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Abstract	25	

Background	Transcription	of	 long	non-coding	RNAs	 (lncRNAs)	 is	pervasive,	but	 their	 functionality	 is	26	

disputed.	As	a	class,	 lncRNAs	show	little	selective	constraint	and	negligible	phenotypic	effects	upon	27	

perturbation.	However,	key	biological	roles	were	demonstrated	for	individual	lncRNAs.	Most	validated	28	

lncRNAs	were	implicated	in	gene	expression	regulation,	in	pathways	related	to	cellular	pluripotency,	29	

differentiation	and	organ	morphogenesis,	suggesting	that	functional	lncRNAs	may	be	more	abundant	30	

in	embryonic	development,	rather	than	in	adult	organs.	31	

Results	 Here,	 we	 perform	 a	 multi-dimensional	 comparative	 transcriptomics	 analysis,	 across	 five	32	

developmental	time-points	(two	embryonic	stages,	newborn,	adult	and	aged	individuals),	four	organs	33	

(brain,	kidney,	liver	and	testes)	and	three	species	(mouse,	rat	and	chicken).	Overwhelmingly,	lncRNAs	34	

are	 preferentially	 expressed	 in	 adult	 and	 aged	 testes,	 consistent	 with	 the	 presence	 of	 permissive	35	

transcription	 during	 spermatogenesis.	 LncRNAs	 are	 often	 differentially	 expressed	 among	36	

developmental	stages	and	are	less	abundant	in	embryos	and	newborns	compared	to	adult	individuals,	37	

in	 agreement	 with	 a	 requirement	 for	 tighter	 expression	 control	 and	 less	 tolerance	 for	 noisy	38	

transcription	 early	 in	 development.	 However,	 lncRNAs	 expressed	 during	 embryonic	 development	39	

show	 increased	 levels	 of	 evolutionary	 conservation,	 both	 in	 terms	 of	 primary	 sequence	 and	 of	40	

expression	patterns,	and	in	particular	at	their	promoter	regions.	We	find	that	species-specific	lncRNA	41	

transcription	is	frequent	for	enhancer-associated	loci	and	occurs	 in	parallel	with	expression	pattern	42	

changes	for	neighboring	protein-coding	genes.				43	

Conclusions	We	 show	 that	 functionally	 constrained	 lncRNA	 loci	 are	 enriched	 in	 developing	 organ	44	

transcriptomes,	and	propose	that	many	of	these	loci	may	function	in	an	RNA-independent	manner.					45	
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Background	47	

Long	non-coding	RNAs	(lncRNAs,	loosely	defined	as	transcripts	that	lack	protein-coding	potential,	at	48	

least	200	nucleotides	long)	are	an	excellent	illustration	of	the	ongoing	conceptual	tug-of-war	between	49	

biochemical	activity	and	biological	function	(Graur	et	al.	2013;	Doolittle	2018).	The	development	of	50	

sensitive	transcriptome	exploration	techniques	led	to	the	identification	of	thousands	of	lncRNA	loci	in	51	

vertebrates		.	While	this	ever	wider	class	of	transcripts	includes	well-studied	lncRNAs	with	undisputed	52	

biological	roles,	such	as	Xist	(Brown	et	al.	1991)	or	H19	(Brannan	et	al.	1990),	experimental	validations	53	

are	lacking	for	the	great	majority	of	lncRNAs	and	their	functionality	is	controversial.	54	

	55	

The	 first	 functional	 characterizations	 of	 individual	 lncRNAs	 forged	 the	 idea	 that	 these	 non-coding	56	

transcripts	 are	 important	 contributors	 to	 gene	 expression	 regulatory	 networks.	 This	 has	 been	57	

unequivocally	proven	for	some	lncRNAs,	such	as	Xist,	whose	transcription	and	subsequent	coating	of	58	

the	X	chromosome	triggers	a	complex	chain	of	molecular	events	leading	to	X	inactivation	in	placental	59	

mammals	(Gendrel	and	Heard	2014).	Additional	proposed	mechanisms	for	gene	expression	regulation	60	

by	lncRNAs	included	directing	chromatin-modifying	complexes	at	specific	genomic	locations,	to	control	61	

gene	expression	in	trans	(Rinn	et	al.	2007);	providing	decoy	targets	for	microRNAs	(Cesana	et	al.	2011);	62	

enhancing	expression	of	neighboring	genes	through	an	RNA-dependent	mechanism	(Ørom	et	al.	2010).	63	

These	initial	studies	generally	asserted	that	the	biological	function	of	lncRNA	loci	is	directly	carried	out	64	

by	the	transcribed	RNA	molecule.	However,	it	rapidly	became	evident	that	in	some	cases	the	function	65	

resides	 in	 the	 act	 of	 transcription	 at	 a	 given	 genomic	 location,	 rather	 than	 in	 the	 product	 of	66	

transcription	(Latos	et	al.	2012).	In	recent	years,	this	view	has	gained	ground,	with	several	publications	67	

showing	that	lncRNA	transcripts	are	not	required,	and	that	instead	biological	functions	are	carried	out	68	

by	other	elements	embedded	 in	the	 lncRNA	genomic	 loci	 (Bassett	et	al.	2014).	For	example,	 it	was	69	

recently	shown	that	transcription	of	the	Linc-p21	gene,	originally	described	as	a	cis-acting	enhancer	70	

lncRNA,	is	not	needed	to	regulate	neighboring	gene	expression	(Groff	et	al.	2016).	Genetic	engineering	71	

of	multiple	lncRNA	loci	 in	mouse	likewise	showed	that	lncRNA	transcripts	are	dispensable,	and	that	72	
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gene	expression	regulation	by	lncRNA	loci	is	instead	achieved	by	the	process	of	lncRNA	transcription	73	

and	splicing,	or	by	additional	regulatory	elements	found	 in	 lncRNA	promoters	 (Engreitz	et	al.	2016;	74	

Anderson	 et	 al.	 2016).	 Furthermore,	 some	 attempts	 to	 look	 for	 lncRNA	 function	 through	 genetic	75	

engineering	approaches	showed	that	the	tested	lncRNA	loci	are	altogether	dispensable	(Amândio	et	76	

al.	2016;	Zakany	et	al.	2017;	Goudarzi	et	al.	2019).	These	recent	observations	signal	a	paradigm	shift	in	77	

lncRNA	 biology,	 as	 it	 is	 increasingly	 acknowledged	 that,	 even	 when	 phenotypic	 effects	 can	 be	78	

unambiguously	mapped	to	lncRNA	loci,	the	underlying	biological	processes	are	not	necessarily	driven	79	

by	the	lncRNA	transcripts	themselves.		80	

	81	

Importantly,	 this	new	perspective	on	 lncRNA	biology	had	been	predicted	by	evolutionary	analyses,	82	

which	have	 long	been	used	 to	evaluate	 the	 functionality	of	diverse	genomic	elements	 (Haerty	and	83	

Ponting	2014;	Ulitsky	2016).	Evolutionary	studies	of	lncRNAs	in	vertebrates	all	agree	that	the	extent	of	84	

selective	constraint	on	lncRNA	primary	sequences	is	very	low,	though	significantly	above	the	genomic	85	

background	(Ponjavic	et	al.	2007;	Kutter	et	al.	2012;	Necsulea	et	al.	2014;	Washietl	et	al.	2014;	Hezroni	86	

et	al.	2015).	These	observations	are	compatible	with	the	hypothesis	that	many	of	the	lncRNAs	detected	87	

with	sensitive	transcriptomics	techniques	may	be	non-functional	noise	(Ponjavic	et	al.	2007),	but	may	88	

also	 indicate	 that	 lncRNA	 functionality	 does	 not	 reside	 in	 the	 primary	 transcribed	 sequence.	 In	89	

contrast,	 mammalian	 lncRNA	 promoters	 show	 higher	 levels	 of	 sequence	 conservation,	 similar	 to	90	

protein-coding	 gene	 promoters,	 as	 expected	 if	 they	 carry	 out	 enhancer-like	 regulatory	 functions	91	

independently	of	the	transcribed	RNA	molecule.	Moreover,	it	was	previously	reported	that,	in	multi-92	

exonic	lncRNAs,	splicing	signals	are	more	conserved	than	the	rest	of	the	exonic	sequence	(Schüler	et	93	

al.	2014;	Haerty	and	Ponting	2015),	which	is	compatible	with	the	recent	finding	that	lncRNA	splicing	94	

can	 contribute	 to	 neighboring	 gene	 regulation	 (Engreitz	 et	 al.	 2016).	 Thus,	 detailed	 evolutionary	95	

analyses	of	lncRNA	loci	can	bring	important	insights	into	their	functionality,	and	can	help	to	prioritize	96	

candidates	for	experimental	validation.	97	

	98	
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At	present,	comparative	transcriptomics	analyses	in	vertebrates	agree	that	the	extent	of	evolutionary	99	

conservation	of	 lncRNA	sequences	and	expression	patterns	 is	 very	 limited.	However,	 these	 studies	100	

were	 so	 far	 restricted	 to	 adult	 organ	 transcriptomes.	 In	 particular,	 it	was	 shown	 that	most	 known	101	

vertebrate	 lncRNAs	 are	 active	 in	 adult	 testes	 and	 thus	 likely	 during	 spermatogenesis,	 a	 process	102	

characterized	 by	 a	 permissive	 chromatin	 environment,	 which	 can	 promote	 non-functional	103	

transcription	 (Soumillon	 et	 al.	 2013).	 The	 resulting	 lncRNA	 datasets	may	 thus	 be	 enriched	 in	 non-104	

functional	 transcripts.	 Additional	 lines	 of	 evidence	 suggest	 that	 the	 search	 for	 functional	 lncRNAs	105	

should	be	extended	beyond	adult	organ	transcriptomes.	For	example,	involvement	in	developmental	106	

phenotypes	was	proposed	for	many	experimentally-tested	lncRNAs	(Sauvageau	et	al.	2013;	Ulitsky	et	107	

al.	2011;	Grote	et	al.	2013),	and	an	enrichment	 for	developmental	 transcription	factor	binding	was	108	

reported	for	the	promoters	of	highly	conserved	lncRNAs	(Necsulea	et	al.	2014).	These	observations	109	

motivated	us	to	add	a	temporal	dimension	to	comparative	lncRNA	transcriptomics	studies.	Therefore,	110	

we	characterize	here	the	lncRNA	transcriptomes	of	two	model	mammalian	species	(mouse	and	rat),	in	111	

four	major	organs	 (brain,	kidney,	 liver	and	testes),	across	 five	developmental	stages	 that	cover	 the	112	

entire	 lifespan	of	 the	 individuals	 (including	 two	embryonic	 stages,	newborn,	 young	adult	and	aged	113	

individuals).	To	gain	a	deeper	evolutionary	perspective,	we	generate	similar	data	for	embryonic	stages	114	

of	chicken	somatic	organs.	We	analyze	the	spatial	and	temporal	expression	patterns	of	protein-coding	115	

and	lncRNA	genes,	in	conjunction	with	their	evolutionary	conservation.	We	find	that,	while	lncRNAs	116	

are	 overall	 poorly	 conserved	 among	 species	 in	 terms	 of	 primary	 sequence	 or	 expression	 patterns,	117	

higher	frequencies	of	evolutionarily	constrained	lncRNAs	are	observed	in	embryonic	transcriptomes.	118	

For	many	of	these	loci,	biological	function	may	be	RNA-independent,	as	the	highest	levels	of	sequence	119	

conservation	are	observed	on	promoter	regions	and	on	splice	signals,	rather	than	on	lncRNA	exonic	120	

sequence.	 Our	 results	 are	 thus	 compatible	 with	 unconventional,	 RNA-independent	 functions	 for	121	

lncRNA	loci,	in	particular	for	those	that	are	expressed	during	embryonic	development.		122	
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Results	123	

Comparative	transcriptomics	across	species,	organs	and	developmental	stages	124	

To	study	protein-coding	and	lncRNA	expression	patterns	across	both	developmental	and	evolutionary	125	

time,	we	generated	RNA-seq	data	for	mouse	and	rat,	for	four	major	organs	(brain,	kidney,	liver	and	126	

testes)	and	five	developmental	time	points,	including	two	embryonic	stages,	newborn,	young	and	aged	127	

adult	individuals	(Figure	1A,	Supplementary	Table	1,	Methods).	The	selected	time	points	allow	us	to	128	

obtain	a	broad	view	of	major	organ	ontogenesis	and	to	capture	drastic	physiological	changes	during	129	

development	(Theiler	1989).	We	chose	to	include	in	our	study	both	young	adult	(8-10	weeks	old)	and	130	

aged	adult	individuals	(12	to	24	months	old),	to	investigate	transcriptomic	changes	that	occur	later	in	131	

life,	 thus	 completing	 our	 overview	 of	 the	 temporal	 patterns	 of	 gene	 expression	 variation.	 At	 the	132	

earliest	embryonic	stage	(day	13.5	post-conception	for	mouse,	day	15	for	rat),	only	three	of	the	four	133	

studied	organs,	with	the	exception	of	the	testes,	are	well	differentiated	and	large	enough	to	be	readily	134	

dissected.	Our	experimental	design	for	mouse	and	rat	thus	comprises	19	organ	/	developmental	stage	135	

combinations.	 Although	 most	 of	 our	 study	 relies	 on	 mouse-rat	 comparisons,	 to	 obtain	 a	 broader	136	

evolutionary	perspective	we	generated	comparable	RNA-seq	data	for	the	chicken,	for	the	two	earliest	137	

developmental	stages	(Figure	1A,	Supplementary	Table	1).	We	obtained	between	2	and	4	biological	138	

replicates	 for	 each	 species/organ/developmental	 stage	 combination	 (Supplementary	 Table	 1).	139	

Additional	 RNA-seq	 samples	 from	 previous	 publications	 were	 included	 in	 the	 lncRNA	 annotation	140	

pipeline,	to	increase	detection	sensitivity	(Supplementary	Table	2,	Methods).	141	

	142	

The	organs	and	developmental	 stages	 included	 in	our	 study	differ	greatly	 in	 terms	of	 their	 cellular	143	

composition	 diversity.	 To	 verify	 that	 our	 whole-organ	 RNA-seq	 data	 reflects	 cellular	 composition	144	

heterogeneity,	we	assessed	the	expression	patterns	of	cell	population	markers	derived	from	single-145	

cell	transcriptomics	studies	(Tabula	Muris	Consortium	2018;	Green	et	al.	2018)	in	our	samples	(Figure	146	

1B,	Supplementary	Table	3).	This	analysis	confirms	that	our	transcriptome	collection	reflects	expected	147	

developmental	patterns.	For	example,	mature	oligodendrocyte	cell	markers	are	systematically	highly	148	
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expressed	in	adult	brain,	while	oligodendrocyte	precursor	markers	are	more	highly	expressed	in	the	149	

earliest	 developmental	 stages	 (Figure	 1B).	 Similarly,	 Neurod6,	 a	 gene	 involved	 in	 neuronal	150	

differentiation	 (Kathleen	Baxter	et	al.	2009),	 is	preferentially	expressed	 in	embryonic	and	newborn	151	

brain.	Moreover,	 spermatogenesis-specific	markers	are	enriched	 in	adult	but	not	 in	embryonic	and	152	

newborn	 testes,	while	markers	 for	 somatic	 cells	 (Leydig,	 Sertoli	 cells)	 are	 expressed	 earlier	 during	153	

testes	development	(Figure	1B).	Immune	cell	markers	tend	to	be	more	broadly	shared	across	organs	154	

and	developmental	stages,	but	show	strongest	expression	in	the	late	embryo	and	newborn	liver	(Figure	155	

1B),	consistent	with	this	organ’s	crucial	role	in	establishing	immunity	(Nakagaki	et	al.	2018).	In	general,	156	

adult	organ	transcriptomes	contain	higher	numbers	of	expressed	cell	type-specific	markers	(Figure	1B).	157	

However,	as	these	genes	were	defined	based	on	adult	organ	data,	this	observation	may	indicate	that	158	

cell	sub-populations	that	are	specific	to	embryonic	organs	are	under-represented	in	this	marker	set,	159	

rather	than	reflecting	the	true	cellular	diversity	at	different	developmental	stages.	160	

	161	

We	note	 that,	 in	some	cases,	 the	cell	 type-specific	markers	predicted	by	single-cell	 transcriptomics	162	

studies	have	seemingly	unexpected	expression	patterns	 in	our	whole-organ	RNA-seq	collection.	For	163	

example,	the	expression	of	Parvalbumin	(Pvalb),	which	was	proposed	as	a	marker	for	collecting	duct	164	

epithelial	cells	in	the	kidney	(Tabula	Muris	Consortium	2018),	is	highest	in	the	adult	and	aged	brain,	165	

for	both	mouse	and	rat	(Figure	1B).	Likewise,	cellular	retinoic	acid	binding	protein	1	(Crabp1),	which	166	

was	predominantly	detected		in	spermatogonia	in	a	single-cell	transcriptomics	study	of	mouse	testes	167	

(Green	et	al.	2018),	is	preferentially	expressed	in	mid-stage	embryonic	kidney	in	our	samples	(Figure	168	

1B).	These	apparent	discrepancies	likely	reflect	the	pleiotropic	nature	of	genes,	as	well	as	the	presence	169	

of	similar	cell	types	across	organs	with	distinct	physiological	functions	(Arendt	et	al.	2016).	170	

	171	

Finally,	the	genes	proposed	as	markers	for	major	cell	types	generally	behave	similarly	in	mouse	and	172	

rat,	although	some	species-specific	patterns	can	be	observed,	in	particular	for	immune	cell	markers	173	

(Figure	1B).	 Likewise,	 for	 those	genes	 that	had	orthologues	 in	 the	chicken,	expression	patterns	are	174	
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generally	similar	among	species,	with	higher	between-species	divergence	for	immunity-related	genes	175	

(Supplementary	 Figure	 1).	 This	 observation	 confirms	 that	 the	 organs	 and	 developmental	 stages	176	

selected	for	our	integrative	transcriptomics	study	are	comparable	across	species.		177	

	178	

Overall,	 these	 results	 indicate	 that	 our	 whole-organ	 transcriptomics	 collection	 provides	 a	 good	179	

overview	of	 the	 cell	 composition	 changes	 that	occur	during	development,	 and	enables	meaningful	180	

comparisons	across	species.	181	

Variations	in	transcriptome	complexity	among	organs	and	developmental	stages	182	

We	next	sought	to	assess	transcriptome	complexity	in	different	organs	across	developmental	stages,	183	

for	 both	 protein-coding	 genes	 and	 lncRNAs.	 To	 predict	 lncRNAs,	 we	 used	 the	 RNA-seq	 data	 to	184	

reconstruct	gene	models	with	StringTie	(Pertea	et	al.	2015),	building	on	existing	genomic	annotations	185	

(Cunningham	et	al.	2019).	We	verified	the	protein-coding	potential	of	newly	annotated	transcripts,	186	

based	on	the	codon	substitution	frequency	score	(Lin	et	al.	2007,	2011)	and	on	sequence	similarity	187	

with	known	proteins,	and	we	applied	a	stringent	series	of	filters	to	reduce	contaminations	from	un-188	

annotated	 protein-coding	 UTRs	 and	 other	 artefacts	 (Methods).	 We	 thus	 obtain	 a	 total	 of	 18,858	189	

candidate	 lncRNAs	 in	 the	mouse,	20,159	 in	 the	rat	and	5,496	 in	 the	chicken,	 including	both	newly-190	

annotated	and	previously	known	lncRNAs	transcribed	in	our	samples	(Supplementary	Dataset	1).	We	191	

note	 that	 many	 of	 these	 candidate	 lncRNAs	 are	 expressed	 at	 very	 low	 levels.	 When	 imposing	 a	192	

minimum	normalized	expression	level	(transcript	per	million,	or	TPM)	at	least	equal	to	1,	in	at	least	193	

one	sample,	the	numbers	of	candidate	lncRNAs	falls	to	12,199,	15,319	and	2,892	in	the	mouse,	rat	and	194	

chicken,	respectively	(Supplementary	Datasets	2-3,	Supplementary	Table	4).		195	

	196	

The	differences	in	lncRNA	content	among	species	may	reflect	discrepancies	in	RNA-seq	read	coverage	197	

and	sample	distribution,	as	well	as	genome	sequence	and	annotation	quality.	To	correct	for	the	effect	198	

of	RNA-seq	read	coverage,	we	down-sampled	the	RNA-seq	data	to	obtain	the	same	number	of	uniquely	199	

mapped	reads	for	each	organ/developmental	stage	combination	within	each	species	(Methods).	After	200	

.CC-BY-NC-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 April 12, 2019. ; https://doi.org/10.1101/607200doi: bioRxiv preprint 

https://doi.org/10.1101/607200
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 9	

this	equalizing	procedure,	the	number	of	detectable	protein-coding	genes	(supported	by	at	least	10	201	

uniquely	mapped	reads)	still	shows	broad	variations	among	organs	and	developmental	stages,	with	202	

the	highest	numbers	of	genes	detected	in	the	testes,	for	all	time	points	(Figure	1C).	Large	numbers	of	203	

protein-coding	 genes	 (between	 12,800	 and	 16,700)	 are	 detected	 in	 all	 samples.	 In	 contrast,	 for	204	

lncRNAs,	the	pattern	is	much	more	striking:	the	young	and	aged	adult	testes	express	between	11,000	205	

and	12,000	lncRNAs,	in	both	mouse	and	rat,	while	in	somatic	organs	and	earlier	developmental	stages	206	

we	can	detect	only	between	1,800	and	4,800	lncRNAs	(Figure	1D).	This	observation	is	in	agreement	207	

with	previous	findings	indicating	that	the	particular	chromatin	environment	of	the	adult	testes,	and	in	208	

particular	 of	 spermatogenesis-specific	 cell	 types,	 is	 extraordinarily	 permissive	 to	 transcription	209	

(Soumillon	et	al.	2013).	Interestingly,	the	numbers	of	protein-coding	genes	detectable	in	each	organ	210	

also	varies	among	developmental	 stages.	 In	young	and	aged	adult	 individuals,	 the	brain	 shows	 the	211	

second-highest	number	of	expressed	protein-coding	genes,	after	the	testes,	as	previously	observed	212	

(Soumillon	et	al.	2013;	Ramsköld	et	al.	2009).	However,	in	embryonic	and	newborn	samples,	the	kidney	213	

expresses	higher	numbers	of	protein-coding	genes	than	the	brain	(Figure	1C).		214	

Developmental	expression	patterns	are	well	conserved	among	species	for	protein-coding	genes	215	

Broad	 patterns	 of	 transcriptome	 evolution	 are	 already	 visible	 in	 our	 analyses	 of	 cell	 type	 specific	216	

markers	 and	 of	 transcriptome	 complexity:	 individual	 gene	 expression	 profiles	 and	 numbers	 of	217	

expressed	genes	 are	 generally	 similar	between	mouse	and	 rat,	while	more	divergence	 is	 observed	218	

between	the	two	rodent	species	and	the	chicken	(Figure	1B-D,	Supplementary	Figure	1).		To	further	219	

explore	 the	 evolution	 of	 developmental	 gene	 expression	 patterns,	 we	 performed	 a	 principal	220	

component	 analysis	 (PCA)	 on	 normalized,	 log-transformed	 TPM	 values	 for	 10,363	 protein-coding	221	

genes	 shared	 among	 the	 three	 species	 (Methods,	 Figure	 2A).	 This	 analysis	 revealed	 that	 the	main	222	

source	 of	 gene	 expression	 variability	 among	 species,	 organs	 and	 developmental	 stages	 is	 the	223	

distinction	between	adult	and	aged	testes	and	the	other	samples,	which	are	separated	on	the	first	PCA	224	

axis	(Figure	2A).	 In	contrast,	embryonic	and	newborn	testes	are	grouped	with	kidney	samples	from	225	

similar	developmental	stages,	in	agreement	with	the	common	developmental	origin	of	the	kidney	and	226	
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the	gonads	 (McMahon	2016).	The	 first	axis	of	 the	PCA,	which	explains	67%	of	 the	 total	expression	227	

variance,	 also	 correlates	 with	 the	 developmental	 stage:	 samples	 derived	 from	 adult	 and	 aged	228	

individuals	have	higher	coordinates	on	this	axis	than	embryonic	and	newborn	samples,	for	mouse	and	229	

rat	(Figure	2A).	The	second	PCA	axis	(10%	explained	variability)	mainly	reflects	the	difference	between	230	

brain	and	the	other	organs	(Figure	2A).	While	mouse	and	rat	samples	are	generally	undistinguishable,	231	

the	PCA	confirms	that	there	 is	considerably	higher	expression	divergence	between	chicken	and	the	232	

two	 rodent	 species	 (Figure	 2A).	 However,	 differences	 among	 major	 organs	 are	 stronger	 than	233	

differences	 among	 species,	 even	 at	 these	 broad	 evolutionary	 distances:	 brain	 samples	 all	 cluster	234	

together,	irrespective	of	the	species	of	origin,	and	are	clearly	separated	from	kidney	and	liver	samples	235	

on	the	second	PCA	axis	(Figure	2A).	Interestingly,	within	the	brain	cluster,	embryonic	chicken	samples	236	

tend	to	be	closer	to	adult	and	aged	rodent	brains	than	to	embryonic	or	neonate	samples	(Figure	2A).				237	

	238	

These	broad	patterns	of	gene	expression	variations	among	species,	organs	and	developmental	stages	239	

are	 confirmed	 by	 a	 hierarchical	 clustering	 analysis	 based	 on	 Spearman’s	 correlation	 coefficients	240	

between	pairs	of	samples	(Figure	2B).	The	strongest	clustering	is	observed	for	adult	and	aged	testes	241	

samples,	followed	by	a	robust	grouping	of	brain	samples,	irrespective	of	the	species	(Figure	2B).		242	

	243	

For	the	mouse	and	rat,	we	could	delve	deeper	into	the	evolutionary	conservation	of	gene	expression	244	

patterns,	by	asking	whether	variations	among	developmental	stages	are	shared	between	species.	We	245	

used	models	from	the	DESeq2	(Love	et	al.	2014)	package	to	detect	differential	gene	expression	among	246	

developmental	 stages,	 independently	 for	 each	 species	 and	 organ	 (Supplementary	 Dataset	 4,	247	

Methods).	 As	 expected	 given	 the	wide	 range	of	 developmental	 stages	 that	we	 sampled,	 the	 great	248	

majority	of	protein-coding	genes	are	significantly	differentially	expressed	(FDR<0.01)	among	stages,	in	249	

each	 organ	 (Supplementary	 Dataset	 4).	 We	 selected	 orthologous	 protein-coding	 genes	 that	 are	250	

differentially	expressed	(DE)	in	both	species,	and	used	the	K-means	clustering	algorithm	to	discover	251	

broad	patterns	of	variations	among	species	and	stages	(Methods).	In	general,	differentially	expressed	252	
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genes	show	parallel	patterns	of	variation	among	developmental	stages	in	mouse	and	rat,	for	somatic	253	

organs	 (Figure	 2C,	 Supplementary	 Figure	 2).	 Genes	 with	 shared	 patterns	 of	 variation	 among	254	

developmental	 stages	 are	enriched	 in	organ-specific	 functional	 categories,	 such	as	nervous	 system	255	

development	and	axon	guidance	for	the	first	cluster	of	genes	presented	in	Figure	2C,	which	have	high	256	

expression	levels	in	the	embryonic	and	newborn	samples	(Supplementary	Dataset	4).	While	temporal	257	

expression	variations	are	generally	conserved	between	species	for	brain,	kidney	and	liver,	almost	25%	258	

of	differentially	expressed	genes	show	different	trends	for	mouse	and	rat	in	the	testes	(Supplementary	259	

Figure	2).	These	sets	of	genes	do	not	show	any	strong	functional	enrichment	(Supplementary	Dataset	260	

4).	 	This	pattern	confirms	previous	reports	indicating	that	gene	expression	evolution	is	faster	in	the	261	

adult	testes	(Brawand	et	al.	2011),	and	extends	them	by	showing	that	patterns	of	variations	among	262	

developmental	stages	are	often	species-specific	in	the	testes.		263	

Spatial	and	temporal	expression	pattern	differences	between	protein-coding	genes	and	lncRNAs		264	

We	 next	 compared	 spatial	 and	 temporal	 expression	 patterns	 between	 protein-coding	 genes	 and	265	

lncRNAs.	 In	 agreement	 with	 previous	 findings	 -----,	 we	 show	 that	 lncRNAs	 are	 overwhelmingly	266	

preferentially	 expressed	 in	 the	 testes	 (Figure	 3A).	 Indeed,	more	 than	 68%	 of	 lncRNAs	 reach	 their	267	

maximum	expression	level	in	this	organ,	compared	to	only	approximately	32%	of	protein-coding	genes,	268	

for	 both	 mouse	 and	 rat	 (Figure	 3A).	 	 Interestingly,	 more	 than	 80%	 of	 lncRNAs	 are	 preferentially	269	

expressed	in	young	and	aged	adult	samples,	compared	to	only	62%	of	protein-coding	genes	(Figure	270	

3B).		271	

	272	

As	 noted	 previously,	 between	 59	 and	 82%	 of	 protein-coding	 genes	 are	 significantly	 differentially	273	

expressed	(DE)	among	developmental	stages,	at	a	false	discovery	rate	(FDR)	below	1%,	in	each	organ	274	

and	species	(Figure	3C,	Supplementary	Dataset	4).	The	proportions	of	DE	lncRNAs	are	much	lower	in	275	

somatic	organs,	between	18	and	40%,	but	are	similar	in	the	testes,	around	75%	(Figure	3C).	However,	276	

we	suspected	that	this	could	be	due	to	the	low	expression	levels	of	this	class	of	genes,	as	total	read	277	

counts	 are	 known	 to	 affect	 the	 sensitivity	 of	 DE	 analyses	 (Anders	 and	 Huber	 2010).	 Indeed,	 as	278	
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previously	observed,	lncRNAs	are	expressed	at	much	lower	levels	and	in	fewer	organ/developmental	279	

stage	combinations	than	protein-coding	genes	(Supplementary	Figure	3A-C).	To	control	for	this	effect,	280	

we	down-sampled	 the	 read	 counts	 observed	 for	 protein-coding	 genes,	 bringing	 them	 to	 the	 same	281	

average	 counts	 as	 lncRNAs	 but	 preserving	 relative	 gene	 abundance	 (Methods).	 Strikingly,	 when	282	

performing	 the	DE	 analysis	 on	 this	 dataset,	we	 observe	 higher	 proportions	 of	 DE	 loci	 for	 lncRNAs	283	

compared	 to	 protein-coding	 genes	 (Figure	 3C).	 Moreover,	 the	 amplitude	 of	 expression	 variation	284	

among	 developmental	 stages	 are	 more	 important	 for	 lncRNAs	 than	 for	 protein-coding	 genes	285	

(Supplementary	Figure	3D).	This	is	expected	given	the	lower	lncRNA	expression	levels,	which	preclude	286	

detecting	 subtle	expression	 shifts	 among	 time	points.	 	 Finally,	we	observe	 that	 the	developmental	287	

stage	with	maximum	expression	 is	 generally	 different	between	protein-coding	 genes	 and	 lncRNAs,	288	

even	when	considering	genes	that	are	significantly	DE	among	stages.	For	all	organs,	DE	lncRNAs	tend	289	

to	show	highest	expression	 levels	 in	the	young	and	aged	adults,	while	DE	protein-coding	genes	are	290	

more	homogeneously	distributed	among	developmental	stages	(Figure	3D,	Supplementary	Figure	3E).			291	

	292	

Similar	 conclusions	 are	 reached	 when	 performing	 DE	 analyses	 between	 consecutive	 time	 points	293	

(Supplementary	 Dataset	 4).	 For	 both	 protein-coding	 genes	 and	 lncRNAs,	 the	 strongest	 expression	294	

changes	 are	 observed	 between	 newborn	 and	 young	 adult	 individuals.	 Almost	 10,000	 lncRNAs	 are	295	

significantly	up-regulated	between	newborn	and	young	adult	testes,	confirming	the	strong	enrichment	296	

for	lncRNAs	during	spermatogenesis	(Supplementary	Dataset	4).	We	note	that,	as	expected,	the	lowest	297	

numbers	of	DE	genes	are	observed	at	the	transition	between	young	and	aged	adult	organs.	At	this	298	

time-point,	we	 observe	more	 changes	 for	 the	 rat	 than	 for	 the	mouse,	 potentially	 due	 to	 a	 higher	299	

proportion	of	immune	cell	infiltrates	in	rat	aged	organs.	Genes	associated	with	antigen	processing	and	300	

presentation	 tend	 to	be	expressed	at	higher	 levels	 in	 aged	adults	 than	 in	 young	adults,	 for	mouse	301	

kidney,	rat	brain	and	liver	(Supplementary	Dataset	4).		302	
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Stronger	selective	constraint	on	lncRNAs	expressed	earlier	in	development		303	

We	 next	 analyzed	 the	 patterns	 of	 long-term	 evolutionary	 sequence	 conservation	 for	 lncRNAs,	 in	304	

conjunction	 with	 their	 spatio-temporal	 expression	 pattern	 (Supplementary	 Table	 5).	We	 used	 the	305	

PhastCons	score	(Siepel	et	al.	2005)	across	placental	mammals	(Casper	et	al.	2018),	to	assess	the	level	306	

of	sequence	conservation	for	various	aspects	of	mouse	lncRNAs:	exonic	sequences,	promoter	regions	307	

(defined	as	1	kb	regions	upstream	of	the	transcription	start	site,	masking	any	exonic	sequence	within	308	

this	region),	splice	sites	(first	and	last	two	bases	of	the	introns,	for	multi-exonic	loci).	As	approximately	309	

20%	of	lncRNAs	overlap	with	exonic	regions	from	other	genes	on	the	opposite	strand	(Supplementary	310	

Dataset	1),	we	masked	exonic	sequences	from	other	genes	before	computing	sequence	conservation	311	

scores.	We	analyzed	sets	of	protein-coding	genes	and	lncRNAs	that	are	expressed	above	noise	levels	312	

(TPM>=1,	averaged	across	all	replicates)	in	each	organ	/	developmental	stage	combination.		313	

	314	

For	exonic	sequences	and	splice	site	regions,	the	extent	of	sequence	conservation	is	much	lower	for	315	

lncRNAs	than	for	protein-coding	genes,	 irrespective	of	the	organ	and	developmental	stage	in	which	316	

they	 are	 expressed	 (Figure	 4A,	 C).	 In	 contrast,	 promoter	 sequence	 conservation	 levels	 are	 more	317	

comparable	between	protein-coding	genes	and	lncRNAs	(Figure	4B).	For	all	examined	regions	and	for	318	

both	categories	of	genes,	the	spatio-temporal	expression	pattern	is	well	correlated	with	the	level	of	319	

sequence	conservation.	Globally,	sequence	conservation	is	higher	for	genes	that	are	expressed	earlier	320	

in	development	than	for	genes	expressed	later	in	development,	and	is	significantly	higher	for	somatic	321	

organs	than	for	adult	and	aged	testes	(Figure	4).	Interestingly,	for	genes	that	are	highly	expressed	in	322	

mid-stage	embryonic	brain	 and	kidney	 samples,	 the	 levels	of	promoter	 sequence	 conservation	are	323	

higher	for	lncRNAs	than	for	protein-coding	genes	(Figure	4B).	We	also	observed	that	lncRNAs	that	are	324	

transcribed	from	bidirectional	promoters	tend	to	have	higher	sequence	conservation	levels	than	other	325	

lncRNAs	(Supplementary	Figure	4).		326	

	327	
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Finally,	we	asked	whether	the	highest	level	of	evolutionary	sequence	conservation	is	seen	at	exons,	328	

promoter	or	splice	site	regions,	for	each	lncRNA	locus	taken	individually.	We	show	that	this	pattern	329	

also	depends	on	the	organs	and	the	developmental	stages	where	the	lncRNAs	are	expressed:	for	loci	330	

detected	in	somatic	organs	and	in	the	developing	testes,	there	is	significantly	higher	conservation	for	331	

the	 promoter	 and	 the	 splice	 sites	 than	 for	 exonic	 regions	 (Supplementary	 Figure	 4).	 However,	 for	332	

lncRNAs	that	are	highly	transcribed	in	the	adult	and	aged	testes	(which	constitutes	the	great	majority	333	

of	genes),	this	pattern	is	absent	(Supplementary	Figure	4).		334	

Detection	of	homologous	lncRNAs	across	species		335	

Having	 investigated	 the	 patterns	 of	 long-term	 sequence	 conservation	 of	mouse	 lncRNAs,	 we	 next	336	

sought	 to	 assess	 the	 conservation	 of	 lncRNA	 repertoires	 in	mouse,	 rat	 and	 chicken.	We	 detected	337	

lncRNA	 separately	 in	 each	 species,	 using	 only	 RNA-seq	 data	 and	 existing	 genome	 annotations,	 as	338	

previously	suggested	(Hezroni	et	al.	2015).	We	then	searched	for	putative	1-to-1	orthologous	lncRNAs	339	

between	species	using	pre-computed	whole-genome	alignments	as	a	guide	(Methods),	to	increase	the	340	

sensitivity	of	orthologous	gene	detection	in	the	presence	of	rapid	sequence	evolution	(Washietl	et	al.	341	

2014).	The	orthologous	lncRNA	detection	procedure	involves	several	steps,	including	the	identification	342	

of	 putative	 homologous	 (projected)	 loci	 across	 species,	 filtering	 to	 remove	 large-scale	 structural	343	

changes	in	the	loci	and	intersection	with	predicted	loci	in	the	target	species	(Methods).	As	illustrated	344	

in	Figure	5,	for	comparisons	between	rodents	the	extent	of	sequence	divergence	is	low	enough	that	345	

more	than	90%	of	12,199	high-confidence	lncRNA	loci	(expressed	at	TPM>=1	in	at	least	one	sample)	346	

are	successfully	projected	from	mouse	to	rat	(Figure	5A,	Supplementary	Dataset	5).	However,	only	53%	347	

of	projected	loci	have	even	weak	levels	of	detectable	transcription	in	the	target	species	(at	least	10	348	

uniquely	mapped	reads).	Only	27%	of	mouse	lncRNA	loci	have	predicted	1-to-1	orthologues	in	the	rat,	349	

and	only	18%	are	orthologous	to	confirmed	lncRNA	loci	in	the	rat	(Figure	5A,	Supplementary	Dataset	350	

5).	The	1,081	mouse	lncRNAs	that	have	non-lncRNAs	orthologues	in	the	rat	are	generally	matched	with	351	

loci	discarded	because	of	 low	read	coverage,	minimum	exonic	 length	or	distance	to	protein-coding	352	
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genes	 (Supplementary	 Dataset	 5).	 Cases	 of	 lncRNA-protein-coding	 orthologues	 are	 rare	 at	 this	353	

evolutionary	distance	(Supplementary	Dataset	5),	and	they	may	stem	from	gene	classification	errors.		354	

	355	

At	larger	evolutionary	distances,	the	rate	of	sequence	evolution	is	the	main	factor	hampering	detection	356	

of	 orthologous	 lncRNAs.	 Only	 1,940	 (16%)	 of	 mouse	 high-confidence	 lncRNAs	 (TPM>=1)	 could	 be	357	

projected	onto	the	chicken	genome,	and	after	subsequent	filters	we	detect	only	56	mouse	–	chicken	358	

lncRNA	orthologues	(Figure	5A,	Supplementary	Dataset	5).	We	note	that	our	lncRNA	detection	power	359	

is	 likely	 weaker	 for	 the	 chicken	 than	 for	 the	 rodents	 because	 of	 organ	 and	 developmental	 stage	360	

sampling,	although	we	did	strive	to	include	RNA-seq	data	from	adult	organs	in	the	lncRNA	detection	361	

process	(Methods,	Supplementary	Table	2).	362	

	363	

Conserved	 lncRNAs	differ	 from	non-conserved	 lncRNAs	 in	 terms	of	expression	patterns.	While	only	364	

subtle	differences	can	be	observed	when	comparing	mouse-rat	orthologous	lncRNAs	to	the	mouse-365	

specific	 lncRNA	 set,	 lncRNAs	 that	 are	 conserved	 across	 mouse,	 rat	 and	 chicken	 are	 dramatically	366	

enriched	 in	 somatic	 organs	 and	 early	 developmental	 stages	 (Figure	 5B,C,	 Supplementary	 Table	 6).	367	

Although	their	expression	patterns	have	a	strong	species-specific	component,	shared	patterns	of	organ	368	

specificity	can	be	detected	(Supplementary	Figure	5).	369	

Global	patterns	of	lncRNA	expression	across	species,	organs	and	developmental	stages	370	

We	next	assessed	the	global	patterns	of	expression	variation	across	species,	organs	and	developmental	371	

stages,	for	predicted	mouse	–	rat	lncRNA	orthologues	(Supplementary	Dataset	6).	As	for	protein-coding	372	

genes,	the	main	source	of	variability	in	a	PCA	performed	on	lncRNA	expression	levels	is	the	difference	373	

between	adult	and	aged	testes	and	the	other	samples	(Figure	6A,	Supplementary	Figure	6).	However,	374	

for	lncRNAs	samples	cluster	according	to	the	species	of	origin	already	on	the	second	factorial	axis	(10%	375	

explained	 variance),	 thus	 confirming	 that	 lncRNA	 expression	 patterns	 evolve	 rapidly.	 Overall,	376	

differences	between	organs	and	developmental	stages	are	less	striking	for	lncRNAs,	compared	to	the	377	

variation	stemming	from	the	species	factor	(Figure	6A,	Supplementary	Figure	6).	This	pattern	is	also	378	
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visible	 on	 a	 hierarchical	 clustering	 analysis	 (performed	 on	 distances	 derived	 from	 Spearman’s	379	

correlation	 coefficient):	 in	 contrast	 with	 what	 is	 observed	 for	 protein-coding	 genes,	 for	 lncRNAs	380	

samples	generally	cluster	by	species,	with	the	exception	of	adult	and	aged	testes	which	are	robustly	381	

grouped.		382	

	383	

The	 higher	 rates	 of	 lncRNA	 expression	 evolution	 are	 also	 visible	 when	 analyzing	 within-species	384	

variations,	through	comparisons	across	biological	replicates	(Figure	7A).	We	sought	to	measure	the	385	

global	 extent	 of	 gene	 expression	 conservation,	 by	 contrasting	 between-species	 and	within-species	386	

variations.	Briefly,	we	constructed	an	expression	conservation	index	by	dividing	the	between-species	387	

and	the	within-species	Spearman’s	correlation	coefficient,	computed	on	all	genes	from	a	category,	for	388	

a	given	organ	/	developmental	stage	combination	(Methods).	The	resulting	expression	conservation	389	

values	are	very	high	for	protein-coding	genes,	in	particular	for	the	brain	and	the	mid-stage	embryonic	390	

kidney.	However,	there	is	significant	less	conservation	between	species	for	the	adult	and	aged	testes	391	

(Figure	 7B).	 For	 lncRNAs,	 expression	 conservation	 values	 are	much	 lower	 than	 those	 observed	 for	392	

protein-coding	genes,	with	strikingly	low	values	for	adult	and	aged	testes	(Figure	7C).		393	

Evolutionary	divergence	of	individual	lncRNA	expression	profiles	394	

Having	established	that,	globally,	lncRNA	expression	patterns	evolve	very	rapidly,	we	next	sought	to	395	

assess	expression	divergence	at	the	individual	gene	level.	We	first	asked	whether	temporal	patterns	396	

of	 expression	 variations	 are	 conserved	 across	 rodent	 species.	 We	 selected	 lncRNAs	 that	 are	397	

significantly	differentially	expressed	(FDR<0.01)	across	developmental	stages,	in	both	mouse	and	rat	398	

(Supplementary	Dataset	4),	and	grouped	them	into	clusters	(Methods).	We	observed	that	in	general,	399	

lncRNAs	show	consistent	patterns	of	variation	among	developmental	stage	in	mouse	and	rat,	with	a	400	

few	exceptions	in	the	kidney	and	liver	(Supplementary	Figure	7).	Interestingly,	lncRNAs	that	are	DE	in	401	

the	testes	only	rarely	show	divergent	profiles	between	species,	in	contrast	with	what	is	observed	for	402	

protein-coding	 genes,	 where	 25%	 of	 genes	 have	 different	 temporal	 patterns	 for	 mouse	 and	 rat	403	
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(Supplementary	Figures	2,7).	Overwhelmingly,	lncRNAs	are	more	highly	expressed	in	adult	and	aged	404	

testes	than	in	developing	testes,	in	both	mouse	and	rat.		405	

	406	

To	further	quantify	lncRNA	expression	profile	differences	among	species,	we	measured	the	amount	of	407	

expression	divergence	as	the	Euclidean	distance	between	relative	expression	profiles	(average	TPM	408	

values	across	biological	replicates,	normalized	by	dividing	by	the	sum	of	all	values	for	a	gene,	for	each	409	

species),	for	mouse	and	rat	orthologues	(Methods,	Supplementary	Dataset	7,	Supplementary	Table	7).	410	

The	 resulting	 expression	 divergence	 values	 correlate	 negatively	 with	 the	 average	 expression	 level	411	

(Figure	 8A),	 as	 expected.	 While	 the	 raw	 expression	 divergence	 values	 are	 significantly	 higher	 for	412	

lncRNAs	than	for	protein-coding	genes	(Figure	8B),	this	 is	 largely	due	to	the	 low	lncRNA	expression	413	

levels.	 Indeed,	 the	 effect	 disappears	 when	 analyzing	 the	 residual	 expression	 divergence	 after	414	

regressing	 the	 mean	 expression	 level	 (Figure	 8C).	 For	 lncRNAs,	 we	 also	 observe	 a	 weak	 negative	415	

correlation	between	expression	divergence	and	the	extent	of	exonic	sequence	conservation	(Figure	416	

8D).	We	measured	 the	 relative	 contribution	 of	 each	 organ/developmental	 stage	 to	 the	 expression	417	

divergence	 estimate	 (Figure	 8E).	 For	 both	 protein-coding	 genes	 and	 lncRNAs,	 by	 far	 the	 highest	418	

contributors	are	the	young	adult	and	aged	testes	samples,	which	are	responsible	for	almost	30%	of	the	419	

lncRNA	expression	divergence	(Figure	8E).	This	is	visible	in	the	expression	patterns	of	the	2	protein-420	

coding	 and	 lncRNA	 genes	with	 the	 highest	 residual	 expression	 divergence:	 the	 lncRNA	 expression	421	

divergence	is	mostly	due	to	changes	in	adult	testes,	while	more	complex	expression	pattern	changes	422	

seem	to	have	occurred	for	 the	protein-coding	genes	 (Supplementary	Figure	8).	The	most	divergent	423	

protein-coding	genes	are	enriched	in	functions	related	to	immunity	(Supplementary	Dataset	7).	424	

Candidate	species-specific	lncRNAs	425	

We	next	 sought	 to	 investigate	 the	most	 extreme	 cases	of	 expression	divergence:	 situations	where	426	

expression	can	be	robustly	detected	in	one	species,	but	not	in	the	other	one,	despite	the	presence	of	427	

perfect	sequence	alignment	(Methods).	We	selected	lncRNA	loci	that	were	supported	by	at	least	100	428	

uniquely	mapped	reads	in	one	species,	with	no	reads	detected	in	the	predicted	homologous	region	in	429	
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the	 other	 species.	 With	 this	 convention,	 we	 obtain	 1,041	 candidate	 mouse-specific	 and	 1,646	430	

candidate	rat-specific	loci	(Supplementary	Dataset	8).	These	lists	include	striking	examples,	such	as	the	431	

region	downstream	of	the	Fzd4	protein-coding	gene,	which	contains	a	mouse-specific	and	a	rat-specific	432	

lncRNA	candidate,	each	perfectly	aligned	in	the	other	species	(Supplementary	Figure	9A).	We	could	433	

not	 identify	any	differential	 transcription	factor	binding	or	transposable	element	enrichment	 in	the	434	

promoters	 of	 these	 species-specific	 lncRNAs	 (data	 not	 shown).	 Interestingly	 however,	 they	 are	435	

increasingly	 associated	with	 predicted	 expression	 enhancers	 (Supplementary	 Figure	 10).	While	 the	436	

evolutionary	and	mechanistic	origin	of	these	lncRNAs	is	still	mysterious,	we	could	confirm	that	their	437	

presence	is	associated	with	increased	expression	divergence	in	the	neighboring	genes.	To	test	this,	we	438	

selected	species-specific	and	orthologous	lncRNAs	that	are	transcribed	from	bidirectional	promoters	439	

shared	with	protein-coding	genes,	and	evaluated	the	expression	divergence	of	 their	protein-coding	440	

neighbors	 (Supplementary	 Figure	 9B,C).	 Though	 the	 difference	 is	 subtle,	 genes	 that	 are	 close	 to	441	

species-specific	 lncRNAs	 have	 significantly	 higher	 expression	 divergence	 than	 the	 ones	 that	 have	442	

conserved	lncRNA	neighbors,	even	after	correcting	for	expression	levels	(Wilcoxon	test,	p-value	<	10-443	

3).	It	thus	seems	that	expression	changes	that	led	to	the	species-specific	lncRNA	transcription	extend	444	

beyond	the	lncRNA	locus	and	affect	the	neighboring	genes,	as	previously	proposed	(Kutter	et	al.	2012).	445	

Discussion	446	

Assessing	lncRNA	functionality:	current	challenges	and	insights	from	evolutionary	approaches	447	

More	than	a	decade	after	the	publication	of	the	first	genome-wide	lncRNA	datasets	(Guttman	et	al.	448	

2009;	Khalil	et	al.	2009),	the	debate	regarding	their	functionality	is	still	not	settled.	While	experimental	449	

assessments	of	 lncRNA	functions	are	rapidly	accumulating,	they	are	 lagging	behind	the	exponential	450	

increase	 of	 RNA	 sequencing	 datasets,	 each	 one	 revealing	 thousands	 of	 previously	 unreported	451	

noncoding	transcripts	(Pertea	et	al.	2018).	There	is	thus	a	need	to	define	biologically	relevant	criteria	452	

to	prioritize	 lncRNAs	 for	experimental	 investigation.	Furthermore,	 in	vivo	 tests	of	 lncRNA	 functions	453	

need	to	be	carefully	designed	to	account	for	ubiquitous	confounding	factors,	such	as	the	presence	of	454	
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overlapping	regulatory	elements	at	lncRNA	loci	(Bassett	et	al.	2014).		Another	challenge	is	the	fact	that	455	

some	lncRNA	loci	undoubtedly	have	“unconventional”	biological	functions,	that	require	for	example	456	

the	presence	of	a	transcription	and	splicing	at	a	given	genomic	location,	independently	of	the	lncRNA	457	

molecule	that	is	produced	(Latos	et	al.	2012;	Engreitz	et	al.	2016).		458	

	459	

Evolutionary	approaches	 can	provide	 important	 tools	 to	 assess	biological	 functionality	 (Haerty	 and	460	

Ponting	2014),	and	they	have	been	already	successfully	applied	to	lncRNAs.	Although	only	a	few	large-461	

scale	 comparative	 transcriptomics	 studies	 are	available	 so	 far	 for	 vertebrate	 lncRNAs	 (Kutter	et	 al.	462	

2012;	Washietl	et	al.	2014;	Hezroni	et	al.	2015;	Necsulea	et	al.	2014),	they	all	agree	that	lncRNAs	evolve	463	

rapidly	in	terms	of	primary	sequence,	exon-intron	structure	and	expression	patterns,	indicating	that	464	

there	 is	 little	selective	constraint	and	thus	 little	 functionality	 for	 these	 loci.	However,	 these	studies	465	

have	all	focused	on	lncRNAs	detected	in	adult	organs.	We	hypothesized	that	lncRNAs	expressed	during	466	

embryogenesis	are	enriched	in	functional	loci,	as	suggested	by	the	increasing	number	of	lncRNAs	with	467	

proposed	roles	in	development	(Rinn	et	al.	2007;	Sauvageau	et	al.	2013;	Grote	et	al.	2013;	Grote	and	468	

Herrmann	 2015).	 To	 test	 this	 hypothesis,	 we	 performed	 a	 multi-dimensional	 comparative	469	

transcriptomics	 analysis,	 following	 lncRNA	 and	 protein-coding	 gene	 expression	 patterns	 across	470	

species,	organs	and	developmental	stages.			471	

Spatio-temporal	lncRNA	expression	patterns	472	

Our	first	major	observation	is	that	lncRNAs	are	overwhelmingly	detected	in	the	adult	and	aged	testes,	473	

in	agreement	with	previous	data	 (Soumillon	et	al.	2013).	Their	 relative	depletion	 in	embryonic	and	474	

newborn	testes	reinforces	the	association	between	lncRNA	production	and	spermatogenesis,	in	accord	475	

with	the	hypothesis	that	the	particular	chromatin	environment	during	spermatogenesis	is	a	driver	for	476	

promiscuous,	non-functional	transcription	(Kaessmann	2010;	Soumillon	et	al.	2013).	Interestingly,	we	477	

show	that	lncRNAs	are	significantly	differentially	expressed	among	developmental	stages,	at	least	as	478	

frequently	 as	 protein-coding	 genes,	 after	 correcting	 for	 their	 lower	 expression	 levels.	 However,	 in	479	

contrast	with	protein-coding	genes,	the	majority	of	lncRNAs	reach	their	highest	expression	levels	in	480	
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adult	 rather	 than	 in	 developing	 organs.	 As	 requirements	 for	 tight	 gene	 expression	 control	 are	481	

undoubtedly	 higher	 during	 embryonic	 development	 (Ben-Tabou	 de-Leon	 and	 Davidson	 2007),	 an	482	

explanation	 for	 the	 relative	 lncRNA	 depletion	 in	 embryonic	 and	 newborn	 transcriptomes	 is	 that	483	

transcriptional	noise	is	more	efficiently	blocked	during	the	early	stages	of	development.	Differences	in	484	

cellular	composition	heterogeneity	may	also	be	part	of	the	explanation.	Expression	analyses	of	cell-485	

type	specific	markers	suggest	that	adult	and	aged	organ	transcriptomes	may	be	a	mix	of	more	diverse	486	

cell	types,	notably	including	substantial	immune	cell	infiltrates.	A	higher	cell	type	diversity	may	explain	487	

the	 increased	 abundance	 of	 lncRNAs	 in	 adult	 and	 aged	 organs,	 especially	 given	 that	 lncRNAs	 are	488	

thought	to	be	cell-type	specific	(Liu	et	al.	2016).		489	

Functionally	constrained	lncRNAs	are	enriched	in	developmental	transcriptomes	490	

We	show	that,	for	those	lncRNAs	that	are	expressed	above	noise	levels	(TPM>=1)	in	somatic	organs	491	

and	in	the	earlier	developmental	stages,	there	is	a	higher	proportion	of	functionally	constrained	loci	492	

than	in	testes-expressed	lncRNAs.	Strikingly,	we	find	that	the	level	of	long-term	sequence	conservation	493	

for	lncRNA	promoter	regions	is	higher	than	the	one	observed	for	protein-coding	promoters,	when	we	494	

analyze	genes	 that	are	 robustly	expressed	 (TPM>=1)	 in	embryonic	brain	and	kidney.	Moreover,	 for	495	

lncRNAs	that	are	expressed	in	somatic	organs	and	in	the	developing	testes,	there	is	significantly	more	496	

evolutionary	constraint	on	promoter	and	splice	site	sequences	 than	on	exonic	 regions,	while	 these	497	

patterns	are	not	seen	for	the	bulk	of	lncRNAs,	expressed	in	adult	and	aged	testes.	Thus,	we	show	that	498	

lncRNAs	that	are	expressed	in	somatic	organs	and	in	the	developing	testes	differ	from	those	expressed	499	

in	the	adult	testes	not	only	in	terms	of	overall	levels	of	sequence	conservation,	but	also	with	respect	500	

to	the	regions	of	the	lncRNA	loci	that	are	under	selective	constraint.		We	validate	previous	reports	of	501	

increased	constraint	on	splicing	regulatory	regions	in	mammalian	lncRNAs	(Schüler	et	al.	2014;	Haerty	502	

and	Ponting	2015),	and	we	show	that	this	pattern	is	specifically	seen	in	lncRNAs	that	are	expressed	in	503	

somatic	organs	and	in	the	developing	testes.	These	results	are	also	in	agreement	with	a	series	of	recent	504	

findings,	 suggesting	 that	 at	 many	 lncRNA	 loci,	 biological	 function	 may	 reside	 in	 the	 presence	 of	505	

additional	non-coding	regulatory	elements	at	the	lncRNA	promoter	rather	than	in	the	production	of	a	506	
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specific	transcript	(Engreitz	et	al.	2016;	Groff	et	al.	2016).	Thus,	while	there	is	evidence	for	increased	507	

functionality	 for	 those	 lncRNA	 loci	 that	 are	 detected	 in	 developmental	 transcriptomes	 or	 in	 adult	508	

somatic	organs,	our	 sequence	conservation	analyses	 suggest	 that	 their	biological	 functions	may	be	509	

carried	 out	 in	 an	 RNA-independent	 manner,	 as	 exonic	 sequences	 are	 under	 less	 constraint	 than	510	

promoter	or	splice	site	regions.	511	

Evolutionary	divergence	of	spatio-temporal	expression	profiles	for	lncRNAs	512	

We	 previously	 established	 that	 lncRNA	 expression	 patterns	 evolve	 rapidly	 across	 species	 in	 adult	513	

organs.	Here,	we	show	that	this	rapid	evolution	of	 lncRNA	expression	 is	not	restricted	to	adult	and	514	

aged	 individuals,	 but	 is	 also	 true	 for	 embryonic	 and	 newborn	 developmental	 stages.	 Expression	515	

patterns	comparisons	across	species,	organs	and	developmental	stages	are	dominated	by	differences	516	

between	 species	 for	 lncRNAs,	 while	 similarities	 between	 organs	 and	 developmental	 stages	 are	517	

predominant	for	protein-coding	genes,	even	across	distantly	related	species.	We	assessed	the	extent	518	

of	 expression	 level	 conservation	 by	 contrasting	 between-species	 and	 within-species	 expression	519	

variations	and	we	showed	that	lncRNAs	have	significantly	lower	levels	of	conservation	than	protein-520	

coding	genes,	 for	all	organs	and	developmental	 stages.	However,	 lncRNA	expression	 is	 significantly	521	

more	conserved	in	somatic	organs	and	in	early	embryonic	stages	than	in	the	adult	testes.	Interestingly,	522	

when	we	evaluate	expression	divergence	individually	for	each	orthologous	gene	pair,	and	when	we	523	

correct	 for	 the	 lower	 lncRNA	expression	 levels,	we	 find	 that	 lncRNAs	are	comparable	with	protein-524	

coding	genes,	on	average.	Nevertheless,	lncRNAs	show	a	broader	distribution	of	expression	divergence	525	

levels	than	protein-coding	genes,	and	these	patterns	are	mainly	driven	by	species-specific	expression	526	

in	the	adult	testes.			527	

	528	

Finally,	 we	 analyzed	 extreme	 cases	 of	 expression	 divergence	 between	 species,	 namely	 situations	529	

where	transcription	can	be	robustly	detected	in	one	species	but	not	in	the	other,	despite	the	presence	530	

of	good	sequence	conservation.	We	identify	more	than	a	thousand	candidate	species-specific	lncRNAs,	531	

in	both	mouse	and	 rat.	 Interestingly,	we	observe	 that	 candidate	mouse-specific	 lncRNAs	are	more	532	
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frequently	 transcribed	 from	 enhancers	 than	 lncRNAs	 conserved	 between	 mouse	 and	 rat.	 This	533	

observation	 is	 consistent	 with	 previous	 reports	 that	 enhancers	 and	 enhancer-associated	 lncRNAs	534	

evolve	rapidly	(Villar	et	al.	2015;	Marques	et	al.	2013).	The	genetic	basis	of	these	extreme	transcription	535	

pattern	changes	is	still	not	elucidated,	and	deserves	further	detailed	investigations.	Nevertheless,	we	536	

show	that	these	lncRNA	expression	patterns	do	not	occur	in	an	isolated	manner.	When	such	species-537	

specific	transcription	was	detected	at	protein-coding	genes	bidirectional	promoters,	the	neighboring	538	

protein-coding	 genes	 also	 showed	 increased	 expression	 divergence,	 compared	 to	 genes	 that	 are	539	

transcribed	from	conserved	lncRNA	promoters.	This	observation	is	compatible	with	previous	reports	540	

that	lncRNA	turnover	is	associated	with	changes	in	neighboring	gene	expression	levels	(Kutter	et	al.	541	

2012).	While	 lncRNAs	 changes	may	 be	 directly	 affecting	 gene	 expression,	 it	 is	 also	 possible	 that	 a	542	

common	mechanism	affects	both	 lncRNAs	and	protein-coding	genes	 transcribed	 from	bidirectional	543	

promoters.		544	

Conclusions	545	

Our	comparative	transcriptomics	approach	confirms	the	established	finding	that	lncRNAs	repertoires,	546	

sequences	and	expression	patterns	evolve	rapidly	across	species,	and	shows	that	the	accelerated	rates	547	

of	lncRNA	evolution	are	also	seen	in	developmental	transcriptomes.	These	observations	are	consistent	548	

with	 the	 hypothesis	 that	 the	 majority	 of	 lncRNAs	 (or	 at	 least	 of	 those	 detected	 with	 sensitive	549	

transcriptome	 sequencing	 approaches,	 in	 particular	 in	 the	 adult	 testes)	 may	 be	 non-functional.	550	

However,	 we	 are	 able	 to	modulate	 this	 conclusion,	 by	 showing	 that	 there	 are	 increased	 levels	 of	551	

functional	 constraint	 on	 lncRNAs	 expressed	 during	 embryonic	 development,	 in	 particular	 in	 the	552	

developing	 brain	 and	 kidney.	 These	 increased	 levels	 of	 constraint	 apply	 to	 all	 analyzed	 aspects	 of	553	

lncRNAs,	 including	sequence	conservation	for	exons,	promoter	and	splice	sites,	but	also	expression	554	

pattern	 conservation.	 For	many	of	 these	 loci,	 biological	 function	may	be	RNA-independent,	 as	 the	555	

highest	levels	of	selective	constraint	are	observed	on	promoter	regions	and	on	splice	signals,	rather	556	

than	 on	 lncRNA	 exonic	 sequences.	 Our	 results	 are	 thus	 compatible	 with	 unconventional,	 RNA-557	

independent	functions	for	lncRNAs	expressed	during	embryonic	development.		558	
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	 	559	
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Methods	560	

Biological	sample	collection	561	

We	collected	samples	from	three	species	(mouse	C57BL/6J	strain,	rat	Wistar	strain	and	chicken	White	562	

Leghorn	strain),	four	organs	(brain,	kidney,	liver	and	testes)	and	five	developmental	stages	(including	563	

two	embryonic	stages,	newborn,	young	and	aged	adult	individuals).	We	sampled	the	following	stages	564	

in	the	mouse:	embryonic	day	post-conception	(dpc)	13.5	(E13.5	dpc,	hereafter	mid-stage	embryo);	E17	565	

to	E17.5	dpc	(late	embryo);	post-natal	day	1	to	2	(newborn);	young	adult	(8-10	weeks	old);	aged	adult	566	

(24	months	old).	For	the	rat,	we	sampled	the	following	stages:	E15	dpc	(mid-stage	embryo);	E18.5	to	567	

E19	dpc	(late	embryo);	post-natal	day	1	to	2	(newborn);	young	adult	(8-10	weeks	old);	aged	adult	(24	568	

months,	with	the	exception	of	kidney	samples	and	two	of	four	liver	samples,	derived	from	12	months	569	

old	 individuals).	 The	 embryonic	 and	 neonatal	 developmental	 stages	 were	 selected	 for	 maximum	570	

comparability	based	on	Carnegie	stage	criteria	(Theiler	1989).	For	chicken,	we	collected	samples	from	571	

Hamburger-Hamilton	 stages	31	and	36,	hereafter	 termed	mid-stage	and	 late	embryo.	We	 selected	572	

these	two	stages	for	comparability	with	the	two	embryonic	stages	in	mouse	and	rat	(Hamburger	and	573	

Hamilton	1951).	In	general,	each	sample	corresponds	to	one	individual,	except	for	mouse	and	rat	mid-574	

stage	embryonic	kidney,	for	which	tissue	from	several	embryos	was	pooled	prior	to	RNA	extraction.	575	

For	 adult	 and	 aged	 organs,	 multiple	 tissue	 pieces	 from	 the	 same	 individual	 were	 pooled	 and	576	

homogenized	prior	to	RNA	extraction.	For	brain	dissection,	we	sampled	the	cerebral	cortex.	For	mouse	577	

and	rat	samples,	with	the	exception	of	the	mid-stage	embryonic	kidney,	individuals	were	genotyped	578	

and	males	were	selected	for	RNA	extraction.	Between	two	and	four	biological	replicates	were	obtained	579	

for	each	species/organ/stage	combination,	amounting	to	97	samples	in	total	(Supplementary	Table	1).		580	

RNA-seq	library	preparation	and	sequencing	581	

We	performed	RNA	extractions	using	RNeasy	Plus	Mini	 kit	 from	Qiagen.	RNA	quality	was	assessed	582	

using	 the	 Agilent	 2100	 Bioanalyzer.	 Sequencing	 libraries	were	 produced	 using	 the	 Illumina	 TruSeq	583	
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stranded	mRNA	protocol	with	polyA	selection,	and	sequenced	as	101	base	pairs	(bp)	single-end	reads,	584	

at	the	Genomics	Platform	of	iGE3	and	the	University	of	Geneva	(https://ige3.genomics.unige.ch/).		585	

Additional	RNA-seq	data	586	

To	improve	detection	power	for	lowly	expressed	lncRNAs,	we	complemented	our	RNA-seq	collection	587	

with	samples	generated	with	the	same	technology	for	Brown	Norway	rat	adult	organs	(Cortez	et	al.	588	

2014).	We	 added	 data	 generated	 by	 the	 Chickspress	 project	 (http://geneatlas.arl.arizona.edu/)	 for	589	

adult	chicken	(red	jungle	fowl	strain	UCD001)	organs,	as	well	as	for	embryonic	chicken	(White	Leghorn)	590	

organs	from	two	publications	(Uebbing	et	al.	2015;	Ayers	et	al.	2013).	Almost	all	samples	were	strand-591	

specific,	except	the	chicken	adult	organs	and	early	embryonic	testes.	As	the	data	were	not	perfectly	592	

comparable	with	our	own	in	terms	of	 library	preparation	and	animal	strains,	the	additional	rat	and	593	

chicken	samples	were	only	used	to	increase	lncRNA	detection	sensitivity.		594	

RNA-seq	data	processing	595	

We	used	HISAT2		(Kim	et	al.	2015)	release	2.0.5	to	align	the	RNA-seq	data	on	reference	genomes.	The	596	

genome	sequences	(assembly	versions	mm10/GRCm38,	rn6/Rnor_6.0	and	galGal5/Gallus_gallus-5.0)	597	

were	downloaded	from	the	Ensembl	database	(Cunningham	et	al.	2019).	Genome	indexes	were	built	598	

using	only	genome	sequence	information.	To	improve	detection	sensitivity,	at	the	alignment	step	we	599	

provided	 known	 splice	 junction	 coordinates	 extracted	 from	 Ensembl.	We	 set	 the	maximum	 intron	600	

length	for	splice	junction	detection	at	1	million	base	pairs	(Mb).	To	verify	the	strandedness	of	the	RNA-601	

seq	data,	we	analyzed	spliced	reads	that	spanned	introns	with	canonical	(GT-AG	or	GC-AG)	splice	sites	602	

and	compared	the	strand	inferred	based	on	the	splice	site	with	the	one	assigned	based	on	the	library	603	

preparation	protocol	(Supplementary	Table	1).	Finally,	to	estimate	the	mappability	of	each	genomic	604	

region,	we	generated	error-free	artificial	RNA-seq	reads	(single-end,	101	bp	long,	with	5	bp	distance	605	

between	consecutive	read	starts)	from	the	genome	sequence	and	realigned	them	to	the	genome	with	606	

the	 same	 HISAT2	 parameters.	 Regions	 for	 which	 the	 corresponding	 reads	 could	 be	 aligned	607	

unambiguously	were	considered	“mappable”;	the	remaining	regions	were	said	to	be	“unmappable”.	608	
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Transcript	assembly	and	filtering	609	

We	assembled	transcripts	for	each	sample	using	StringTie	(Pertea	et	al.	2015),	release	1.3.5,	based	on	610	

read	alignments	obtained	with	HISAT2.	We	provided	genome	annotations	from	Ensembl	release	94	as	611	

a	guide	for	transcript	assembly.	We	filtered	Ensembl	annotations	to	remove	transcripts	that	spanned	612	

a	genomic	 length	above	2.5	Mb.	For	protein-coding	genes,	we	kept	only	protein-coding	transcripts,	613	

discarding	isoforms	annotated	as	“retained_intron”,	“processed_transcript”	etc.	We	set	the	minimum	614	

exonic	 length	at	150	bp,	 the	minimum	anchor	 length	 for	 splice	 junctions	at	8bp	and	 the	minimum	615	

isoform	fraction	at	0.05.	We	compared	the	resulting	assembled	transcripts	with	Ensembl	annotations	616	

and	 we	 discarded	 read-through	 transcripts,	 defined	 as	 overlapping	 with	 multiple	 multi-exonic	617	

Ensembl-annotated	genes.	For	strand-specific	samples,	we	discarded	transcripts	for	which	the	ratio	of	618	

sense	to	antisense	unique	read	coverage	was	below	0.01.	We	discarded	multi-exonic	transcripts	that	619	

were	 not	 supported	 by	 splice	 junctions	 with	 correctly	 assigned	 strands.	 The	 filtered	 transcripts	620	

obtained	for	each	sample	were	assembled	into	a	single	dataset	per	species	using	the	merge	option	in	621	

StringTie.	For	increased	sensitivity,	we	removed	the	minimum	FPKM	and	TPM	thresholds	for	transcript	622	

inclusion.	 We	 constructed	 a	 combined	 annotation	 dataset,	 starting	 with	 Ensembl	 annotations,	 to	623	

which	we	added	newly-assembled	transcripts	that	had	no	exonic	overlap	with	Ensembl	genes.	We	also	624	

included	 newly-annotated	 isoforms	 for	 known	 genes	 if	 they	 had	 exonic	 overlap	 with	 exactly	 one	625	

Ensembl	gene,	thus	discarding	potential	read-through	transcripts	or	gene	fusions.		626	

Protein-coding	potential	of	assembled	transcripts	627	

To	determine	whether	the	newly	assembled	transcripts	were	protein-coding	or	non-coding,	we	mainly	628	

relied	on	the	codon	substitution	frequency	(CSF)	score	(Lin	et	al.	2007).	As	in	a	previous	publication	629	

(Necsulea	et	al.	2014)	we	scanned	whole	genome	alignments	and	computed	CSF	scores	in	75	bp	sliding	630	

windows	moving	with	a	3	bp	step.	We	used	pre-computed	alignments	downloaded	 from	the	UCSC	631	

Genome	Browser	(Casper	et	al.	2018),	 including	the	alignment	between	the	mouse	genome	and	59	632	

other	vertebrates	(for	mouse	classification),	between	the	human	genome	and	99	other	vertebrates	633	
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(for	 rat	 and	 chicken	 classification)	 and	 between	 the	 rat	 genome	 and	 19	 other	 vertebrates	 (for	 rat	634	

classification).	For	each	window,	we	computed	the	score	in	each	of	the	6	possible	reading	frames	and	635	

extracted	the	maximum	score	for	each	strand.	We	considered	that	transcripts	are	protein-coding	 if	636	

they	overlapped	with	positive	CSF	scores	on	at	least	150	bp.	As	positive	CSF	scores	may	also	appear	on	637	

the	antisense	strand	of	protein-coding	regions	due	to	the	partial	strand-symmetry	of	the	genetic	code,	638	

in	this	analysis	we	considered	only	exonic	regions	that	did	not	overlap	with	other	genes.	In	addition,	639	

we	 searched	 for	 sequence	 similarity	between	assembled	 transcripts	 and	known	protein	 sequences	640	

from	 the	 SwissProt	 2017_04	 (The	UniProt	 Consortium	2017)	 and	 Pfam	31.0	 (El-Gebali	 et	 al.	 2019)	641	

databases.	We	kept	only	SwissProt	entries	with	confidence	scores	1,	2	or	3	and	we	used	the	Pfam-A	642	

curated	section	of	Pfam.	We	searched	for	sequence	similarity	using	the	blastx	utility	 in	 the	BLAST+	643	

2.8.1	package	(Camacho	et	al.	2009;	Altschul	et	al.	1990),	keeping	hits	with	maximum	e-value	1e-3	and	644	

minimum	protein	 sequence	 identity	 40%,	on	 repeat-masked	 cDNA	 sequences.	We	 considered	 that	645	

transcripts	were	protein-coding	if	they	overlapped	with	blastx	hits	over	at	least	150	bp.	Genes	were	646	

said	to	be	protein-coding	if	at	least	one	of	their	isoforms	was	classified	as	protein-coding,	based	on	647	

either	the	CSF	score	or	on	sequence	similarity	with	known	proteins.	648	

Long	non-coding	RNA	selection	649	

To	construct	a	reliable	lncRNA	dataset,	we	selected	newly-annotated	genes	classified	as	non-coding	650	

based	on	both	the	CSF	score	and	on	sequence	similarity	with	known	proteins	and	protein	domains,	as	651	

well	 as	 Ensembl-annotated	 genes	 with	 non-coding	 biotypes	 (“lincRNA”,	 “processed_transcript”,	652	

“antisense”,	“TEC”,	"macro_lncRNA",	"bidirectional_promoter_lncRNA",	"sense_intronic").	For	newly	653	

detected	 genes,	 we	 applied	 several	 additional	 filters:	 we	 required	 a	 minimum	 exonic	 length	654	

(corresponding	to	the	union	of	all	annotated	isoforms)	of	at	least	200	bp	for	multi-exonic	loci	and	of	655	

at	least	500	bp	for	mono-exonic	loci;	we	eliminated	genes	that	overlapped	for	more	than	5%	of	their	656	

exonic	length	with	unmappable	regions;	we	kept	only	loci	that	were	classified	as	intergenic	and	at	least	657	

5	kb	away	from	Ensembl-annotated	protein-coding	genes	on	the	same	strand;	for	multi-exonic	loci,	we	658	

required	that	all	splice	junctions	be	supported	by	reads	with	correct	strand	assignment	(cf.	above).	For	659	

.CC-BY-NC-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 April 12, 2019. ; https://doi.org/10.1101/607200doi: bioRxiv preprint 

https://doi.org/10.1101/607200
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 28	

both	de	novo	and	Ensembl	annotations,	we	removed	transcribed	loci	that	overlapped	on	at	least	50%	660	

of	their	length	with	retrotransposed	gene	copies,	annotated	by	the	UCSC	Genome	Browser	and	from	661	

a	previous	publication	(Carelli	et	al.	2016);	we	discarded	 loci	 that	overlapped	with	UCSC-annotated	662	

tRNA	genes	and	with	RNA-type	elements	from	RepeatMasker	(Smit	et	al.	2003)	on	at	least	25%	of	their	663	

length.	We	kept	loci	supported	by	at	least	10	uniquely	mapped	RNA-seq	reads	and	for	which	a	ratio	of	664	

sense	to	antisense	transcription	of	at	least	1%	was	observed	in	at	least	one	sample.		665	

Gene	expression	estimation	666	

We	computed	the	number	of	uniquely	mapping	reads	unambiguously	attributed	to	each	gene	using	667	

the	Rsubread	package	in	R	(Liao	et	al.	2019),	discarding	reads	that	overlapped	with	multiple	genes.	We	668	

also	estimated	read	counts	and	TPM	(transcript	per	million)	values	per	gene	using	Kallisto	(Bray	et	al.	669	

2016).	To	approach	absolute	expression	levels	estimates,	for	better	comparisons	across	samples,	we	670	

further	normalized	TPM	values	using	a	scaling	approach	(Brawand	et	al.	2011).	Briefly,	we	ranked	the	671	

genes	in	each	sample	according	to	their	TPM	values,	we	computed	the	variance	of	the	ranks	across	all	672	

samples	for	each	gene,	and	we	identified	the	100	least-varying	genes,	found	within	the	inter-quartile	673	

range	 (25%-75%)	 in	 terms	 of	 average	 expression	 levels	 across	 samples.	We	 derived	 normalization	674	

coefficients	for	each	sample	such	that	the	median	of	the	100	least-varying	genes	be	identical	across	675	

samples.	We	 then	used	 these	 coefficients	 to	normalize	 TPM	values	 for	 each	 sample.	We	excluded	676	

mitochondrial	genes	from	expression	estimations	and	analyses,	as	these	genes	are	highly	expressed	677	

and	can	be	variable	across	samples.	678	

Differential	expression	analyses	679	

We	used	the	DESeq2	(Love	et	al.	2014)(Smedley	et	al.	2009)(74)(75)	package	release	1.22.2	in	R	release	680	

3.5.0	(R	Core	Team	2018)	to	test	for	differential	expression	across	developmental	stages,	separately	681	

for	each	organ	and	species.	We	analyzed	both	protein-coding	genes	and	lncRNAs,	selected	according	682	

to	the	criteria	described	above.	We	first	performed	a	global	differential	expression	analysis,	using	the	683	

likelihood	ratio	test	to	contrast	a	model	including	an	effect	of	the	developmental	stage	against	the	null	684	
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hypothesis	 of	 homogeneous	 expression	 level	 across	 all	 developmental	 stages.	 This	 analysis	 was	685	

performed	on	all	annotated	protein-coding	and	lncRNA	genes	for	each	species,	as	well	as	on	1-to-1	686	

orthologous	genes	for	mouse	and	rat.	In	addition,	we	down-sampled	the	numbers	of	reads	assigned	687	

to	protein-coding	genes	to	obtain	 identical	average	numbers	of	reads	for	protein-coding	genes	and	688	

lncRNAs.	We	also	contrasted	consecutive	developmental	stages,	for	each	species	and	organ.	For	each	689	

test,	 we	 also	 computed	 the	 expression	 fold	 change	 based	 on	 average	 TPM	 values	 for	 each	690	

developmental	stage/organ	combination.		691	

Expression	specificity	index	692	

We	used	the	previously	proposed	tissue	specificity	index	(Liao	et	al.	2006)	to	measure	gene	expression	693	

specificity	across	organs	and	developmental	stages,	provided	by	the	formula:	tau	=	sum	(1	–	ri)/(n-1),	694	

where	ri	represents	the	ratio	between	the	expression	level	in	sample	i	and	the	maximum	expression	695	

level	 across	 samples,	 and	 n	 represents	 the	 total	 number	 of	 samples.	We	 computed	 this	 index	 on	696	

normalized	TPM	values,	averaged	across	all	replicates	for	a	given	species	/	organ	/	developmental	stage	697	

combination	(Supplementary	Dataset	3).			698	

Homologous	lncRNA	family	prediction	699	

We	used	existing	whole-genome	alignments	as	a	guide	to	predict	homologous	lncRNAs	across	species,	700	

as	previously	proposed	(Washietl	et	al.	2014).	We	first	constructed	for	each	gene	the	union	of	its	exon	701	

coordinates	across	all	isoforms,	hereafter	termed	“exon	blocks”.	We	projected	exon	block	coordinates	702	

between	pairs	of	species	using	the	liftOver	utility	and	whole-genome	alignments	generated	with	blastz	703	

(http://www.bx.psu.edu/miller_lab/),	 available	 through	 the	 UCSC	 Genome	 Browser	 (Casper	 et	 al.	704	

2018).	To	increase	detection	sensitivity,	for	the	initial	liftOver	projection	we	required	only	that	10%	of	705	

the	reference	bases	remap	on	the	target	genome.	Projections	were	then	filtered,	retaining	only	cases	706	

where	 the	 size	 ratio	between	 the	projected	and	 the	 reference	 region	was	between	0.33	and	3	 for	707	

mouse	 and	 rat	 (0.2	 and	 5	 for	 comparisons	 involving	 chicken).	 To	 exclude	 recent	 lineage-specific	708	

duplications,	 regions	with	ambiguous	or	 split	 liftOver	projections	were	discarded.	 For	genes	where	709	
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multiple	exon	blocks	could	be	projected	across	species,	we	defined	the	consensus	chromosome	and	710	

strand	in	the	target	genome	and	discarded	projected	exon	blocks	that	did	not	match	this	consensus.	711	

We	then	evaluated	the	order	of	the	projected	exon	blocks	on	the	target	genes,	to	identify	potential	712	

internal	 rearrangements.	 If	 internal	 rearrangements	were	due	 to	 the	position	of	a	 single	projected	713	

exon	 block,	 the	 conflicting	 exon	 block	 was	 discarded;	 otherwise,	 the	 entire	 projected	 gene	 was	714	

eliminated.	 As	 the	 projected	 reference	 gene	 coordinates	 could	 overlap	with	multiple	 genes	 in	 the	715	

target	 genome,	we	 constructed	gene	 clusters	based	on	 the	overlap	between	projected	exon	block	716	

coordinates	and	target	annotations,	using	a	single-link	clustering	approach.	We	then	realigned	entire	717	

genomic	 loci	 for	 each	 pair	 of	 reference-target	 genes	 found	 within	 a	 cluster,	 using	 lastz	718	

(http://www.bx.psu.edu/miller_lab/)	and	the	threaded	blockset	aligner	(Blanchette	et	al.	2004).	Using	719	

this	 alignment,	 we	 computed	 the	 percentage	 of	 exonic	 sequences	 aligned	 without	 gaps	 and	 the	720	

percentage	of	identical	exonic	sequence,	for	each	pair	of	reference-target	genes.	We	then	extracted	721	

the	best	hit	in	the	target	genome	for	each	gene	in	the	reference	genome	based	on	the	percentage	of	722	

identical	exonic	sequence,	 requiring	that	 the	ratio	between	the	maximum	percent	 identity	and	the	723	

percent	identity	of	the	second-best	hit	be	above	1.1.	Reciprocal	best	hits	were	considered	to	be	1-to-724	

1	 orthologous	 loci	 between	 pairs	 of	 species.	 For	 analyses	 across	 all	 three	 species,	we	 constructed	725	

clusters	 of	 reciprocal	 best	 hits	 from	 pairwise	 species	 comparisons,	 using	 a	 single-link	 clustering	726	

approach.	Resulting	clusters	with	more	than	1	representative	per	species	were	discarded.	To	examine	727	

the	validity	of	our	procedure	for	homologous	gene	family	prediction,	we	compared	the	resulting	gene	728	

families	with	predictions	 from	the	Ensembl	Compara	pipeline	 (Herrero	et	al.	2016),	extracted	 from	729	

Ensembl	release	94,	for	protein-coding	genes.		730	

Sequence	evolution		731	

We	evaluated	long-term	evolutionary	sequence	conservation	based	on	PhastCons	(Siepel	et	al.	2005)	732	

scores,	computed	for	the	mouse	genome	using	either	a	placental	mammal	or	a	vertebrate	multiple	733	

species	 alignment	 available	 from	 the	 UCSC	 Genome	 Browser	 (Casper	 et	 al.	 2018).	 We	 computed	734	

average	 PhastCons	 scores	 on	 exonic	 sequences	 (excluding	 exonic	 regions	 overlapping	 with	 other	735	
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genes),	promoter	regions	(defined	as	1	kb	immediately	upstream	of	the	transcription	start	site)	and	736	

splice	 sites	 (defined	 as	 the	 first	 two	 and	 last	 two	 bases	 of	 each	 intron).	 For	 genes	 with	 multiple	737	

promoters,	we	computed	the	average	score	across	all	promoters.		738	

Gene	expression	evolution		739	

We	computed	global	and	per-gene	expression	level	conservation	between	mouse	and	rat,	for	1-to-1	740	

orthologous	 genes.	We	 first	measured	 gene	 expression	 conservation	 for	 protein-coding	 genes	 and	741	

lncRNAs	as	a	class.	For	each	organ/developmental	stage,	we	computed	the	expression	level	correlation	742	

between	mouse	 and	 rat	 average	 TPM	 levels,	 across	 all	 orthologous	 pairs.	We	 also	 computed	 the	743	

correlation	 between	 individuals	 within	 the	 same	 species;	 for	 organ/stages	 with	 more	 than	 two	744	

biological	 replicates	 we	 computed	 the	 average	 correlation	 coefficient	 across	 all	 possible	 pairs	 of	745	

individuals.	We	then	evaluated	the	global	extent	of	gene	expression	conservation	through	the	ratio	of	746	

the	 between-species	 correlation	 coefficient	 to	 the	 average	 within-species	 correlation	 coefficient.	747	

Spearman’s	rank	correlation	coefficients	were	used	in	all	cases.	We	obtained	95%	confidence	intervals	748	

for	expression	conservation	measures	through	a	bootstrap	procedure,	resampling	100	times	the	same	749	

number	of	genes	with	replacement.	In	addition	to	this	global	measure	of	expression	conservation,	we	750	

estimated	 the	 extent	 of	 between-species	 expression	 divergence	per	 gene	 by	 computing	 Euclidean	751	

distances	between	relative	expression	profiles	for	each	species.	The	relative	expression	profiles	were	752	

derived	 from	 TPM	 values	 per	 organ/developmental	 stage,	 averaged	 across	 biological	 replicates,	753	

divided	by	the	sum	of	all	average	TPM	values.		754	

Statistical	analyses	and	graphical	representations	755	

All	statistical	analyses	and	graphical	representations	were	done	with	R	(R	Core	Team	2018),	version	756	

3.5.0.	We	performed	principal	component	analyses	using	the	ade4	library	(Dray	and	Dufour	2007)	and	757	

hierarchical	clustering	of	gene	expression	matrices	using	the	hclust	function	in	the	stats	package	in	R,	758	

on	 pairwise	 Euclidean	 distances.	 For	 all	 analyses	 involving	multiple	 statistical	 tests,	 false	 discovery	759	

rates	were	computed	with	the	Benjamini-Hochberg	procedure	(Benjamini	and	Hochberg	1995).	95%	760	
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confidence	 intervals	 for	median	values	of	distributions	were	computed	with	 the	 following	 formula:	761	

median	+/-	1.57	x	IQR/sqrt(N),	where	IQR	is	the	inter-quartile	range,	sqrt	denotes	the	square	root	and	762	

N	the	number	of	points.		763	

Availability	of	data	and	materials	764	

The	raw	and	processed	RNA-seq	data	were	submitted	to	the	NCBI	Gene	Expression	Omnibus	(GEO),	765	

under	accession	number	GSE108348.	Additional	processed	files	and	all	scripts	used	to	analyze	the	766	

data	are	available	at	the	address:	ftp://pbil.univ-lyon1.fr/pub/datasets/Darbellay_LncEvoDevo.	767	
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Figure	legends	786	

Figure	1.	Transcriptome	complexity	across	organs	and	developmental	stages.	787	

A.	Experimental	design.	The	developmental	stages	selected	for	mouse,	rat	and	chicken	are	marked	on	788	

a	 horizontal	 axis.	 Organs	 sampled	 for	 each	 species	 and	 developmental	 stage	 are	 shown	 below.	789	

Abbreviations:	br,	brain;	kd,	kidney;	lv,	liver;	ts,	testes.	790	

B.	Expression	of	cell	 type-specific	markers	derived	from	single-cell	experiments	(full	 list	provided	 in	791	

Supplementary	Table	3),	 in	our	mouse	and	rat	RNA-seq	samples.	The	heatmap	represents	centered	792	

and	 scaled	 log2-transformed	 TPM	 levels	 (z-score).	 Developmental	 stages	 are	 indicated	 by	 numeric	793	

labels,	1	to	5.	Average	levels	across	biological	replicates	are	shown.	Species	are	color-coded,	shown	794	

below	the	heatmap.	795	

C.	Number	of	protein-coding	genes	supported	by	at	least	10	uniquely	mapped	reads	in	each	sample,	796	

after	read	resampling	to	homogenize	coverage	(Methods).	797	

D.	Number	of	 lncRNAs	supported	by	at	 least	10	uniquely	mapped	reads	 in	each	sample,	after	read	798	

resampling	to	homogenize	coverage.	799	

	800	

Figure	2.	Protein-coding	gene	expression	is	conserved	across	organs	and	developmental	stages.	801	

A.	First	factorial	map	of	a	principal	component	analysis,	performed	on	log2-transformed	TPM	values,	802	

for	10,363	protein-coding	genes	with	orthologues	in	mouse,	rat	and	chicken.	Colors	represent	different	803	

organs	and		developmental	stages,	point	shapes	represent	different	species.	804	

B.	 Hierarchical	 clustering,	 performed	 on	 a	 distance	 matrix	 derived	 from	 Spearman	 correlations	805	

between	pairs	of	samples,	for	10,363	protein-coding	genes	with	orthologues	in	mouse,	rat	and	chicken.	806	

Organ	and	developmental	stages	are	color-coded,	shown	below	the	heatmap.	Species	of	origin	is	color-807	

coded,	shown	on	the	right.	Sample	clustering	is	shown	on	the	left.		808	

C.	Expression	profiles	of	protein-coding	genes	that	are	significantly	differentially	expressed	(FDR<0.01)	809	

among	developmental	stages,	for	both	mouse	and	rat,	in	the	brain.	TPM	values	were	averaged	across	810	

replicates	and	normalized	by	dividing	by	the	maximum	value,	for	each	species.	The	resulting	relative	811	
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expression	 profiles	 were	 combined	 across	 species	 and	 clustered	with	 the	 K-means	 algorithm.	 The	812	

average	profiles	of	 the	genes	belonging	 to	each	cluster	are	shown.	Gray	 lines	 represent	profiles	of	813	

individual	genes	from	a	cluster.	814	

	815	

Figure	3.	Different	expression	patterns	for	protein-coding	genes	and	lncRNAs.		816	

A.	Distribution	of	the	organ	in	which	maximum	expression	is	observed,	for	protein-coding	genes	(pc)	817	

and	lncRNAs	(lnc),	for	mouse,	rat	and	chicken.	Organs	are	color-coded,	shown	above	the	plot.	818	

B.	Distribution	of	 the	developmental	 stage	 in	which	maximum	expression	 is	observed,	 for	protein-819	

coding	genes	and	lncRNAs,	for	mouse,	rat	and	chicken.	Developmental	stages	are	color-coded,	shown	820	

above	the	plot.	821	

C.	 Percentage	 of	 protein-coding	 and	 lncRNA	 genes	 that	 are	 significantly	 (FDR<0.01)	 DE	 among	822	

developmental	stages,	with	respect	to	the	total	number	of	genes	tested	for	each	organ.	Left	panel:	823	

differential	expression	analysis	performed	with	all	RNA-seq	reads.	Right	panel:	differential	expression	824	

analysis	 performed	 after	 down-sampling	 read	 counts	 for	 protein-coding	 genes,	 to	match	 those	 of	825	

lncRNAs	(Methods).	826	

D.	Distribution	of	 the	developmental	 stage	 in	which	maximum	expression	 is	observed,	 for	protein-827	

coding	 genes	 and	 lncRNAs	 that	 are	 significantly	 DE	 (FDR<0.01)	 in	 each	 organ,	 for	 the	mouse.	 The	828	

percentages	are	computed	with	respect	to	the	total	number	of	DE	genes	in	each	organ	and	each	gene	829	

class.	830	

	831	

Figure	 4.	 Increased	 levels	 of	 long-term	 sequence	 conservation	 for	 lncRNAs	 expressed	 early	 in	832	

development.		833	

A.	Distribution	of	the	PhastCons	sequence	conservation	score	for	protein-coding	and	lncRNAs	exonic	834	

regions,	for	subsets	of	genes	expressed	above	noise	levels	(TPM>=1)	in	each	organ	and	developmental	835	

stage.	We	used	precomputed	PhastCons	score	for	placental	mammals,	downloaded	from	the	UCSC	836	

Genome	 Browser.	 Exonic	 regions	 that	 overlap	 with	 exons	 from	 other	 genes	 were	 masked.	 Dots	837	
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represent	median	values,	vertical	bars	represent	95%	confidence	intervals.	Numbers	of	analyzed	genes	838	

are	provided	in	Supplementary	Table	4.			839	

B.	Same	as	A,	for	promoter	regions	(1kb	upstream	of	transcription	start	sites).	Exonic	sequences	were	840	

masked	before	assessing	conservation.	841	

C.	Same	as	B,	for	splice	sites	(first	and	last	two	bases	of	each	intron).		842	

	843	

Figure	5.	Orthologous	lncRNA	families	for	mouse,	rat	and	chicken.	844	

A.	 Number	 of	 mouse	 protein-coding	 genes	 and	 lncRNAs	 in	 different	 classes	 of	 evolutionary	845	

conservation.	 From	 left	 to	 right:	 all	 loci	 (with	 TPM>=1	 in	 at	 least	 one	 mouse	 sample),	 loci	 with	846	

conserved	sequence	in	the	rat,	loci	for	which	transcription	could	be	detected	(at	least	10	unique	reads)	847	

in	predicted	orthologous	 locus	 in	 the	 rat,	 loci	with	predicted	1-to-1	orthologues,	 loci	 for	which	 the	848	

predicted	 orthologue	 belonged	 to	 the	 same	 class	 (protein-coding	 or	 lncRNA)	 in	 the	 rat,	 loci	 with	849	

conserved	sequence	in	the	chicken,	loci	for	which	transcription	could	be	detected	(at	least	10	unique	850	

reads)	in	predicted	orthologous	locus	in	the	chicken,	loci	with	predicted	1-to-1	orthologues,	loci	for	851	

which	the	predicted	orthologue	belonged	to	the	same	class	(protein-coding	or	lncRNA)	in	the	chicken.	852	

We	analyze	17,868	protein-coding	genes	and	12,199	candidate	lncRNAs	with	an	expression	level	(TPM)	853	

>=1	in	at	least	one	mouse	sample.	854	

B.	Distribution	of	the	organ	in	which	maximum	expression	is	observed,	for	mouse	protein-coding	and	855	

lncRNA	genes	that	have	no	orthologues	in	the	rat	or	chicken,	for	genes	with	orthologues	in	the	rat	and	856	

for	genes	with	orthologues	in	chicken.	857	

C.	 Same	 as	 B,	 for	 the	 distribution	 of	 the	 developmental	 stage	 in	 which	 maximum	 expression	 is	858	

observed.	859	

	860	

Figure	6.	Global	comparison	of	lncRNA	expression	patterns	across	species.	861	

A.	First	factorial	map	of	a	principal	component	analysis,	performed	on	log2-transformed	TPM	values,	862	

for	2,754	orthologous	mouse	and	rat	lncRNAs	expressed	above	noise	levels	(TPM	>=	1)	in	at	least	one	863	
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mouse	 or	 rat	 sample.	 Colors	 represent	 different	 organs	 and	 	 developmental	 stages,	 point	 types	864	

represent	species.	865	

B.	 Hierarchical	 clustering,	 performed	 on	 a	 distance	 matrix	 derived	 from	 Spearman	 correlations	866	

between	pairs	of	samples,	for	2,754	orthologous	mouse	and	rat	lncRNAs.	Organ	and	developmental	867	

stages	are	shown	below	the	heatmap.	Species	of	origin	 is	 shown	on	 the	 right.	Sample	clustering	 is	868	

shown	on	the	left.		869	

	870	

Figure	7.	Global	estimates	of	expression	conservation	across	organs	and	developmental	stages.	871	

A.	Example	of	between-species	and	within-species	variation	of	expression	levels,	for	protein-coding	872	

genes	 (left)	 and	 lncRNAs	 (right),	 for	 orthologous	 genes	between	mouse	 and	 rat,	 for	 the	mid-stage	873	

embryonic	brain.	 Spearman’s	 correlation	coefficients	 (rho)	are	 shown	above	each	plot.	We	show	a	874	

smoothed	 color	density	 representation	of	 the	 scatterplots,	 obtained	 through	a	 (2D)	 kernel	 density	875	

estimate	(smoothScatter	function	in	R).	876	

B.	Expression	conservation	index,	defined	as	the	ratio	of	the	between-species	and	the	within-species	877	

expression	level	correlation	coefficients,	for	protein-coding	genes,	for	each	organ	and	developmental	878	

stage.	The	vertical	segments	represent	minimum	and	maximum	values	obtained	from	100	bootstrap	879	

replicates.	We	analyzed	14,919	pairs	of	orthologous	genes	between	mouse	and	rat,	with	TPM	>=	1	in	880	

at	least	one	sample.		881	

C.	Same	as	B,	for	lncRNAs.	We	analyzed	2,754	orthologous	mouse	and	rat	lncRNAs	with	TPM	>=	1	in	at	882	

least	one	mouse	or	rat	sample.	883	

	884	

Figure	8.	Per-gene	estimates	of	expression	pattern	divergence	between	species.	885	

A.	Relationship	between	the	per-gene	expression	divergence	measure	(Euclidean	distance	of	relative	886	

expression	profiles	among	organs/stages,	between	mouse	and	rat),	and	the	average	expression	values	887	

(log2-transformed	 TPM)	 across	 all	 mouse	 and	 rat	 samples.	 We	 show	 a	 smoothed	 color	 density	888	
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representation	of	the	scatterplots,	obtained	through	a	(2D)	kernel	density	estimate	(smoothScatter	889	

function	in	R).	Red	line:	linear	regression.		890	

B.	 Distribution	 of	 the	 expression	 divergence	 value	 for	 all	 protein-coding	 and	 lncRNA	 genes	 with	891	

predicted	1-to-1	orthologues	in	mouse	and	rat.	892	

C.		Distribution	of	the	residual	expression	divergence	values,	after	regressing	the	average	expression	893	

level,	for	protein-coding	genes	and	lncRNAs.	894	

D.	Relationship	between	expression	divergence	and	exonic	sequence	conservation	(%	exonic	sequence	895	

aligned	without	gaps	between	mouse	and	rat),	for	protein-coding	genes	and	lncRNAs.	896	

E.	Average	contribution	of	each	organ/developmental	stage	combination	to	expression	divergence,	for	897	

protein-coding	genes	and	lncRNAs.	898	

	899	

Supplementary	Figure	1.	Expression	patterns	of	cell-type	specific	markers	in	mouse,	rat	and	chicken	900	

samples.	901	

A.	Expression	of	cell	type-specific	markers	derived	from	single-cell	experiments	(full	 list	provided	in	902	

Supplementary	Table	3),	 in	our	mouse,	 rat	and	chicken	RNA-seq	samples.	The	heatmap	represents	903	

centered	and	scaled	 log2-transformed	TPM	 levels	 (z-score).	Developmental	 stages	are	 indicated	by	904	

numeric	labels,	1	to	5.	Average	levels	across	biological	replicates	are	shown.	We	show	only	organs	and	905	

developmental	stages	that	were	sampled	in	all	three	species,	for	genes	with	1-to-1	orthologues.	906	

	907	

Supplementary	Figure	2.	Conservation	of	developmental	expression	profiles	between	mouse	and	908	

rat,	for	protein-coding	genes.	909	

A.	 Expression	 profiles	 of	 orthologous	 protein-coding	 genes	 that	 are	 significantly	 differentially	910	

expressed	(FDR<0.01)	among	developmental	stages,	for	both	mouse	and	rat,	in	the	kidney.	TPM	values	911	

were	averaged	across	replicates	and	normalized	by	dividing	by	the	maximum,	for	each	species.	The	912	

resulting	relative	expression	profiles	were	combined	across	species	and	clustered	with	the	K-means	913	
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algorithm.	The	average	profiles	of	the	genes	belonging	to	each	cluster	are	shown.	Gray	lines	represent	914	

profiles	of	individual	genes	from	a	cluster.	Numbers	of	genes	in	each	cluster	are	shown	in	the	plot.		915	

B.	Same	as	A,	for	the	liver.		916	

C.	Same	as	A,	for	the	testes.	For	this	organ,	we	searched	for	only	4	clusters	with	the	K-means	algorithm.		917	

	918	

Supplementary	Figure	3.	Protein-coding	genes	and	lncRNA	expression	patterns.		919	

A.	Distribution	of	the	maximum	expression	 level	 (log2-transformed	TPM	values),	 for	protein-coding	920	

genes	(red)	and	lncRNAs	(blue),	for	mouse,	rat	and	chicken.	We	show	only	genes	that	are	expressed	921	

above	noise	levels	(TPM	>=	1)	in	at	least	one	sample.	922	

B.	Distribution	of	the	expression	specificity	index	(Methods)	for	protein-coding	genes	and	lncRNAs,	in	923	

the	mouse.	Genes	were	divided	into	5	expression	bins,	based	on	their	maximum	expression	level	across	924	

samples.		925	

C.	Same	as	B,	for	the	rat.		926	

D.	Distribution	of	the	ratio	between	the	minimum	and	the	maximum	TPM	value	across	developmental	927	

stages,	 for	 genes	 that	 are	 significantly	 differentially	 expressed	 among	 stages	 for	 each	 organ	 and	928	

species.	Lower	values	indicate	stronger	expression	changes	among	developmental	stages.	929	

E.	Distribution	of	 the	developmental	 stage	 in	which	maximum	expression	 is	 observed,	 for	protein-930	

coding	 genes	 and	 lncRNAs	 that	 are	 significantly	 DE	 (FDR<0.01)	 in	 each	 organ,	 for	 the	 rat.	 The	931	

percentages	are	computed	with	respect	to	the	total	number	of	DE	genes	in	each	organ	and	each	gene	932	

class.	933	

	934	

Supplementary	Figure	4.	Estimates	of	long-term	sequence	conservation	scores	for	different	regions	935	

of	lncRNAs	loci.	936	

A.	Distribution	of	 the	difference	between	the	exonic	PhastCons	score	and	the	promoter	PhastCons	937	

score,	 for	 mouse	 lncRNAs	 that	 are	 expressed	 above	 noise	 levels	 (TPM>=1)	 in	 each	 organ	 and	938	

developmental	 stage.	 Precomputed	PhastCons	 score	 for	 placental	mammals	were	provided	by	 the	939	
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UCSC	Genome	Browser.	Exonic	regions	that	overlap	with	other	genes	were	masked.	Dots	represent	940	

median	 values,	 vertical	 bars	 represent	 95%	 confidence	 intervals.	 Numbers	 of	 analyzed	 genes	 are	941	

provided	in	Supplementary	Table	4.			942	

B.	Same	as	A,	for	the	difference	between	exonic	and	splice	site	PhastCons	score.		943	

C.	Distribution	of	the	promoter	sequence	conservation	score,	for	all	lncRNAs,	for	lncRNAs	that	have	944	

bidirectional	promoters	and	for	lncRNAs	that	overlap	with	Encode-annotated	enhancers,	in	the	mouse.	945	

	946	

Supplementary	Figure	5.	Expression	patterns	of	30	lncRNAs	conserved	in	mouse,	rat	and	chicken.	947	

A.	Heatmap	of	the	centered	and	scaled	expression	values	(log2-transformed	TPM),	for	30	lncRNAs	that	948	

are	shared	across	mouse,	rat	and	chicken.	For	comparability	with	chicken,	we	show	only	mid-stage	and	949	

late	embryo	samples	for	mouse	and	rat,	for	somatic	organs.	The	annotation	source	is	shown	on	the	950	

right:	gray	rectangles	indicate	a	newly-annotated	gene.	Organs	and	developmental	stages	are	depicted	951	

by	 color	 rectangles	 below	 the	 heatmap.	 The	 list	 of	 genes	 used	 for	 this	 analysis	 is	 provided	 in	952	

Supplementary	Table	6.		953	

	954	

Supplementary	Figure	6.	Main	sources	of	expression	pattern	variability	for	protein-coding	genes	and	955	

lncRNAs.		956	

A.	Coordinates	on	the	first	five	axes	of	the	principal	component	analysis,	for	mouse	and	rat	orthologous	957	

protein-coding	genes.	Points	represent	individual	samples.	Organs	are	color-coded	and	developmental	958	

stages	are	distinguished	by	point	types.	Mouse	(m,	filled	dots)	and	rat	(r,	unfilled	dots)	samples	are	959	

shown	on	separate	x-axis	positions.	960	

B.	Same	as	A,	for	lncRNAs.				961	

	962	

Supplementary	Figure	7.	Conservation	of	developmental	expression	profiles	between	mouse	and	963	

rat,	for	lncRNAs.		964	
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A.	 Expression	 patterns	 of	 orthologous	 lncRNAs	 that	 are	 significantly	 differentially	 expressed	965	

(FDR<0.01)	 among	 developmental	 stages,	 for	 both	mouse	 and	 rat,	 in	 the	 brain.	 TPM	 values	were	966	

averaged	across	replicates	and	normalized	by	dividing	by	the	maximum	value	for	each	species.	The	967	

resulting	relative	expression	profiles	were	combined	across	species	and	clustered	with	the	K-means	968	

algorithm.	The	average	profiles	of	the	genes	belonging	to	each	cluster	are	shown.	Gray	lines	represent	969	

profiles	of	individual	genes	from	a	cluster.	970	

B.	Same	as	A,	for	the	kidney.	971	

C.	Same	as	A,	for	the	liver.		972	

D.	Same	as	A,	for	the	testes.	For	this	organ,	we	searched	for	only	4	clusters	with	the	K-means	algorithm.		973	

	974	

Supplementary	 Figure	 8.	 Examples	 of	 genes	 with	 high	 expression	 pattern	 divergence	 between	975	

mouse	and	rat.	976	

A.	 Examples	of	average	expression	profile	 in	mouse	and	 rat,	 for	 the	 top	2	most-divergent	protein-977	

coding	and	lncRNA	genes.	978	

	979	

Supplementary	Figure	9.	Candidate	species-specific	lncRNAs.	980	

A.	Genomic	localization	and	RNA-seq	read	coverage	of	a	candidate	mouse-specific	 lncRNA,	situated	981	

downstream	of	the	Fzd4	gene.	RNA-seq	data	is	shown	for	young	and	aged	adult	kidney.	982	

B.	Distribution	of	the	raw	expression	divergence	for	protein-coding	genes	that	are	transcribed	from	983	

the	same	bidirectional	promoters	as	lncRNAs	with	1-to-1	orthologues	in	mouse	and	rat	(black),	or	as	984	

candidate	species-specific	lncRNAs	(red).	985	

C.	Same	as	A,	after	correcting	for	the	average	expression	level	of	the	protein-coding	genes.		986	

	987	

Supplementary	 Figure	 10.	 Genomic	 and	 expression	 characteristics	 of	 candidate	 species-specific	988	

lncRNAs.		989	
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A.	Percentage	of	mouse	lncRNAs	for	which	the	predicted	transcription	start	site	is	found	within	1kb	990	

of	an	Encode-annotated	enhancer.	LncRNAs	are	divided	into	loci	with	predicted	1-to-1	orthologues	in	991	

the	rat	(1-1,	dark	blue)	and	mouse-specific	lncRNAs	(light	blue).	LncRNAs	are	further	separated	into	992	

newly-annotated	(new)	or	previously	known	(Ensembl).	993	

B.	Same	as	A,	for	the	percentage	of	multi-exonic	loci,	for	mouse	and	rat.		994	

C.	Same	as	A,	for	the	percentage	of	loci	that	have	predicted	bidirectional	promoters,	for	mouse	and	995	

rat.	996	

D.	Distribution	of	the	organ	in	which	maximum	expression	is	observed,	for	mouse	and	rat	 lncRNAs.	997	

LncRNAs	are	divided	into	loci	with	predicted	1-to-1	orthologues	(1-1)	and	species-specific	lncRNAs	(sp).	998	

E.	 Same	 as	 D,	 for	 the	 distribution	 of	 the	 developmental	 stage	 in	 which	 maximum	 expression	 is	999	

observed.	1000	

	1001	

Supplementary	Table	List.	1002	

Supplementary	Table	1.	List	of	RNA-seq	samples	generated	specifically	for	this	project,	and	used	for	1003	

all	downstream	expression	analyses.	1004	

Supplementary	 Table	 2.	 List	 of	 additional,	 previously	 published	 RNA-seq	 samples,	 included	 in	 the	1005	

lncRNA	detection	pipeline.	1006	

Supplementary	Table	3.	Cell-type	markers	for	the	four	organs	analyzed	here,	derived	from	single-cell	1007	

transcriptomics	analyses.		1008	

Supplementary	Table	4.	Numbers	of	protein-coding	genes	and	 lncRNAs	 that	have	an	average	TPM	1009	

expression	level	of	at	least	1	in	each	organ	/	developmental	stage	combination,	for	each	species.		1010	

Supplementary	Table	5.	Sequence	conservation	scores	(average	PhastCons	scores),	for	exons,	introns,	1011	

promoters	and	splice	sites,	for	mouse	protein-coding	genes	and	lncRNAs.		1012	

Supplementary	Table	6.	List	of	30	lncRNAs	that	are	predicted	to	be	1-to-1	orthologues	in	mouse,	rat	1013	

and	chicken.	1014	
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Supplementary	 Table	 7.	 Expression	 pattern	 and	 sequence	 conservation	 scores	 for	 protein-coding	1015	

genes	and	lncRNAs,	for	mouse	and	rat	1-to-1	orthologues.		1016	

	1017	

Supplementary	Dataset	List.	1018	

Supplementary	Dataset	1.	Complete	gene	annotations	for	mouse,	rat	and	chicken.		1019	

Supplementary	Dataset	2.	Gene	expression	levels	(raw	and	normalized	TPM	values,	unique	read	1020	

counts).		1021	

Supplementary	Dataset	3.	Expression	patterns	(average	across	replicates,	samples	with	maximum	1022	

expression)	and	expression	specificity	indexes.	1023	

Supplementary	Dataset	4.	Results	of	the	differential	expression	analyses	across	all	developmental	1024	

stages,	or	between	consecutive	developmental	stages,	for	each	organ	and	each	species.	1025	

Supplementary	Dataset	5.	Predicted	orthologous	gene	families	and	sequence	conservation	statistics.	1026	

Supplementary	Dataset	6.	Raw	and	normalized	expression	values	(TPM)	for	orthologous	protein-1027	

coding	and	lncRNA	families.		1028	

Supplementary	Dataset	7.	Expression	pattern	divergence	for	mouse	and	rat	orthologous	genes.	1029	

Supplementary	Dataset	8.	Lists	of	candidate	species-specific	lncRNAs.		1030	

	1031	

	 	1032	
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Darbellay and Necsulea, Figure 1
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Darbellay and Necsulea, Figure 2
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Darbellay and Necsulea, Figure 3
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Darbellay and Necsulea, Figure 4
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Darbellay and Necsulea, Figure 5
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Darbellay and Necsulea, Figure 6
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Darbellay and Necsulea, Figure 7
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Darbellay and Necsulea, Figure 8
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Darbellay and Necsulea, Supplementary Figure 1
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Darbellay and Necsulea, Supplementary Figure 2
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Darbellay and Necsulea, Supplementary Figure 4
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Darbellay and Necsulea, Supplementary Figure 5
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Darbellay and Necsulea, Supplementary Figure 6
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Darbellay and Necsulea, Supplementary Figure 7
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Darbellay and Necsulea, Supplementary Figure 8
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Darbellay and Necsulea, Supplementary Figure 9
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Darbellay and Necsulea, Supplementary Figure 10
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