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ecologies. While cells were required to survive an identical two-phase life cycle 308	

regardless of meta-population structure, these two traits were driven in opposite 309	

directions under the two ecologies because of differences in the emphasis of cell and 310	

group level selection. 311	

 312	

!313	
Figure	6.	Relationship	between	WS	density	and	transition	rate	in	the	ancestral	populations,	and	in	the	314	
Non-Mixed	and	Mixed	Ecologies.	Dots	represent	the	mean	of	eight	lines	per	replicate	population,	which	315	
were	assessed	three	independent	times.		316	
 317	

Table 1 summarises the differences between ecologies in the partitioning of variation 318	

across the meta-populations, and the downstream consequences on the traits selected 319	

during Phase I and Phase II. Selection during both phases of the Non-Mixed Ecology 320	

favours a higher WS-SM transition rate. However, the trade-off apparent in Figure 6 321	

suggests that there is conflict between the two phases of the Mixed Ecology in terms of 322	

the direction of selection within the scope of these two traits. Adaptations may arise that 323	

allow groups to survive Phase I of the Mixed Ecology (i.e., high WS-SM transition rate), 324	

only to be extinguished during Phase II due to a low competitive ability resulting from 325	

reduced WS density. The red box highlights this conflict between selection of two 326	

incompatible traits. The relationships between these traits and their effect on the two 327	

levels of fitness are illustrated in Figure 7. 328	

 329	
	 	330	

!"#$%&'( )'"*+,-$. +,-$.

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/407163doi: bioRxiv preprint first posted online Sep. 4, 2018; 



	 15	

Table	 1.	 Effects	 of	 the	 meta-population	 structure	 on	 the	 level	 of	 selection.	 The	 red	 box	 highlights	331	
selection	during	different	phases	of	 the	Mixed	Ecology	 for	 two	 incompatible	 traits	 (parameters	 that	are	332	
negatively	correlated),	leading	to	a	conflict	between	levels	of	selection.	333	

Ecology	
	
	
	

Life	cycle	phase	 Distribution	 of	
Variation	 Level	of	Selection	 Life-history	

requirement(s)	 Trait	selected	

Non-
Mixed	

PHASE	I	 Between	groups	 Between	groups	 Produce	SM	cells		 WS-SM		
transition	rate	

PHASE	II	 Between	groups	 Between	groups	 Produce	WS	cells		 WS-SM		
transition	rate	

Mixed	

PHASE	I	
Between	groups		
(low)	
	

Between	 groups	
(weak)	
	

Produce	SM	cells		 WS-SM		
transition	rate	

PHASE	II	 Within	groups	 Between	cells	

Produce	WS	cells		

AND	

Outcompete	 WS	
produced	 by	
other	groups	

WS	density	
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 334	
Figure	7.	Relationships	between	the	traits	underpinning	cell	and	group	fitness.	Cell	and	group	fitness	are	335	
depicted	 in	grey,	while	the	traits	underpinning	them	are	white.	Red	 lines	 indicate	a	positive	correlation;	336	
blue	 lines	 indicate	 a	 negative	 association.	 After	 ten	 generations	 of	 selection	 in	 the	Non-Mixed	 Ecology	337	
(middle	panel),	group	fitness	and	its	associated	trait	(WS-SM	transition	rate)	increased,	while	cell	fitness	338	
and	 its	associated	trait	 (WS	Density)	were	reduced,	most	 likely	due	to	the	trade-offs	that	exist	between	339	
these	 traits	 in	 the	 ancestral	 population	 (left	 panel,	 blue	 lines).	 In	 contrast,	 after	 ten	 generations	 of	340	
selection	in	the	Mixed	Ecology	(right	panel),	cell	fitness	and	its	associated	trait	(WS	Density)	increased	due	341	
to	within	group	selection	during	Phase	II,	while	group	fitness	did	not	change	(although	its	associated	trait,	342	
WS-SM	transition	rate,	increased	slightly).	343	
 344	
 345	
  346	
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Discussion 347	
 348	
Life cycles underpin evolutionary transitions in individuality (1, 7-9). The particular 349	

mode by which the earliest multicellular groups acquired the capacity to reproduce has 350	

implications for their ability to transition to groups that come to participate in the process 351	

of evolution by natural selection in their own right (Figure 8) (1, 5, 8, 10, 31). The 352	

emergence of developmental life cycles involving reproductive specialisation removed 353	

the constraints on the evolution of complexity in plants, animals and fungi, making the 354	

germ line one of the key innovations enabling the evolution of integrated multicellular 355	

organisms (32). A germ line enables selection to act on the developmental life cycle as a 356	

unit, rather than on a particular cell state – leading to the accumulation of traits that 357	

enhance the functioning of the group over the longer timescale (9). 358	

 359	

Nascent multicellular organisms lack functional integration during early stages of the 360	

transition. An ETI requires a population structure that supports the cohesiveness of early 361	

groups and simultaneously constrains the rampant growth of constituent cells. In the 362	

present study we experimentally addressed the relevance of population structure for an 363	

ETI by imposing group competition on two ecological frameworks that differ in the 364	

relative extent of fitness-affecting interaction within and between groups. All groups 365	

reproduced via identical life cycles incorporating the hallmarks of a new level of 366	

individuality (a bottleneck and germline) but in one experimental treatment (Mixed 367	

Ecology) groups were pooled prior to dispersal. Both treatments had a multilevel 368	

selection aspect, and by pooling groups the availability of niche space to offspring groups 369	

was manipulated, thus altering the relative emphasis of selection on the two phases of this 370	

life cycle.  371	

 372	

Groups in the Non-Mixed Ecology could multiply to occupy new niches only upon death 373	

of a competing group. Selection favoured persistence of the entire life cycle because the 374	

availability of a group’s own niche was always guaranteed. In both phases of the life 375	

cycle, the appearance of the alternative cell type (SM during maturation, WS during the 376	

dispersal phase) was sufficient to ensure that a group could persist and enter the next 377	

generation.  Selection favoured an increased rate of transition between the two cell types 378	
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(Figure 4e), which facilitated the almost guaranteed detection of a new cell type. The 379	

emphasis on persistence over cell number in this structured environment is akin to a K-380	

selected ecological framework (33). In contrast, mixing populations prior to dispersal 381	

created an environment resembling an r-selected ecology in which cells from all groups 382	

within each meta-population competed for all niches in the next generation (33). Groups 383	

in the two ecologies experienced identical environments during maturation, however in 384	

the dispersal phase of the Mixed Ecology the most numerous WS cell type from all eight 385	

groups in the population was selected to seed the next generation. The resulting selection 386	

for increased WS cell density was therefore crucial for groups to prevail under such 387	

ecological pressure. Whereas the r-selected ecology experienced by populations in the 388	

Mixed Ecology placed the emphasis of selection on cell numbers, the K-selected Non-389	

Mixed groups were released from the pressure for fast growth, providing an opportunity 390	

for innovation. 391	

 392	

The two ecologies in this study are distinguished by the partitioning of variation across 393	

meta-populations. Competition drives natural selection, and variation is crucial for 394	

competition. It follows then that the distribution of variation within and between groups 395	

determines the relative intensity of natural selection within and between groups. The 396	

importance of a bottleneck in multicellular life cycles has been attributed to its effect on 397	

the distribution of variation. A bottleneck redistributes variation (innovation) from within 398	

the parent to between its offspring (30), allowing selection to operate on different 399	

innovations between higher-level individuals. While both ecologies here experience a 400	

single-celled bottleneck during the life cycle, the mixing stage negated this effect because 401	

it prevents the redistribution of variation among offspring; on the contrary, all post-402	

mixing offspring are identical.  403	

  404	
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	405	
Figure	8.	The	origins	of	life	cycles	and	the	notion	of	fitness	decoupling.	Mode	of	group	reproduction	via	406	
a)	fragmentation,	b)	a	germ	line	(red)	in	a	highly	structured	population	and	c)	a	germ	line	with	propagule	407	
mixing,	 affects	 the	 emergence	 of	 individuality.	 Mode	 of	 group	 reproduction	 impacts	 the	 relationship	408	
between	two	levels	of	selection:	the	cell	level	(relative	to	the	free-living	state),	and	that	of	the	emerging	409	
group.	a)	 illustrates	an	example	of	a	group	that	reproduces	by	fragmentation	where	fitness	 is	 ‘coupled’:	410	
group	fitness	is	a	by-product	of	the	fitness	of	the	constituent	cells.	Larger	groups	contain	more	cells	and	411	
produce	 more	 offspring.	 This	 holds	 even	 when	 the	 reproductive	 life	 cycle	 involves	 a	 single-celled	412	
bottleneck	(9)	–	a	feature	that	is	expected	to	reduce	within-group	competition.	b)	and	c)	show	examples	413	
of	groups	that	reproduce	via	a	life	cycle	involving	two	cell	types	–	one	soma-like	and	the	other	germ-like.	414	
Such	two-phase	life	cycles	allow	possibility	for	traits	determining	a	necessary	developmental	programme	415	
to	evolve	independent	of	the	growth	rate	of	cells	that	comprise	the	nascent	organism.	This	paves	the	way	416	
for	the	emergence	of	new	kinds	of	biological	individual	where	group	fitness	‘decouples’	from	cell	fitness.	417	
Another	 possibility	 explored	 in	 the	 present	 study	 considers	 the	 impact	 of	 population	 structure	 on	 the	418	
fitness	 spectrum	 of	 the	 two	 levels.	 Contrast	 the	 life	 cycle	 illustrated	 b)	 (Non-Mixed	 Ecology)	 with	 an	419	
identical	 two-phase	 life	 cycle	 that	 incorporates	 competition	 during	 the	 propagule	 phase	 of	 emerging	420	
multicellular	groups	(c),	Mixed	Ecology).	While	the	existence	of	a	germ	line	can	effect	the	decoupling	of	421	
fitness	 required	 to	 achieve	 a	 higher	 level	 of	 individuality,	 competition	 between	 cells	 skews	 selection	422	
towards	 traits	 that	 enhance	 the	 competitive	 ability	 of	 cells,	 rather	 than	 towards	 traits	 that	 enhance	423	
functioning	of	the	life	cycle	as	a	whole.	424	
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While the number of WS cells (and total number of cells) was expected to increase over 425	

the course of the Mixed Ecology, it is curious that this ecology also resulted in a 426	

reduction in the number of SM cells (Figure 4a). One might have predicted that the 427	

number of SM cells would also increase in both ecologies because the life cycle 428	

necessitates switching between the two cell states. Furthermore, the Mixed Ecology 429	

places additional pressure on competition between SM cells during the propagule mixing 430	

step, yet the number of SM cells was not maximised. This surprising outcome becomes 431	

understandable when the trade-off brought about by the two-phase life cycle is 432	

considered. A negative correlation between the traits linked to group fitness (WS-SM 433	

transition rate) and cell fitness (WS density) (Figure 6) reveals that groups in the Mixed 434	

Ecology could not increase the total number of both WS and SM cells simultaneously. 435	

Intense competition between WS cells in the Mixed Ecology inadvertently reduced the 436	

number of SM cells, to the detriment of the functioning of the life cycle as a whole. 437	

 438	

Conflict between the two levels of selection is an inevitable consequence of the trade-off 439	

underpinning the ‘decoupled’ fitness that is essential for an ETI. The importance of 440	

ecology during an ETI becomes more apparent when we consider that a brand new 441	

maladapted level of selection emerges from well-adapted lower-level individuals. The 442	

new level has not yet accumulated adaptations to ensure their own survival when 443	

confronted with opposing pressure from the lower level. Nevertheless, new fragile 444	

higher-level individuals may withstand this ‘threat from below’ if they have the 445	

opportunity to evolve in a physically separated K-selected environment. Such conditions 446	

favour persistence of the group and promote the accumulation of adaptations that 447	

contribute to the stability and integration of the group as a whole.  448	

 449	

Integration is an important component, alongside a bottleneck and a germline, for 450	

paradigmatic group reproduction (5). Innovations that contribute to the integration of 451	

groups encompass features such as non-reproductive division of labour, the mutual 452	

dependence (loss of autonomy) of parts and a boundary surrounding the group (5). After 453	

a period of selection for traits that favour the persistence of the group in a K-selected 454	

environment, more integrated and well-adapted higher-level individuals may be equipped 455	
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to withstand a less structured ecology. In other words, a structured environment can 456	

provide the ecological scaffolding to support persistence during an initial period of 457	

evolution in which complex adaptations can arise and prevail over selection solely for 458	

growth rate. Upon removal of the scaffold, such features, such as boundaries that 459	

demarcate groups, allow groups to continue to function as evolutionary individuals in a 460	

less structured environment.  461	

 462	

Upon the emergence of a degree of integration, groups are likely to withstand a higher 463	

level of within-group conflict. Extant multicellular organisms tolerate varying degrees of 464	

cell-level selection, as evidenced by the diverse modes of multicellular reproduction that 465	

incorporate intense competition at the gamete level. Many plants, for example, engage in 466	

synchronous seed dispersal – a life cycle not unlike that depicted in Figure 8c. Cancer is a 467	

classic example of lower-level selection subsisting in multicellular organisms that is 468	

largely contained by selection at the higher level (cancers generally arise later in life, 469	

after reproduction (34)). In polyandrous animals, sexual selection also occurs at two 470	

levels: a higher level with competition between individuals for mating, and a lower level 471	

with competition between sperm for fertilization of eggs within female genital tracts. This 472	

lower level has often been shown to account for a large fraction of total variance in male 473	

fitness (and hence of the opportunity for selection); for example, 46% in red jungle fowl 474	

(35), or 40% in snails (36). Competition between units of the lower level (i.e., germ cells) 475	

is extreme in many aquatic invertebrates during broadcast spawning. Here, the animals 476	

(higher level) never meet as sperm and eggs (lower level) are released into the water 477	

column, where competition for fertilization takes place. 478	

 479	

Contrast the innovation made possible by evolution in a K-selected environment with 480	

extant multicellular assemblages that have evolved in less physically structured 481	

environments. True slime molds (Myxomycetes), and social Myxobacteria, for example, 482	

exhibit rather sophisticated features such as ‘wolf-pack feeding’ that allow cells to benefit 483	

from group-living (37). Cellular slime molds such as the Dictyostelids can form 484	

multicellular fruiting bodies when their food supply is exhausted (38). All of these groups 485	

exhibit rudimentary multicellular life cycles with cellular differentiation, and yet they 486	
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have remained relatively simple for millions of years and appear not to have become 487	

paradigmatic units of selection at the group level. This may be due, at least in part, to 488	

ecological factors that maintain a high degree of competition between cells from different 489	

groups during certain phases of their respective life cycles. It is also likely that the 490	

aggregative mode of group formation (‘coming together’) inhibits the process of selection 491	

at the aggregate level, compared to groups that form by growth from propagules (‘staying 492	

together’) (39). It is interesting to note that in the experiments presented here, the benefits 493	

(to group fitness) of ‘staying together’ were negated in the Mixed Ecology, which had 494	

more resemblance to the ‘coming together’ mode of group organisation during Phase II of 495	

the life cycle. 496	

 497	

The notion of natural selection occurring between groups in a meta-population has 498	

historically been shrouded by controversy. This is partly a consequence of the term 499	

‘group selection’ being used to describe both selection on groups (where groups are units 500	

of selection in their own right (34, 40, 41), and selection on individuals within group-501	

structured populations (where traits costly to individuals are the focus of attention (5, 42-502	

44). Here, as previously (9), we have experimentally demonstrated that group selection in 503	

which groups compete with one another via a death-birth process can transition 504	

individuality, whereas meta-populations that experience a ‘trait-group’ ecology do not, 505	

despite the evolving collectives experiencing life cycles involving both bottleneck and a 506	

germ line phases. Nowadays, the theoretical possibility of paradigmatic group selection is 507	

generally recognised, but often dismissed as a rare occurrence that is unlikely to be of 508	

importance in nature (44). However, the very existence of a biological hierarchy in which 509	

higher-level individuals are composed of groups of lower-level individuals demonstrates 510	

that during the course of life’s evolution, groups have acquired Darwinian properties and 511	

become units of selection in their own right. The likelihood of this kind of group 512	

selection is of little consequence to its implications – complex multicellular organisms 513	

are known to have evolved just three times in 3.5 billion years. 514	

  515	
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Methods 516	

Experimental regime 517	

We have previously published the Non-Mixed Ecology treatment in a study that 518	

compared its effect relative to a life cycle without reproductive specialisation (9). Here 519	

we compare the effect of meta-population structure on the potential for an ETI. Groups of 520	

cells (‘microcosms’) in both the Non-Mixed and Mixed meta-population ecologies of the 521	

present study experience identical two-phase life cycles driven by frequency-dependent 522	

selection. More specifically, each of the Non-Mixed and Mixed meta-population 523	

ecologies comprised of 15 replicates of eight competing groups that were founded with P. 524	

fluorescens strain SBW25 (45), and propagated through ten generations of evolution (one 525	

generation equated to one WS-SM-WS life cycle (9).  526	

Phase I (Maturation Phase): Each group was founded by a single WS colony. 527	

Microcosms were incubated under static conditions for six days, after which they were 528	

checked for the presence of an intact mat at the air-liquid interface. If the mat was not 529	

intact, that line was deemed extinct. All microcosms with viable mats were mixed by 530	

vortexing and then, either individually diluted and plated on solid media (Non-Mixed 531	

Ecology), or pooled prior to plating (Mixed Ecology). Agar plates were subsequently 532	

screened for SM colonies. Lines without SM colonies were deemed extinct, while those 533	

with SM propagules proceeded to Phase II.  534	

Phase II (Dispersal Phase): All SM colonies were individually transferred to 200 ml 535	

liquid medium and incubated for 24 h under static conditions. Thereafter they were 536	

pooled and used to inoculate Phase II microcosms. After three days of incubation under 537	

static conditions (during which new WS mats emerged), all microcosms in both 538	

treatments were individually plated on solid agar. The most dominant WS morphotype on 539	

each agar plate was selected to inoculate the next generation of the life cycle. If there 540	

were no WS colonies on the plate, the microcosm was deemed extinct.  Figure 1 contrasts 541	

the death-birth process of group competition in the Non-Mixed Ecology, with the 542	

physical mixing mode of competition in the Mixed Ecology. 543	

  544	
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Fitness assay and life cycle parameters 545	

Cell-level and group-level fitness were assayed after ten life cycle generations: 15 546	

representative clones (one per replicate population) were generated from each of the 547	

evolved treatments, in addition to 15 ancestral WS lines (each independently isolated 548	

from the earliest mats to emerge from the ancestral SM strain SBW25) (as described in 549	

detail in (9). Three replicate competition assays were performed for one group generation 550	

against a neutrally marked ancestral competitor (46).  551	

Our proxy for group-level fitness is the proportion of evolved ‘offspring’ mats relative to 552	

the marked reference strain, and cell-level fitness the total number of cells in the mat after 553	

Phase I. Density of WS and SM cells, and Proportion of SM cells were also assayed after 554	

Phase I. The growth rate of SM cells was determined from three biological replicate SM 555	

colonies per line (for details on how the SM were obtained, see (9)) in 96-well microtitre 556	

plates shaken at 28°C, and absorbance (OD600) measured in a microplate reader 557	

(BioTek) for 24h. The experiment was repeated three times and the maximum growth 558	

rate (Vmax) was calculated from the maximum slope of absorbance over time. The 559	

transition rate between WS and SM cells, i.e., the level of SM occurrence in Phase I, and 560	

WS occurrence in Phase II, was determined in a separate experiment, where static 561	

microcosms were individually inoculated with single colonies of the representative WS 562	

types (Phase I). Phase I was extended from 6 to 12 days, and Phase II from 3 to 6 days. 563	

At day six, SM cells were collected for Phase II, and microcosms inoculated. Each day, 564	

three replicate microcosms per line were destructively harvested and the occurrence, i.e. 565	

the microcosms with SM, and number of SM and WS colony forming units recorded. 566	

  567	

Statistical analysis 568	

For detecting differences in group-level fitness and transition rate between cells of the 569	

evolved and ancestral lines, generalized linear models (error structure: binomial; link 570	

function: logit) with the explanatory variables Ecology, and representative clone (nested 571	

within Ecology) were calculated. Analyses of variance (ANOVA) were used to test for 572	

differences in cell-level fitness, density of WS cells, and density, proportion, and growth 573	

rate of SM cells between the evolved and ancestral lines. Explanatory variables were 574	
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Ecology, and representative clone (nested within Ecology). Posthoc tests revealed 575	

differences between the evolved and ancestral lines. Relationships between the traits and 576	

cell and group-level fitness were tested using the mean per representative type accounting 577	

for regime. Pearson correlations and regressions were performed. The sample size was 578	

chosen to maximise statistical power and ensure sufficient replication. Assumptions of 579	

the tests, i.e., normality and equal distribution of variances, were visually evaluated. All 580	

tests were two-tailed. Effects were considered significant at the level of P = 0.05. All 581	

statistical analyses were performed with JMP 9. Figures were produced with GraphPad 582	

Prism 5.0, Adobe Illustrator CC 17.0.0 and Inkscape 0.92.3. 583	

  584	
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