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Origins of Organismal Complexity

• Deconstructing the great chain of being.

• Genome complexity and organismal complexity.

• A shake-up of genomic organization in the ancestral eukaryote.

• The origins of multicellularity.

• Multiple origins in eukaryotes, but few to a high level of refinement. 

• Multicellularity and cooperativity in bacteria. 

• The costs of multicellularity. 

• The emergence of cell-type specialization.
Didacus Valades

(Rhetorica Christiana, 1579)



Dispelling the Myth That Complexity is the Goal of Evolution

• The universal outcome of natural selection is the promotion of genetic 
changes that enhance the rate of allelic transmission into the gene pool.  

• Intrinsic costs to complexity at the energetic and mutational levels.

• No evidence that complexity is a direct target of natural selection.  

• Decline in rates of biomass productivity with increasing organism size.  
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Genome Complexity and Organismal Complexity

• The increase in organismal complexity is accompanied
by a modest increase in gene number, with substantial
overlap in gene number between bacteria and unicellular
eukaryotes.  

• Passive origin of increased genome size is a consequence
of an increase in the power of random genetic drift:

• Mobile-genetic elements. 

• Introns. 



Shake-Up in Genomic Organization in the Stem Eukaryote?

• Two major episodes of global glaciation: ~2.4 and ~0.7 BYA, near the 
times of origin of eukaryotes and animals, respectively. 

• Increased complexity of multimeric proteins in eukaryotes. Many features of eukaryotic cell biology rely on heteromeric protein 
complexes (with component parts encoded by different genes) whose orthologs in prokaryotes are homomeric. 

• Meiosis and mitosis.
• RNA processing, e.g., SM proteins.
• Chaperones, proteasomes, exosomes.
• Nuclear pore complex.
• Alpha and beta tubulins.

• Preservation of duplicate genes by subfunctionalization, divergent resolution, 
and the passive emergence of reproductively isolated lineages. 



Evolution of Multicellularity

• Has occurred numerous times in eukaryotes and bacteria.

• A key to understanding is the cost of cooperative, altruistic behavior relative to the overall gains of the system.

• What is the unit of evolution?

• What is an individual?

• What prevents the invasion of cheaters?



Multicellularity and Cellular Differentiation Has Evolved Multiple Times in Eukaryotes 

(Sebe-Pedros et al. 2017)



Gravity Quickly Selects for “Snowflake” Colonial Phenotypes in S. cerevisiae

Ratcliff et al. (2012, PNAS)

• Not difficult to rapidly evolve multicellularity in 
experimental laboratory populations. 



Claessen et al. (2014, Nature Rev. Microbiol.)

Multicellularity and Cellular Differentiation is Common in Prokaryotes 

• Coming together vs. staying together. 

• Division of labor. 



Prokaryotes Exhibit Many “Behaviors” That Parallel Features in Metazoans



Quorum Sensing: cell-cell communication involving the production and detection of extracellular secretions. 

• Deployed in many group contexts, eliciting features that are of little utility when exhibited by single cells – biofilm formation, 
bioluminescence, food-degrading enzymes, antibiotic production.

Low cell density (asocial behavior)      High cell density (social production of “public goods”)

• Low molecular weight autoinducers are synthesized and released.

• When the autoinducer concentration exceeds a threshold level, cognate receptors bind them, triggering a signal-
transduction cascade that coordinately turns on a group of response genes within the local population of cells. 

• Some species harbor multiple quorum-sensing systems.



Gram-Negative Species Generally Deploy Lactones as Autoinducers: light organ in squid; Pseudomonas biofilm formation. 

Autoinducers:

Receptor and
transcription factor

Ng and Bassler (2009)

• Autoinducers move by simple diffusion.

• Sensors are cytoplasmic, and operate as transcription factors,
as a one-component signal-transduction system.

• Cost of operating and maintaining the system?



Gram-Positive Species Generally Deploy Small Modified Peptides as Autoinducers

• Because of their larger size, secretion requires specialized transporters.

• Sensors are also membrane-bound, and comprise the first part of a two-component system.

• Different species have distinct autoinducer sequences.



How Do Social Systems Remain Evolutionarily Stable? 

• Cheaters that forego the cost of producing a population-wide benefit
while continuing to profit from the public goods provided by others.



• Single cells aggregate to form a fruiting body.

• Cells that form the stem leave no progeny.

• Cheaters avoid the costs of producing the stem.

Slime-Mold Social Systems: maintenance of multiple kin-recognition groups by frequency-dependent selection. 



“With sterile neuter insects, we have reason to believe that modifications in their structure and fertility 
have been slowly accumulated by natural selection, from an advantage having been thus indirectly given 
to the community to which they belonged over other communities of the same species.

This difficulty [of sterile insects]… disappears …  when it is remembered that selection may be  applied to 
the family, as well as to the individual.”

Darwin, The Origin of Species

How Can the Evolution of Altruistic Traits Be Explained? 



• An allele that reduces an individual’s immediate fitness can nevertheless increase in frequency 
if it sufficiently increases the fitness of close relatives.

Units of Selection: Hamilton’s Theory of Kin Selection

• Inclusive fitness = individual fitness + fitness through relatives. 

Fitness through relatives = Σ relatedness x fitness of relative.

W. D. Hamilton
(1936-2000)

Hamilton’s Rule:      Inclusive fitness consequences = - cost   +   (benefit * relatedness)

• A behavior that is disadvantageous to individual fitness will evolve if the cost (c) in individual fitness is less than the 
gain in fitness of relatives (b) discounted by the degree of relationship (r),

c < br

Example. An act that leads to an individual’s death (c = 1), but saves the life of more than two brothers (b > 2, r = 1/2) or more 
than eight first cousins (b > 8, r = 1/8) will evolve by kin selection if it has a genetic basis.



Costs of Multicellularity

• Energetic burden.

• Cost of complexity.

• Paradox of robustness.

• Vulnerability to renegade cells. 



• Many of the genes originally thought to have been unique to animals have since been found in 
basal unicellular lineages.

• Integrin proteins used for cell-cell adhesion in animals are present in the apusozoan lineage but absent 
from fungi and choanoflagellates (Sebe-Pedros et al. 2010). 

• Many proteins involved in cell signaling, immune response, and animal development are found in 
choanoflagellates (King et al. 2008; Richter et al. 2018). 

• While there are many gene gains on the branch subtending the metazoan lineage, the number of gene 
losses (including genes for biosynthesis of 9 amino acids) appears to be just as great (Richter et al. 2018).

The Evolution of Complex Multicellularity in Animals Did Not Involve a Major Influx of New Genes 

Choanoflagellate

Apusozoan

Ichthyosporean



Emergence of Cell-Type Specialization: Division of Labor vs. Multi-Tasking

• Subfunctionalization at the level of cell-type specialization: rather than evolving entirely new sets of tasks, most 
cell types in multicellular species have simply lost a range of features found in ancestral unicellular species (Arendt 2016).

• Once established, division of labor among cell types plays a key role in ensuring the stability of complex body plans.

• A complexity ratchet: as cell types become more specialized, the likelihood of reversion to a single-cell form with all 
features necessary for independent living becomes less and less likely (Libby and Ratcliff 2014; Cooper and West 2018).



Kirk (1999, Curr. Opin. Plant Biol.); Herron et al. (2009, PNAS)

Volvocales: evolution of multicellularity with progressive germ-soma division of labor, embryonic morphogenesis, and oogamy.



Arendt et al. (2016, Nature Rev. Genetics)

Descendant Cell Types Acquire New Regulatory Domains Enabling Tissue-Specific Expression  
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