of	a	higher	mutation	rate	in	these	418	

regions	during	invasion	(for	example	the	pilus	in	N.	meningitidis,	which	is	known	419	

to	be	under	diversifying	selection)	but	not	repeated	adaptation	to	either	niche.	420	

This	study	indicates	that	our	previous	observation	of	variation	between	blood	421	

and	CSF	isolates	from	a	single	case	of	meningitis	was	a	rare	event	most	likely	422	

driven	by	antibiotic	selection	pressure	during	treatment.	423	

	424	

We	went	on	to	analyse	54	samples	comparing	carriage	and	invasive	isolates	from	425	

the	same	patient.	Though	the	sample	size	was	lower,	and	we	did	not	fully	sample	426	

diversity	within	the	nasopharynx,	we	were	able	to	get	an	insight	into	potential	427	

genetic	differences	between	bacteria	in	these	niches.	We	see	some	of	the	same	428	

genes	mutate	rapidly	between	blood	and	CSF	isolates	also	doing	this	between	429	

carriage	and	invasion.	This	supports	the	conclusion	that	these	genes	have	a	430	

higher	mutation	rate,	rather	than	giving	a	selective	advantage	to	a	niche.	Finally,	431	

we	saw	possible	evidence	for	selection	on	the	dca	gene	in	N.	meningitidis.	432	

	433	

This	study	eliminates	the	need	to	search	for	bacterial	diversity	between	invaded	434	

host	niches	(blood	and	CSF)	when	trying	to	explain	pathogenesis	of	meningitis.	435	
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However,	our	comparison	between	the	genomes	of	carriage	and	invasive	isolates	436	

did	show	some	weak	signals	of	adaptation.	Our	power	in	these	comparisons	was	437	

limited	by	small	sample	size	and	single	colony	sequencing.	Future	studies	are	438	

needed	to	comprehensively	identify	whether	adaptation	occurs	through	439	

bacterial	genetics	between	carriage	and	invasion.	This	should	be	addressed	440	

through	either	comparing	more	pairs	of	carriage	and	invasive	isolates	with	441	

deeper	sequencing,	or	large	scale	genome	wide	association	studies.		442	

Methods	443	

Ethics	statement	444	

Written	informed	consent	was	obtained	from	all	patients	or	their	legally	445	

authorized	representatives.	The	studies	were	approved	by	the	Medical	Ethics	446	

Committee	of	the	Academic	Medical	Center,	Amsterdam,	The	Netherlands	447	

(approval	number:	NL43784.018.13).	448	

Reference	free	variant	calling	449	

We	extracted	DNA	from	positive	blood	and	CSF	cultures	from	adults	with	450	

bacterial	meningitis	in	the	Netherlands	from	2006	to	2012,	and	sequenced	this	451	

with	100bp	paired	end	reads	on	the	Illumina	HiSeq	platform.	452	

	453	

To	avoid	reference	bias,	and	missing	variants	in	regions	not	present	in	an	454	

arbitrarily	chosen	reference	genome,	we	then	performed	reference	free	variant	455	

calling	between	all	sequence	pairs	of	isolates	using	two	methods:	the	‘hybrid’	456	

method	[71]	and	Cortex	[72].	The	former	uses	de	novo	assembly	of	the	CSF	457	

sequence	reads,	mapping	of	reads	from	both	the	blood	and	CSF	samples	back	to	458	

this	sequence,	then	calling	variants	based	on	this	mapping.	Cortex	uses	an	459	
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assembly	method	that	keeps	track	of	variation	between	samples	as	it	traverses	460	

the	de	Bruijn	graph.	461	

	462	

In	the	hybrid	method	we	created	draft	assemblies	of	the	CSF	samples	using	463	

SPAdes	v3.5	[73],	corrected	these	with	SSpace	and	GapFiller	[74],	then	mapped	464	

reads	from	both	blood	and	CSF	samples	to	this	reference	using	SNAP	[75]	465	

followed	by	variant	calling	with	bcftools	v1.1	[76].	466	

	467	

For	Cortex	we	first	error	corrected	sample	reads	using	quake	[77],	preventing	468	

false	positive	calls	supported	by	very	low	coverage	of	reads.	The	joint	workflow	469	

of	cortex	was	then	used	with	each	set	of	corrected	reads	in	its	own	path	in	the	de	470	

Bruijn	graph,	and	bubble	calling	was	used	to	produce	a	second	set	of	variants	471	

between	samples.	SNPs	in	the	error	corrected	reads	were	also	called	using	the	472	

graph-diff	mode	of	SGA	[78].	473	

Simulations	of	closely	related	genomes	474	

As	the	rate	of	variation	is	very	low,	we	needed	to	ensure	we	had	sufficient	power	475	

to	call	variants	and	didn’t	suffer	from	an	elevated	false	negative	rate.	We	did	this	476	

by	simulating	evolution	of	S.	pneumoniae	genomes	along	the	branch	of	the	tree	477	

between	S.	pneumoniae	R6	[79]	and	the	common	ancestor	with	Streptococcus	478	

mitis	B6	[80]	(figure	S7).	The	rates	in	the	GTR	matrix	and	insertion/deletion	479	

frequency	distributions	were	estimated	by	aligning	the	R6	and	B6	reference	480	

sequences	with	Progressive	Cactus	[81].	An	average	of	200	mutations	with	these	481	

rates	were	created	in	100	sequences,	and	Illumina	paired	end	read	data	at	200x	482	

coverage	simulated	using	pIRS	[82].	Variants	between	these	sequences	and	a	483	

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 17, 2016. ; https://doi.org/10.1101/070045doi: bioRxiv preprint 

https://doi.org/10.1101/070045
http://creativecommons.org/licenses/by-nd/4.0/


	 22	

draft	R6	assembly	from	simulated	read	data	were	then	called	using	both	of	the	484	

above	methods;	comparison	with	the	mutations	known	to	be	introduced	allowed	485	

power	and	false	positive	rate	to	be	calculated	–	separately	for	SNPs	(single	base	486	

substitution)	and	INDELs	(one	or	more	bases	inserted	or	deleted).	487	

	488	

In	addition	to	in	silico	simulation,	we	cultured	blood/CSF	paired	strains	4038	489	

and	4039	[24]	and	resequenced	them	using	the	same	100bp	Illumina	paired	end	490	

sequencing	as	the	rest	of	the	isolates	in	the	study.	The	genomes	of	strains	4038	491	

and	4039	have	been	exhaustively	analysed	using	multiple	sequencing	492	

technologies,	so	represent	high	quality	positive	control	data	to	assess	the	calling	493	

methods.	Both	methods	were	tested	on	these	data.	494	

	495	

The	highest	power	was	achieved	using	hybrid	mapping	for	SNPs	and	Cortex	for	496	

INDELs:	median	power	for	calling	SNPs	was	90%	using	hybrid	mapping,	and	497	

74%	for	INDELs	using	cortex	(figures	S1	and	S2).	This	combination	of	methods,	498	

mapping	for	SNPs	and	cortex	for	INDELs,	was	therefore	used	across	all	samples.	499	

When	applied	to	the	paired	strains	4038/4039	the	same	mutations	as	originally	500	

reported	are	recovered,	plus	a	37bp	insertion	in	cysB	which	was	found	to	be	501	

introduced	during	culturing.	502	

	503	

We	used	simulations	to	compare	against	a	simple	method	of	mapping	against	an	504	

arbitrary	reference,	in	this	case	TIGR4	[83].	We	found	our	reference	free	method	505	

has	greater	power,	especially	for	INDELs	(figure	S8),	and	a	markedly	reduced	506	

false	positive	rate.	We	also	used	an	assembly	method	alone	to	compare	gene	507	
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presence	and	absence,	but	this	too	suffered	from	a	vastly	elevated	false	positive	508	

rate	(figure	S9).	509	

Tests	for	genes,	intergenic	regions	and	genotypes	enriched	for	mutation	510	

To	scan	for	repeated	variation,	the	number	of	mutations	in	each	CDS	annotation	511	

(adjusted	for	CDS	length)	was	counted.	We	then	performed	a	single-tailed	512	

Poisson	test	using	the	genome	wide	mutation	rate	per	base	pair	multiplied	by	513	

the	gene	length	as	the	expected	number	of	mutations.	The	resulting	p-values	we	514	

corrected	for	multiple	testing	using	a	Bonferroni	correction	with	the	total	515	

number	of	genes	tested	as	the	m	tests.	Tables	1	and	2	report	those	CDS	with	an	516	

adjusted	p-value	less	than	the	significance	level	of	0.05.	For	intergenic	regions,	517	

anywhere	with	more	than	one	variant	is	reported.	518	

	519	

To	test	whether	certain	genotypic	backgrounds	are	associated	with	a	higher	520	

number	of	mutations	that	occurs	post-invasion,	a	linear	fit	of	each	MLST	against	521	

number	of	mutations	between	blood	and	CSF	isolates	was	performed.	The	p-522	

values	of	the	slope	for	each	MLST	were	Bonferroni	corrected;	at	a	significance	523	

level	of	0.05	no	MLST	was	associated	with	an	increased	number	of	mutations.	524	

For	genes	the	same	test	was	performed,	except	samples	were	coded	as	one	and	525	

zero	based	on	whether	they	had	a	mutation	in	the	gene	being	tested	or	not.	We	526	

performed	a	logistic	regression	for	each	gene	with	over	ten	mutations	in	tables	1	527	

and	2:	no	genes	being	mutated	post	invasion	were	associated	with	an	MLST.	528	

Copy	number	variation	529	

We	called	copy	number	variations	(CNVs)	between	samples	by	first	mapping	530	

each	species	to	a	single	reference	genome,	then	fitting	the	coverage	of	mapped	531	
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reads	with	a	mixture	of	Poisson	distributions	[84].	Regions	were	ranked	by	the	532	

number	of	sample	pairs	containing	a	discordant	CNV	call.	As	with	regions	of	533	

enhanced	SNP/INDEL	variation,	we	performed	a	Poisson	test	for	enrichment	on	534	

these	regions.		535	

	536	

In	S.	pneumoniae	the	most	frequently	varying	region	was	due	to	poor	quality	537	

mapping	of	a	prophage	region.	The	only	other	region	with	p	<	0.05	was	a	change	538	

in	copy	number	of	23S	rRNA	seen	in	a	small	number	of	sample	pairs.	In	N.	539	

meningitidis	mismapping	in	the	pilE/pilS	region	accounts	for	the	only	CNV	540	

change.	No	CNV	changes	were	observed	in	multiple	sample	pairs	of	either	L.	541	

monocytogenes	or	H.	influenzae.	542	

Variant	annotation	543	

To	then	be	able	to	compare	between	samples	using	a	consistent	annotation,	we	544	

mapped	the	called	variants	to	the	S.	pneumoniae	ATCC	700669	reference	[85]	for	545	

S.	pneumoniae,	and	MC58	[86]	for	N.	meningitidis.	This	was	done	by	taking	a	300	546	

base	window	around	each	variant	and	using	blastn	on	these	with	the	reference	547	

sequence.	We	used	VEP	[87]	to	annotate	consequences	of	each	variant.	The	548	

variants	were	visualised	by	plotting	variant	start	positions	between	all	pairs	549	

against	a	reference	genome,	which	allowed	identification	of	clustering	of	550	

variation	in	unannotated	regions.	551	

ivr	locus	allele	determination	directly	measured	from	clinical	samples	552	

As	the	rate	of	variation	at	this	locus	is	fast	compared	to	other	types	of	variation	553	

measured,	we	checked	that	culturing	the	bacteria	does	not	cause	the	allele	to	554	

change	from	what	is	observed	in	the	original	clinical	sample.	We	therefore	555	
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extracted	DNA	from	a	subset	of	53	of	674	paired	clinical	CSF	samples	and	the	556	

respective	bacterial	isolates.		557	

	558	

Allele	prevalence	was	quantified	using	a	combined	nested	PCR	protocol	based	on	559	

PCR	amplification	of	the	ivr	locus,	digesting	with	DraI	and	PleI	followed	by	560	

quantitative	analysis	of	banding	patterns	on	a	capillary	electrophoresis	[19].	561	

Allele	prevalence	was	identical	between	the	original	clinical	sample	and	cultured	562	

bacteria	in	50	out	of	the	53	samples.	The	predictive	power	of	the	in	vitro	563	

detected	ivr	allele	prevalence	in	a	pneumococcal	culture	for	the	original	allele	564	

prevalence	within	the	clinical	sample	is	therefore	sufficient	to	draw	conclusions	565	

from.	566	

ivr	locus	allele	determination	from	genomic	data	567	

There	are	six	possible	alleles	A-F	at	this	locus,	though	due	to	the	high	variation	568	

rate	and	structural	rearrangement	mediating	the	change	the	allele	cannot	569	

reliably	be	determined	using	assembly	and/or	standard	mapping	of	short	read	570	

data.	571	

	572	

Instead,	mates	of	reads	mapping	to	the	reverse	strand	of	the	conserved	5’	region	573	

were	extracted	for	each	sample,	and	mapped	with	BLAT	[88]	to	the	possible	574	

alleles	in	position	1.	This	forms	a	vector	ri	of	length	two	for	each	sample	i,	with	575	

the	number	of	reads	mapped	to	1.1	and	1.2.	Similarly,	to	determine	the	3’	allele	576	

(position	2),	pairs	of	reads	mapping	to	each	of	the	reverse	strand	of	allele	1.1	and	577	

the	forward	strand	of	allele	1.2	were	extracted	and	mapped	to	the	three	possible	578	
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alleles	in	position	2	(figure	S5).	This	forms	a	vector	qi	of	length	six	for	each	579	

sample	i,	with	the	number	of	reads	mapped	to	each	allele	A-F.	580	

	581	

From	mapping,	we	found	621	sample	pairs	had	at	least	one	read	mapping	to	an	582	

allele	of	the	ivr	locus	hsdS	gene	(table	S4).	Those	without	any	reads	mapping	had	583	

either	a	deletion	of	one	component	of	the	locus,	or	a	large	insertion	mediated	by	584	

the	ivr	recombinase.	585	

Bayesian	model	for	ivr	allele	586	

We	first	modelled	the	state	of	the	5’	allele	(TRD1.j)	only.	For	the	two	possible	587	

alleles	1.1	and	1.2,	the	number	of	reads	mapping	to	each	allele	(a	2-vector	ri)	was	588	

used	as	the	number	of	successes	in	multinomial	distribution	zc	(c	–	index	for	589	

niche).	From	these	we	infered	the	proportion	of	each	allele	in	each	individual	590	

sample	pi,	and	in	each	niche	overall	µc.	This	was	done	by	defining	Dirichlet	priors	591	

expressing	the	expected	proportion	of	an	allele	in	a	given	sample	pi	to	be	drawn	592	

from	a	Dirichlet	hyperprior	representing	the	proportion	of	the	allele	that	is	593	

found	in	each	niche	as	a	whole	µc.	The	k	parameter	sets	the	variance	of	all	the	594	

individual	sample	allele	distributions	pic	about	the	tissue	average	µc,	with	a	595	

higher	k	corresponding	to	a	smaller	variance.	This	model	is	represented	in	figure	596	

S6.	597	

	598	

The	hyperparameter	Aµ,	which	encodes	the	total	proportion	of	each	allele	we	599	

expected	to	see	over	all	samples,	was	set	to	the	average	amount	of	the	allele	600	

observed	from	the	long	range	PCR	in	a	subset	of	53	paired	samples,	as	described	601	

above.		602	
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	603	

The	observed	number	of	reads	mapping	to	each	allele,	prior	distributions	604	

defined	above,	and	structure	of	the	model	in	figure	S6	defines	a	likelihood	which	605	

can	be	used	to	infer	the	most	likely	values	of	the	parameters	of	interest	p	and	µ.	606	

We	used	Rjags	to	perform	MCMC	sampling	to	simulate	the	posterior	distribution	607	

of	these	parameters.	We	used	3	different	starting	points,	and	took	and	discarded	608	

30000	burn	in	steps,	followed	by	45000	sampling	steps.	Noticeable	auto-609	

correlation	was	seen	between	consecutive	samples,	so	only	every	third	step	in	610	

the	chain	was	kept	in	sampling	from	the	posterior.	We	manually	inspected	plots	611	

of	each	hyperparameter	value	and	mean	at	each	point	in	the	chain,	as	well	as	the	612	

Gelman	and	Rubin	convergence	diagnostic,	which	showed	that	the	chain	had	613	

converged	over	the	sampling	interval	(figure	S10).	614	

	615	

To	model	both	the	5’	end	(TRD	1.1	and	1.2)	and	the	3’	end	(TRD	2.1,	2.2	and	2.3)	616	

together,	so	each	isolate	i	is	represented	by	an	allele	A-F,	for	each	isolate	the	total	617	

number	of	reads	mapping	ni	was	drawn	from	the	distribution	in	equation	(1)	618	

where	j	is	the	index	of	the	TRD	region,	rij	is	the	number	of	reads	in	sample	i	that	619	

had	a	mate	pair	downstream	from	TRD1.j	mapping	to	any	TRD2	region,	and	pi	is	620	

the	posterior	for	allele	frequency	in	the	sample.	621	

	622	

The	distribution	for	the	number	of	reads	mapping	to	each	allele	j,	zij	was	defined	623	

as	in	equation	(2)	624	

ni ⇠ ⇡i · ri (1)

zi,j ⇠

8
><

>:

ni ·
qi,j
~qi

· ⇡i,1.1, if j 2 A, B, E

ni ·
qi,j
~qi

· ⇡i,1.2, if j 2 C, D, F
(2)

1

ni ⇠ ⇡i · ri (1)

zi,j ⇠

8
><

>:

ni ·
qi,j
~qi

· ⇡i,1.1, if j 2 A, B, E

ni ·
qi,j
~qi

· ⇡i,1.2, if j 2 C, D, F
(2)

1
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where	qi	is	a	vector	of	length	six	which	contains	the	number	of	reads	mapped	to	625	

each	allele	A-F	as	described	above,	and	p,	i	and	n	are	as	previously.	A	single	626	

sample	for	z	was	taken	for	each	isolate	i.	This	6-vector	zij	is	then	used	as	the	627	

observed	data	in	the	same	model	as	above	to	infer	pi,	and	µc	for	the	whole	locus	628	

allele	(A-F)	rather	than	just	the	5’	end.	629	

	630	

For	the	5’	allele	(TRD1.j)	a	model	using	a	single	k	parameter	rather	than	a	k	631	

indexed	by	tissue	c	was	preferred	(change	in	deviance	information	criterion	[89]	632	

DDIC	=	−0.523).	For	the	3’	allele	(TRD2.j),	a	model	with	a	single	k	parameter	did	633	

not	converge.	A	model	with	k	indexed	by	allele	was	used	instead.	634	

Diversity	of	ivr	allele	within	samples	635	

As	the	speed	of	inversion	is	rapid,	the	subsequent	polymorphism	of	this	locus	636	

was	also	used	to	evaluate	our	assumptions	about	diversity	of	the	bacterial	637	

population	within	each	niche.	We	calculated	the	Shannon	index	of	each	sample’s	638	

vectors	pCSF	and	pblood	to	measure	diversity	of	the	sample	in	each	niche.	The	mean	639	

Shannon	index	across	CSF	samples	was	1.01	(95%	highest	posterior	density	640	

(HPD)	0.39-1.51)	and	0.98	(95%	HPD	0.35-1.55)	in	the	blood.	Looking	at	each	641	

sample	pair	individually,	the	difference	between	diversity	in	each	niche	appears	642	

normally	distributed	with	a	mean	of	zero	(figure	S11).	Together,	these	643	

observations	suggest	a	similar	rate	of	diversity	generation	in	each	niche.	This	is	644	

in	line	with	our	assumption	that	the	two	populations	have	similar	mutation	645	

rates,	and	a	similar	number	of	generations	between	being	founded	and	being	646	

sampled.	647	

	648	
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Figure	captions	670	

Fig	1:	Histograms	binned	by	number	of	variants	between	a	blood/CSF	671	

sample	pair,	for	each	bacterial	species.	SNPs	are	from	mapping,	INDELs	are	672	

from	cortex.	Three	S.	pneumoniae	and	one	N.	meningitidis	sample	with	over	10	673	

variants	not	shown.	674	

	675	

Fig	2:	Mutations	observed	between	all	paired	samples	in	the	dlt	operon.	The	676	

operon	consists	of	four	genes	in	the	three	reading	frames	of	the	reverse	strand.	677	

Mutations,	displayed	by	type,	in	the	blood	strains	are	shown	above	the	operon,	678	

and	in	the	CSF	strains	below	the	operon.	679	

	680	

Fig	3:	The	structure	of	the	ivr	type	I	restriction-modification	locus	in	S.	681	

pneumoniae.	The	restriction	(hsdR)	and	methylation	(hsdM)	subunits,	and	the	5’	682	

end	of	the	specificity	subunit	(hsdS)	are	generally	conserved.	Inverted	repeats	683	

IR1	(85bp)	and	IR2	(333bp)	facilitate	switching	of	downstream	incomplete	hsdS	684	

elements	into	the	transcribed	region.	Top:	The	green	read	pair	has	the	expected	685	

insert	size,	and	suggests	allele	A	(1.1,	2.1)	is	present.	The	red	read	pair	is	in	the	686	

wrong	orientation	and	has	an	anomalously	large	insert	size.	Bottom:	The	red	687	

read	pair	is	consistent	with	the	displayed	inversion,	suggesting	allele	D	(1.2,	2.1)	688	

is	present.	689	

	690	

Fig	4:	Mean	and	95%	highest	posterior	density	(HPD)	for	µc.	This	shows	the	691	

proportion	of	each	allele	present	in	each	of	blood	(red)	and	CSF	(turquoise)	692	

tissues	pooling	across	all	samples.	693	

	694	
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Fig	5:	Histograms	binned	by	number	of	variants	between	a	carriage/CSF	695	

sample	pair,	for	each	bacterial	species.	a)	As	figure	1.	In	N.	meningitidis	eleven	696	

samples	with	over	ten	variants	between	them	due	to	recombination	events	are	697	

grouped.	b)	The	number	of	recombination	and	SNP/INDEL	events	in	samples	in	698	

the	group	with	over	ten	detected	variants	699	

Figures	700	

Figure	1	701	
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Figure	2	704	

	705	

Figure	3	706	
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Figure	4	709	
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Figure	5	712	
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