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Abstract	11	

	12	

Transposable	Elements	are	molecular	parasites	that	persist	in	their	host	genome	by	13	

generating	new	copies	to	outpace	natural	selection.	Here	we	measure	the	14	

parameters	governing	the	copy	number	dynamics	of	the	fission	yeast	Tf2	15	

retrotransposons,	using	experimental	and	natural	populations	and	a	strain	where	all	16	

Tf2	copies	are	removed.	Natural	population	genomes	display	active	and	persistent	17	

Tf2	colonies,	but	in	the	absence	of	selection	mitotic	recombination	deletes	Tf2	18	

elements	at	rates	that	far	exceed	transposition.		We	show	that	Tf2	elements	provide	19	

a	fitness	contribution	to	their	host	by	dynamically	rewiring	the	transcriptional	20	

response	to	metabolic	stress.	Therefore,	Tf2	elements	exhibit	a	mutualistic	rather	21	

than	parasitic	behavior	toward	their	host.	22	

	23	
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	24	

	25	

Retrotransposons	are	Transposable	Elements	(TE)	that	can	create	and	integrate	26	

new	copies	through	reverse	transcription	of	an	RNA	intermediate.	In	this	manner,	27	

they	have	colonized	most	eukaryotic	genomes	and	in	some	cases	constitute	the	28	

majority	of	their	genetic	material1.	Insertion	of	new	copies	in	the	host	genome	is	29	

expected	to	result	in	loss	of	fitness	through	mutation	of	coding	and	non-coding	30	

elements,	increased	replication	and	recombination	burden,	and	diversion	of	cellular	31	

resources2.	Studies	in	the	fly	Drosophila	melanogaster	have	conclusively	shown	that	32	

the	net	fitness	effect	of	the	TE	load	in	this	organism	is	negative3-5.	Population	genetic	33	

surveys	also	indicate	that	new	insertions	are	subject	to	intense	negative	selection	34	

that	TE	must	overcome	through	active	transposition	to	avert	extinction	from	the	35	

host	genome6,7.		36	

While	the	selfish	character	of	TE	is	clear,	one	possible	explanation	for	their	37	

pervasiveness	is	that	they	can,	at	least	under	some	circumstances,	provide	some	38	

fitness	benefit	to	the	host	genome8,9.		One	proposed	mechanism	speculates	that	39	

activation	of	TE	during	physiological	stress	can	provide	additional	genetic	plasticity	40	

to	explore	the	adaptive	landscape,	perhaps	providing	increased	evolvability	on	41	

demand10,11.	Examples	of	adaptive	transpositions	are	abundant	in	the	literature12-14.	42	

However,	the	question	of	whether	these	cases	reflect	that	the	persistence	of	TE	is	43	

coupled	to	contributions	to	host	fitness	and	adaptability	or	they	are	simply	44	

occasional	examples	of	“hopeful	monsters”	that	would	be	expected	of	any	mutagenic	45	

agent	remains	unanswered.	Regardless	of	the	potential	of	punctual	contributions	to	46	
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host	fitness,	the	clearest	evidence	that	TE	are	generally	selfish	elements	is	that	their	47	

transposition	rates	exceed	deletion	rates,	indicating	that	they	are	under	selective	48	

pressure	to	maintain	their	presence	in	the	host	genome.		49	

TE	modulate	their	effect	on	host	fitness	through	evolution	of	insertion	target	site	50	

selection	mechanisms.	Overall,	three	different	strategies	can	be	identified	in	the	51	

distribution	of	TE	in	eukaryotic	genomes:	(i)	widely	dispersed	random	insertions	52	

that	are	then	subject	to	selection;	(ii)	targeted	insertion	into	dispersed	“safe	havens”	53	

with	neutral	fitness	effect;	and	(iii)	highly	directed	insertion	into	specific	sites	54	

where	fitness	effects	are	neutral	or	even	positive15.	These	different	strategies	are	55	

likely	coupled	to	variable	transposition	rates	fine-tuned	to	counteract	the	resulting	56	

selection	pressure.	57	

The	fission	yeast	Schizosaccharomyces	pombe	genomes	are	exclusively	colonized	by	58	

two	highly	related	Ty3/Gypsy	type	Long	Terminal	Repeat	(LTR)	retrotransposons	59	

called	Tf1	and	Tf216.	The	genome	sequence	of	the	laboratory	type	strain,	derived	60	

from	the	968/972/975	isolates,	has	13	copies	of	Tf217,18.	Two	of	these	Tf2	copies	61	

(Tf2-7/8)	are	present	in	a	tandem	repeat	that	displays	copy	number	polymorphism	62	

in	laboratory	strains	derived	from	972,	forming	arrays	of	up	to	5	copies.	Tf1	is	63	

absent	from	the	type	strain	but	detectable	in	multiple	other	isolates19.	Numerous	64	

solo	LTR,	the	product	of	recombinations	that	deleted	ancestral	insertions,	indicate	a	65	

long	history	of	Tf	colonization.	66	

Tf1	and	Tf2	TE	have	a	clear	insertion	site	preference	for	type	II	promoters18,20,	67	

guided	by	a	tethering	interaction	between	the	integrase	(INT)	and	the	host-encoded	68	

DNA	binding	factor	Sap121,22.	This	behavior	could	reflect	an	adaptation	to	minimize	69	
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insertional	mutagenesis	and	its	impact	on	host	fitness	(a	“dispersed	safe	haven”	70	

strategy	as	detailed	above).	But	a	preference	for	the	regulatory	regions	of	protein	71	

coding	genes	suggests	that	Tf1/2	insertions	could	modulate	host	gene	expression,	72	

with	the	potential	to	provide	positive	fitness	by	rewiring	transcriptional	regulatory	73	

networks	in	response	to	stress	challenges	that	stimulate	Tf	mobility.	Tf1	insertions	74	

can	act	as	enhancers	to	activate	transcription	of	nearby	genes,	providing	a	75	

mechanism	for	this	possibility23.	The	potential	for	adaptive	changes	was	76	

demonstrated	in	a	library	of	Tf1	insertions	generated	by	overexpression	of	the	77	

transposon	followed	by	selection	in	CoCl2,	a	heavy	metal	stressor	that	upregulates	78	

Tf1	transcription24.	However,	not	all	genes	become	upregulated	by	insertion	of	Tf1	79	

into	their	promoter,23	and	the	contribution	of	Tf1	and	Tf2	transposons	to	S	pombe	80	

fitness	has	not	been	directly	evaluated	in	the	laboratory	type	strain	or	in	feral	81	

isolates.	82	

In	order	to	understand	the	influence	of	Tf2	elements	on	S	pombe	fitness,	and	how	83	

this	interaction	shapes	genome	colonization	patterns,	here	we	directly	measure	the	84	

parameters	driving	Tf2	dynamics,	transposition	and	deletion	rates	as	well	as	85	

selection	coefficients,	using	experimental	and	natural	populations	and	a	laboratory	86	

strain	in	which	all	Tf2	copies	have	been	deleted.		87	

	88	

Results	89	

	90	

Tf1	and	Tf2	copy	number	dynamics	in	fission	yeast	natural	isolates.	91	

	92	
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TE	element	copy	number	is	determined	by	transposition	and	recombination	93	

processes	(Supplementary	Figure	1)	and	natural	selection.	Like	other	LTR	94	

retrotransposons,	Tf2	elements	can	transpose	by	INT-mediated	insertion	or	by	Gene	95	

Conversion	(GC)25.	Recombination	between	the	LTR	can	lead	to	deletion	through	96	

Intra	Chromatid	Recombination	(ICR)	or	Unequal	Strand	Chromatic	Exchange	97	

(USCE).	We	sought	to	measure	the	relative	contribution	of	transposition	and	98	

deletion	processes	in	the	TE	colonies	of	natural	fission	yeast	isolates.	A	recent	99	

survey	of	natural	fission	yeast	isolates	from	multiple	sources	revealed	wide	100	

polymorphism	in	the	number	and	location	of	Tf	insertions,	as	assessed	by	the	101	

presence	of	LTR	in	short-read	sequencing	data26.	However,	this	study	did	not	102	

evaluate	the	presence	of	CDS	that	would	indicate	the	copy	number	of	full-length	103	

insertions	nor	made	a	distinction	between	Tf1	and	Tf2.	We	analyzed	the	short-read	104	

sequence	generated	by	this	study	to	assess	the	presence	and	activity	of	Tf2	and	Tf1	105	

colonies	in	natural	fission	yeast	isolates.	106	

We	first	measured	the	copy	number	of	Tf1	and	Tf2	CDS	using	the	sequence	coverage	107	

over	the	gag	gene,	which	is	highly	divergent	between	Tf1	and	Tf227,	normalized	to	108	

the	coverage	of	multiple	single	copy	essential	genes	of	the	same	size	and	AT	content	109	

28	(Supplementary	Figure	2).	This	analysis	revealed	that	Tf2	and	Tf1	CDS	show	a	110	

wide	variability	in	copy	number	ranging	from	0	to	more	than	100	copies	(Figure	1a).	111	

While	Tf2	is	almost	ubiquitous,	Tf1	appears	to	have	been	lost	from	some	clades,	112	

including	the	one	that	contains	the	972	laboratory	strain.		113	

We	next	analyzed	the	number	and	position	of	Tf1	and	Tf2	insertions	using	the	MELT	114	

pipeline29	followed	by	assembly	of	mini-contigs	and	BLAST	alignment.	This	analysis	115	
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revealed	a	significant	undercount	of	the	previously	reported	polymorphic	116	

insertions26	due	to	frequent	clustering	of	insertion	sites	within	small	target	117	

windows.	As	a	result,	we	counted	1376	polymorphic	insertions	of	Tf1	and	Tf2	118	

combined,	a	60%	increase	over	the	original	count	(Supplementary	Table	1	and	119	

Supplementary	Figure	2).	Mini-contig	assembly	permitted	the	identification	of	120	

Target	Sie	Duplications	(TSD)	in	most	of	these	insertions.	In	addition,	analysis	of	121	

genome-wide	insertion	counts	in	50bp	windows	(Figure	1b)	revealed	that	the	122	

polymorphic	insertions	were	concentrated	in	sites	that	exhibit	Tf1	insertion	hotspot	123	

activity21,22	and	were	placed	within	a	peak	of	Sap1	enrichment30	(Figure	1c).	We	124	

conclude	that	the	polymorphic	insertions	detected	in	our	analysis	correspond	to	125	

canonical	Integrase-mediated	and	Sap1	guided	insertion.	Tf1	and	Tf2	gag	copy	126	

number	correlated	very	strongly	with	the	number	of	polymorphic	insertions	within	127	

each	strain,	providing	a	linear	relationship	between	the	number	of	full	insertions	128	

and	the	number	of	total	insertions	including	solo	LTR	resulting	from	deletion	events	129	

(Figure	1d).	Fitting	a	simple	transposition-deletion	model	that	assumes	neutral	130	

fitness	and	constant	transposition	and	deletion	rates,	the	observed	distribution	of	131	

polymorphic	LTR	and	gag	copy	number	indicates	that	transposition	rates	132	

apparently	exceed	deletion	rates	by	between	3	fold	(Tf2)	and	5	fold	(Tf1)	(Figure	133	

1e).		134	

	135	

	136	

Tf2	deletion	rates	exceed	transposition	rates	137	

	138	
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Since	the	observed	distribution	of	Tf2	colonies	in	natural	isolates	does	not	directly	139	

provide	a	measurement	of	transposition	and	deletion	rates	we	sought	to	measure	140	

them	in	controlled	conditions.	We	measured	transposition	rates	using	a	consensus	141	

Tf2	copy	marked	with	a	neoR	antibiotic	resistance	gene	in	antisense	orientation	142	

interrupted	by	an	artificial	intron	in	the	sense	orientation.	In	this	manner,	a	143	

mobilization	mediated	by	cDNA	confers	resistance	to	the	antibiotic	G418.	To	144	

account	for	GC	events	we	characterized	the	G418	resistant	colonies	by	PCR	to	145	

identify	mobilizations	by	GC	into	pre-existing	insertions,	whose	positions	are	well	146	

known	(Figure	2a).		We	detected	a	mobilization	rate	of	5e-8,	and	a	GC	frequency	of	147	

80%,	resulting	in	a	transposition	rate	of	~1e-8	mobilizations	per	generation	(Figure	148	

2b).	This	is	in	agreement	with	previously	reported	transposition	rates31,32	and	with	149	

the	preference	of	Tf2	to	mobilize	by	GC25.	150	

In	a	similar	experiment,	we	measured	deletion	rates	by	assaying	the	loss	of	a	ura4	151	

genetic	marker	inserted	into	the	entopic	insertion	Tf2-6.	Loss	of	ura4	can	be	152	

selected	by	treatment	with	5-Fluoroorotic	acid	(5-FOA).	Again,	we	distinguished	153	

deletion	events	(that	lose	all	the	coding	sequence)	from	GC	events	(that	restore	the	154	

coding	sequence	from	an	ectopic	template	erasing	the	ura4	gene)	by	PCR	of	the	155	

selected	colonies	(Figure	2c).	The	overall	ura4	loss	rate	was	4.5e-5	per	generation,	156	

with	a	GC	frequency	of	around	90%,	yielding	a	deletion	rate	of	~4e-6	per	generation	157	

(Figure	2d).	158	

We	simultaneously	determined	if	this	high	deletion	rate	was	due	to	the	presence	of	159	

the	tandemly	arranged	LTR	flanking	the	coding	sequence.	Substituting	the	LTR	of	160	

Tf2-6	by	a	tandem	repeat	generated	by	duplicating	350bp	of	upstream	sequence	161	
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(the	size	of	the	Tf2	LTR)	downstream	of	the	transposon	resulted	in	a	similar	162	

deletion	rate	but	a	lower	GC	frequency	(~40%)	(Figure	2d).	This	lower	GC	163	

frequency	could	be	explained	by	the	decreased	extension	of	homology	with	other	164	

Tf2	elements	after	removal	of	the	LTR.	Deletion	of	both	LTR	leaving	no	tandemly	165	

repeated	sequence	resulted	in	complete	loss	of	deletion	events,	and	all	5-FOA	166	

resistant	colonies	showed	to	be	the	result	of	GC	(Figure	2d).	Together,	these	results	167	

indicate	that	deletion	events	occur	at	high	frequency,	exceeding	transposition	rates,	168	

and	are	an	inescapable	consequence	of	the	tandemly	arranged	LTR	flanking	the	169	

coding	sequence.	170	

These	assays	were	carried	out	with	asexual	mitotically	growing	cells	in	essential	171	

media	rich	in	glucose	and	nitrogen,	conditions	that	might	not	reflect	the	fission	172	

yeast	native	environment.	We	hypothesized	that	growth	conditions	in	the	wild	could	173	

result	in	higher	Tf2	expression	and	increase	transposition	rates	to	exceed	deletion	174	

rates.	In	particular,	culture	in	Nitrogen-poor	media	increases	Tf2	expression33,	and	175	

also	induces	sexual	differentiation34,	leading	to	mating	and	meiosis.	Considering	that	176	

deleterious	TE	require	sexual	reproduction	to	maintain	their	presence	in	the	177	

genome35	Tf2	could	have	evolved	a	self-regulatory	mechanism	to	restrict	its	178	

mobilization	to	meiotic	cycles.	To	evaluate	this	possibility,	we	measured	the	179	

transposition	and	deletion	rates	with	the	same	reporters	introduced	into	a	180	

homothallic	strain	grown	in	malt	extract	to	induce	mating	and	meiosis,	followed	by	181	

spore	selection	and	germination	under	selective	conditions.	This	experiment	182	

revealed	that	both	the	transposition	and	deletion	rates	increased	around	ten	fold	in	183	

meiotic	cycles,	with	similar	GC	frequencies,	leaving	the	relative	184	
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transposition/deletion	rate	balance	unchanged	(Figure	2e,f).	We	conclude	that,	in	185	

our	ectopic	models	of	mobility	and	recombination,	Tf2	deletion	rates	exceed	186	

transposition	rates	by	a	large	margin.	187	

	188	

Entopic	Tf2	dynamics	in	the	absence	of	selection	189	

	190	

While	consistent	with	measurements	previously	reported,	the	Tf2	191	

transposition/deletion	rates	measured	in	our	experimental	model	may	not	faithfully	192	

represent	the	parameters	of	Tf2	activity	in	a	natural	setting,	as	we	used	Tf2	marked	193	

with	reporter	genes	that	could	affect	its	activity	or	stability.	Furthermore,	since	our	194	

recombination	assay	selected	for	loss	of	the	ura4	marker	it	would	not	reveal	195	

recombination	events	that	result	in	Tf2	tandem	duplication	(Supplementary	Figure	196	

1).	We	therefore	sought	to	measure	the	parameters	of	entopic	Tf2	element	activity.	197	

Entopic	TE	mobility	parameters	can	be	estimated	in	the	absence	of	natural	selection	198	

through	the	characterization	of	Mutation	Accumulation	(MA)	lines.	An	MA	199	

experiment	in	D	melanogaster	revealed	that	TE	transposition	rates	far	exceed	200	

deletion	rates36.	We	undertook	a	similar	analysis	on	data	obtained	in	two	201	

independent	MA	experiments	performed	in	S	pombe	by	random	colony	picking	in	a	202	

total	of	175	lines	propagated	between	1700	and	1900	generations	and	then	203	

sequenced	through	short	read	paired	end	sequencing37,38.		204	

First,	we	analyzed	the	sequencing	data	to	look	for	new	insertions	with	the	MELT	205	

pipeline29.	We	detected	one	single	new	Tf2	insertion	at	position	III:756632	(Figure	206	

3a).	This	position	coincides	with	a	Tf1	insertion	hotspot	within	a	Sap1	binding	207	
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peak21.	Assembly	of	a	mini-contig	around	the	insertion	using	reads	mapping	to	that	208	

position	from	the	MA	line	where	the	insertion	was	detected	revealed	a	consensus	209	

Tf2	LTR	and	a	5bp	TSD.	Together,	these	observations	indicate	that	this	insertion	210	

was	the	product	of	canonical	INT	mediated	mobilization	guided	by	Sap1,	yielding	a	211	

calculated	transposition	rate	of	1.9e-7	per	Tf2	per	generation.		212	

We	then	analyzed	the	sequence	data	for	signs	of	homologous	recombination	by	213	

analyzing	copy	number	and	specific	polymorphisms	in	the	CDS.	First,	we	quantified	214	

the	copy	number	of	full-length	Tf2	by	coverage	normalization28.	This	analysis	215	

revealed	an	unexpectedly	broad	variability	in	Tf2	copy	number	in	the	MA	lines.	216	

From	a	starting	copy	number	of	16	in	the	initial	strains,	the	MA	lines	ranged	from	12	217	

to	up	to	25	copies	per	genome,	with	a	trend	toward	a	gain	in	copy	number	218	

(mean=+1.2	copies;	median=+1.14	copies;	sd=2.05;	IQR=2.71)	(Figure	3b).	Since	219	

only	one	new	transposition	was	observed	in	one	of	the	MA	lines,	the	excess	220	

variability	must	be	due	to	mitotic	recombination	processes	(Supplementary	Figure	221	

1).	222	

The	frequency	of	a	polymorphism	present	in	all	copies	of	the	Tf2-7/8	insertion	in	223	

the	read	data	allows	us	to	monitor	the	repeat	number	of	this	tandem	array.	From	224	

this	information	we	estimate	that	the	starting	strains	of	the	MA	experiments	had	a	4	225	

copy	array,	consistent	with	the	structure	observed	in	long-read	sequencing	226	

performed	in	the	972	strain39.	Interestingly,	the	frequency	of	reads	with	the	Tf2-7/8	227	

polymorphism	in	the	MA	lines	correlated	strongly	with	the	overall	copy	number	228	

(R2=0.67,	p<1e-6)	(Supplementary	Figure	3),	indicating	that	the	repeat	number	229	

within	the	Tf2-7/8	array	is	the	main	contributor	to	total	Tf2	copy	number	variation	230	
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in	the	MA	lines.	If	we	separate	the	overall	copy	number	between	that	attributable	to	231	

the	Tf2-7/8	array	and	that	attributable	to	the	monomeric	insertions	(Figure	3c),	we	232	

observe	that	the	size	of	the	Tf2-7/8	array	is	very	polymorphic,	with	a	net	tendency	233	

to	grow	in	copy	number	(mean=+1.47	copies;	median=+1.30	copies;	sd=1.86;	234	

IQR=2.44;	Wilcoxon	test	p<	1e-16).	In	contrast,	monomeric	Tf2	exhibit	a	narrower	235	

distribution	with	a	small	overall	loss	in	copy	number	(mean=-0.26	copies;	median=-236	

0.30	copies;	sd=0.88;IQR=1.03;	Wilcoxon	test	p=2.3e-5).	These	results	indicate	that	237	

the	mechanisms	governing	recombination	in	multimeric	Tf2	insertions	are	different	238	

from	those	in	monomeric	insertions:	the	monomeric	insertions	conform	to	the	239	

behavior	expected	from	the	concerted	action	of	ICR	and	USCE40,	but	the	Tf2-7/8	240	

array	exhibits	a	growth	bias	that	does	not	fit	this	model.	We	estimated	the	rates	of	241	

ICR	and	USCE	using	the	mean	and	variance	of	the	distribution	of	monomeric	Tf2	242	

copy	number	in	the	final	MA	lines,	yielding	rates	(expressed	as	events	per	Tf2	per	243	

generation)	for	ICR	of	1.08e-5	(bootstrap	SE=2.91e-6)	and	for	USCE	of	2.27e-5	244	

(bootstrap	SE=4.17e-6),	for	a	total	deletion	rate	of	2.21e-5	(bootstrap	SE=2.28e-6).	245	

In	summary,	the	entopic	Tf2	copy	number	dynamics	on	MA	lines	indicates	that	in	246	

the	absence	of	selection	deletion	by	recombination	processes	dominate	over	247	

canonical	transposition	by	two	orders	of	magnitude.	This	is	in	agreement	with	the	248	

rates	observed	with	genetically	marked	transposition	and	deletion	reporters.	In	249	

addition,	we	observe	that	copy	number	dynamics	differ	greatly	between	the	Tf2-7/8	250	

array	and	other	Tf2	present	in	monomeric	form.	251	

	252	

	253	
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Tf2	dynamics	in	a	Tf2-free	strain	254	

	255	

The	discrepancy	between	transposition/deletion	ratios	in	the	natural	isolates	and	256	

the	experimental	populations	of	laboratory	strains	indicates	that	the	assumptions	of	257	

constant	rates	and/or	neutrality	do	not	hold.	Natural	selection	could	distort	the	258	

apparent	transposition/deletion	ratio,	or	transposition	rates	could	decrease	with	259	

increasing	copy	number	by	TE	self-regulation41.	We	decided	to	measure	the	effect	of	260	

the	transposon	colony	on	transposition/deletion	rates	and	host	fitness	by	removing	261	

all	entopic	Tf2	elements	from	the	laboratory	type	strain.	These	Tf-null	strains	262	

provide	a	completely	isogenic	platform	to	directly	test	hypotheses	about	TE/host	263	

interactions	(Tf-null	strain	generation	is	described	in	the	Materials	and	Methods,	264	

Supplementary	Figure	4	and	Supplementary	Table	2).		265	

We	measured	the	transposition	rates	of	genetically	marked	Tf2	in	the	presence	and	266	

absence	of	the	entopic	Tf2	colony.	These	experiments	showed	that	mobilization	267	

rates	are	substantially	reduced	in	the	Tf-null	strain	(from	6e-8	to	1e-8)	(Figure	4a).	268	

Analysis	of	the	transposed	strains	shows	that	this	is	due	to	the	loss	of	GC	into	269	

entopic	Tf2	insertions	(80%	in	WT	vs	0%	in	Tf-null	strains),	while	new	270	

transpositions	remain	unchanged	(~1e-8).	In	agreement	with	this	result,	removal	of	271	

all	entopic	Tf2	abrogated	transposition	of	an	overexpressed	Tf2	with	an	INT	272	

frameshift	mutation	that	allows	only	GC	mediated	mobility	(Figure	4b).	The	273	

introduction	of	a	sap1	mutation	previously	shown	to	decrease	INT-dependent	Tf1	274	

mobilization21	resulted	in	complete	loss	of	transpositions	in	the	Tf-null	strain	275	

(Figure	4b).	Together,	these	results	indicate	that	Tf2	can	only	mobilize	in	the	Tf-null	276	
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strain	by	canonical	INT	mediated	and	Sap1-guided	insertion,	having	lost	all	GC	277	

targets25.	However,	the	rates	of	canonical	transposition	remain	unchanged	as	278	

compared	with	the	WT	strain	with	the	full	entopic	Tf2	colony.	279	

We	next	measured	the	recombination	rate	in	Tf-null	strains.	Similarly	to	the	280	

transposition	experiment,	recombination	rates	drop	substantially	in	the	Tf-null	281	

strain	(4.5e-5	to	1e-5),	but	only	due	to	the	loss	of	GC	events	(92%	vs	0%)	(Figure	282	

4c).	These	results,	while	confirming	the	importance	of	recombination	processes	on	283	

entopic	Tf2	copies,	indicate	that	the	rates	of	deletion	and	canonical	transposition	do	284	

not	depend	on	Tf2	abundance	at	least	up	to	the	copy	number	found	in	the	type	285	

strain.	286	

	287	

Entopic	Tf2	insertions	have	a	positive	fitness	effect	288	

	289	

The	availability	of	isogenic	strains	differing	only	in	the	presence	or	absence	of	TE	290	

allows	for	the	direct	measurement	of	the	effect	of	the	TE	colony	on	host	fitness.	We	291	

carried	out	a	competition	experiment	to	measure	this	effect.	In	addition,	we	292	

evaluated	the	effect	of	treatment	with	CoCl2,	which	mimics	hypoxic	conditions	and	293	

activates	Tf2	transcription24,	as	well	as	the	effect	of	mating	type	to	account	for	the	294	

potential	effect	of	expression	in	h-	cells	of	mat1-m	encoded	factor	Mc,	a	homolog	of	295	

the	sex	determination	factor	SRY	that	binds	to	LTR42.	For	this	experiment,	we	mixed	296	

equal	numbers	of	cells	of	the	same	mating	type	to	prevent	sexual	reproduction,	and	297	

passaged	them	twice	a	day	for	~140	generations,	ensuring	the	cultures	never	298	

reached	saturation	(Figure	5a).	We	then	fit	the	genotype	proportions	as	a	function	299	
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of	relative	fitness	between	the	two	genotypes,	with	additive	effects	of	mating	type	300	

and	CoCl2	treatment,	and	number	of	generations43.	If	the	presence	of	the	Tf2	colony	301	

confers	a	negative	fitness	effect	to	the	host	we	would	observe	a	relative	fitness	302	

wtf0/wt	>1;	if	the	Tf2	colony	brings	adaptive	value	to	the	host	we	would	observe	303	

wtf0/wt	<1.	Surprisingly	the	baseline	wtf0/wt	is	0.9981;[0.9980,0.9983]	(median,	[HPDI	304	

89%])	(Figure	5b),	indicating	that	the	Tf2	colony	confers	a	fitness	advantage.	The	305	

total	selection	coefficient	sTf2	is	-2e-3,	and	assuming	a	purely	additive	effect	of	all	Tf2	306	

insertions	the	average	!̅Tf2	is	-1.5e-4	per	insertion.	Both	the	h-	mating	type	and	CoCl2	307	

treatment	influenced	wtf0/wt	with	a	positive	sign	(Figure	5c)	indicating	that	Mat2Mc	308	

expression	and	CoCl2	treatment	decreased	the	beneficial	effect	of	Tf2	presence	on	309	

fitness.	310	

	311	

Tf2	insertions	target	ncRNA	stress	regulons	312	

	313	

The	related	TE	Tf1	has	shown	the	potential	to	provide	adaptive	value	by	influencing	314	

the	expression	of	stress	response	genes23,24.	To	investigate	the	mechanism	by	which	315	

the	Tf2	colony	increases	the	fitness	of	the	host	genome	and	CoCl2	treatment	316	

decrease	fitness	in	the	presence	of	Tf2	we	performed	RNAseq	in	WT	and	Tf-null	317	

cells	grown	with	and	without	CoCl2,	with	a	factorial	design	to	measure	main	effects	318	

and	interaction.	While	CoCl2	treatment	results	in	widespread	expression	differences	319	

(Figure	6a,c),	the	absence	of	Tf2	elements	had	virtually	no	effect	on	gene	expression	320	

in	either	condition	(no	interaction	between	CoCl2/Tf-null	detected,	Figure	6b,d).	321	

Only	three	genes	showed	differential	expression	between	the	WT	and	Tf0	strains	322	
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(Figure	6d).	Two	of	these,	mic10	and	the	non-coding	RNA	(ncRNA)	SPNCRNA.1059,	323	

immediately	flank	the	Tf2-7/8	array	insertion	(Figure	6c).	Mic10	is	a	subunit	of	the	324	

MICOS	complex,	an	organizer	of	the	inner	mitochondrial	membrane,	where	it	325	

enables	respiratory	metabolism44,45.	In	fission	yeast	many	respiratory	metabolism	326	

genes	are	regulated	in	cis	by	expression	of	nearby	ncRNA46,47.	The	transcriptional	327	

regulation	that	enables	the	shift	from	fermentative	to	respiratory	metabolism	upon	328	

diauxic	shift	is	mediated	by	the	coordinated	action	of	DNA	binding	factors	Scr1,	329	

Tup11	and	Rst248.	We	plotted	the	binding	of	Scr1	and	Tup11	in	cells	grown	in	330	

glucose	rich	media	as	well	as	Rst2	in	cells	starved	for	glucose	and	observed	clear	331	

peaks	for	these	factors	downstream	of	SPNCRNA.1059	(Figure	6e).	Consistently,	332	

both	SPNCRNA.1059	and	SPNCRNA.1058,	an	overlapping	ncRNA	antisense	to	mic10,	333	

become	upregulated	in	glucose	and	sucrose	starvation	conditions48.	This	334	

arrangement	is	typical	for	a	regulatory	cassette	that	responds	to	the	diauxic	shift,	335	

suggesting	that	the	insertion	of	Tf2-7/8	and	subsequent	amplification	of	the	array	to	336	

two	or	more	tandem	copies	separated	mic10	from	its	cis	transcriptional	regulators.		337	

If	the	Tf2	insertions	in	the	WT	strain	confer	a	competitive	advantage	over	the	Tf-null	338	

strain	by	modifying	the	regulation	of	metabolic	genes,	we	would	expect	that	the	339	

relative	fitness	would	be	sensitive	to	growth	conditions.	To	evaluate	this	hypothesis	340	

we	performed	a	competition	assay	as	before,	but	allowing	the	cultures	to	reach	341	

stationary	phase	passaging	them	every	two	days.	In	this	case	wtf0/wt	is	342	

0.9999;[0.9994,1.0004]	(median,	[HPDI	89%]),	a	result	consistent	with	complete	343	

neutrality	of	the	Tf2	colony	(Figure	6f,g).	This	indicates	that	the	effect	of	the	Tf2	344	
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colony	on	host	fitness	depends	on	growth	conditions,	further	implicating	the	345	

regulation	of	metabolic	genes.	346	

The	influence	of	Tf2	insertions	on	host	fitness	through	regulation	of	metabolic	genes	347	

raises	the	possibility	that	the	TE	has	evolved	targeting	strategies	geared	toward	348	

rewiring	ncRNA	dependent	cis-regulatory	cassettes.	Tf	element	insertion	is	guided	349	

by	Sap121,22	(Figure	6h).	sap1	mutants	exhibit	a	precipitous	loss	of	viability	upon	350	

reaching	stationary	phase	in	rich	media49,	suggesting	that	its	function	is	important	351	

for	the	response	to	metabolic	stress.	We	evaluated	whether	Sap1	is	involved	in	the	352	

regulation	of	intergenic	ncRNA	by	RNAseq	of	the	sap1-c	mutant	growing	in	early	353	

exponential	(OD=0.5)	and	early	saturation	(OD=3)	phases	in	rich	media.	This	354	

analysis	revealed	that	the	sap1-c	mutant	in	exponential	growth	shows	upregulation	355	

of	ncRNA	located	near	Sap1	binding	peaks	(Figure	6g)	and	genes	involved	in	the	356	

Core	Environmental	Stress	Response	(Supplementary	Table	3).	These	results	357	

indicate	that	Sap1	directly	represses	ncRNA	expression	during	exponential	growth.	358	

Taken	together,	these	results	suggest	that	Tf1	and	Tf2	target	ncRNA	regulatory	359	

networks	that	respond	to	changing	metabolic	needs.	360	

	361	

	362	

	363	

Discussion	364	

	365	

One	of	the	main	tenets	of	TE	biology	is	that	if	a	parasitic	(fitness-negative)	TE	is	to	366	

maintain	a	stable	presence	in	the	host	genome	its	transposition	rates	must	exceed	367	

.CC-BY 4.0 International licenseavailable under a
(which was 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 preprintthis version posted November 30, 2021. ; https://doi.org/10.1101/2021.11.29.470382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.29.470382
http://creativecommons.org/licenses/by/4.0/


	 17	

deletion	rates.	In	this	study,	we	show	that	the	Tf2	element	exhibits	the	opposite	368	

strategy,	providing	adaptive	fitness	to	overcome	its	high	deletion	rates.	369	

Analyses	of	ectopic	reporters	and	MA	lines	confirm	that	the	tandem	LTR	of	370	

monomeric	Tf2	elements	results	in	high	frequency	of	recombination	events	with	a	371	

net	tendency	to	copy	number	loss	due	to	the	excess	of	deletion	events	by	ICR	over	372	

new	insertions.	Interestingly,	both	transposition	and	deletion	frequencies	increase	373	

in	conditions	that	upregulate	Tf2	transcription,	resulting	in	an	unchanged	374	

preponderance	of	deletions	over	transpositions.	This	could	be	explained	if	the	375	

upregulation	in	transcription	that	allows	for	increased	transposition	also	causes	an	376	

increase	in	the	genetic	insults	that	are	resolved	by	homologous	recombination50.	A	377	

similar	phenomenon	has	been	observed	in	the	S	cerevisiae	Ty3	element51.	378	

Considering	the	high	recombination	rates	of	Tf2	elements,	we	speculate	that	the	379	

regulation	of	recombination	of	these	TE	is	an	important	aspect	of	copy	number	380	

control	that	could	affect	their	persistence	in	the	host	genome.	In	this	respect,	the	381	

unexpected	growth	bias	of	the	Tf2-7/8	array	could	represent	a	mechanism	that	382	

maintains	a	reservoir	of	Tf	elements	resistant	to	deletion	by	ICR.	383	

Extrapolating	the	observed	recombination	and	deletion	rates	and	assuming	384	

complete	neutrality	of	Tf2	insertions	one	would	predict	that	the	Tf2	colonies	would	385	

be	completely	extinct	within	~3.6e6	generations40.		On	the	other	hand,	population	386	

genetics	data	from	natural	fission	yeast	isolates26	show	that	Tf2	TE	are	actively	387	

transposing,	creating	new	insertions	that	result	in	highly	polymorphic	transposon	388	

colonies.	The	contrast	between	these	two	observations	could	be	reconciled	if	we	389	
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admit	that	selection	pressures	acting	on	natural	fission	yeast	populations	drive	the	390	

increased	survival	of	Tf2	elements.	391	

Using	a	laboratory	type	strain	with	all	Tf2	removed,	we	can	observe	that	the	Tf2	392	

colony	does	provide	a	net	fitness	advantage	to	its	host.	While	the	fitness	effect	is	393	

relatively	strong	once	the	effective	population	size	of	fission	yeast38,52	is	considered	394	

(Nes~2e4),	it	is	also	highly	dependent	on	growth	conditions,	being	effectively	395	

neutral	upon	growth	to	saturation.	This	could	indicate	that	the	fitness	effects	of	396	

insertions	present	in	a	natural	isolate	are	transient	and	highly	dependent	on	397	

changing	environmental	conditions.	As	a	result,	surveys	of	Tf	colonies	in	natural	398	

isolates	might	show	no	signs	of	positive	selection	(Supplementary	Figure	2),	399	

reflecting	instead	recent	transposition	activity	and	population	structure53.		400	

The	insertional	preference	of	Tf1	and	Tf2	for	the	promoters	of	protein	coding	genes	401	

provides	a	potential	mechanism	for	the	fitness	contribution	of	TE	insertion.	Tf1	can	402	

provide	an	enhancer	activity	increasing	the	expression	of	nearby	genes23,24.	403	

However	this	activity	is	not	universal,	as	not	all	promoter	insertions	result	in	404	

transcriptional	changes.	Consistently,	in	our	analysis	of	all	the	Tf2	insertions	present	405	

in	the	type	strain	we	could	only	observe	changes	in	the	expression	of	genes	located	406	

next	to	the	Tf2-7/8	array.	The	original	insertion	that	later	expanded	to	an	array	407	

would	have	separated	the	mic10	gene,	involved	in	respiratory	metabolism,	from	two	408	

ncRNA	likely	driven	by	the	Scr1/Tup11/Rst2	transcription	factors	that	orchestrate	409	

transcriptional	responses	to	changing	carbon	source	conditions48.	It	is	possible	that	410	

the	Tf2-7/8	array	is	the	only	insertion	providing	a	fitness	benefit	to	the	laboratory	411	
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type	strain,	and	that	its	tandem	structure	is	the	result	of	selection	acting	on	the	412	

outcome	of	USCE	on	this	insertion.	413	

The	fact	that	the	positive	fitness	effect	of	the	Tf2	colony	fades	when	growth	is	driven	414	

to	saturation	supports	the	potential	involvement	of	the	metabolic	needs	of	the	host.	415	

Fission	yeast	natural	isolates	are	closely	associated	to	human	activities	involving	416	

fermentation54,	where	an	initially	glucose-rich	environment	supports	rapid	growth	417	

until	glucose	is	exhausted	and	other	carbon	sources	must	be	used55.	In	fission	yeast	418	

the	transcriptional	regulatory	changes	that	accompany	this	change,	termed	the	419	

diauxic	shift,	are	often	carried	out	by	ncRNA	that	control	protein	coding	genes	in	420	

cis46,56.	We	have	shown	that	Sap1,	the	DNA	binding	factor	that	guides	Tf1	and	Tf2	421	

elements	to	insert	on	type	II	promoters,	regulates	ncRNA	expression	near	genes	422	

associated	with	the	core	stress	response	pathways.	Tf1	and	Tf2	could	alter	the	423	

regulation	of	genes	involved	in	the	diauxic	shift	by	severing	their	association	with	424	

cis-regulatory	ncRNA57.	Indeed,	the	Sap1	binding	region	placed	in	the	NFR	of	425	

protein	coding	genes	is	ideally	placed	to	guide	such	mutations,	as	ncRNA	are	426	

commonly	located	upstream	of	core	promoters	(Figure	6a).	It	is	worth	noting	that	427	

genes	whose	expression	is	affected	by	Tf1	insertion	were	very	often	ncRNA23.	While	428	

these	insertional	mutations	may	provide	a	positive	fitness	effect	in	specific	growth	429	

conditions,	they	nevertheless	constitute	a	loss	of	complexity	that	can	come	with	430	

evolutionary	tradeoffs.	The	regulation	of	the	diauxic	shift	is	itself	an	evolvable	trait	431	

that	can	drive	the	evolution	of	carbon	source	generalist	and	specialist	variants,	but	432	

any	such	commitments	are	made	at	the	expense	of	fitness	in	some	conditions58.	433	

Since	ncRNA	show	no	coding	potential	the	change	induced	by	Tf1	or	Tf2	insertion	434	
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may	be	completely	or	partially	reversible	through	deletion	by	ICR57.	In	this	manner,	435	

the	regulation	of	metabolic	and	stress	response	genes	may	be	rapidly	and	436	

dynamically	altered	by	TE	element	activity	responding	to	changing	environmental	437	

conditions.	Traces	of	repeated	insertion	and	deletion	are	visible	in	the	fission	yeast	438	

genome,	where	some	gene	promoters	exhibit	multiple	LTR	remnants	of	ancestral	439	

insertions,	and	independent	insertions	into	the	same	promoters,	sometimes	in	the	440	

exact	same	position,	are	observable	in	genomes	of	natural	isolates.	Theoretical	441	

models	show	that	fluctuating	environments	can	enable	the	persistence	of	stable	TE	442	

colonies	in	asexual	and	selfing	populations	if	TE	provide	fitness	or	evolvability	443	

benefits	to	the	host59,60.		We	speculate	that	the	persistence	of	Tf	elements	in	fission	444	

yeast	genomes	depends	on	their	dynamic	contribution	to	fitness,	showing	a	445	

mutualistic	rather	than	parasitic	symbiosis.		446	

While	Tf2	insertions	can	provide	a	fitness	advantage	to	its	host,	the	negative	effects	447	

of	CoCl2	treatment	and	mating	type	on	the	WT	strain	indicate	that	they	may	also	448	

constitute	a	genetic	burden	that	could	offset	their	positive	effects.	Both	CoCl2	449	

treatment24	and	Mc	expression42	may	drive	increased	Tf2	transcription	that	could,	450	

as	detailed	above,	result	in	replicative	stress30,50,61.	An	experiment	in	S	cerevisiae	451	

that	overdosed	its	genome	with	Ty1	copies	revealed	that	they	cause	a	decreased	452	

capacity	to	survive	genotoxic	insults	and	inhibitors	of	DNA	replication62.	A	similar	453	

mechanism	could	explain	the	negative	fitness	effect	of	Tf2	transcription	increase.	454	

The	growth	rate	of	natural	isolates	upon	challenge	with	CoCl226	is	negatively	455	

correlated	with	TE	copy	number	(Supplementary	Figure	5),	supporting	a	model	456	

where	overall	Tf1	and	Tf2	dosage	decreases	fitness	when	TE	expression	is	induced.		457	

.CC-BY 4.0 International licenseavailable under a
(which was 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 preprintthis version posted November 30, 2021. ; https://doi.org/10.1101/2021.11.29.470382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.29.470382
http://creativecommons.org/licenses/by/4.0/


	 21	

Together,	our	results	provide	evidence	for	a	model	in	which	Tf1	and	Tf2	elements	458	

constitute	a	dynamic	source	of	regulatory	variation	with	positive	fitness	459	

contribution.	In	this	view,	the	Tf1	and	Tf2	elements	exhibit	a	very	low	transposition	460	

rate,	but	an	increased	chance	of	generating	insertions	with	a	positive	fitness	effect	461	

through	Sap1	mediated	target	site	selection.	Recombination	can	then	both	fine-tune	462	

their	fitness	contributions	by	deletion	of	insertions	in	response	to	changing	463	

environmental	conditions	and	maintain	persistence	through	the	generation	of	464	

tandem	arrays.	More	generally,	we	show	that	these	and	other	fundamental	aspects	465	

of	TE	biology	may	be	directly	addressed	through	the	use	of	transposon	free	strains.	466	

	467	

	468	

	 	469	
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Figure	legends	655	

	656	

Figure	1:	Tf1	and	Tf2	copy	number	dynamics	in	natural	fission	yeast	isolates.	a.	657	

Estimated	copy	number	of	Tf1	(red	bars)	and	Tf2	(blue	bars)	in	the	natural	isolates	658	

arranged	in	the	phylogeny	tree	described	in	26.	b.	Genomewide	correlation	between	659	

the	insertion	profile	of	overexpressed	Tf1	21	and	the	number	of	polymorphic	Tf1	and	660	

Tf2	insertions	detected	in	the	natural	isolates,	in	50bp	windows.	c.	Sap1	enrichment	661	

around	polymorphic	Tf1	(red)	and	Tf2	(blue)	insertions.	d.	Scatterplot	for	Tf1	(red)	662	

and	Tf2	(blue)	gag	copy	number	and	polymorphic	insertion	copy	number.	e.	Density	663	

plot	of	posterior	estimates	for	transposition/deletion	rate	ratios	in	Tf1	(red)	and	Tf2	664	

(blue).	665	

	666	

Figure	2:	Transposition	and	recombination	rates	in	genetically	marked	Tf2	667	

reporters.	a:	Tf2	transposition	reporter.	b:	Tf2	recombination	reporter.	c,	e:	668	

Transposition	rates	from	a	WT	and	gag	frameshifted	Tf2	in	mitotic	(c)	and	meiotic	669	

(e)	cycles.	d,f:	Recombination	rates	in	a	Tf2	element	flanked	by	LTR,	a	duplication	of	670	

upstream	sequence	without	the	LTR	(Tandem	Repeat),	or	unique	sequence	(No	671	

Repeat)	in	mitotic	(d)	or	meiotic	(f)	cycles.	GC:	Gene	Conversion.	INT:	Non-GC	672	

mobilization.	Del:	Deletion.	Error	bars	depict	standard	error.	673	

	674	

Figure	3:	Tf2	copy	number	dynamics	in	MA	lines.	a.	Genome	environment	of	the	675	

canonical	INT-mediated	insertion	detected	in	one	of	the	MA	lines.	Sap1	ChIP	from	30.	676	

Tf1	insertion	profile	from	21.	b.	Histogram	of	total	Tf2	copy	number	in	the	initial	677	

.CC-BY 4.0 International licenseavailable under a
(which was 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 preprintthis version posted November 30, 2021. ; https://doi.org/10.1101/2021.11.29.470382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.29.470382
http://creativecommons.org/licenses/by/4.0/


	 28	

strains	(red	vertical	lines)	and	final	MA	lines	(blue	bars).	c.	Tf2	copy	number	678	

separated	between	monomeric	Tf2	(blue)	and	Tf2-7/8	array	(red)	in	the	initial	679	

strains	(vertical	lines)	and	the	final	MA	lines	(density	plots).	680	

	681	

Figure	4:	Transposition	and	deletion	of	Tf2	in	the	Tf-null	strain.	a.	Mobilization	and	682	

b.	recombination	rates	in	WT	and	Tf-null	strains	using	genetically	marked	reporters	683	

as	described	in	figure	1.	c.	Mobilization	frequencies	of	overexpressed	Tf2	(Tf2-oe)	684	

vectors	with	WT	sequence	(WT),	gag	frameshift	(GAGfs)	or	INT	frameshift	685	

mutations	(INTfs)	in	strains	with	(WT)	or	without	(Tf-null)	the	Tf2	colony,	and	wild	686	

type	(WT)	or	mutated	sap1	(sap1-c).	Error	bars	depict	standard	error.	687	

	688	

Figure	5:	WT	versus	Tf-null	growth	competition	assays.	a.	Frequency	of	the	Tf-null	689	

specific	polymorphism	in	competition	cultures	of	both	mating	types	(h+/h-)	with	690	

and	without	treatment	with	CoCl2.	b.	Density	plots	of	posterior	probability	691	

distributions	of	relative	fitness	of	Tf-null	over	WT	(wTf0/WT).	The	vertical	line	at	1	692	

depicts	the	expectation	of	neutrality.	c.	Density	plots	of	posterior	probability	693	

distribution	of	the	coefficients	for	h-	and	CoCl2	treatment.	The	vertical	line	at	0	694	

depicts	the	expectation	of	no	effect	of	the	factor	on	wTf0/WT.	695	

	696	

Figure	6:	Influence	of	the	Tf2	insertions	on	host	gene	expression.	a,b.	Scatterplot	of	697	

mean	regularized	log	(rlog)	transformed	RNAseq	read	counts	of	WT	and	Tf-null	698	

strains	in	(a)	0	µM	(b)	250	µM	CoCl2.	c,d.	Volcano	plots	of	(c)	0	µM	vs	250µM	CoCl2	699	

and	(d)	WT	vs	Tf-null	strains	RNAseq.	The	three	genes	detected	as	significantly	700	
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changed	in	the	Tf-null	strain	are	labeled	by	name.	e.	Genomic	map	of	the	two	genes	701	

changed	in	Tf-null,	positioned	adjacent	to	the	Tf2-7/8	array,	with	normalized	read	702	

counts	(above)	and	Tup11,	Scr1	and	Rst2	enrichment	(from	48)	below.	f,g.	Growth	703	

competition	assay	between	WT	and	Tf-null	strains	taken	to	saturation	conditions,	as	704	

in	Figure	6.	h.	Distribution	of	Sap1	enrichment	(green),	Tf1	insertions	(blue)	and	705	

ncRNA	(red)	around	protein	coding	gene	TSS.	i.	Log2	fold	change	of	intergenic	706	

ncRNA	expression	by	RNAseq,	classified	by	their	proximity	to	a	Sap1	peak,	as	707	

measured	in	early	exponential	growth	(OD=0.5)	and	early	saturation	growth	708	

(OD=3).	(***:	p<0.001;	ns:	p>0.05).	709	

	710	

	 	711	
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Methods	712	

	713	

Analysis	of	natural	isolates	sequence	data	714	

	715	

To	reanalyze	the	sequencing	data	from	Jeffares	et	al	26	we	downloaded	the	raw	716	

FASTQ	files	corresponding	to	the	non-redundant	57	clonal	strains	identified	in	this	717	

study	from	the	European	Nucleotide	Archive	Accession	PRJEB2126.	We	carried	out	718	

copy	number	analysis	with	the	DeviaTE	pipeline28	on	trimmed	and	quality	filtered	719	

reads	using	a	database	including	the	divergent	region	of	the	gag	gene	from	Tf1	and	720	

Tf2	(positions	56-1000	with	position	1	being	the	first	nucleotide	after	the	5’	LTR),	721	

and	a	set	of	single	copy	essential	genes	from	regions	showing	no	evidence	of	722	

amplification	or	deletion63	(myo2,	mrpl24,	cdc6,	urb1,	cog2,	cca1,	spc7,	tti1,	dna2,	723	

lsh1,	rpc1,	psm1,	cut3,	msi2,	sfc3,	cog1,	med15,	ero12,	cdc7,	rpb3,	alp1,	smc5	and	724	

sws2).	The	output	files	were	parsed	to	retrieve	the	High	Quality	estimated	copy	725	

number.	To	validate	this	approach,	we	plotted	the	DeviaTE	HQ	copy	number	726	

estimates	with	the	copy	number	detected	by	BLAST	of	the	same	region	against	long-727	

read	derived	genome	assembles	from	the	strains	for	which	these	were	available	as	728	

reported	by	Tusso	et	al39	(SRA	accession	PRJNA527756).	For	insertion	site	detection	729	

and	characterization,	we	first	aligned	the	trimmed	and	quality	filtered	reads	with	730	

BWA	v0.7.17	mem	against	the	S	pombe	genome	assembly	ASM294v1.16,	and	731	

prepared	the	resulting	bam	files	with	the	samtools	v1.7	suite	programs	sort	-n,	732	

fixmate,	sort	and	index.	We	carried	out	two	separate	MELT	v2.2.229	searches	on	the	733	

alignment	files	using	Tf1	and	Tf2	consensus	sequences	and	the	annotation	of	Tf1	734	
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and	Tf2	elements	in	the	type	strain	obtained	from	Bowen	et	al	18.	We	then	filtered,	735	

combined	and	consolidated	the	resulting	vcf	files	to	obtain	a	maximal	catalog	of	736	

potential	insertion	sites.	Using	this,	we	retrieved	the	paired	reads	mapping	to	within	737	

800bp	of	each	insertion	site	from	the	individual	alignment	file	showing	evidence	of	a	738	

potential	insertion,	and	used	them	to	assemble	individual	mini-contigs	using	739	

SPADES	v3.12.0	–careful	–only-assembler.	We	then	aligned	each	minicontig	740	

generated	by	SPADES	using	BLAST	2.2.31	against	a	database	of	consensus	LTR	from	741	

Tf1	and	Tf2.	We	parsed	the	BLAST	output	to	select	the	top	hit	for	each	LTR	and	742	

select	minicontigs	with	more	than	150bp	in	alignment	overlap.	Using	this	743	

information,	we	then	retrieved	the	sequence	from	the	minicontig	flanking	the	LTR	744	

alignment	into	individual	fasta	files	using	seqkit	0.16	grep.	We	then	blasted	the	745	

sequences	flanking	the	LTR	to	the	S	pombe	genome	to	identify	the	insertion	sites	746	

and	generate	a	maximal	list	of	detected	insertions	with	strain	and	LTR	identification	747	

and	orientation.	This	list	was	manually	curated	to	consolidate	and	merge	insertions	748	

detected	in	the	same	strain	and	with	the	same	position	and	orientation.	The	few	749	

cases	of	insertions	within	the	same	strain	and	with	the	same	position	but	different	750	

LTR	identification	or	orientation	were	restricted	to	strain	JB1207,	the	only	diploid	751	

in	the	collection.	Insertions	with	multiple	identified	LTR	or	incongruent	orientations	752	

between	the	flanking	sequence	alignments,	usually	corresponding	to	nested	753	

insertions,	were	individually	realigned	to	discern	the	position	of	the	oldest	754	

insertion.	Inner	nested	insertions	were	discarded.	We	then	processed	the	list	of	755	

insertions	to	generate	a	presence-absence	matrix,	calculate	frequencies	in	the	756	

population,	and	generate	the	plots	in	figure	1.		757	

.CC-BY 4.0 International licenseavailable under a
(which was 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 preprintthis version posted November 30, 2021. ; https://doi.org/10.1101/2021.11.29.470382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.29.470382
http://creativecommons.org/licenses/by/4.0/


	 32	

To	calculate	the	apparent	ratio	of	transposition	over	deletion	in	the	population	we	758	

fit	a	simple	transposition/deletion	model	on	the	distribution	of	estimated	gag	copy	759	

number	and	the	total	number	of	insertions	present	in	each	strain	with	at	least	one	760	

copy	of	Tf1	or	Tf2	elements.	In	this	simple	model,	each	new	transposition	will	create	761	

an	indelible	LTR	insertion,	growing	with	a	rate	DLTR	=	µTfX,	where	TfX	is	the	762	

original	number	of	full	length	Tf1	or	Tf2,	and	µ	is	the	transposition	rate.	The	full-763	

length	elements	(as	estimated	by	gag	copy	number)	will	change	with	a	rate	764	

Dgag=TfX(µ-n),	where	n	is	the	deletion	rate.	Dividing,	Dgag/DLTR=(1-	n/µ),	and	the	765	

apparent	ratio	of	transposition	to	deletion	rates	µ/n	can	be	estimated	from	the	slope	766	

of	the	linear	regression	of	gag	copy	number	to	total	insertions.	We	note	that	this	767	

model	requires	complete	neutrality	to	provide	a	good	estimate	of	the	ratio	of	the	768	

real	µ	and	n,	as	selection	could	alter	the	apparent	transposition	and	deletion	rates	769	

depending	on	the	average	fitness	effects	of	new	insertions	and	their	deleted	770	

counterparts.	We	carried	out	estimation	of	µ/n	with	a	model	specified	in	the	STAN	771	

programming	language	in	the	R	environment	using	package	rstan.	772	

	773	

Cloning	and	Constructs	774	

	775	

All	oligonucleotides	used	in	this	study	are	in	Supplementary	Table	4.	To	generate	a	776	

Tf2	transposition	reporter	plasmid	we	cloned	a	consensus	Tf2	into	the	SmaI	777	

digested	pBSade6	integration	plasmid	by	Gibson	assembly	of	the	5’LTR,	and	the	778	

coding	sequence	with	the	neoR-Artificial	Intron	(neoRAI)	and	the	3’	LTR,	obtained	779	

by	amplification	with	primers	oM2382/	oM2386	and	oM2385/oM2383	780	
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respectively.	The	LTR	and	CDS-containing	fragments	were	amplified	from	plasmids	781	

pHL1631	(WT)	and	pHL1632	(gagfs),	a	kind	gift	from	Jef	Boeke	and	Henry	Levin.	782	

The	resulting	insertion	plasmids	were	pMZ851	(Tf2WT)	and	pMZ855	(Tf2gagfs).	783	

To	generate	deletion	reporters	of	Tf2-6	with	a	ura4	insertion,	we	first	generated	a	784	

CRISPR	plasmid	with	two	gRNA	expression	cassettes	that	would	cleave	both	sides	of	785	

Tf2-6.	First,	we	cloned	a	single	gRNA	CRISPR	plasmid	by	Gibson	assembly	of	a	786	

fragment	amplified	from	pDB428364	by	oligos	oM1568/oM1762,	with	NotI	digested	787	

pDB4281,	resulting	in	plasmid	pMZ677.	We	then	inserted	an	additional	gRNA	788	

expression	cassette	by	Gibson	Assembly	of	two	PCR	products	obtained	by	PCR	of	789	

pMZ677	with	primer	pairs	om1770/om1771	and	om1772/om1773,	together	with	790	

BsrGI	digested	pMZ677,	resulting	in	pMZ691.	Next,	we	assembled	Tf2-6::ura4+	HR	791	

donors	containing	flanking	LTR,	no	LTR	and	a	duplication	of	350bp	present	792	

upstream	of	the	5’	LTR	in	place	of	the	LTR.	First,	we	assembled	pMZ743	by	Gibson	793	

assembly	of	a	PCR	product	amplified	from	pBluescript	with	oM2235/oM2238,	794	

together	with	PCR	products	by	amplification	of	strain	PEY305	genomic	DNA	with	795	

primer	pairs	om2237/2239,	om1315/2240,	om1316/2242,	om2241/2236,	796	

resulting	in	pMZ743.	We	then	removed	the	MCS	from	the	ura4	insertion	in	pMZ743	797	

by	Gibson	assembly	of	PCR	products	amplified	from	pMZ743	with	primer	pairs	798	

om2265/om2266	and	om2268/om2267,	yielding	plasmid	pMZ746.	We	removed	799	

the	LTR	by	Gibson	assembly	of	PCR	products	from	pMZ746	with	primer	pairs	800	

oM2281/oM2282	and	oM2280/oM2283,	yielding	pMZ753,	which	was	used	as	a	HR	801	

donor	to	generate	Tf2-6::ura4+	reporters	with	no	LTR.	A	polymorphism	present	in	802	

the	5’	LTR	was	removed	to	make	both	LTR	identical,	by	reassembling	the	pMZ746	803	
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plasmid	with	PCR	products	from	primer	pairs	om2257/om2260	and	804	

om2258/om2259,	yielding	pMZ762.	To	assemble	the	Tf2-6::ura4+	donor	with	805	

flanking	tandem	repeats	we	Gibson	assembled	PCR	products	from	pMZ753	with	806	

primer	pairs	om2276/om2278	and	om2277/om2279,	yielding	pMZ766.		807	

The	plasmids	for	CRISPR-aided	Tf2	removal	were	generated	by	ligation	of	808	

phosphorylated	and	annealed	oligonucleotide	pairs	containing	the	targeting	809	

sequence	into	CspCI	digested	pMZ37465.	The	plasmid	containing	the	ura4	gene	810	

flanked	by	Tf2CDS	homology	regions	(pMZ160)	was	generated	by	amplification	of	811	

flanking	homology	regions	of	Tf2	from	strain	972	genomic	DNA	with	primer	pairs	812	

Tfam_USF/Tfam_USR-ura4	and	Tfam_DSF-ura4/Tfam_DSR.	The	fragments	were	813	

then	used	in	a	megaprimer	PCR	reaction	with	plasmid	pUR19,	containing	the	ura4	814	

gene,	and	primers	Tfam_USF/Tfam_DSR	to	generate	a	fragment	that	was	then	815	

digested	with	XhoI	and	cloned	into	XhoI	digested	pUC19.	For	deletion	of	Tf2-816	

fragment1	(which	lacks	the	homology	in	the	right	arm	of	the	fragment	from	817	

pMZ160)	we	amplified	the	ura4	gene	with	Tf2	homology	arms	from	plasmid	818	

pMZ762	with	primers	oM1781/oM1225.	819	

To	generate	the	sap1-c	mutation	with	CRISPR,	we	cloned	the	targeting	sequence	into	820	

pMZ374	as	above	using	oligos	oM1172/oM1173,	generating	plasmid	pMZ544.	821	

	822	

Strains	growth	and	genetic	manipulation	823	

	824	
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All	strains	used	in	this	study	are	detailed	in	Supplementary	Table	5.	Media	recipes	825	

were	as	described	in	the	Nurse	Laboratory	Handbook.	All	transformations	were	826	

carried	out	using	the	Lithium	Acetate/PEG	heat	shock	method.		827	

Deletion	reporters	were	generated	by	transformation	of	strains	PB1	(h90)	and	828	

CHP429	(h-),	or	ZB2952	(h+Tf-null)	or	ZB2950	(h-Tf-null)	with	double-gRNA	829	

CRISPR	plasmid	pMZ691	and	the	HR	donor	from	plasmids	pMZ766,	pMZ753	or	830	

pMZ762	isolated	by	KpnI/SalI	digestion	followed	by	agarose	gel	electrophoresis	and	831	

band	extraction.	Transformed	cells	were	plated	on	YEA-Blasticidin	(30mg/L)	plates,	832	

followed	by	replica	plating	onto	EMMG+dropout	supplements	without	uracil	with	833	

30mg/L	Blasticidin	to	select	transformants	that	incorporated	the	ura4	marker.	834	

Candidate	strains	were	validated	by	PCR-genotyping,	sequencing	over	the	Tf2-6	835	

LTRs	and	southern	blotting	to	rule	out	tandem	repeat	insertions,	and	back-crossed	836	

to	ensure	that	a	single	ura4	insertion	had	occurred.		837	

To	generate	transposition	reporters	the	plasmids	pMZ854	and	pMZ855	were	838	

digested	with	ZraI,	transformed	into	strains	ZB3147	and	ZB3142,	and	selected	in	839	

media	without	adenine,	to	obtain	the	transposition	reporters	in	WT	and	Tf-null	840	

backgrounds	respectively.		841	

To	generate	the	sap1-c	mutation	by	CRISPR	we	transformed	strains	PB1	and	842	

ZB1925	with	plasmid	pMZ544	together	with	a	fragment	obtained	by	annealing	of	843	

oligonucleotides	oM1170/oM1171	as	a	homologous	recombination	sequence	donor,	844	

and	plated	on	media	without	uracil.	Survivors	were	screened	for	the	presence	of	the	845	

sap1-c	mutation	by	colony	PCR	with	primers	oM6/oM7	followed	by	digestion	with	846	

BclI.	847	
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		848	

Transposition	and	deletion	assays	849	

	850	

To	measure	transposition,	prototrophic	strains	with	the	indicated	Tf2WT	and	851	

Tf2gagfs	transposition	reporters	were	grown	in	octuplicate	cultures	in	EMM	to	852	

saturation,	and	then	plated	at	a	density	of	5e9	cells	per	plate	in	YE-G418	plates	and	853	

5e2	per	plate	in	YE.	The	frequency	of	G418	positive	cells	was	fit	to	a	maximum	854	

likelihood	fluctuation	model	to	calculate	the	transposition	rate	per	generation.	855	

Colonies	from	the	YE-G418	plates	were	characterized	by	PCR	with	primers	oM146	856	

and	one	of	primers	oM1366-1377	(Tf2-1	to	Tf2-13),	oM2049	(Tf2-8),	oM2210	(Tf2-857	

frag1)	or	oM2224	(Tf2-14)	to	identify	insertions	by	GC	into	entopic	Tf2	elements.	858	

Auto-GC	(loss	of	artificial	intron	in	the	neoRAI	reporter	by	GC	with	cDNA)	was	ruled	859	

out	by	way	of	a	PCR	amplifying	the	neoR	gene	from	the	inserted	plasmid	(primer	860	

pair	oM179/oM1761)	followed	by	digestion	with	SpeI,	which	has	a	restriction	site	in	861	

the	artificial	intron	that	would	be	removed	through	GC	with	cDNA.	All	G418	862	

resistant	colonies	showed	the	presence	of	the	SpeI	site,	indicating	that	auto-GC	had	863	

not	occurred.	864	

To	measure	deletion	rates,	we	grew	the	indicated	Tf2-6::ura4+	strains	in	YNB	media	865	

and	then	plated	cells	at	a	density	of	~1e7	in	YNB-5FOA	and	~1e3	in	YNB+Dropout	866	

complete.	We	then	fit	the	frequency	of	ura4	loss	to	a	maximum	likelihood	867	

fluctuation	model	to	calculate	ura4-loss	rates.	Colonies	from	the	YNB-5FOA	plates	868	

were	characterized	by	PCR	with	primers	oM1365/oM1371/oM2038	and	oM	869	
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To	measure	transposition	by	overexpression	of	Tf2,	we	transformed	strain	ZB1925	870	

(CRISPR-derived	Tf-null)	and	PB1	(WT)	with	inducible	expression	plasmids	871	

pHL1631	(Tf2),	pHL1632	(Tf2gagfs)	and	pHL1633	(Tf2INTfs),	which	drive	872	

overexpression	of	Tf2	from	the	nmt1	promoter	inducible	in	the	absence	of	thiamine.	873	

Four	independent	colonies	of	transformed	cells	were	patched	onto	EMM	plates	874	

lacking	thiamine	and	grown	for	4	days	at	32°C.	After,	cells	were	patched	onto	5-FOA	875	

to	remove	the	Tf1-neo	expression	vector,	and	dilutions	were	plated	onto	5-FOA	or	876	

YES+G418+FOA+2g/L	drop-out	minus	uracil	mix	plates	to	measure	transposition	877	

frequencies.	The	proportion	of	G418	resistant	colonies	to	5-FOA	resistant	colonies	878	

represents	the	transposition	frequency.	879	

	880	

Analysis	of	MA	strains	881	

	882	

The	sequences	from	the	Farlow	et	al38	and	Behringer	et	al37	MA	studies	were	883	

downloaded	from	the	SRA	(Accessions	PRJNA295384	and	PRJNA301358	884	

respectively).	For	new	insertion	detection	we	used	the	same	MELT/minicontig	885	

analysis	pipeline	described	above.	For	copy	number	estimation	we	used	the	same	886	

DeviaTE	pipeline	described	above.	All	copies	in	the	Tf2-7/8	array	exhibit	the	887	

exclusive	T2250G	polymorphism	(with	position	1	being	the	first	nucleotide	after	the	888	

5’	LTR).	We	parsed	the	DeviaTE	output	to	obtain	the	frequency	of	the	T2250G	889	

polymorphism	and	estimated	the	size	of	the	Tf2-7/8	array	and	the	copy	number	of	890	

originally	monomeric	insertions.	To	estimate	the	rates	of	ICR	and	USCE	from	the	891	

distribution	copy	number	of	monomeric	(Not	Tf2-7/8)	insertions,	we	considered	a	892	
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model	in	which	ICR	events	cause	a	loss	of	-1	copy	with	a	rate	g	per	generation,	and	893	

USCE	events	cause	either	a	gain	of	+1	copy	or	a	loss	of	-1	copy	with	equal	probability	894	

of	each,	with	a	rate	of	q	per	generation.	Assuming	independence	between	different	895	

Tf2	elements	this	can	be	modeled	as	a	biased	1-dimensional	random	walk	with	a	896	

boundary	condition	at	0.	By	simulation	we	observed	that	the	boundary	condition	897	

can	be	safely	ignored	as	long	as	g	and	q	are	smaller	than	1/(number	of	Tf2xNumber	898	

of	generations),	in	this	case,	~5e-5.	Without	the	boundary	condition	the	rate	of	ICR	899	

contributes	to	both	the	mean	and	the	variance	of	the	distribution	because	of	its	net	900	

negative	effect,	and	the	rate	of	USCE	contributes	only	to	the	variance	because	of	its	901	

net	neutral	effect.	The	expected	value	and	the	variance	of	the	total	copy	number	of	902	

monomeric	Tf2	at	generation	g	can	be	expressed	as:	903	

	904	

E(Tf2g)	=	Tf20(1-	g)g	905	

Var(Tf2g)	=	gTf20(q+g-g2)	906	

	907	

Where	Tf20	is	the	original	number	of	monomeric	Tf2.	From	these	two	expressions	908	

and	the	observed	mean	and	variance	of	the	distribution	we	can	calculate	the	rates	of	909	

ICR	and	USCE	affecting	monomeric	Tf2	insertions.	We	carried	out	estimation	of	g	910	

and	q	and	their	standard	error	using	R	with	the	bootstrapping	package	boot.	911	

	912	

Generation	of	Tf-null	strains	913	

	914	
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The	relatively	low	number	of	Tf2	insertions	in	the	laboratory	type	strain	makes	915	

deletion	of	all	TE	in	the	fission	yeast	genome	uniquely	feasible	in	contrast	to	other	916	

eukaryotic	model	organisms.	In	order	to	obtain	rapid	TE	removal	we	leveraged	the	917	

high	frequency	(~1e-5)	of	Tf2	CDS	deletion	by	ICR	and	USCE.	By	applying	negative	918	

selective	pressure	to	the	presence	of	the	CDS	it	should	be	possible	to	progressively	919	

remove	all	Tf2	CDS,	leaving	solo	LTR	in	their	stead.	920	

We	first	attempted	to	select	for	Tf2	deletion	by	directing	CRISPR-mediated	double	921	

strand	breaks	using	a	series	of	CDS-targeted	single	guide	RNAs65.	We	reasoned	that	922	

cleavage	would	destabilize	the	insertion,	engaging	Homologous	Recombination,	and	923	

provide	a	negative	selection	for	the	presence	of	the	CDS	that	would	enable	us	to	924	

isolate	deletion	events.	We	designed	and	cloned	single-plasmid	gRNA/Cas9	925	

expression	vectors	directed	at	multiple	target	sites	present	in	the	CDS	(cloning	926	

detailed	above)	and	equipped	with	a	negative/positive	selection	marker	(ura4)	that	927	

enabled	rapid	cycles	of	CRISPR	(Supplemental	Figure	5a	and	b).		928	

For	CRISPR	aided	Tf2	removal,	we	transformed	strain	PB1	with	the	plasmids	929	

detailed	in	Supplementary	figure	5c	and	plated	in	media	lacking	uracil.	Survivors	930	

were	genotyped	for	the	presence	or	absence	of	each	entopic	Tf2	by	colony	PCR	with	931	

combinations	of	oM1365	with	one	of	oM1366-1377.	Survivors	with	multiple	Tf2	932	

deletions	were	selected,	streaked	on	5-FOA	media	to	remove	the	CRISPR	plasmid,	933	

and	retransformed	with	a	different	plasmid.	The	process	was	repeated	until	all	Tf2	934	

elements	were	deleted.	935	

This	strategy	yielded	two	independent	strains	showing	complete	loss	of	Tf2	CDS	936	

after	four	rounds	of	CRISPR	plasmid	transformation	and	removal	(Supplemental	937	
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Figure	5c).	However,	these	strains	exhibited	very	poor	spore	viability	upon	back-938	

cross	with	the	original	strain,	but	not	in	a	selfing	cross,	suggesting	that	they	had	939	

acquired	chromosomal	rearrangements66.	Indeed,	long-read	high	throughput	940	

sequencing	revealed	multiple	rearrangements,	including	pericentric	and	paracentric	941	

inversions,	balanced	translocations	and	deletions	(Supplemental	Figure	5d	and	5e).	942	

The	breakpoints	of	these	rearrangements	were	the	Tf2	insertions	targeted	by	943	

CRISPR.	Characterization	of	the	partially	deleted	intermediate	strains	revealed	that	944	

the	rearrangements	could	occur	without	deletion	of	the	CDS,	in	a	transformation	945	

round	previous	to	the	one	that	caused	deletion	by	inter-LTR	recombination.	Thus,	946	

while	CRISPR/Cas9	cleavage	does	provide	a	rapid	method	to	select	for	inter-LTR	947	

recombination,	it	also	leads	to	non-allelic	recombination	between	the	interspersed	948	

Tf2	insertions.	949	

We	then	undertook	a	classic	recombineering	approach	to	remove	Tf2	CDS	950	

(Supplemental	Figure	5f).	By	transformation	of	a	linear	DNA	fragment	consisting	of	951	

the	ura4	gene	flanked	by	Tf2	CDS	homology	arms	(Supplemental	Figure	5g,	cloning	952	

detailed	above)	we	were	able	to	randomly	tag	individual	Tf2	insertions	through	953	

selection	in	media	without	uracil.	Subsequent	selection	in	5FOA	media	yields	strains	954	

where	the	ura4	gene	has	been	lost	either	by	GC,	reverting	the	insertion	to	its	native	955	

state,	or	by	inter-LTR	recombination,	which	removes	the	CDS	leaving	a	solo	LTR.	We	956	

then	selected	strains	with	deleted	individual	Tf2	CDS	and	combined	the	deletions	by	957	

crossing.	This	process	can	be	repeated	until	all	Tf2	CDS	are	removed	(Supplemental	958	

Figure	5h).		959	
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For	ura4-aided	Tf2	removal,	strains	CHP428	and	CHP429	were	transformed	with	960	

XhoI	digested	pMZ160	and	plated	in	media	without	uracil.	Colonies	were	then	961	

genotyped	for	the	position	of	the	ura4	gene	by	colony	PCRs	with	primer	oM1968	962	

and	one	of	the	upstream	primers	specific	for	each	entopic	Tf2	copy	(primers	963	

oM2033	to	oM2044).	Colonies	with	an	unambiguously	localized	ura4	insertion	in	an	964	

identified	Tf2	entopic	copy	were	grown	to	saturation	in	liquid	YEA	and	spread	onto	965	

5-FOA	media	plates	to	select	ura4	loss	events.	The	surviving	colonies	were	966	

genotyped	for	deletion	of	the	Tf2	copy	that	received	the	ura4	insertion	by	colony	967	

PCR	with	primer	oM1365	and	an	upstream/downstream	primer	pair	corresponding	968	

to	the	Tf2	copy	of	interest	(Downstream	primers:	oM1366-oM1377;	Upstream	969	

primers:	oM2033-oM2044).	Candidates	with	deletions	were	genotyped	for	mating	970	

type	with	primers	oM9/oM10/oM11	and	for	ade6-M210/M216	allele	with	primers	971	

oM12/oM13	followed	by	XhoI	digestion.	Once	classified	in	h-	and	h+	groups,	the	972	

deletions	were	combined	by	crossing	between	mating-compatible	strains	and	973	

genotyped	for	segregation	of	the	deleted	allele	as	above.	Segregants	with	the	desired	974	

combinations	were	used	for	a	subsequent	cycle	of	Tf2	removal.	In	the	process	of	975	

removing	all	described	Tf2	entopic	copies	we	detected	a	new	Tf2	insertion	present	976	

in	the	CHP428/CHP429	background,	located	in	coordinates	I:4940032,	which	we	977	

then	deleted	in	the	same	manner	as	the	rest.	The	complete	genealogy	of	the	ura4-978	

aided	Tf2	removal	is	detailed	in	Supplementary	Figure	5h.	979	

We	performed	long	and	short	read	whole	genome	sequencing	to	fully	characterize	980	

the	genome	of	the	original	parental	strains	and	the	Tf-null	derivatives.	The	981	

assembled	genomes	confirmed	the	complete	removal	of	all	Tf2	coding	sequences	982	
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with	no	rearrangements	or	deletions	(Supplemental	Figure	5I).	The	strains	obtained	983	

from	the	Tf2-CDS	removal	process	were	isogenic	with	the	parental	strains	and	had	984	

only	acquired	four	single	nucleotide	polymorphisms,	of	which	only	one	was	mis-985	

sense,	located	in	non-conserved	region	of	a	protein	coding	gene	(Supplementary	986	

Table	2).	987	

The	Tf-null	strains	ZB2950/ZB2952	and	the	parental	strains	CHP428/CHP429	were	988	

cured	of	the	present	auxotrophies	(ade6-M210	or	ade6-M216,	leu1-32,	his7-366	and	989	

ura4-D18)	to	generate	prototrophic	strains	by	serial	transformation	with	PCR	990	

fragments	containing	the	WT	alleles	(primer	pairs:	oM12/oM13	–	ade6-M210;	991	

oM2300/oM2301	–	leu1-32;	oM2302/oM2303	–	his7-366,	oM2304/oM2305	–	992	

ura4-D18)	followed	by	selection	in	EMM	media	without	the	corresponding	993	

supplement	and	confirmation	by	Sanger	sequencing,	resulting	in	strains	994	

ZB3152,ZB3153	(from	CHP428	and	CHP429	respectively)	and	ZB3154,ZB3155	995	

(from	ZB2952	and	ZB2950	respectively)	996	

	997	

Competitive	growth	assays	998	

	999	

For	competitive	growth	assays,	pairs	of	otherwise	isogenic	h+	or	h-	Tf-null	and	WT	1000	

prototrophic	strains	(ZB3152/ZB3154	and	ZB3153/ZB3155)	were	grown	1001	

separately	in	liquid	EMMN	to	exponential	phase,	harvested	and	washed	twice	in	1002	

EMMN,	counted	and	combined	in	equal	numbers	to	an	OD	of	1,	and	then	distributed	1003	

to	triplicate	5ml	cultures	of	EMM	or	EMM	+250µM	CoCl2	at	an	OD	of	0.025.	1	OD	of	1004	

the	initial	mix	was	harvested	by	centrifugation	and	frozen	as	Generation	0.	The	1005	
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cultures	were	serially	transferred	to	5ml	of	fresh	media	twice	a	day	to	OD	0.1	in	the	1006	

morning	and	OD	0.025	at	night,	to	prevent	them	from	growing	past	OD	3.	We	1007	

measured	OD	at	every	passage	to	keep	a	record	of	the	generations	passed.	Every	2	1008	

days	approximately	1.5	OD	of	each	culture	were	harvested	by	centrifugation	and	1009	

frozen.	After	8	timepoints	had	been	harvested	(14	days,	mean=136.4	generations	1010	

and	SD=0.55	for	EMMN,	mean=124.8	generations	and	SD=0.52	for	EMMN+250µM	1011	

CoCl2)	we	stopped	the	experiment.	We	carried	out	the	competition	assay	on	1012	

saturation	conditions	similarly:	pairs	of	h+	and	h-	Tf-null	and	WT	prototrophic	1013	

strains	were	grown	together	as	before,	but	cultures	were	passaged	every	48	hours	1014	

to	allow	them	to	reach	saturation:	the	cultures	reached	OD	10	within	24	hours	and	1015	

remained	at	that	OD	until	passage	into	fresh	media	to	OD	0.025.	We	carried	out	the	1016	

experiment	for	14	days	for	a	total	of	60	generations.	1017	

To	quantify	the	proportion	of	genotypes	in	the	harvested	competition	cultures,	we	1018	

purified	the	genomic	DNA	from	each	timepoint	with	the	Monarch	gDNA	extraction	1019	

Kit	(New	England	Biolabs).	We	then	amplified	the	region	of	one	of	the	mutations	1020	

acquired	by	the	Tf-null	strain	(I:1453108	C->A)	with	primers	amenable	to	1021	

Amplicon-seq	with	in-line	barcodes	to	identify	the	samples	in	pooled	sequencing	1022	

runs	(oM2327-oM2339),	purified	the	PCR	products,	measured	their	concentrations	1023	

and	pooled	them	in	groups	of	12	for	Amplicon-Seq	(Genewiz,	Piscataway,	NJ).	1024	

We	processed	the	resulting	FASTQ	files	removing	sequences	shorter	than	100nt,	1025	

followed	by	splitting	with	fastx_barcode_splitter	with	options	--bol	–exact,	and	then	1026	

trimming	with	fastx_trimmer	-f	59	-l	63	-Q33	and	then	collapsing	with	1027	
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fastx_collapser	-Q33.	The	output	files	were	parsed	to	separate	the	counts	for	the	WT	1028	

and	Tf-null	genotypes.	1029	

We	analyzed	the	data	fitting	a	Bayesian	model	specified	in	the	STAN	programming	1030	

language	in	the	R	environment	using	package	rstan.	In	this	model43,	the	proportion	1031	

of	Tf-null	genotypes	in	the	competition:		1032	

	1033	

pTf0=Tf0/(Tf0+WT)	1034	

	1035	

progresses	at	each	timepoint	t,	separated	by	Dg	generations	as:	1036	

	1037	

pTf0t=pTf0t-1(wtf0+bmatmat+bCoCl2CoCl2)Dg	1038	

	1039	

Where	wtf0	is	the	relative	fitness	of	the	Tf-null/h+	strain	in	EMMN	media	with	1040	

respect	to	the	WT/h+	strain,	mat	and	CoCl2	are	0|1	variables	representing	the	h-	1041	

genotype	and	CoCl2	250µM	treatment,	bCoCl2	and	bmat		are	coefficients	representing	1042	

the	effect	of	CoCl2	treatment	and	h-	genotype.	1043	

	1044	

Gene	expression	analysis	1045	

	1046	

To	study	gene	expression	differences	between	the	WT	and	Tf-null	strains	we	grew	1047	

triplicate	50ml	EMMN	cultures	of	ZB3153	and	ZB3155	in	the	presence	and	absence	1048	

of	CoCl2	250µM	from	an	OD	0.025	to	OD	1.	We	then	harvested	the	cultures,	washed	1049	

them	in	ice	cold	water	and	snap	froze	the	pellets	in	a	dry	ice/ethanol	bath.	We	1050	
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purified	total	RNA	with	hot	acid	phenol	extraction	in	TE	+1%	SDS,	followed	by	two	1051	

phenol:Isoamyl	alcohol	extractions	and	one	Chloroform:Isoamyl	alcohol	extraction	1052	

and	precipitation	with	250mM	NaCl	and	3	volumes	of	Ethanol.	We	air-dried	the	1053	

pellets	and	resuspended	them	in	DEPC	treated	water.	We	treated	100ug	of	total	RNA	1054	

with	the	DNAfree	DNA	removal	system	(ThermoFisher)	and	submitted	for	strand-1055	

specific	total	RNAseq	to	Genewiz	(Piscataway,	NJ).	For	analysis	of	ncRNA	expression	1056	

in	WT	(972)	and	sap1-c	(ZB973)	strains	we	seeded	from	EMMN	cultures	grown	1057	

overnight	into	YEA	at	OD	0.025	and	harvested	the	cultures	at	OD	0.5	(early	1058	

exponential	growth)	and	OD	3	(early	saturation).	RNA	was	extracted	and	processed	1059	

as	above.	1060	

The	FASTQ	reads	were	filtered	and	trimmed	with	Trimmomatic	0.32,	mapped	to	the	1061	

gtf	annotation	file	of	the	EMSEMBL	genomes	ASM294v2	assembly	with	TopHat	2.1.1	1062	

with	options	-r	200	--library-type	fr-firststrand,	followed	by	the	HTSeq	v1.12.4	1063	

framework	HTSeq.scripts.count	-s	reverse	to	assign	counts	to	features.	The	count	1064	

data	of	the	CoCl2/Tf-null	experiment	was	analyzed	with	R	package	DEseq2.	The	1065	

expression	of	intergenic	ncRNA	(annotation	retrieved	from	pombase.org/query	1066	

with	product	type:	feature_type_ncRNA_gene	and	then	filtered	to	retain	only	1067	

intergenic	ncRNA)	in	the	sap1-c/growth	stage	experiment	was	analyzed	with	1068	

CuffLinks/CuffDiff	and	R	packages	lmer4	and	emmeans.	ncRNA	were	classified	as	1069	

Sap1	associated	if	they	were	within	500bp	of	a	significant	Sap1	summit	as	assessed	1070	

by	MACS	analysis.	Functional	enrichment	analysis	was	carried	out	on	protein	coding	1071	

genes	from	the	EMSEMBL	genomes	ASM294v2	assembly	annotation	as	assigned	by	1072	
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closest	proximity	to	Sap1-associated	ncRNA,	using	the	AnGeLi67	Web	Interface	1073	

(http://bahlerweb.cs.ucl.ac.uk/cgi-bin/GLA/GLA_input).	1074	

	1075	
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Supplementary	Figures	
	

	
	
	
	
	
Supplementary	Figure	1.	Recombination	and	Transposition	pathways	for	LTR	
Retrotransposons.	RT:	Reverse	Transcriptase.	INT:	Integrase.	gRNA:	genomic	RNA.	
cDNA:	complementary	DNA.	GC:	Gene	Conversion.	ICR:	Intra-Chromatic	
Recombination.	USCE:	Unequal	Sister	Chromatic	Exchange.	
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Supplementary	Figure	2.	a.	Validation	of	DeviaTE	copy	number	estimation	from	
short	read	sequencing	and	BLAST	copy	number	estimation	from	Long	Read	
assemblies.	b.	Allele	frequency	spectrum	of	polymorphic	Tf1	and	Tf2	insertions	in	
the	57	natural	isolates	in	Jeffares	et	al	2015.	
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Supplementary	Figure	3.	Copy	number	analysis	in	MA	lines.	a:	Scatterplot	of	
proportion	of	reads	with	the	T2250G	polymorphism	(Tf2-7/8)	present	over	total	
coverage	with	Total	estimated	Tf2	copy	number.	Line	represents	best	linear	
regression	fit.	b:	Bar	chart	of	total	Tf2	copy	number	divided	by	estimated	Tf2-7/8	
copy	number	(red)	and	monomeric	Tf2	copy	number	(blue),	arranged	by	increasing	
total	Tf2	copy	number.	
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Supplementary	Figure	4:	Generation	of	Tf-null	strains	by	Tf2	transposon	removal.	a.	
CRISPR-aided	ICR	removal	method.	b.	Map	of	gRNA	targets	over	Tf2	CDS	with	
CRISPR	plasmid	names.	c.	Genealogy	of	CRISPR-derived	Tf-null	strains.	d.	Genome-
wide	dot-plot	alignment	for	a	CRISPR-generated	Tf-null	strain	(ZB1925)	and	the	
parental	strain	(PB1).	e.	Diagram	of	rearrangements	detected	in	panel	d.	f.	Classical	
recombineering	ICR	removal	method.	g.	Schematic	of	Tf2::ura4	transforming	
fragments	used	in	the	recombineering	Tf2	deletion	method.	h.	Genealogy	of	
Recombineering-derived	Tf-null	strains.	i.	Genome-wide	dot-plot	alignment	for	a	
recombineering-generated	Tf-null	strain	(ZB2950)	and	the	parental	strain	
(CHP429).	
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Supplementary	Figure	5.	Scatterplot	of	growth	parameters	in	the	presence	of	CoCl2	
of	natural	isolates	described	in	Brown	et	al	2011.	
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