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Abstract 15	

The	 evolutionary	 transition	 from	 free-living	 bacteria	 to	 mutualistic	 symbionts	 remains	 a	16	

central	 question	 in	 symbiosis	 research.	 Traditionally,	 this	 process	 has	 been	 inferred	 from	17	

comparative	analyses	of	extant	symbiotic	systems,	which	provide	evolutionary	snapshots	but	18	

offer	limited	insight	into	the	processes	connecting	them.	Recent	studies	of	the	stinkbug	Plautia	19	

stali	 and	 its	 bacterial	 associates	 have	 begun	 to	 address	 this	 gap	 by	 integrating	 comparative	20	

analyses	 of	 natural	 systems,	 experimental	 evolution,	 and	 symbiosis	 engineering.	 Natural	21	

systems	generate	hypotheses	about	possible	evolutionary	trajectories,	experimental	evolution	22	

reconstructs	 the	 emergence	 of	 mutualistic	 traits	 and	 symbiont	 replacement,	 and	 synthetic	23	

approaches	identify	the	biological	changes	that	are	sufficient	to	confer	host	benefits.	Together,	24	

these	 complementary	 approaches	 suggest	 that	mutualism	 can,	 in	 some	 cases,	 arise	 through	25	

relatively	minor	modifications	of	existing	regulatory	and	metabolic	networks	and	establish	a	26	

new	 empirical	 framework	 for	 investigating	 the	 origins,	 dynamics,	 and	 evolution	 of	 insect-27	

bacterial	mutualism.	28	

Keywords 29	
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replacement;	Mutualism	evolution	31	

Highlights 32	

Natural	 symbiotic	 systems	 provide	 evolutionary	 snapshots	 spanning	 free-living	 bacteria,	33	

culturable	symbionts,	and	highly	specialized	obligate	symbionts.	34	

	35	

Experimental	 evolution	 in	 the	 Plautia	 stali-Escherichia	 coli	 system	 has	 enabled	 the	36	

reconstruction	of	the	early	stages	of	mutualism	under	laboratory	conditions.	37	

	38	

Rewiring	 of	 existing	 regulatory	 and	 metabolic	 networks,	 rather	 than	 acquisition	 of	 novel	39	

functions,	can	drive	the	transition	to	mutualism.	40	

	41	

Experimental	reconstruction	of	symbiont	replacement	reveals	that	successful	host	colonization	42	

and	host	benefit	are	not	necessarily	coupled	traits.	43	

	44	

Symbiosis	 engineering	 and	 experimental	 evolution	 provide	 convergent	 approaches	 for	45	

identifying	the	mechanisms	underlying	the	origin	of	insect-bacterial	mutualism.	46	



Introduction 47	

Insect-bacterial	mutualisms	are	among	the	most	important	interspecies	interactions	48	

in	 nature,	 underpinning	 host	 survival,	 ecological	 diversification,	 and	 evolutionary	 success	49	

through	 functions	 such	 as	 nutritional	 provisioning,	 defense	 against	 natural	 enemies,	 and	50	

environmental	 adaptation	 [1-4].	 In	 particular,	 insects	 that	 rely	 on	 nutritionally	 imbalanced	51	

diets,	 such	 as	 plant	 phloem	 sap	 or	 other	 nutrient-poor	 food	 sources,	 frequently	 depend	 on	52	

symbiotic	 bacteria	 to	 supply	 essential	 amino	 acids,	 vitamins,	 and	other	metabolites	 that	 are	53	

scarce	or	absent	 in	their	diets.	 In	many	cases,	 these	microbial	partners	are	 indispensable	 for	54	

host	 development	 and	 reproduction.	 Highly	 integrated	 symbioses,	 in	 which	 bacterial	55	

symbionts	 exhibit	 extreme	 genome	 reduction	 and	 strict	 host	 dependence,	 have	 been	56	

extensively	studied	and	have	provided	fundamental	insights	into	the	long-term	consequences	57	

of	host-microbe	coevolution	[5].	However,	these	systems	represent	advanced	snapshots	along	58	

prolonged	evolutionary	processes	and	offer	 limited	opportunities	 to	directly	 investigate	how	59	

free-living	bacteria	initially	transitioned	into	beneficial	symbiotic	partners. 60	

Consequently,	 research	on	 the	origins	of	 insect-microbe	symbiosis	has	 traditionally	61	

relied	heavily	on	comparative	approaches.	Comparative	genomics	and	phylogenetic	analyses	62	

have	 revealed	 which	 genes	 and	 metabolic	 pathways	 have	 been	 retained,	 modified,	 or	 lost	63	

during	symbiont	evolution,	providing	 important	 insights	 into	the	evolutionary	trajectories	of	64	

established	symbiotic	associations.	Nevertheless,	 such	approaches	are	 fundamentally	 limited	65	

in	their	ability	to	reconstruct	the	sequence	of	evolutionary	events	that	gave	rise	to	mutualism.	66	

For	example,	it	remains	difficult	to	determine	the	order	in	which	key	traits	-	such	as	reduction	67	

of	host	harm,	enhancement	of	colonization	ability,	and	acquisition	of	nutritional	provisioning	-	68	

were	 established,	 as	 well	 as	 whether	 these	 traits	 evolved	 independently	 or	 in	 an	69	

interdependent	 manner.	 Understanding	 the	 origin	 of	 insect-microbe	 symbiosis	 therefore	70	

requires	approaches	that	can	capture	the	processes	of	evolutionary	change,	rather	than	solely	71	

its	end	products. 72	

In	 this	 context,	 experimental	 evolution	 offers	 a	 powerful	 framework	 for	 directly	73	

investigating	evolutionary	processes.	While	 long-term	evolution	experiments	 in	bacteria	and	74	

studies	 of	 host-parasite	 systems	 have	 revealed	 fundamental	 principles	 of	 adaptation	 and	75	

coevolution	 [6-9],	 their	 application	 to	animal-microbe	mutualism	has	been	 relatively	 limited	76	

[10].	77	

Recently,	however,	the	stinkbug	Plautia	stali	and	its	associated	bacteria	have	emerged	78	

as	a	model	 system	providing	a	particularly	 tractable	platform	that	enables	 the	 integration	of	79	

experimental	evolution,	comparative	analyses	of	natural	symbioses,	and	synthetic	approaches.	80	

These	 studies	 open	 new	 avenues	 for	 empirically	 investigating	 the	 origins	 of	 mutualistic	81	

symbiosis.	In	this	review,	we	discuss	how	these	complementary	approaches	can	be	combined	82	



to	elucidate	the	transition	from	free-living	bacteria	to	mutualistic	symbionts	and	advance	our	83	

understanding	of	the	evolutionary	origins	of	insect-bacterial	mutualism	(Figure	1).	84	

Evolutionary Hypotheses from Natural Symbiotic Systems 85	

One	promising	avenue	for	investigating	the	early	stages	of	symbiosis	evolution	is	the	86	

study	of	natural	symbiotic	systems	that	retain	bacterial	partners	with	characteristics	of	 free-87	

living	microorganisms.	In	the	stinkbug	P.	stali,	distinct	geographic	populations	harbor	different	88	

gut	symbionts,	some	of	which	remain	culturable	and	retain	traits	associated	with	a	free-living	89	

lifestyle [11].	Moreover,	 experimental	 screening	of	 soil-derived	bacteria	 identified	 free-living	90	

relatives	of	 the	 symbionts	 that	 retain	 the	capacity	 to	 support	normal	development	of	P.	stali,	91	

demonstrating	that	host-beneficial	traits	can	exist	outside	established	symbiotic	associations.	92	

These	 findings	suggest	 that	 traits	required	 for	host	association	and	host	benefit	may	already	93	

exist	 in	 environmental	 bacterial	 populations,	 providing	 a	 plausible	 starting	 point	 for	 the	94	

evolution	of	insect-microbe	mutualism.	95	

Collectively,	these	observations	provide	a	series	of	evolutionary	snapshots	of	bacteria	96	

associated	with	a	single	host	species,	ranging	from	free-living	environmental	strains	capable	of	97	

supporting	 host	 development	 to	 culturable	 symbionts	 and	 highly	 specialized	 unculturable	98	

symbionts.	 While	 these	 bacteria	 cannot	 be	 assumed	 to	 represent	 a	 direct	 evolutionary	99	

progression,	 they	 provide	 a	 framework	 for	 investigating	 how	 host-beneficial	 traits,	 host	100	

dependence,	and	symbiotic	specialization	may	emerge	during	the	evolution	of	mutualism.	Such	101	

systems	therefore	offer	valuable	hypotheses	regarding	the	phenotypic	and	genomic	transitions	102	

that	 accompany	 the	 shift	 from	 a	 free-living	 lifestyle	 to	 obligate	 symbiosis.	 Comparative	103	

analyses	of	natural	 symbiotic	 systems	 therefore	provide	not	only	descriptions	of	 established	104	

associations	 but	 also	 evolutionary	 scenarios	 that	 can	 subsequently	 be	 tested	 through	105	

experimental	approaches.	106	

Experimental reconstruction of mutualism through evolution in an artificial symbiotic 107	

system 108	

While	natural	symbiotic	systems	provide	snapshots	of	potential	evolutionary	states,	109	

experimental	evolution	offers	a	means	 to	 reconstruct	and	dissect	 the	evolutionary	processes	110	

that	may	connect	them.	Using	the	stinkbug	P.	stali,	we	previously	found	that	replacement	of	the	111	

native	 obligate	 symbiont	 with	 Escherichia	 coli	 occasionally	 yielded	 insects	 that	 successfully	112	

developed	into	fertile	adults,	but	only	at	a	very	low	frequency	[11].	This	finding	suggested	that	113	

the	host	is	not	exclusively	dependent	on	its	native	symbiont;	rather,	under	certain	conditions,	it	114	

can	 provide	 a	 suitable	 niche	within	 its	 symbiotic	 organ	 for	 alternative	 bacteria	 and	 tolerate	115	

them	as	symbiotic	partners.	It	provided	a	starting	point	for	our	experimental	evolution	project.	116	



In	the	project,	we	established	multiple	host	lineages	harboring	a	hypermutable	strain	117	

of	 E.	 coli	 and	 maintained	 them	 through	 serial	 passage.	 Remarkably,	 several	 independently	118	

evolving	lineages	acquired	mutualistic	properties	that	significantly	improved	host	survival	and	119	

adult	 emergence	 rates.	 The	 evolved	 E.	 coli	 strains	 also	 exhibited	 phenotypic	 characteristics	120	

commonly	observed	 in	 insect	 symbionts,	 including	reduced	growth	rate,	 loss	of	motility,	 and	121	

diminished	extracellular	matrix	production	[12].	122	

Genomic	 and	 transcriptomic	 analyses	 revealed	 that	 these	 independently	 evolved	123	

lineages	repeatedly	acquired	mutations	in	global	regulatory	pathways	associated	with	carbon	124	

catabolite	 repression	 (CCR).	 Introduction	 of	 the	 evolved	mutations	 into	 ancestral	E.	coli	was	125	

sufficient	 to	 reproduce	 the	mutualistic	phenotype,	demonstrating	 that	 these	genetic	 changes	126	

contributed	 to	 bacterial	 adaptation	 to	 the	 host	 environment.	 Subsequent	 analyses	 further	127	

showed	 that	 altered	 tryptophan	 metabolism,	 leading	 to	 tryptophan	 accumulation	 through	128	

reduced	 expression	 of	 the	 tryptophanase	 gene	 tnaA,	 played	 a	 critical	 role	 in	 improving	 host	129	

fitness	[13].	130	

These	findings	indicate	that	the	initial	transition	toward	mutualism	may	depend	less	131	

on	 the	 acquisition	 of	 novel	 functions	 than	 on	 the	 rewiring	 of	 pre-existing	 regulatory	 and	132	

metabolic	networks.	 In	other	words,	mutualistic	 interactions	can	emerge	 through	changes	 in	133	

the	allocation	and	regulation	of	existing	physiological	functions,	without	evolving	entirely	new	134	

genetic	functions.	This	study	therefore	provides	experimental	evidence	that	the	earliest	stages	135	

of	symbiosis	evolution	can	be	initiated	by	a	relatively	small	number	of	genetic	changes.	136	

Experimental reconstruction of symbiont replacement 137	

Bacteria	that	evolve	increased	compatibility	with	their	hosts	may	acquire	not	only	the	138	

ability	to	confer	benefits	but	also	the	capacity	to	displace	pre-existing	symbiotic	partners.	We	139	

recently	 demonstrated	 that	 one	 lineage	 of	 experimentally	 evolved	 E.	 coli	 was	 capable	 of	140	

competitively	 excluding	 the	 native	 symbionts	 of	P.	stali	 [14].	 Remarkably,	 this	 evolved	 strain	141	

displaced	not	only	culturable	symbionts	that	are	thought	to	represent	relatively	early	stages	of	142	

symbiotic	 specialization,	 but	 also	 the	 unculturable	 symbiont	 fixed	 in	 natural	 populations	 on	143	

mainland	 Honshu,	 Japan,	 despite	 its	 long-term	 association	 with	 the	 host.	 These	 findings	144	

suggest	that	even	seemingly	stable	mutualistic	associations	may	remain	susceptible	to	invasion	145	

and	replacement	by	newly	emerging	symbionts.	146	

Importantly,	 however,	 the	 evolved	E.	coli	 strain	 did	 not	 confer	 host	 fitness	 benefits	147	

comparable	 to	 those	 provided	 by	 the	 native	 symbionts.	 This	 observation	 indicates	 that	 the	148	

ability	 to	 invade	 and	 persist	within	 the	 host	 and	 the	 ability	 to	 improve	 host	 fitness	 are	 not	149	

necessarily	 coupled	 traits.	 Rather,	 they	may	 evolve	 independently	 and	 be	 subject	 to	 distinct	150	

selective	 pressures.	 As	 a	 result,	 the	 symbionts	 that	 spread	 most	 successfully	 within	 host	151	



populations	 are	 not	 necessarily	 those	 that	 confer	 the	 greatest	 benefits	 to	 their	 hosts.	152	

Understanding	the	evolution	of	mutualistic	symbiosis	therefore	requires	consideration	of	both	153	

host	fitness	effects	and	competition	among	symbionts.	154	

A	similar	phenomenon	has	been	demonstrated	 in	an	experimental	system	involving	155	

the	 grain	 beetle	 Oryzaephilus	 surinamensis	 and	 Sodalis	 praecaptivus,	 a	 culturable	 and	156	

genetically	 tractable	bacterium	closely	related	to	many	 insect	symbionts	 [15].	 In	 this	system,	157	

an	 artificially	 introduced	 symbiont	was	 shown	 to	 replace	 an	 ancient	 native	 symbiont	within	158	

only	 a	 few	 host	 generations.	 These	 studies	 demonstrate	 that	 symbiont	 replacement	 is	 not	159	

merely	 an	 inference	 derived	 from	 comparative	 phylogenetic	 analyses	 but	 an	 experimentally	160	

tractable	 process	 that	 can	 be	 reconstructed	 and	 mechanistically	 dissected	 under	 controlled	161	

conditions.	More	broadly,	these	findings	suggest	that	symbiosis	evolution	should	not	be	viewed	162	

solely	 as	 a	 process	 that	 optimizes	 host	 benefit.	 Instead,	 it	 represents	 a	 multilayered	163	

evolutionary	process	shaped	by	interactions	among	host	selection,	symbiont	competition,	and	164	

ecological	 opportunity.	 From	 this	 perspective,	 symbiont	 replacement	 in	 nature	 is	 not	 simply	165	

taxonomic	 turnover,	 but	 rather	 the	 outcome	 of	 competition	 and	 selection	 within	 host-166	

associated	microbial	ecosystems.	167	

Engineering symbiosis without evolution 168	

In	recent	years,	efforts	to	understand	the	origins	of	mutualism	have	expanded	beyond	169	

experimental	evolution	to	include	synthetic	approaches	that	directly	engineer	beneficial	host-170	

microbe	interactions.	For	example,	S.	praecaptivus	was	converted	from	a	harmful	associate	into	171	

a	 beneficial	 partner	 by	 engineering	 the	 overproduction	 of	 aromatic	 amino	 acids	 [16].	172	

Remarkably,	 a	 bacterium	 that	 initially	 impaired	 host	 performance	 was	 transformed	 into	 an	173	

engineered	 symbiont	 that	 enhanced	host	development	 through	a	 relatively	 simple	metabolic	174	

modification.	These	findings	demonstrate	that	host-beneficial	traits	need	not	arise	exclusively	175	

through	prolonged	evolutionary	processes	but	can	emerge	from	relatively	modest	alterations	176	

in	metabolic	flux.	177	

A	 similar	 pattern	has	 been	observed	 in	 our	 stinkbug-E.	coli	 system.	Modification	of	178	

metJ,	a	transcriptional	repressor	involved	in	methionine	metabolism,	was	sufficient	to	generate	179	

host-beneficial	 phenotypes	 [17].	 Importantly,	 neither	 of	 these	 examples	 involved	 the	180	

acquisition	 of	 novel	 metabolic	 pathways.	 Rather,	 substantial	 changes	 in	 host-microbe	181	

interactions	 resulted	 solely	 from	 alterations	 in	 the	 regulation	 of	 pre-existing	 metabolic	182	

networks. 183	

Experimental	 evolution	 and	 symbiosis	 engineering	 represent	 two	 distinct	 but	184	

convergent	 approaches	 to	 understanding	 the	 origins	 of	 mutualism.	 Whereas	 experimental	185	

evolution	is	used	to	investigate	how	mutualism	evolves,	synthetic	approaches	are	used	to	test	186	



what	 is	 required	 for	 mutualism	 to	 emerge.	 Despite	 their	 methodological	 differences,	 both	187	

approaches	 converge	 on	 a	 common	 conclusion:	 relatively	 small	 changes	 in	 metabolic	188	

regulation	can	profoundly	alter	the	nature	of	host-microbe	interactions.	These	findings	suggest	189	

that	the	transition	to	mutualism	may	be	more	evolutionarily	accessible	than	has	traditionally	190	

been	assumed.	191	

Future perspectives 192	

An	 important	 challenge	 for	 future	 studies	 will	 be	 to	 determine	 how	 broadly	 these	193	

mechanisms	can	be	generalized	across	mutualistic	host-microbe	systems.	A	previous	study	has	194	

shown	 that	 the	 fitness	 effects	 of	 both	 native	 symbionts	 and	 experimentally	 evolved	 E.	 coli	195	

differed	depending	on	host	species,	indicating	that	a	strategy	promoting	mutualism	in	one	host	196	

may	 not	 necessarily	 be	 effective	 in	 another	 [18].	 Comparative	 analyses	 across	 multiple	197	

symbiotic	systems	will	therefore	be	essential	for	distinguishing	general	principles	of	symbiosis	198	

evolution	from	lineage-specific	adaptations.	199	

At	the	same	time,	advances	in	analytical	technologies	are	likely	to	further	enhance	the	200	

value	of	comparative	studies	of	natural	symbiotic	systems.	Integrative	multi-omics	approaches	201	

combining	 genomics,	 transcriptomics,	 proteomics,	 metabolomics,	 and	 phenomics	may	 allow	202	

increasingly	 precise	 inferences	 regarding	 the	 evolutionary	 status	 of	 individual	 symbionts.	203	

Comparative	 analyses	 spanning	 free-living	 bacteria	with	 host-beneficial	 potential,	 culturable	204	

symbionts	 that	 retain	 some	 degree	 of	 environmental	 competence,	 and	 highly	 specialized	205	

unculturable	 symbionts	 may	 offer	 an	 increasingly	 refined	 picture	 of	 the	 early	 stages	 of	206	

symbiosis	evolution.	207	

Recent	 studies	 have	 also	 revealed	 that	 multiple	 metabolic	 changes	 contributing	 to	208	

mutualism	 do	 not	 necessarily	 act	 additively.	 For	 example,	 mutations	 affecting	 methionine	209	

metabolism	 and	 tryptophan	 metabolism	 each	 improved	 host	 performance,	 yet	 their	210	

combination	did	not	generate	a	proportionally	greater	benefit.	This	observation	suggests	that	211	

the	 effects	 of	 individual	metabolic	 changes	 emerge	within	 the	 context	 of	 complex	metabolic	212	

and	physiological	networks	formed	between	hosts	and	symbionts. Consequently,	future	efforts	213	

in	symbiosis	engineering	may	require	a	more	systems-level	perspective	capable	of	predicting	214	

the	 behavior	 of	 integrated	 host-microbe	 networks,	 rather	 than	 focusing	 solely	 on	 individual	215	

genes	or	metabolic	pathways.	216	

In	 combination,	 natural	 symbiotic	 systems	 provide	 evolutionary	 snapshots	 and	217	

hypotheses,	 experimental	 evolution	 reconstructs	 the	 processes	 that	may	 connect	 them,	 and	218	

symbiosis	engineering	tests	the	mechanistic	requirements	for	mutualism.	The	convergence	of	219	

these	complementary	approaches	has	begun	to	provide	an	empirical	framework	for	addressing	220	

the	longstanding	question	of	how	free-living	bacteria	evolve	into	insect-associated	mutualistic	221	



symbionts.	 As	 iterative	 cycles	 of	 natural	 history	 observations	 and	 manipulative	222	

experimentation	 become	 increasingly	 sophisticated,	 they	 will	 not	 only	 deepen	 our	223	

understanding	of	the	origins	of	mutualism	but	also	provide	a	more	comprehensive	view	of	the	224	

mechanisms	underlying	its	stabilization,	breakdown,	and	replacement [19].	225	
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	313	

Figure legends 314	

Figure	 1.	 Conceptual	 framework	 for	 reconstructing	 the	 early	 evolution	 of	 insect-315	

bacterial	mutualism.	316	

Natural	 symbiotic	 systems	 provide	 evolutionary	 snapshots	 spanning	 different	 degrees	 of	317	



symbiotic	specialization.	Comparative	analyses	of	these	systems	generate	hypotheses	about	the	318	

traits	and	transitions	associated	with	symbiosis	evolution,	whereas	experimental	evolution	and	319	

symbiosis	 engineering	 enable	 these	 hypotheses	 to	 be	 tested	 and	 reconstructed	 under	320	

controlled	 conditions.	 Together,	 these	 complementary	 approaches	 establish	 a	 conceptual	321	

framework	 for	 identifying	 the	key	 traits	and	evolutionary	processes	 that	drive	 the	 transition	322	

from	free-living	bacteria	to	mutualistic	symbionts.	The	red,	blue,	and	green	solids	shown	on	the	323	

left	and	right	sides	schematically	represent	hypothetical	evolutionary	trajectories	of	symbiosis-324	

related	 traits.	 Changes	 in	 trait	magnitude	 are	 illustrated	 by	 variation	 in	 the	 volume	 of	 each	325	

solid	and,	in	cross-section,	by	the	size	of	its	projected	area.	326	
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