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EVOLUT ION  

Illuminating the first bacteria 
A new analysis aims to uncover the root of the bacterial tree of life 
By Laura A. Katz 

The ability to sequence genes and more re-
cently whole genomes has transformed our un-
derstanding of the tree of life by elucidating the 
tremendous diversity of microorganisms, and 
by placing plants, animals and fungi as 
branches nested among microbial lineages (1-
3). The resulting evolutionary tree divides life 
into three ‘domains’: the exclusively microbial 
bacteria and archaea, and eukaryotes, organ-
isms whose cells contain nuclei (including cili-
ates, amoebae, and animals). Yet the ordering 
of the earliest branching events on the tree and 
the nature of now-extinct ancestors remains 
unclear.  On page XXX of this issue, Coleman et 
al. (4) provide a new estimate of the root of the 
bacterial tree of life, that is, the ancestor from 
which all bacterial species are derived.  
Knowledge of the root of the bacterial tree is 
important because it defines the evolutionary 
starting point for the tremendous diversity of 
bacteria and offers glimpses into the nature of 
the first bacterial cells.  

Although	genome	 sequencing	has	 given	
biologists	 a	 wealth	 of	 data	 for	 estimating	
phylogenies	 (i.e.,	 evolutionary	 trees),	 it	 has	
also	revealed	the	importance	of	non-vertical	
inheritance	as	genes,	and	sometimes	whole	
genomes,	have	been	transferred	across	spe-
cies	 boundaries	 (2,	 3,	 5).	 This	 lateral	 gene	
transfer	 (LGT;	 also	 called	 horizontal	 gene	
transfer)	has	 substantially	 altered	bacterial	
evolution,	for	example	through	the	spread	of	
antibiotic	 resistance	 and	 the	 acquisition	 of	
metabolic	 pathways	 (2).	 	 In	 some	 lineages,	
such	as	the	bacterial	clade	Thermatogales,	a	
large	number	of	LGTs	have	generated	a	chi-
meric	lineage:	an	estimated	20%	of	the	genes	
in	the	Thermotoga	genus	have	been	acquired	
from	archaea	rather	 than	by	vertical	 trans-
mission	through	binary	division	(5).	Eukary-
otes	 represent	 another	 chimera	 having	
arisen	 through	 the	 merger	 of	 an	 archaeon	
and	 a	 bacterium,	 the	 latter	 eventually	 be-
coming	a	mitochondrion	(6,	7).	Events	such	
as	these	make	estimation	of	the	root	of	a	tree	
challenging	 because	 transferred	 genes	 re-
flect	different	histories	than	vertically-inher-
ited	genes,	and	thus	can	confound	inferences.			

Coleman	 et	 al.	 use	 amalgamated	 likeli-
hood	estimation	(ALE),	a	method	developed	
by	their	group	called,	to	estimate	the	position	
of	the	root	of	the	bacterial	tree	of	life	while	

attempting	to	account	for	gene	duplications	
and	losses	as	well	as	LGTs.	To	determine	the	
root	of	the	bacterial	tree,	Coleman	et	al.	first	
construct	 an	unrooted	phylogeny	based	on	
62	single-copy	genes	sampled	from	265	bac-
terial	genomes,	and	then	use	ALE	to	evaluate	
various	 positions	 of	 the	 root	 on	 this	 tree	
through	analyses	of	the	evolutionary	history	
of	11,000	gene	families	sampled	from	across	
the	same	lineages.	

Coleman	et	al.	estimate	that	two-thirds	of	
the	transmissions	among	gene	families	ana-
lyzed	 are	 vertical,	 and	 that	 the	 root	 of	 the	
bacterial	tree	of	life	likely	lies	between	“Gra-
cilicutes”,	 predominantly	 Gram-negative	
bacteria	including	Proteobacteria,	Acidobac-
teria	 and	 Spirochaeta,	 and	 “Terrabacteria”,	
including	Gram	positive	bacteria,	Cyanobac-
teria,	 Firmicutes,	 and	 “CPR”;	 taxonomic	
names	 in	 quotes	 indicate	 uncertainty	 (see	
the	 figure).	 Intriguingly,	 the	 placement	 of	
two	clades	–	“DST”	(Deinococcota,	Synergis-
tota	and	Thermotogota)	and	Fusobacteriota	
(an	anaerobic	clade	of	Gram-negative	bacte-
ria)	–	that	are	the	recipients	of	a	dispropor-
tionate	number	of	LGTs,	is	unresolved.	This	
is	 exemplary	 of	 the	uncertainty	 introduced	
by	LGT	in	reconstructing	a	bacterial	tree	of	
life.	

Knowing	the	root	of	the	bacterial	tree	of	
life	allows	both	polarization	of	the	evolution	
of	bacterial	 traits	and	reconstruction	of	 the	
last	 bacterial	 common	 ancestor	 (LBCA),	 at	
least	 for	 those	 aspects	 that	 have	 evolved	
through	vertical	transmission.	Coleman	et	al.	
infer	that	LBCA	was	a	free-living	rod-shaped	
cell	surrounded	by	a	double-membrane	and	
with	a	flagellum.	The	genome	of	this	ancestor	
of	all	bacteria	encoded	key	components	of	in-
formational	processing	(e.g.,	DNA	transcrip-
tion,	 replication),	 metabolic	 pathways	 in-
cluding	CO2	 fixation	and	the	Krebs	cycle,	as	
well	as	elements	of	the	CRISPR-CAS9	adap-
tive	 immune	 system.	 Overall,	 these	 infer-
ences	 agree	with	 findings	 of	 others	 on	 the	
physiological	and	morphological	features	of	
LBCA		(8,	9).	

Did	they	get	it	right?	It	is	difficult	to	know	
because	reconstructing	such	ancient	events	
[the	earliest	fossil	bacteria	are	estimated	to	
have	existed	around	3-3.4	billion	years	ago	
(10)]	 presents	 a	 challenge	 even	 in	 the	 ab-
sence	of	LGT.	Results	are	dependent	on	the	
parameters	used	in	the	mathematical	mod-
els,	and	although	Coleman	et	al.	extensively	

evaluate	 these	parameters	 through	 simula-
tions,	assumptions	about	the	relative	rates	of	
gene	duplication	 and	LGT	have	been	ques-
tioned	 (11).	 To	 further	 complicate	 infer-
ences,	Coleman	et	al.	note	the	importance	of	
taxon	 sampling	 because	 changing	 repre-
sentative	 species	 within	 major	 bacterial	
clades	affects	the	estimate	of	the	position	of	
the	root.	This	suggests	 that	 future	analyses	
including	different,	 and	perhaps	newly	dis-
covered,	lineages	may	alter	both	estimates	of	
the	root	of	the	bacterial	tree	of	life	and	infer-
ences	about	LBCA.	

Another	 confounding	 factor	 is	 the	
strength	of	the	assumption	that	bacteria	are	
monophyletic	–	that	bacteria	are	descended	
from	a	common	ancestor	that	existed	more	
recently	than	their	shared	common	ancestor	
with	archaea.	This	belief	requires	either	the	
independent	 evolution	 of	 bacteria	 and	 ar-
chaea	at	the	origin	of	life	(12)	or	a	complex	
pattern	 of	 diversification	 and	 extinction	
events	to	give	rise	to	reciprocally	monophy-
letic	bacteria	and	archaea	(i.e.,	the	evolution	
of	 two	 distinct	 lineages	 of	 microorgan-
isms).		Coleman	et	al.	state	that	they	are	ag-
nostic	as	to	the	monophyly	of	bacteria,	point-
ing	 out	 the	 limitations	 of	 previous	 studies	
that	rely	on	an	archaeal	outgroup	for	rooting	
the	bacterial	tree	of	life.	Instead,	their	model	
excludes	archaea	and	the	nested	eukaryotes	
(6,	7)	in	their	estimates	of	the	bacterial	root.	
Alternative	models	suggest	that	archaea	de-
scended	from	LBCA		(13,	14),	in	which	case	
archaea	would	have	to	be	included	to	deter-
mine	the	root	of	the	bacterial	tree	of	life.	

Although	some	will	contest	the	proposed	
position	of	the	root	of	the	bacterial	tree	of	life,	
others	 challenge	 the	 concept	 of	 a	 tree	 as	 a	
model	for	the	diversification	of	life	on	Earth	
(14,	15).	Though	Coleman	et	al.	may	have	ac-
curately	captured	the	vertical	portion	of	the	
bacterial	tree	of	life,	the	tree	that	they	root	is	
missing	the	history	of	biological	innovations	
and	ecological	adaptations	 that	are	derived	
from	LGTs.	To	 portray	 these	 lateral	 events,	
some	authors	have	suggested	that	the	tree	of	
life	be	replaced	with	a	circle,	a	web,	or	even	a	
network	depicting	the	complex	history	of	in-
heritance	(2,	3,	5).	It	has	been	suggested	that	
“to	 save	 the	 trees,	 one	might	define	organ-
isms	as	more	 than	 the	 sums	of	 their	genes	
and	 imagine	 organismal	 lineages	 to	 have	 a	
sort	of	emergent	reality”	(2).	In	other	words,	
there	 is	 room	 for	 alternative	methods	 and	
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innovation	 to	encompass	both	vertical	 and	
lateral	 inheritance,	 focusing	 on	 the	 evolu-
tionary	history	of	phenotypic	features	such	
as	metabolism,	morphology,	and	life	history.	
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Fig. Illuminating the root of the bacterial tree of life 
 
 
Coleman et al (4) infer that the root of the bacterial tree of life likely lies between the “Gracilicutes” and the “Terrabacteria” (see text).  Unresolved are two clades –  “DST” 
(Deinococcota, Synergistota and Thermotogota), and Fusobacteriota – that are estimated to have a substantial number of LGT events across the gene families analyzed; only 
~30-40% of gene transfers in these lineages are estimated to be vertical.  Here, names in quotes represent provisional taxonomic terms.  Left inset shows effect of lateral 
gene transfer across a three domain tree of life from (redrawn from (2)) and right insert represents an alternative in which both archaea and eukaryotes emerge from among 
bacterial lineages. 
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