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ABSTRACT 

 

The evolution of multicellularity is an example of an evolutionary transition in 

individuality, in which a group of lower-level biological units (cells, in this case) emerges 

as a higher-level unit (the multicellular organism) with its own fitness, heritability and 

individuality. The volvocine green algae are a model system for the transition to 

multicellularity and for the evolution of cellular differentiation. Some of the developmental 

changes that collectively make up this transition have occurred more than once in the 

volvocine lineage; others have reverted from derived to ancestral states. The transition from 

cells to multicellular organisms began over 200 million years ago in this lineage, and the 

subsequent changes have been sporadic, with several important changes occurring early in 

the transition and some body plans remaining largely unchanged over long evolutionary 

time scales. Two suites of characters that differ among species within the genus Volvox 

have each evolved convergently or in parallel in lineages that diverged at least 175 million 

years ago. This complex history suggests that other origins of multicellularity may have 

involved important roles for cooperation, conflict and conflict mediation; parallel evolution 

of some traits; sporadic rather than constant change; and long-term coexistence of forms 

with different levels of complexity. Data from one species, Pleodorina starrii, support 

motility as a major selective pressure driving the the origins of cellular differentiation. 

Optimization of the proportion of soma in this species appears to be prevented by a 

constraint that prevents independent change in colonies with different numbers of cells. 

Finally, P. starrii presents an exceptionally high level of phenotypic variability, suggesting 
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that the genotype-phenotype map has not completely shifted from the cell to the colony and 

that the transition to a new, higher-level individual in this species is incomplete. 
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INTRODUCTION 

 

Explanation of the problem and a review of the literature 

The transition from single-celled to multicellular organisms is an example of an 

evolutionary transition in individuality and one of Maynard-Smith and Szathmáry's (1997) 

“major transitions.” Before the transition, the individual, or organism, is the cell, and 

concepts such as individuality, life history and fitness are defined in that frame of reference. 

Afterward, the frame of reference for these concepts is the multicellular organism. 

There have been many such transitions during the history of life on Earth (Bonner, 

1998; Carroll, 2001), so many, in fact, that the origin of multicellularity has been described 

as “a minor major transition” (Grosberg & Strathmann, 2007). Multicellularity has evolved 

independently in at least 25 separate lineages, including bacteria, Archaea, and several 

eukaryotic lineages spanning the deepest divergences within this domain (Baldauf, 2003; 

Bonner, 1998; Carroll, 2001; Grosberg & Strathmann, 2007). Furthermore, this list includes 

only those multicellular lineages that have extant descendants; there may well have been 

others that left no surviving progeny. Multicellular eukaryotes are known to have existed by 

1.2 billion years ago, but the fossil record for the subsequent billion years is sporadic. 

Furthermore, only certain types of multicellular organisms fossilize easily, so would not be 

surprising if entire multicellular lineages remained undetected. 

Only a subset of multicellular lineages include members with two or more 

functionally differentiated cell types, and it is only within these groups that large complex 

body plans have evolved. Aside from the familiar animals, land plants, and fungi, cellular 

differentiation is found in at least some members of the red, green and brown algae, the 
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Dictyostelid social amoebae (cellular slime molds), and the ciliates. Multicellularity with 

cellular differentiation has thus arisen (often more than once) in five of the eight major 

groups of eukaryotes (sensu Baldauf, 2003): plants (red algae, green algae, Streptophytes), 

Amoebozoa (Dictyostelid slime molds), Opisthokonts (animals, fungi), Alveoloates 

(ciliates), and Heterokonts (brown algae). The evolution of multicellularity has recently 

been reviewed in animals (Nielsen, 2008; Philippe et al., 2009; Schierwater et al., 2009), 

land plants (Qiu, 2008; Becker & Marin, 2009), and fungi (Medina et al., 2003; James et 

al., 2006).  

Transitions in individuality are among the thorniest problems in the evolutionary 

field of multilevel selection. At some stage in the process, the frame of reference of fitness, 

heritability and adaptation must shift from the lower-level units to the new, higher-level 

unit. This requires cooperation among the lower-level units, and where cooperation arises, 

conflict inevitably follows. Mediation of these conflicts facilitates the emergence of 

functionality of the higher-level unit. 

The transition to multicellularity has been explored in two main model systems, the 

volvocine algae (reviewed in  Kirk, 1998;  Kirk, 2005) and the Dictyostelid cellular slime 

molds (reviewed in Bonner, 2008). Despite decades of effort, some of the key questions 

about the transition remain unresolved (in some cases, recent theoretical advances were 

required before these questions could even be posed). How, for example, does the 

relationship  between cell-level fitness and organism-level fitness change from a simple 

average to a more complex function (in the terminology of Damuth and Heisler (1988), 

how does MLS1 become MLS2)? How do the traits of the multicellular organism emerge 

from interactions among the cells, and how do these new traits become subject to genetic 
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control? How does the heritability of traits, beginning as a feature of cells, become a feature 

of the new multicellular organism? Some of these questions may not yet be well enough 

defined, or their theoretical bases may still be too muddled, to yield testable predictions. 

A model system can be useful for clarifying abstract, big-picture questions, 

requiring that we frame the questions in concrete terms that apply to specific biological 

entities. In this context, understanding the biology and evolutionary history of the model is 

critical to translating abstract questions into concrete and testable predictions. Toward this 

end, I have explored the evolution of the volvocine algae using experimental, theoretical 

and comparative approaches. Specifically, I have addressed the following questions: What 

is the evolutionary history of developmental changes involved in the transition to 

multicellularity? Do any such changes have multiple, independent origins, and have any 

reverted to ancestral states? When did the transition to multicellularity begin, and what has 

been the tempo of change since then? What is the history of developmental changes that 

distinguish distinct developmental programs within the genus Volvox? What selective 

pressures may have driven the origins of cellular differentiation in the form of sterile 

somatic cells? Finally, I return to larger theoretical questions by considering what these 

details of volvocine biology can tell us about other origins of multicellularity and about 

evolutionary transitions in individuality in general. 

 

Explanation of Dissertation Format 

In this dissertation, I investigated the history and adaptive significance of the evolution of 

multicellularity and cellular differentiation in the volvocine algae. Various species of 
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volvocine algae represent nearly every conceivable stage from single cells to differentiated 

multicellular organisms, making them an ideal model system for exploring this transition. 

Volvocine algae are facultatively sexual, have short generations (~1/3 to 3 days), and are 

easily maintained in large clonal populations, making them convenient as an experimental 

subject. The group includes two genetic model organisms, the genomes of which are either 

published (Chlamydomonas reinhardtii; Merchant et al., 2007) or sequenced and in 

preparation (Volvox carteri forma nagariensis; U.S. Department of Energy Joint Genome 

Institute; http://genome.jgi-psf.org/Volca1/Volca1.home.html), making available a wide 

range of genetic and genomic tools. Finally, the colonial volvocine algae share a critical 

developmental trait with most other multicellular groups, namely development through 

mitotic division from a single-celled propagule. This feature means that many of the 

constraints and selective pressures that affected their evolution are likely to also be relevant 

to the evolution of multicellularity in groups such as plants, animals, and fungi. 

The document is presented in five appendices, each formatted as an independent 

manuscript. Appendix A describes the phylogenetic history of developmental changes 

involved in the transition from single cells to colonies and to differentiated multicellular 

organisms. Appendix B anchors these changes in absolute time, providing a timeline for the 

evolution of multicellularity and cellular differentiation. Appendix C considers which of the 

results from the first two appendices can be generalized to other origins of multicellularity. 

Appendix D reconstructs the evolutionary history of developmental traits that differ among 

species in the genus Volvox. Appendix E presents the results of an artificial selection 

experiment designed to test hypotheses about selective pressures and constraints that may 

have affected the evolution of cellular differentiation. 
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PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the manuscripts 

appended to this dissertation. The following is a summary of the most important findings in 

this document. 

Appendix A describes the transition from unicellular to differentiated, multicellular 

volvocine algae as a series of developmental changes, some of which have occurred 

independently in multiple lineages, others of which have reverted from derived to ancestral 

states. This section concludes that one cycle of cooperation, conflict, and conflict mediation 

may have taken place early in volvocine evolution and that another such cycle may be in 

progress. Appendix B shows that the transition to multicellularity in the volvocine algae 

began at least 200 million years ago, three to four times as long as was previously thought. 

Further, the tempo of subsequent developmental changes has been irregular, with several 

important changes happening within a relatively short time early in the transition and 

relative stability of body plans over long periods of time in some lineages. Appendix C 

reviews the findings from the previous appendices and speculates that some can be 

generalized to other origins of multicellularity. Specifically, we should look for the 

resulting increase in complexity to be reducible to a series of small changes; important roles 

for cooperation, conflict and conflict mediation; parallel evolution of some traits; sporadic 

rather than constant change; and coexistence of forms with different levels of complexity 

over long periods of time. Appendix D concludes that two suites of characters – those that 

define the genus Volvox and those that define a derived developmental program – have each 

evolved convergently or in parallel in Volvox lineages that diverged at least 175 million 
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years ago. Appendix E finds support for the hypothesis that somatic cells evolved in the 

volvocine algae because of their effect on motility. Further, in one species, Pleodorina 

starrii, optimization of the proportion of soma appears to be prevented by a constraint that 

prevents independent change in colonies with different numbers of cells. Finally, P. starrii 

presents an exceptionally high level of phenotypic variability, suggesting that the genotype-

phenotype map has not completely shifted from the cell to the colony and that the transition 

to a new, higher-level individual in this species is incomplete.  
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ABSTRACT: The transition from unicellular to differentiated multicellular organisms 

constitutes an increase in the level complexity, because previously existing individuals are 

combined to form a new, higher-level individual. The volvocine algae represent a unique 

opportunity to study this transition because they diverged relatively recently from 

unicellular relatives and because extant species display a range of intermediate grades 

between unicellular and multicellular, with functional specialization of cells. Following the 

approach Darwin used to understand “organs of extreme perfection” such as the vertebrate 

eye, this jump in complexity can be reduced to a series of small steps that cumulatively 

describe a gradual transition between the two levels. We use phylogenetic reconstructions 

of ancestral character states to trace the evolution of steps involved in this transition in 

volvocine algae. The history of these characters includes several well-supported instances 

of multiple origins and reversals. The inferred changes can be understood as components of 

cooperation-conflict-conflict mediation cycles as predicted by multilevel selection theory. 

One such cycle may have taken place early in volvocine evolution, leading to the highly 

integrated colonies seen in extant volvocine algae. A second cycle, in which the defection 

of somatic cells must be prevented, may still be in progress. 
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Introduction  

 

The four billion or so years during which life has existed on Earth have seen some millions 

of speciation events and innumerable instances of evolutionary change within populations. 

In contrast, only a few dozen examples are known in which such changes have led to the 

reorganization of the very units of adaptation and evolution. These reorganizations, in 

which groups of previously existing evolutionary individuals form a new kind of 

individual, include the transitions from groups of replicating molecules to prokaryotic cells, 

from associations of prokaryotic cells to eukaryotic cells, from groups of cells to 

multicellular organisms, and from individual organisms to societies. Collectively, these 

transitions have been called changes in the level of complexity (Maynard Smith 1988), 

transitions in the units of fitness (Michod and Roze 1999) and evolutionary transitions in 

individuality (ETIs; Buss 1987; Maynard Smith and Szathmáry 1995; Michod 1996; 

Michod 1997; Michod and Roze 1997).  

One of the best studied ETIs is that from unicellular organisms to differentiated 

multicellular organisms in the volvocine green algae (Chlorophyta) (Kirk 1998; Kirk 2005; 

Nedelcu and Michod 2006; Solari 2005; Solari et al. 2006a). The volvocine algae are 

biflagellated, photosynthetic, facultatively sexual, haploid eukaryotes, comprising both 

unicellular species (Chlamydomonas and Vitreochlamys) and colonial forms with widely 

varying colony sizes, colony structures, and degrees of cellular specialization (see photos, 

Figure 4). Except in discussions of individuality, we will refer to any species with more 

than one cell as ‘colonial’ (see Kirk 1998 pp. 115-116 for a discussion of terminology). 

Among the colonial forms, organization can be as simple as clumps of four 
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Chlamydomonas-like cells that fail to separate after cytokinesis (Basichlamys, Tetrabaena). 

Colonial forms comprising 8-32 undifferentiated cells can be organized as flat or slightly 

curved sheets in a single layer (Gonium), as spheroidal colonies (Pandorina, Volvulina, 

Eudorina and Yamagishiella), or as a flat double layer of undifferentiated cells (i.e., a 

flattened sphere; Platydorina ). Larger colonies, consisting of 32-128 cells, are all 

spheroidal and exhibit both undifferentiated (Chlamydomonas-like) and terminally 

differentiated (somatic) cells (Pleodorina and Astrephomene). The largest forms – up to up 

to 50,000 cells (various Volvox species), are spherical and consist mostly of somatic cells 

and a much smaller number of large germ cells.  

One member of this lineage, Volvox carteri forma nagariensis, has been developed 

as a model system for the evolution of multicellularity and cellular differentiation (Kirk 

1998). Like other major groups of multicellular eukaryotes, V. carteri begins development 

as a single cell and exhibits determinate development and functional specialization of cell 

types. In addition, V. carteri’s close relatives, described above, represent several 

intermediate grades between unicellular and truly multicellular, with functional 

specialization of cells.  

 The unicellular to multicellular transition, like the other transitions described above, 

constitutes an increase in the level of complexity (Maynard Smith 1988). In each case, 

previously existing individuals are combined to form a new, more inclusive, higher-level 

individual. The new individual must contain all of the complexity of the previously existing 

individuals of which it is composed as well as many new properties (such as the spatial 

relationship of the components and the structure that holds them together). How can such 

evolutionary jumps in the levels of complexity and individuality come about?  
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When confronted with a similar challenge, that of understanding “organs of extreme 

perfection” such as the human eye, Darwin (1872) reasoned that in the evolution of a 

complex trait there must be a series of small steps, each advantageous in itself, leading to 

the more complex state. This approach of deconstructing the complex into the simple is 

now commonplace in evolutionary biology, but it has never been done in sufficient detail 

for any of the specific cases of the ETIs mentioned above. In “A twelve-step program for 

evolving multicellularity and a division of labor,” Kirk (2005) identified a number of 

morphological and developmental changes that must have occurred between the most 

recent unicellular ancestor of the colonial volvocines and V. carteri. By identifying a series 

of plausibly small steps that cumulatively span the transition between a unicellular ancestor 

and the differentiated, multicellular Volvox, Kirk has set up a gradualist framework in 

which an ETI can occur. As in Darwin’s example of the eye, many of the stages in the 

transition are reflected in the traits of extant species, demonstrating their plausibility. 

Retaining Kirk’s original numbering, the proposed steps are (Table 1): (1) 

incomplete cytokinesis, which creates cytoplasmic bridges among cells and is presumably 

involved in holding the cells of colonial forms together; (2) incomplete inversion of the 

embryo, by which Gonium colonies change shape so that the flagella are on the convex 

side; (3) rotation of the basal bodies, which causes the flagella of a given cell to beat in the 

same direction; (4) establishment of organismal polarity, center-edge in the case of Gonium 

and anterior-posterior in spheroidal colonies; (5) transformation of cell walls into an 

extracellular matrix (ECM), a presumed homology between the outer and inner cell walls of 

Chlamydomonas and volvocalean colonial boundaries and ECM, respectively; (6) genetic 

modulation of cell number, which determines the maximum number of cells in a colony; 
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(7) complete inversion of the embryo, a gastrulation-like process by which spheroidal 

colonies invert, moving their flagella from inside to outside; (8) increased volume of ECM, 

which makes up most of the volume of large volvocine colonies; (9) partial germ-soma 

division of labor, defined by the appearance of sterile somatic cells; (10) complete germ-

soma division of labor, defined by soma and specialized, non-flagellated germ cells; (11) 

asymmetric cell division, which occurs during the development of V. carteri and V. 

obversus; and (12) bifurcation of the cell division program, which determines the fate 

(somatic or reproductive) of cells in these two species based on asymmetric division.  

In reconstructing the history of these 12 steps, Kirk (2005) used the “volvocine 

lineage hypothesis” as a first-order approximation of volvocine phylogeny (see, for 

example, his Figure 6). The evolution of volvocine algae has often been viewed in the 

framework of this hypothesis, which holds that the members of this group represent a 

progressive increase in size and complexity from unicellular Chlamydomonas to Volvox 

and that the phylogeny of the group reflects this progression (Lang 1963; Pickett-Heaps 

1975; Van de Berg and Starr 1971). Although it was not a part of the original formulation, 

this hypothesis is often interpreted as implying that ancestral species in the lineage leading 

to V. carteri were morphologically and developmentally similar to extant volvocines of 

intermediate size and complexity (e.g. Kirk 2005; Nozaki et al. 1999; Nozaki et al. 2000; 

Nozaki and Itoh 1994). The volvocine lineage hypothesis is known to be a simplified 

picture of volvocine phylogeny (Kirk 1998; Larson et al. 1992; Nozaki et al. 2000; Nozaki 

2003), and it is therefore likely that the history of morphological and developmental 

changes for the entire lineage is more complicated than those in the single lineage leading 

to V. carteri would indicate.   
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The steps Kirk has outlined constitute a detailed account of the cellular, and in some 

cases molecular, changes by which some volvocine algae underwent an ETI from 

unicellular to differentiated multicellular forms. In so doing he has effectively shown that 

the seemingly difficult and complicated transition from one level of complexity to another 

can be reduced to a modest number of changes, each conceivably adaptive by itself. The 

order in which these changes occurred, though, can only be inferred in an explicit 

phylogenetic context. The main goal of our paper is to understand the history these changes 

and how they relate to changes in the level of complexity in the volvocine green algae.  

Here we reconstruct the evolutionary history of the characters identified in Kirk’s  

12 steps (2005) using phylogenetic inference of ancestral character states. In so doing, we 

hope to address several questions related to the evolution of multicellularity: (1) How many 

times has each of the identified changes in character state occurred? (2) Is there any 

evidence of reversals, i.e. that derived character states have reverted to ancestral ones? (3) 

Are there identifiable characters (preadaptations) in the ancestors of colonial volvocines 

that may have made this lineage, among hundreds of related lineages, likely to evolve the 

kind of differentiated multicellularity exhibited by V. carteri? (4) Is there any evidence of 

constraints, i.e. that some changes necessarily precede others? (5) Which of these 

characters and changes can be understood in terms of existing theory regarding ETIs? 

To address these questions, we examined phylogenetic relationships within the 

volvocine algae using previously published nucleotide sequences from five chloroplast 

genes. We used the resulting phylogenetic hypotheses to infer ancestral character states for 

nodes of interest and to trace the evolution of characters related to the evolution of 

multicellularity. By accounting for uncertainty in the phylogenetic reconstruction and in 
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models of character state change, we provide, for the first time in this group, estimates of 

confidence levels for inferred ancestral character states. 

Numerous studies of volvocine phylogeny, based on both morphological and 

molecular characters, have been published (e.g. Buchheim et al. 1994; Coleman 1999; 

Larson et al. 1992; Nozaki et al. 1995; Nozaki et al. 1999; Nozaki et al. 2000; Nozaki et al. 

2002; Nozaki 2003), and the present study will add little new information on the 

evolutionary relationships among taxa. However, we chose to infer a phylogeny ourselves, 

rather than base our analyses on a previously published phylogeny, in order to include as 

many relevant taxa as possible in a single tree. This goal might also have been achieved by 

using supertree methods to combine published trees, but generating our own trees using 

Bayesian methods had the additional benefit of generating a large sample of trees that could 

be used to explicitly account for phylogenetic uncertainty in ancestral character state 

reconstructions.  

 

Materials and Methods 

Phylogenetic analyses 

We based our phylogenetic analyses on previously published nucleotide sequences of five 

chloroplast genes (Appendix 1): beta subunit of ATP synthase (atpB), P700 chlorophyll a-

apoprotein A1 (psaA), P700 chlorophyll a-apoprotein A2 (psaB), photosystem II CP43 

apoprotein (psbC) and large subunit of Rubisco (rbcL). Because they are propagated 

clonally, the members of a given strain were treated as the same genetic individual, 

allowing us to combine sequence data from different genes even when the nominal species 

included multiple lineages. Because the sister taxon to the colonial volvocines is not known 
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with certainty, we included a large number of related unicellular taxa, with Chlorella 

vulgaris as the ultimate outgroup (Appendix 2). 

We estimated phylogenetic relationships using Bayesian Markov chain Monte Carlo 

analysis (MCMC) in MrBayes Version 3.0b4 (Ronquist and Huelsenbeck 2003) with vague 

priors and model parameters estimated as part of the analyses as per the program’s defaults. 

We used three heated chains and a single cold chain in all MCMC analyses, and initiated 

runs with random trees. The combined results of four independent Bayesian analyses of 2 × 

107 generations each were used to generate consensus trees and estimate posterior 

probabilities (PP). We sampled trees every 100 generations and assembled majority rule 

consensus cladograms and posterior probabilities for nodes from all sampled post burn-in 

trees. DNA sequences from the chloroplast genome of Chlorella vulgaris (GenBank 

accession number NC001865) were used for outgroups in all analyses. Convergence of 

posterior probability estimates among runs was tested by comparing posterior probability 

estimates from subsets of the sampled trees using the ‘comparetrees’ function in MRBAYES. 

Runs were considered to have adequately sampled solution space if posterior probability 

estimates were 95% correlated between each pair of runs (Smith and Farrell 2005). 

 We chose a partitioning strategy based on the approach outlined in Brandley et al. 

(2005). Partitions were based on gene identity and codon position. In all, 34 partitioning 

strategies were tested: all data combined, partitioned by codon position, partitioned by 

gene, and all 31 combinations partitioned by gene with one or more genes partitioned by 

codon. The strategies combining partitioning by gene and by codon position were denoted 

by five digit binary codes in which each digit represents a gene (in order, atpB, psaA, psaB, 

psbC, and rbcL), with a ‘1’ indicating that the gene in question was partitioned by codon 
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position. For example, the partitioning strategy represented by ‘01000’ includes the 

following partitions: atpB, psaA position 1, psaA position 2, psaA position 3, psaB, psbC, 

and rbcL. 

 For each of the 34 partitioning strategies tested, we conducted four independent 

Bayesian analyses of 2 × 107 generations each (5 × 106 generations burn-in). We chose this 

run length because shorter runs (with correspondingly shorter burn-in periods) failed to 

reach stationarity by the end of the burn-in period. We chose the partitioning strategy for 

use in further analyses by estimating Bayes factors (BF; Jeffreys 1961) as twice the 

difference in the logarithm of harmonic mean likelihood. A Bayes factor threshold of 10 

performs well in model selection for Bayesian phylogenetic analysis (Brown and Lemmon 

2007). 

The model used for each partition was chosen using Akaike information criterion 

(AIC; Akaike 1974) implemented in MrModelTest (Nylander 2002). A substitution model 

was inferred for each of the 24 partitions: all data combined, 3 codon positions, 5 genes, 

and 3 codon positions for each of 5 genes (Table 2). Likelihood scores for all partitions 

were estimated using a single initial tree inferred for the entire data set using neighbor 

joining with the JC model (Jukes and Cantor 1969). 

Since sequence data for all five genes were not available for all taxa, we 

independently analyzed a data set consisting only of those taxa for which all five gene 

sequences were available (Appendix 1). The results of this analysis were compared to those 

from the full data set to evaluate the robustness of our analyses to missing data. 

Ancestral character state reconstruction 
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Character state data were compiled from published reports (see Appendix 3). We 

inferred ancestral character states using sum-of-squared-changes parsimony in Mesquite 

(Maddison and Maddison 2004) and using MCMC in BayesTraits (Pagel et al. 2004; 

program available at www.evolution.rdg.ac.uk). Support for character state reconstructions 

was evaluated, considering uncertainties in both the phylogeny and the process of character 

change, using a Markov chain model (Ronquist 2004). For characters that are only feasible 

for colonial taxa (inversion, differentiation and expanded ECM), the presumed unicellular 

most recent common ancestor (MRCA) of C. reinhardtii and V. carteri f. nagariensis was 

constrained to the absence of the trait. Hypothesized character states at internal nodes were 

tested by estimating Bayes factors comparing MCMC runs in which the node in question 

was constrained to one state versus the other. Each Bayes factor was based on the 

difference between the highest harmonic mean log likelihood from three independent 

MCMC runs for each state. 

 To explicitly account for phylogenetic uncertainty, we based the comparative 

analyses on a subsample of the trees sampled during the MCMC runs. The subsample 

included every 1000th post-burnin tree from each of the four codon-partitioned MrBayes 

runs, for a total of 600 trees (out of a total sample of 6 × 105 trees). The adequacy of the 

subsample as a representation of the overall sample was evaluated by comparing the 95% 

majority rule consensus tree of the subsample to that of the overall sample. Outgroup taxa 

were pruned from these trees for character state reconstructions. 

 We used uniform priors, ML priors, and gamma-distributed hyperpriors seeded 

from a uniform distribution for Bayesian ancestral character state reconstructions. Uniform 

priors and gamma-distributed hyperpriors were initially based on a range of 0 to 100, and in 
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cases in which transition probability distributions were truncated, the upper end of this 

range was doubled successively until transition probability distributions were not truncated. 

Run lengths and burn-in periods were started at 5 × 106 and 104 generations, respectively, 

and both were doubled until the effective sample size for all parameters (estimated in 

Tracer; Rambaut and Drummond 2003) exceeded 100. For hypothesis tests, we used the 

same set of conditions (prior distribution, run length, burn-in) used in the ancestral 

character state reconstructions for the character being tested.  

 

Results 

Phylogenetic analyses 

Comparison of Bayes factors (Figure 1) led us to employ the partitioning strategy identified 

as “codon” – one partition for each codon position across the entire alignment (three total 

partitions), with a separate GTR+I+Γ model for each partition: a general time reversible 

model (Tavaré 1986) with a proportion of sites invariant and a gamma distribution of 

among-site rate variation (Yang 1993). All four independent MCMC runs for the full data 

set converged with regard to chain likelihood scores and topology (50% majority rule 

consensus identical among runs). Posterior probability estimates for clade support were at 

least 98% correlated in each of the six pairwise comparisons between runs by the end of the 

burn-in period. Estimates of substitution model parameters for all four independent runs 

also converged at stationarity. Based on this evidence for convergence among runs, we 

pooled all post burn-in trees (representing a total of 6 × 107 post burn-in generations) to 

estimate the posterior probabilities for clades. The 95% consensus tree from the reduced 

data set (including only taxa for which all five gene sequences were available) did not 
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contradict, in any case, the 95% consensus tree from the full data set, although some nodes 

resolved in one analysis were not resolved in the other. 

The consensus cladogram of 6 × 105 post burn-in trees (pooled from four MrBayes 

runs) is shown in Figure 2. Several unicellular species in the genera Chlamydomonas and 

Vitreochlamys are more closely related to the colonial forms, with high support (PP 1.0), 

than is C. reinhardtii. The colonial forms are monophyletic, as is each of the three colonial 

families (Tetrabaenaceae, Goniaceae, and Volvocaceae). Goniaceae is well supported as the 

sister clade to Volvocaceae. However, every nominal genus that is not monotypic 

(Eudorina, Pandorina, Pleodorina, Volvox, and Volvulina) is para- or polyphyletic. In 

addition, several nominal species, notably P. morum and E. elegans, appear to represent 

convergent morphologies rather than monophyletic relationships. 

Ancestral character states 

Inferred character state histories are shown in Figure 3, and changes in character states are 

summarized in Figure 4. Several of the characters in question are found exclusively and 

universally in well-supported monophyletic groups, and it is trivial to conclude that the 

most likely history for these characters involves a single origin with no reversals. 

Characters in this category include incomplete cytokinesis, rotation of the basal bodies and 

the establishment of organismal polarity (present in all Goniaceae + Volvocaceae; Figure 

3A); partial inversion of the embryo (present in all Gonium; Figure 3B); transformation of 

the cell wall into ECM and genetic modulation of cell number (present in all colonial 

forms; Figure 3C); complete inversion of the embryo (present in all Volvocaceae; Figure 

3D); and complete differentiation, asymmetric division and a bifurcated cell division 

program (present in Volvox carteri and its sister species, V. obversus; Figure 3G). With the 
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exceptions of complete differentiation, asymmetric division and bifurcated cell division 

program, these inferences of single origins are supported by hypothesis tests, which show 

each of these characters ancestral to its respective clade and absent from the MRCA with its 

sister clade (Figure 3A-D). In the case of complete differentiation, asymmetric division and 

bifurcated cell division program the absence of these characters in the MRCA of V. carteri 

+ V. obversus and V. africanus + V. tertius + V. dissipatrix is only weakly supported (BF 

1.8; Figure 3J). 

 Distributions of the remaining characters are more complicated. At least two 

expansions of the ECM are supported (Figure 3E): one in the lineage leading to 

Astrephomene and one in the lineage leading to the Volvocaceae. Platydorina, Pandorina, 

and Eudorina cylindrica represent losses of this character, or reductions in ECM volume. 

This scenario, supported by hypothesis tests, differs somewhat from that depicted by the 

MCMC reconstruction, in which the MRCA of Goniaceae + Volvocaceae more likely had 

expanded ECM (0.82 PP), in which case Gonium would represent another reduction in 

ECM volume. 

 For partial and complete inversion of the embryo, different treatments of these 

characters lead to different inferred histories. Treating each as a binary character leads to 

the trivial conclusion that partial inversion originated once in the MRCA of all Gonium 

species (Figure 3B) and that complete inversion originated once in the MRCA of 

Volvocaceae (Figure 3D). The former conclusion is supported by hypothesis tests that show 

partial inversion present in the MRCA of Gonium, absent in the MRCA of Goniaceae, and 

absent in the MRCA of Goniaceae + Volvocaceae. A single origin of complete inversion is 

strongly supported, with hypothesis tests showing this trait present in the MRCA of 
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Volvocaceae and absent in the MRCA of Volvocaceae + Goniaceae. Inversion can also be 

treated as a single character with three states (absent, partial, complete), either ordered 

(transitions directly from absent to complete forbidden) or unordered (all transitions 

allowed). Treating inversion as an ordered character effectively assumes that some ancestor 

of the Volvocaceae (all of which have complete inversion) had partial inversion. If, 

however, inversion is treated as an unordered character, the most likely reconstruction 

shows no ancestor of the Volvocaceae with partial inversion (Figure 3J). This conclusion is 

supported by hypothesis tests showing the MRCA of Volvocaceae + Goniaceae 

significantly more likely to have had no inversion than partial inversion. This would mean 

that partial and complete inversion likely arose independently of one another. 

 As with inversion, partial and complete differentiation can be treated as separate 

characters or as a single character with three states. The characters that define the levels of 

differentiation are the presence or absence of sterile somatic cells and the presence or 

absence of specialized, unflagellated germ cells. Species with both are considered 

completely differentiated; those with soma but no specialized germ are partially 

differentiated, and those lacking both characters are defined as undifferentiated. Species 

with specialized germ but lacking soma are conceivable, but no extant species has this 

combination of characters, and there are biological reasons to suspect that it would be 

selected against (Michod et al. 2006), so we will not consider it further. Since partial 

differentiation is not a single character but the presence of one (soma) and the absence of 

another (specialized germ), we instead reconstructed these two characters separately. The 

character designated as complete differentiation is defined as the presence of specialized 

(non-flagellated) germ cells. 
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 The maximum parsimony reconstruction shows at least three separate origins of 

sterile somatic cells (in the lineages leading to Astrephomene, to Volvox globator + V. 

barberi + V. rousseletii, and to the clade including all other Volvox and all Pleodorina; 

Figure 3F). Losses of this character may have occurred in the ancestors of Eudorina 

unicocca, some lineages of E. elegans, and E. cylindrica, but these are all ambiguous in the 

MP reconstruction. Hypothesis tests do not resolve the number of origins of soma but do 

support a minimum of three losses, one in E. unicocca and at least two in different lineages 

of E. elegans. 

 When differentiation is treated as an unordered character with three states, the MP 

reconstruction shows at least three separate origins of partial differentiation from 

undifferentiated ancestors and one transition from partially to completely differentiated 

(Figure 3H). Hypothesis tests support a minimum of three origins of partial differentiation 

from undifferentiated ancestors. 

 

Discussion 

Ancestral character states 

As shown in Figure 4, the history of characters related to the evolution of multicellularity in 

the volvocine algae is considerably more complicated than the traditional view of a linear 

increase in complexity as embodied in the volvocine lineage hypothesis used by Kirk  

(2005). Numerous previous studies have rejected the phylogenetic relationships implied by 

the volvocine lineage hypothesis (e.g. Buchheim et al. 1994; Coleman 1999; Larson et al. 

1992; Nozaki 1996; Nozaki et al. 1997; Nozaki et al. 2000; Nozaki 2003; Nozaki et al. 

2003; Nozaki et al. 2006; Nozaki and Krienitz 2001). The volvocine lineage hypothesis can 
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be considered a reasonable approximation of evolutionary relationships only if the majority 

of volvocine diversity is ignored.  

Since taxonomic assignments within this clade are typically based on 

morphological, developmental and ultrastructural characters, it is not surprising that the 

taxonomy does not accurately reflect phylogenetic relationships. Similar conclusions have 

been reached in numerous previous studies (e.g. Coleman 1999; Larson et al. 1992; Nozaki 

1996; Nozaki et al. 1997; Nozaki et al. 2000; Nozaki 2003; Nozaki et al. 2003; Nozaki et 

al. 2006; Nozaki and Krienitz 2001). 

The only traits that are common to, and probably ancestral to, all extant colonial 

species are transformation of the cell wall into ECM and genetic modulation of cell 

number. These traits thus preceded incomplete cytokinesis, rotation of the basal bodies and 

establishment of organismal polarity, which are present in all extant Goniaceae + 

Volvocaceae. There is no evidence that any ancestor of the Volvocaceae had a Gonium-like 

morphology and development with partial inversion. The compact morphology 

characteristic of Pandorina species and Eudorina cylindrica appears to be derived from 

ancestors with expanded ECM, as in the extant E. elegans, rather than the other way 

around. Finally, the undifferentiated E. unicocca, E. cylindrica, and some lineages of E. 

elegans appear to have descended from partially differentiated ancestors.  

 The criteria used to assign some of the characters analyzed in this study require 

further explanation. We defined expanded ECM as present in those species in which the 

cells are arranged at the periphery of the colony, with ECM filling the space between cells, 

as opposed to a Pandorina-like morphology in which the cells fill nearly the entire volume 

of the colony. Genetic, rather than environmental, control of cell number is based on the 
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inference of “an additional layer of genetic regulation” (Kirk 2005, p. 307) that determines 

the maximum number of division cycles in the development of a given species. Smaller 

numbers of division cycles are possible and are often seen under suboptimal growth 

conditions. It could be argued that the unicellular relatives of the colonial volvocine algae 

also have genetic control of maximum cell (offspring) number, in which case this character 

would likely have been present in the MRCA of the taxa included in this study. Different 

species of Chlamydomonas and Vitreochlamys have different characteristic maximum 

numbers of offspring (see for example Ettl 1983; Iyengar and Desikachary 1981), and it is 

possible that the same mechanism that controls maximum offspring number in the 

unicellular species controls cell number in the colonial species (as suggested by 

Koufopanou 1994). On the other hand, the maximum number of rounds of cell division is 

lower in some colonial species (e.g. 2 in the Tetrabaenaceae, 3 in Gonium octonarium) than 

in some unicells (e.g. 5 in C. reinhardtii; Lien and Knutsen 1979). The establishment of an 

additional layer of genetic regulation early in volvocine evolution is one possible 

explanation of this observation. Alternatively, it could be a lineage-specific step or an 

artifact of the much lower effort that has been devoted to studying small colonial species 

compared to C. reinhardtii. In our analyses, we have followed Kirk (2005) in considering 

genetic control of cell number as restricted to the colonial volvocines.  

Preadaptations 

Inferences that particular characters may have served as preadaptations to the evolution of 

differentiated multicellularity are necessarily speculative. The palintomic, or multiple 

fission, mode of cell division found in most colonial volvocines and all close unicellular 

relatives has often been considered as a possible preadaptation to multicellularity (e.g. Kirk 
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1998; Kirk 2005). This trait provides for the simultaneous production of a large number of 

genetically related cells at once (relative to binary fission); all that is needed for an initial 

step toward multicellularity is a mechanism to keep the cells together. The resulting high 

kinship likely facilitated the evolution of cooperation among cells in a volvocine group. 

Incomplete cytokinesis provides one such mechanism to keep cells together and 

results in the creation of cytoplasmic bridges, which are crucial to the process of inversion. 

Inversion may in turn be needed for the development of large, spherical colonies (although 

the example of Astrephomene, which lacks inversion, argues against this as an absolute 

requirement). 

 Another possible preadaptation is the tripartite cell wall found in extant 

Chlamydomonas. The conversion of the cell wall into ECM is another mechanism by which 

the products of multiple fission are bound together and likely preceded incomplete 

cytokinesis in volvocine evolution. The close relationship of some species of Vitreochlamys 

to the colonial volvocines suggests an interesting possibility. In Vitreochlamys, the 

gelatinous middle layer of the cell wall is expanded relative to that in Chlamydomonas 

(Nakazawa et al. 2001). This may have been an early step in the conversion of the cell wall 

into ECM. 

Constraints 

Reconstructions of ancestral character states allow us, in some cases, to conclude that one 

character state change preceded another, but this is not sufficient to conclude that a 

constraint exists, i.e. that the second change cannot occur without the first. Arguments for 

constraints, such as that characters 1-5 “…probably evolved almost simultaneously, 

because abrogation of any one of these five traits in a modern volvocine alga results in a 
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failure to produce a colony of defined shape that is capable of swimming directionally and 

maintaining its place in the sun,” (Kirk 2005, p. 306), can, however, be falsified. If some of 

the traits in question can be shown to have occurred before others, or if some of the traits 

but not others are present in extant taxa, the argument that the traits cannot exist 

independently fails. From the reconstructions of ancestral character states given here, as 

well as from the distribution of traits in extant taxa, we can conclude that characters 1-5 are 

not all required to arise simultaneously. Transformation of the cell wall into an ECM likely 

preceded the remaining four characters, and is present without the others in the extant 

Tetrabaenaceae. Partial inversion is unlikely to have existed in any ancestor of the 

Volvocaceae, and so the MRCA of Goniaceae + Volvocaceae likely had the other four 

traits without any form of inversion, as does the modern Astrephomene. 

 Generally speaking, arguments of this form – that a set of traits must have evolved 

simultaneously because modern taxa do not function well if one is disrupted – should 

always be viewed with caution. Phylogenies that are missing taxa, either because of 

extinction or incomplete sampling, will often appear to show that multiple traits arose 

simultaneously. This effect is demonstrated by the example of the Tetrabaenaceae: any 

phylogenetic reconstruction missing these two species will appear to show that ECM and 

genetic modulation of cell number arose at the same time as incomplete cytokinesis, basal 

body rotation and establishment of organismal polarity. Another way of showing this is to 

remove taxa from a known phylogeny. For example, if Gonium is omitted, expanded 

volume of ECM will appear to have arisen simultaneously with the establishment of 

organismal polarity in the MRCA of Goniaceae + Volvocaceae (Figure 3A, E). We might 

then wrongly conclude that a spherical colony with cells arranged on the periphery is 
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required for the establishment of organismal polarity. If enough taxa are removed, any 

number of traits will appear to have arisen simultaneously. Character state changes do not 

occur in isolation, and numerous unmeasured characters likely change to accommodate 

each change in a measured character. We should not, therefore, be surprised when 

disruption of a trait that arose some millions of years ago disrupts the functioning of the 

organism, nor should we conclude from this that the trait arose simultaneously with other 

changes that have occurred in the same lineage. 

The transition to a new level of complexity 

In his example of the vertebrate eye, Darwin (1872 pp. 143-146; extended in Dawkins 

1996) demonstrated that the evolution of a complex, integrated trait can be reduced to a 

series of plausibly small steps, each conceivably adaptive in itself. By citing examples of 

extant species with eyes similar to each of the proposed steps, he showed convincingly that 

each stage could result in a functional eye. In outlining the steps by which a unicellular alga 

evolved into a differentiated, multicellular species, Kirk (2005) has begun the extension of 

Darwin’s approach to the eye to an evolutionary transition in individuality. By extending 

this approach to the diversity of volvocine species, we can infer how and to what degree 

this transition has occurred in multiple lineages. 

 It is clear that Volvox carteri and V. obversus, as multicellular organisms with 

deterministic development and a complete germ-soma division of labor, have undergone a 

transition in individuality from unicellular ancestors. Even with an understanding of the 

steps involved, though, it is difficult to pinpoint when (and in which taxa) this transition 

should be considered complete. The answer to this question will ultimately depend on the 

criteria by which individuality is defined. Other than the Tetrabaenaceae, all colonial 



 40

species have at least some cellular differentiation (reviewed in Kirk 2005). These 

differences establish an anterior-posterior polarity (center-peripheral in Gonium) and 

include orientation of the flagella, size of the eyespots, and size of cells (in species lacking 

germ-soma differentiation). Gonium, traditionally considered to be among the simplest of 

the colonial forms, is nonetheless a tightly integrated unit capable of coordinating processes 

such as phototaxis and inversion. By the criterion of indivisibility and as a unit of selection, 

a case can be made that Gonium is an individual. If, however, germ-soma differentiation is 

taken to be a prerequisite for an ETI (Griesemer 2000; Maynard Smith and Szathmáry 

1995, p. 227; Michod 2005; Michod 2006), the various Astrephomene, Pleodorina and 

Volvox species meet this criterion to different degrees. As with many other phenomena, 

biological reality indicates a continuum even when the vocabulary used to describe it 

indicates a dichotomy. 

Most ETIs of which we are aware occurred so far in the past that evidence bearing 

on how they happened is hard to come by, and the nature of intermediate forms can only be 

imagined. The differences between levels of complexity, for example between multicellular 

taxa and their unicellular relatives, are so profound in most cases that it is difficult to 

imagine how such transitions might have occurred. In contrast, the colonial volvocine algae 

diverged from unicellular relatives only 30-70 MYA (Rausch et al. 1989), and extant 

species represent a diverse array of cell numbers and levels of differentiation. 

The diversity of volvocine forms provides a sample of plausible intermediates 

between unicellular and differentiated multicellular levels of complexity. We cannot 

assume that extinct ancestors were similar to extant relatives (assuming, for example, that 

the MRCA of the Volvocaceae was Gonium-like is the logical equivalent of assuming that 
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the MRCA of placental mammals was kangaroo-like). By analyzing the distribution of 

traits in a phylogenetic context, though, we can infer what combination of traits was likely 

present in a given ancestor. Furthermore, when a combination inferred for an ancestor is 

also found in an extant species, we know that such a combination is viable. 

As an ETI, the unicellular to multicellular transition requires a reorganization of 

fitness: as cells relinquish their autonomy in favor of the group, traits such as fitness 

heritability, indivisibility, and evolvability shift their frame of reference from the level of 

the cell to that of the group. These shifts are best understood in the framework of multilevel 

selection theory, which predicts a series of cooperation, conflict, and conflict mediation 

cycles that lead to greater integration and greater individuality of the group (Michod 1999; 

Michod and Nedelcu 2003; Michod and Roze 2001). In particular, under certain conditions 

groups may form and costly forms of cooperation, altruism, may increase. This leads to the 

opportunity for cheating and conflict that must be mediated if the group is to evolve into a 

new higher-level individual. In this view, ETIs involve the evolution of traits that reduce 

within-group selection or variation and enhance between-group selection, increasing the 

individuality of the group. Using this approach an in-principle set of stages can be 

hypothesized to explain, for example, the transition from unicellular life to multicellular life 

(Michod 2007) or the origin of the eukaryotic cell (Michod and Nedelcu 2003). 

Some features of the volvocine life cycle, particularly the relatively short cell 

lineages and high relatedness among cells, may limit the opportunities for within-colony 

conflict and, consequently, the need for mechanisms of conflict mediation. Nevertheless, 

selfish mutants are known to recur spontaneously (Nedelcu and Michod 2006). The 

assumptions and parameter ranges under which conflict mediation mechanisms can evolve 
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have been modeled (Michod 1996; Michod 1997; Michod et al. 2003; Michod 2003; 

Michod and Roze 1999; Roze and Michod 2001). These models predict that conflict 

mediation can evolve in groups derived from single-celled propagules and short cell 

lineages (such as the volvocine algae) given sufficiently high rates of selfish mutation, 

benefits of defection at the cell level, and costs of defection at the colony level. As the 

values of these parameters are unknown in the volvocine algae, we acknowledge that the 

following scenarios are speculative and may not be feasible given some combinations of 

parameters. 

 The steps identified by Kirk (2005) can be interpreted as components of the 

cooperation-conflict-conflict mediation cycles predicted by the theory of multilevel 

selection. For example, one of the first of these steps to occur was the transformation of the 

cell wall into ECM. Volvocine ECM is made up primarily of glycoproteins and presumably 

has a metabolic cost, so its production by cells in a colony is potentially a form of altruism. 

In addition, the ECM may be kind of “commons” (Hardin 1968) in which nutrients are 

stored (Bell 1985). As with all shared resources, there is the potential for conflict and 

cheating: cells that commit fewer resources to building ECM, or disproportionately take 

resources from the ECM, could potentially have more resources, energy and time left for 

reproduction.  

All extant volvocines with ECM also have genetic control of cell number. The order 

in which these two traits evolved, or if they evolved simultaneously, is not resolved by our 

analyses. If ECM evolved first, genetic control of cell number may have been a mechanism 

of conflict mediation: defecting cells would have less to gain if the number of daughter 

cells (i.e. size of the daughter colony) were fixed or limited (Michod 2003).  
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 The next few steps inferred relate to the increasing integration of cooperative 

interactions within the colony. Incomplete cytokinesis created cytoplasmic bridges 

connecting the cells. Rotation of the basal bodies presumably played a role in allowing 

colonies of more than a few cells to swim directionally, thus changing the framework of 

organismal polarity from the level of the cell to that of the colony. The integration provided 

by the cytoplasmic bridges furnished a mechanism by which cells could coordinate the 

processes of partial inversion (in the ancestors of Gonium) and complete inversion (in the 

ancestors of the Volvocaceae). 

 These developments resulted in tightly integrated but undifferentiated colonies, as 

in the modern genera Eudorina, Gonium, Pandorina, Volvulina, and Yamagishiella. Except 

for inversion, the characters involved appear to have been present in the MRCA of 

Goniaceae + Volvocaceae, suggesting that a considerable degree of integration preceded 

the subsequent diversification in these families. Thus it is possible that one cycle of 

cooperation, conflict, conflict mediation and subsequent integration was completed early in 

volvocine evolution.  

The last four of Kirk’s (2005) steps are related to germ-soma differentiation. 

Michod argued that a necessary component of  an ETI is specialization of group members 

in reproduction and viability (Michod 2005; Michod 2006). When cells completely 

specialize at the two basic fitness components, reproduction and viability, the cells lose 

fitness and the capacity to function as evolutionary individuals. As a consequence, the 

fitness of the group is no longer related to the average of fitness of the individual cells. By 

virtue of their specialization in only one of the two necessary components of fitness, cells 

will have low fitness, while the fitness of the group may be quite high. Maynard Smith and 
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Szathmáry put the matter this way (Maynard Smith and Szathmáry 1995, p. 227), 

“…entities that were capable of independent replication before the transition can replicate 

only as part of a larger whole after it…” As discussed by Griesemer (2000), this criterion 

for an ETI implies division of labor and specialization of the lower level entities at 

reproduction.  

Hypotheses for the origin of cell specialization at reproduction and viability (not 

necessarily mutually exclusive) include division of labor (Bell 1985; Koufopanou and Bell 

1993; Michod et al. 2006; Queller 2000; Schlichting 2003; Wahl 2004) and mitigation of 

trade-offs between motility and fecundity (Koufopanou 1994; Michod 2006; Solari et al. 

2006b). The results of our study do not resolve which of these explanations, or which 

combination of explanations, may have driven this development. Body size and cell number 

could be relevant to either of the above hypotheses. Division of labor is most beneficial and 

least costly when there are a large number of components (cells in our case), and the trade-

off between motility and fecundity becomes more exaggerated (i.e. motility becomes more 

costly) as cell number increases (Koufopanou 1994; Solari et al. 2003; Solari et al. 2006a). 

Regardless of the ultimate causes of its origin, the development of terminally 

differentiated somatic cells is as an example of an altruistic trait. Somatic cells, by 

definition, give up their reproduction and thus their direct fitness. The benefit to the colony 

is likely in terms of enhanced and permanent motility (Koufopanou 1994; Solari et al. 

2006b). Somatic cells, due to their smaller size, contribute less negative buoyancy and can 

be packed more closely on the colonial surface than the larger reproductive cells, and 

unlike reproductive cells, they remain flagellated throughout development and 

reproduction. Germ-soma differentiation only appears in spheroidal colonies with 32 or 



 45

more cells and expanded ECM. As mentioned above, production of ECM can be seen as a 

form of altruism, and prodigious amounts are required for colonies such as Pleodorina and 

Volvox. The potential for conflict among cells in these large colonies is great: the costs to 

individual cells of sacrificing reproduction and of ECM production create an opportunity 

for cheating. Furthermore, the large number of cells means both that the opportunity for 

selfish mutations is high and that the defection of a single cell is unlikely to have a large 

impact on colony fitness. Early germ line segregation has been proposed as a mechanism 

for reducing the likelihood of selfish mutations (Michod 1996; Michod et al. 2003). The 

processes of asymmetric division and the bifurcated cell division program, which together 

cause germ cells in V. carteri and V. obversus to withdraw from the cell division program 

early, may therefore serve as mechanisms of conflict mediation. 

To summarize, the changes that are inferred to have occurred in the evolution of 

multicellularity in the volvocine algae can be understood within the framework of 

multilevel selection theory and the cooperation-conflict-conflict mediation cycles it 

predicts. The formation of ECM, which occurred early in volvocine evolution, is altruistic 

from the point of view of the individual cells, and, as with any form of altruism, the 

potential for cheating exists. Genetic control of cell number may have served as a 

mechanism for mediating this conflict, paving the way for further integration, such as the 

rotation of basal bodies, the resulting organismal polarity, and inversion. Terminal 

differentiation of somatic cells, which appeared only after this first cycle of cooperation, 

conflict and conflict mediation was completed, is an extreme form of altruism on the part of 

individual cells. The potential for cheating in differentiated species is therefore great, 

especially in large colonies, in which failure of one cell to cooperate would have little 
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impact on the colony. Early segregation of the germ line may serve to mediate the resulting 

conflict, but this is a lineage-specific trait only seen in two extant sister species (which are 

not among the largest Volvox species). Thus it is possible that a second cycle, in which the 

defection of somatic cells must be prevented before further integration can be achieved, is 

ongoing in extant volvocine species. 
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Table 1. Derived character states and the taxa in which they are present. Numbers are from 
Kirk (2005). 
 

 Character Taxa 

1 Incomplete cytokinesis Volvocaceae + Goniaceae 

2 Partial inversion of the embryo Gonium 

3 Rotation of the basal bodies Volvocaceae + Goniaceae 

4 Establishment of organismal polarity Volvocaceae + Goniaceae 

5 Transformation of cell walls in to ECM Volvocaceae + Goniaceae + Tetrabaenaceae 

6 Genetic modulation of cell number Volvocaceae + Goniaceae + Tetrabaenaceae 

7 Complete inversion of the embryo Volvocaceae 

8 Increased volume of ECM Goniaceae + Volvocaceae (except Pandorina, 

Eudorina cylindrica) 

9 Partial germ/soma division of labor Astrephomene, Pleodorina, Volvox (except V. 

carteri, V. obversus) 

10 Complete germ/soma division of labor Volvox carteri, V. obversus 

11 Asymmetric division Volvox carteri, V. obversus 

12 Bifurcated cell division program Volvox carteri, V. obversus 
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Table 2. Models selected for data partitions. GTR = general time reversible (Rodriguez et 

al. 1990); SYM (Zharkikh 1994) is a restriction of the GTR model with equal base 

frequencies. I = proportion of invariant sites ; G = gamma distribution of among-site rate 

variation (Yang 1993). 

 Number Number of AIC 

Partition of taxa characters Model 

all 124 6021 GTR+I+G 

all position 1 124 2007 GTR+I+G 

all position 2 124 2007 GTR+I+G 

all position 3 124 2007 GTR+I+G 

atpB 91 1128 GTR+I+G 

atpB position 1 91 376 GTR+I+G 

atpB position 2 91 376 GTR+I+G 

atpB position 3 91 376 GTR+I+G 

psaA 63 1491 GTR+I+G 

psaA position 1 63 497 GTR+I+G 

psaA position 2 63 497 GTR+I+G 

psaA position 3 63 497 GTR+I+G 

psaB 86 1494 GTR+I+G 

psaB position 1 86 498 GTR+I+G 

psaB position 2 86 498 GTR+I+G 

psaB position 3 86 498 GTR+I+G 

psbC 63 780 GTR+I+G 

psbC position 1 63 260 GTR+I+G 

psbC position 2 63 260 SYM+I+G 
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 Number Number of AIC 

Partition of taxa characters Model 

psbC position 3 63 260 GTR+I+G 

rbcL 121 1128 GTR+I+G 

rbcL position 1 121 376 GTR+I+G 

rbcL position 2 121 376 SYM+I+G 

rbcL position 3 121 376 GTR+I+G 
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Figure 1. Comparison of partitioning strategies for Bayesian phylogenetic inference. ‘All’ 

= all data combined; ‘codon’ = partitioned by codon position across all five genes; ‘gene’ 

= one partition per gene. Models represented by binary codes combine partitioning by 

gene and by codon; each number represents a gene (in order, atpB, psaA, psaB, psbC, and 

rbcL), with a ‘1’ indicating that the gene in question was partitioned by codon. For 

example, the model designated 00010 includes the following partitions: atpB, psaA, 

psaB, psbC position 1, psbC position 2, psbC position 3, rbcL. Bayes factors are relative 

to the ‘codon’ model; a Bayes factor >10 indicates robust support for rejecting the model 

tested in favor of the preferred model (Brown and Lemmon 2007). 

 

Figure 2. Consensus cladogram from four independent MCMC runs. Numbers are 

posterior probabilities; unlabeled nodes are supported with posterior probability of 1.0. 

 

Figure 3. Reconstructed ancestral character states. Branch shading indicates maximum 

parsimony reconstruction (white = absent, black = present, dashed = ambiguous in A-G, 

I). Pie charts indicate Bayesian posterior probabilities at selected nodes. Numbers 

indicate Bayes factors at selected nodes: positive = support for trait presence, negative = 

support for trait absence. In H and J, the background shade behind the numbers indicates 

the character state against which the most likely state is supported. Interpretation of 

Bayes factors is based on Kass and Raftery’s (1995) modification of Jeffreys (1961): 0 to 

2 barely worth mentioning, 2 to 6 positive, 6 to 10 strong, >10 very strong. 
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Figure 4. Character state changes supported by hypothesis tests. Gains of derived 

character states are indicated by black numbers on white background, losses by white 

numbers on black background. Numbering follows Kirk (2005): (1) incomplete 

cytokinesis, (2) partial inversion, (3) rotation of basal bodies, (4) establishment of 

organismal polarity, (5) transformation of cell wall into ECM, (6) genetic control of cell 

number, (7) complete inversion, (8) increased volume of ECM, (9) partial differentiation 

(soma), (10) complete differentiation (specialized germ), (11) asymmetric division, (12) 

bifurcated cell division program. Representative maximum number of cell divisions (n) is 

shown at right; unicellular species (white branches) produce up to 2n offspring, and 

colonial species (black branches) contain up to 2n cells per colony. These numbers often 

vary among reports by different authors, especially for larger species, and are given here 

to show the overall pattern rather than to provide precise values. Photographs of 

representative species are not to scale. 
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Chlorella vulgaris C-27

Pseudocarteria mucosa NIES-522

Carteria obtusa NIES-428

Carteria radiosa NIES-432

Hafniomonas montana NIES-257

Hafniomonas montana NIES-656

Carteria crucifera NIES-421

Carteria eugametos NIES-635

Carteria eugametos NIES-636

Carteria cerasiformis NIES-425

Carteria inversa NIES-422

Carteria inversa NIES-423

Chlamydomonas noctigama NIES-1048

Chlamydomonas bilatus SAG 7.72

Chlamydomonsa pseudogloeogama SAG 15.73

Chlamydomonas moewusii UTEX 9

Chlamydomonas moewusii UTEX 97

Chlamydomonas sp. ICE-W

Chlamydomonas kuwadae NIES-968

Phacotus lenticularis NIES-858

Phacotus lenticularis SAG 61-1

Pteromonas angulosa KR91/1

Pteromonas angulosa NIES-1126

Pteromonas protracta UTEX 647

Characiochloris sasae NIES 567

Chlorogonium neglectum NIES-439

Chlorogonium kasakii NIES-761

Dunaliella salina Ds1

Dunaliella salina Ds2

Dunaliella parva UTEX 1983

Chlamydomonas tetragama NIES-446

Dysmorphococcus globosus SAG 20-1

Chlamydomonas pulsatilla NIES-122

Chlorogonium fusiforme NIES-123

Haematococcus lacustris NIES-144

Chlorogonium elongatum NIES-752

Chlorogonium elongatum NIES-751

Chlorogonium capillatum NIES-692

Chlorogonium capillatum NIES-747

Chlorogonium euchlorum NIES-754

Chlorogonium euchlorum NIES-758

Chlorogonium euchlorum NIES-759

Lobomonas monstruosa NIES-474

Vitreochlamys fluviatilis NIES-879

Vitreochlamys nekrassovii NIES-881

Paulschulzia pseudovolvox UTEX 167

Chlamydomonas reinhardtii Nc5353

Chlamydomonas debaryana UTEX 1344

Vitreochlamys gloeocystiformis NIES-880

Vitreochlamys ordinata NIES-882

Vitreochlamys pinguis NIES-1148

Chlamydomonas cribrum UTEX 1341

Vitreochlamys aulata NIES-876

Vitreochlamys aulata NIES-1140

Vitreochlamys aulata NIES-877

Basichlamys sacculifera NIES-566

Tetrabaena socialis NIES-571

Astrephomene perforata NIES-564

Astrephomene gubernaculifera NIES-418

Astrephomene gubernaculifera UTEX 1394

Gonium pectorale NIES-569

Gonium viridistellatum NIES-289

Gonium viridistellatum NIES-1122

Gonium viridistellatum UTEX 2519

Gonium quadratum NIES-653

Gonium octonarium NIES-851

Gonium multicoccum UTEX 783

Gonium multicoccum UTEX 2580

Volvox globator UTEX 955

Volvox barberi UTEX 804

Volvox rousseletii UTEX 1862

Platydorina caudata UTEX 1658

Platydorina caudata UTEX 1661

Volvulina compacta NIES-582

Volvulina pringsheimii UTEX 1020

Volvulina steinii NIES-545

Volvulina steinii NIES-1525

Volvulina steinii NIES-1531

Pandorina morum UTEX 854

Pandorina morum NIES-574

Pandorina morum UTEX 2326

Pandorina colemaniae NIES-572

Pandorina morum UTEX 1727

Pandorina morum UTEX 880

Volvulina boldii UTEX 2185

Yamagishiella unicocca NIES-872
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Eudorina elegans UTEX 1199

Eudorina elegans UTEX 1205

Eudorina minodii NIES-856

Eudorina elegans NIES-456

Eudorina elegans UTEX 1195
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Eudorina unicocca UTEX 1218

Volvox gigas UTEX 1895

Eudorina elegans NIES-568
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Eudorina elegans UTEX 1212

Pleodorina indica UTEX 1990

Pleodorina illinoisensis NIES-460

Eudorina elegans UTEX 1193
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Volvox dissipatrix UTEX 2184
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Volvox tertius UTEX 132
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Chlamydomonas reinhardtii
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Tetrabaena socialis
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Astrephomene perforata
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Platydorina caudata
Volvulina compacta
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Yamagishiella unicocca
Eudorina elegans
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Eudorina elegans
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Volvox tertius
Volvox dissipatrix
Volvox obversus
Volvox carteri    nagariensisf.
Volvox carteri    kawasakiensisf.
Volvox carteri    weismanniaf.
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A. Incomplete cytokinesis, rotation
of basal bodies,organismal polarity B. Partial inversion
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E. Expanded extracellular matrix F. Soma

H. Differentiation (3 states)
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Vitreochlamys gloeocystiformis
Vitreochlamys ordinata
Vitreochlamys aulata
Vitreochlamys pinguis
Chlamydomonas cribrum
Basichlamys sacculifera
Tetrabaena socialis
Astrephomene gubernaculifera
Astrephomene perforata
Gonium pectorale
Gonium viridistellatum
Gonium multicoccum
Gonium quadratum
Gonium octonarium
Volvox globator
Volvox barberi
Volvox rousseletii
Platydorina caudata
Volvulina compacta
Volvulina pringsheimii
Volvulina steinii
Pandorina morum
Pandorina colemaniae
Pandorina morum
Pandorina morum
Volvulina boldii
Yamagishiella unicocca
Eudorina elegans
Eudorina elegans
Eudorina minodii
Eudorina unicocca
Eudorina elegans
Volvox gigas
Pleodorina indica
Pleodorina illinoisensis
Eudorina elegans
Pleodorina illinoisensis
Eudorina cylindrica
Volvox aureus
Pleodorina californica
Pleodorina japonica
Volvox africanus
Volvox tertius
Volvox dissipatrix
Volvox obversus
Volvox carteri    nagariensisf.
Volvox carteri    kawasakiensisf.
Volvox carteri    weismanniaf.

0.5

0.1

4.1

4.2

4.6

G. Complete differentiation, asymmetric
division,bifurcated cell division program

Chlamydomonas reinhardtii
Chlamydomonas debaryana
Vitreochlamys gloeocystiformis
Vitreochlamys ordinata
Vitreochlamys aulata
Vitreochlamys pinguis
Chlamydomonas cribrum
Basichlamys sacculifera
Tetrabaena socialis
Astrephomene gubernaculifera
Astrephomene perforata
Gonium pectorale
Gonium viridistellatum
Gonium multicoccum
Gonium quadratum
Gonium octonarium
Volvox globator
Volvox barberi
Volvox rousseletii
Platydorina caudata
Volvulina compacta
Volvulina pringsheimii
Volvulina steinii
Pandorina morum
Pandorina colemaniae
Pandorina morum
Pandorina morum
Volvulina boldii
Yamagishiella unicocca
Eudorina elegans
Eudorina elegans
Eudorina minodii
Eudorina unicocca
Eudorina elegans
Volvox gigas
Pleodorina indica
Pleodorina illinoisensis
Eudorina elegans
Pleodorina illinoisensis
Eudorina cylindrica
Volvox aureus
Pleodorina californica
Pleodorina japonica
Volvox africanus
Volvox tertius
Volvox dissipatrix
Volvox obversus
Volvox carteri    nagariensisf.
Volvox carteri    kawasakiensisf.
Volvox carteri    weismanniaf.

1.6
4.9

2.7
0.5

3.9
3.4

11.2
0.2

3.2
6.3

2.5
5.6

None

Partial

Complete
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I. Inversion (partial or complete) J. Inversion (3 states)
Chlamydomonas reinhardtii
Chlamydomonas debaryana
Vitreochlamys gloeocystiformis
Vitreochlamys ordinata
Vitreochlamys aulata
Vitreochlamys pinguis
Chlamydomonas cribrum
Basichlamys sacculifera
Tetrabaena socialis
Astrephomene gubernaculifera
Astrephomene perforata
Gonium pectorale
Gonium viridistellatum
Gonium multicoccum
Gonium quadratum
Gonium octonarium
Volvox globator
Volvox barberi
Volvox rousseletii
Platydorina caudata
Volvulina compacta
Volvulina pringsheimii
Volvulina steinii
Pandorina morum
Pandorina colemaniae
Pandorina morum
Pandorina morum
Volvulina boldii
Yamagishiella unicocca
Eudorina elegans
Eudorina elegans
Eudorina minodii
Eudorina unicocca
Eudorina elegans
Volvox gigas
Pleodorina indica
Pleodorina illinoisensis
Eudorina elegans
Pleodorina illinoisensis
Eudorina cylindrica
Volvox aureus
Pleodorina californica
Pleodorina japonica
Volvox africanus
Volvox tertius
Volvox dissipatrix
Volvox obversus
Volvox carteri    nagariensisf.
Volvox carteri    kawasakiensisf.
Volvox carteri    weismanniaf.

-2.4

6.8

4.3

Chlamydomonas reinhardtii
Chlamydomonas debaryana
Vitreochlamys gloeocystiformis
Vitreochlamys ordinata
Vitreochlamys aulata
Vitreochlamys pinguis
Chlamydomonas cribrum
Basichlamys sacculifera
Tetrabaena socialis
Astrephomene gubernaculifera
Astrephomene perforata
Gonium pectorale
Gonium viridistellatum
Gonium multicoccum
Gonium quadratum
Gonium octonarium
Volvox globator
Volvox barberi
Volvox rousseletii
Platydorina caudata
Volvulina compacta
Volvulina pringsheimii
Volvulina steinii
Pandorina morum
Pandorina colemaniae
Pandorina morum
Pandorina morum
Volvulina boldii
Yamagishiella unicocca
Eudorina elegans
Eudorina elegans
Eudorina minodii
Eudorina unicocca
Eudorina elegans
Volvox gigas
Pleodorina indica
Pleodorina illinoisensis
Eudorina elegans
Pleodorina illinoisensis
Eudorina cylindrica
Volvox aureus
Pleodorina californica
Pleodorina japonica
Volvox africanus
Volvox tertius
Volvox dissipatrix
Volvox obversus
Volvox carteri    nagariensisf.
Volvox carteri    kawasakiensisf.
Volvox carteri    weismanniaf.

2.7
8.0

None

Partial

Complete
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Volvox carteri    kawasakiensisf. ...11

Chlamydomonas reinhardtii.........5

Volvox carteri    weismanniaf. .......11

Volvox carteri    nagariensisf. .......12
Volvox obversus.........................11
Volvox dissipatrix.......................14
Volvox tertius.............................10
Volvox africanus.........................13
Pleodorina japonica.....................7
Pleodorina californica..................7
Volvox aureus.............................11
Eudorina cylindrica......................4
Pleodorina illinoisensis................5
Eudorina elegans.........................5
Pleodorina illinoisensis................5
Pleodorina indica.........................7
Volvox gigas...............................12
Eudorina elegans.........................5
Eudorina unicocca.......................5
Eudorina minodii..........................5
Eudorina elegans.........................5
Eudorina elegans.........................5
Yamagishiella unicocca................5
Volvulina boldii.............................4
Pandorina morum........................4
Pandorina morum........................4
Pandorina colemaniae.................4
Pandorina morum........................4
Volvulina steinii............................4
Volvulina pringsheimii..................4
Volvulina compacta......................4
Platydorina caudata.....................5
Volvox rousseletii.......................15
Volvox barberi............................15
Volvox globator..........................14
Gonium octonarium......................3
Gonium quadratum......................4
Gonium multicoccum...................5
Gonium viridistellatum..................4
Gonium pectorale.........................4
Astrephomene perforata..............6
Astrephomene gubernaculifera....6
Tetrabaena socialis......................2
Basichlamys sacculifera...............2
Chlamydomonas cribrum.............2
Vitreochlamys pinguis..................3
Vitreochlamys aulata....................3
Vitreochlamys ordinata.................3
Vitreochlamys gloeocystiformis....3
Chlamydomonas debaryana........3

5
6

1
3
4

2

8
9

7
8

8

8

8

9

9

9

8

9

Species n

10
11
12  



 

Online Appendix 1. Accession numbers of ingroup taxa. 
    GenBank Accession number     

Species Strain atpb psaA psaB psbC rbcL Also known as 

Astrephomene gubernaculifera NIES-418 AB014022-3 AB044233-4 AB044458 AB044513-4 D63428   

Astrephomene gubernaculifera UTEX1394 AB044181 AB044235 AB044459 AB044515-7 AB044169-70 NIES-854 

Astrephomene perforata NIES-564 AB014024 AB044236-8 AB044460 AB044518-9 D63429 UTEX2474 

Basichlamys sacculifera NIES-566 AB014015 AB044416 AB044467-8 AB044526 D63430 Gonium sacculiferum 

Chlamydomonas cribrum UTEX1341 – – – – AF517070-1   

Chlamydomonas debaryana var. 

cristata UTEX1344 AB014034 AB044417-8 AB044469 AB044527 D86838 NIES-884 

Chlamydomonas reinhardtii NC005353 NC005353 NC005353 NC005353 NC005353 NC005353   

Eudorina cylindrica UTEX1197 AB014033 AB044210 AB044441 AB044493 D86833 NIES-722 

Eudorina elegans var. carteri UTEX1212 AB014012 AB044202-3 AB044438 AB044487-8 D88806 NIES-721 

Eudorina elegans var. elegans NIES-456 AB014009 AB044199 AB044435 AB044485 D63432 A-5(m) 

Eudorina elegans var. elegans UTEX1193 AB047071 – – – D88803 NIES-717 

Eudorina elegans var. elegans UTEX1195 AB047072 – – – D88810 NIES-718 

Eudorina elegans var. elegans UTEX1199 AB047073 – – – D88804 NIES-719 

Eudorina elegans var. elegans UTEX1205 AB014010 AB044200-1 AB044436-7 AB044486 D88805 NIES-720 

Eudorina elegans var. synoica NIES-458 – – – – D88807 04427-1 

Eudorina elegans var. synoica NIES-568 AB014011 – – – D88808 7914-E-6 

Eudorina minodii NIES-856 AB047068 – – – AB047074-6 90729-E-8 

Eudorina unicocca var. peripheralis UTEX1218 AB047070 – – – D86830 NIES-726 

Eudorina unicocca var. unicocca UTEX1215 AB014007 AB044207-9 AB044440 AB044491-2 D63434 NIES-725 

Eudorina unicocca var. unicocca UTEX737 AB014008 AB044204-6 AB044439 AB044489-90 D86829 NIES-724 

Gonium multicoccum UTEX2580 AB014020 AB044239-40 AB044461 AB044481 D63435 NIES-737 

Gonium multicoccum UTEX783 AB076115-6 AB076138 AB076153-4 AB076168-71 AB076102-3 NIES-885 
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    GenBank Accession number     

Species Strain atpb psaA psaB psbC rbcL Also known as 

Gonium octonarium NIES-851 AB014018 AB044241 AB044462 AB044520 D63436 GO-LC-1+ 

Gonium pectorale NIES-569 AB014016-7 AB044242 AB044463 AB044521 D63437 88-1113-G-1 

Gonium quadratum NIES-653 AB014019 AB044243 AB044464 AB044522-3 D63438 90-423-2 

Gonium viridistellatum NIES-1122 AB076117 AB076139 AB076155 AB076172 AB076092-3 NIES-857, 88-511-9 

Gonium viridistellatum NIES-289 AB076118-9 AB076140-1 AB076156 AB076173 AB076091 G3 

Gonium viridistellatum UTEX2519 AB014021 AB044244 AB044465 AB044524 D86831 NIES-654, KY-4(+) 

Pandorina colemaniae NIES-572 AB014027 AB044232 AB044457 AB044512 D63441 88-1025-1 

Pandorina morum UTEX1727 AB044178 AB044228 AB044454 AB044508 AB044165 NIES-889 

Pandorina morum UTEX2326 AB044177 AB044227 AB044453 AB044506-7 AB044164 NIES-890 

Pandorina morum UTEX854 AB044180 AB044231 AB044456 AB044510-1 AB044167 NIES-886 

Pandorina morum UTEX880 AB044179 AB044229-30 AB044455 AB044509 AB044166 NIES-887 

Pandorina morum var. morum NIES-574 AB014025-6 AB044226 AB044452 AB044505 D63442 7916-P-7 

Platydorina caudata UTEX1658 AB014032 AB044211-2 AB044442 AB044494 D86828 NIES-728 

Platydorina caudata UTEX1661 – – – – D86827 NIES-729 

Pleodorina californica UTEX809 AB014004 AB044190-2 AB044430 AB044480 D63439 NIES-735 

Pleodorina illinoisensis NIES-460 AB014013 AB044198 AB044434 AB044484 D63433 5630-E-3 (m), Eudorina illinoisensis 

Pleodorina illinoisensis UTEX808 AB047069 – – – D88809 NIES-723 

Pleodorina indica UTEX1990 AB014006 AB044195-7 AB044432-3 AB044483 D86834 NIES-736 

Pleodorina japonica UTEX2523 AB014005 AB044193-4 AB044431 AB044482 D63440 NIES-577, 6715-7 

Tetrabaena socialis var. socialis NIES-571 AB014014 AB044415 AB044466 AB044525 D63443 Gonium sociale var. sociale, 21028-4 

Vitreochlamys aulata NIES-1140 AB076121 AB076143 AB076158 AB076175-7 AB050486-7 NIES-875, spha-5 / 1998-3-9 

Vitreochlamys aulata NIES-876 – – – – AB050488-9 Spha-8 / 1998-7-14 

Vitreochlamys aulata NIES-877 AB076122 AB076144 AB076159 AB076178-80 AB050492 SAG 69.72 

Vitreochlamys aulata NIES-878 – – – – AB050493 SAG 80.81, Sphaerellopsis aulata 
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    GenBank Accession number     

Species Strain atpb psaA psaB psbC rbcL Also known as 

Vitreochlamys gloeocystiformis NIES-880 – – – – AB050485 

970805-u-4, Sphaerellopsis 

gloeocystiformis 

Vitreochlamys ordinata NIES-882 AB014036 AB044420 AB044471 AB044529 AB014041 Nozaki S-4, Sphaerellopsis ordinata 

Vitreochlamys pinguis NIES-1148 AB076120 AB076142 AB076157 AB076174 AB050490-1 NIES-883 

Volvox africanus UTEX1891 AB076114 AB076137 AB076152 AB076167 AB076101 NIES-863 

Volvox aureus NIES1156 AB076104 AB076123 AB076145 AB076160 AB076096 NIES-891, 970717-2 

Volvox aureus NIES1157 AB076105 AB076124 AB076146 AB076161 AB076086 NIES-892, 990601-1V-9 

Volvox aureus var. aureus NIES-541 AB013998 AB044182 AB044424 AB044474 D63445 1706-2 

Volvox barberi UTEX804 AB014001 AB044186 AB044427 AB044477 D86835 NIES-730, UTEX164n 

Volvox carteri f. kawasakiensis NIES-732 AB013999 AB044184-5 AB044425 AB044475 D63446 KK-3 

Volvox carteri f. nagariensis UTEX1885 AB076108-9 AB076127-8 AB076148 AB076163 AB076099 NIES-865 

Volvox carteri f. weismannia UTEX1875 AB076110-1 AB076129-30 AB076149 AB076164 AB076100 NIES-866 

Volvox dissipatrix UTEX2184 AB014000 AB044183 AB044426 AB044476 D63447 NIES-731 

Volvox gigas UTEX1895 AB076112 AB076131-2 AB076150 AB076165 AB076084 NIES-867 

Volvox globator UTEX955 AB014002 AB044187 AB044428 AB044478 D86836   

Volvox obversus UTEX1865 AB076113 AB076133-6 AB076151 AB076166 AB076085 NIES-868 

Volvox rousseletii UTEX1862 AB014003 AB044188 AB044429 AB044479 D63448 NIES-734 

Volvox tertius NIES-544 AB086173 AB086175-6 AB086177 AB086178 AB086174   

Volvox tertius UTEX132 AB076106-7 AB076125-6 AB076147 AB076162 AB076098   

Volvulina boldii UTEX2185 AB044176 AB044225 AB044451 AB044504 AB044162-3 NIES-893 

Volvulina compacta NIES-582 AB014029 AB044217-9 AB044446 AB044498 D86832 89-804-4 

Volvulina pringsheimii UTEX1020 AB014028 AB044220 AB044447 AB044499 D63444 NIES-895 

Volvulina steinii NIES-545 AB044173 AB044221-2 AB044448 AB044500 AB044159 1107-5 (-) 

Volvulina steinii UTEX1525 AB044174 AB044223 AB044449 AB044501 AB044160 NIES-896 
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    GenBank Accession number     

Species Strain atpb psaA psaB psbC rbcL Also known as 

Volvulina steinii UTEX1531 AB044175 AB044224 AB044450 AB044502-3 AB044161 NIES-898 

Yamagishiella unicocca NIES-578 – – – – AB000811 01209-1, Pandorina unicocca 

Yamagishiella unicocca NIES-762 – – – – AB000810 Eudorina sp. 

Yamagishiella unicocca NIES-872 AB044172 AB044216 AB044445 AB044497 AB044168 Nozaki-E-5 

Yamagishiella unicocca UTEX2031 – – – – D86822 Pandorina unicocca 

Yamagishiella unicocca UTEX2127 – – – – D86824 Pandorina unicocca 

Yamagishiella unicocca UTEX2428 AB014030 AB044213 AB044443 AB044495 D86823 NIES-666, X-441, Pandorina unicocca 

Yamagishiella unicocca UTEX2430 AB014031 AB044214-5 AB044444 AB044496 D86825 Pandorina unicocca 

Yamagishiella unicocca UTEX840 – – – – D86826 Pandorina unicocca 
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Online Appendix 2. Accession numbers of outgroup taxa. 

    GenBank Accession number    

Species Strain atpb psaA psaB psbC rbcL aka 

Carteria cerasiformis NIES-425 AB084321 – AB084359 – D89768 w-8-15, Carteria inversa 

Carteria crucifera NIES-421 AB084320 – AB084358 – D63431 SIST3-1 

Carteria eugametos NIES-635 – – – – D89759 UTEX233 

Carteria eugametos NIES-636 – – – – D89760 UTEX1032, Carteria olivieri 

Carteria inversa NIES-422 – – – – D89765 134-4 

Carteria inversa NIES-423 – – – – D89766 106 

Carteria obtusa NIES-428 AB084323 – AB084361-3 – D89769 Ca-2-1 

Carteria radiosa NIES-432 AB084322 – AB084360 – D89770 w-5-2 

Characiochloris sasae NIES-567 AB084331 – AB084376 – AB084338 91-0106-1 

Chlamydomonas bilatus SAG7.72 – – – – AF517082   

Chlamydomonas kuwadae NIES-968 AB084318 – AB084356 – AB084334 92-514-H-13 

Chlamydomonas moewusii UTEX9 AB014035 – AB084355 – M15842   

Chlamydomonas moewusii UTEX97 – – M90641 – –   

Chlamydomonas noctigama NIES-1048 AB101502 – AB101513 – AB101506-7 2001-814-C10 

Chlamydomonas 

pseudogloeogama SAG15.73 – – – – AF517083  

Chlamydomonas pulsatilla NIES-122 – – – – AB003427 MKF-50 

Chlamydomonas sp. ICE-W – – – – AY731087   

Chlamydomonas tetragama NIES-446 AB084319 – AB084357 – AJ001880 413D4-4, Chlorogonium metamorphum 

Chlorella vulgaris C-27 NC001865 NC001865 NC001865 NC001865 NC001865   

Chlorogonium capillatum NIES-692 – – – – AB010230 92-912-1 

Chlorogonium capillatum NIES-747 – – – – AB010233 CCAP 12 / 5, Chlorogonium sp. 

Chlorogonium elongatum NIES-751 AB084327 – AB084368 – AJ001881 UTEX204, IAM C-293, Chlorogonium acus 
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    GenBank Accession number    

Species Strain atpb psaA psaB psbC rbcL aka 

Chlorogonium elongatum NIES-752 – – – – AB010240 UTEX2571 

Chlorogonium euchlorum NIES-754 – – – – AB010226 UTEX1639 

Chlorogonium euchlorum NIES-758 AB084328 – AB084369 – AJ001882 CCAP 12 / 3 

Chlorogonium euchlorum NIES-759 – – – – AB010225 CCAP 12 / 6, Chlorogonium sp. 

Chlorogonium fusiforme NIES-123 AB084329 – AB084370 – AB010242 IAM C-349, Chlorogonium metamorphum 

Chlorogonium kasakii NIES-761 AB014037 – AB084367 – AB010244 CCAP 12 / 8, Chlorogonium sp. 

Chlorogonium neglectum NIES-439 AB084326 – AB084366 – AB010243 Chlamydomonas neglecta 

Dunaliella parva UTEX1983 AB084330 – AB084375 – AJ001877   

Dunaliella salina Ds1 – – AY820754 – –   

Dunaliella salina Ds2 – – – – AY531529   

Dysmorphococcus globosus SAG 20-1 – – – – AJ001885   

Haematococcus lacustris NIES144 AB084325 – AB084365 – AB084336-7 

IAM C-392, MKF-8, Haematococcus 

pluvialis 

Hafniomonas montana NIES-257 AB101504 – AB101515 – AB101509-10 OUT-5 

Hafniomonas montana NIES-656 AB101505 – AB101516 – AB101511-2 430M3-3 

Lobomonas monstruosa NIES-474 AB044533 AB044421 AB044472 AB044530 AB044171 FL 

Paulschulzia pseudovolvox UTEX167 AB014040 AB044422-3 AB044473 AB044531-2 D86837 NIES-727 

Phacotus lenticularis NIES-858 AB014039 – AB084373-4 – AJ001883 KR 91 / 1, NIES-1123 

Phacotus lenticularis SAG 61-1 – – – – AJ001884 NIES-859 

Pseudocarteria mucosa NIES-522 AB084324 – AB084364 – AB084335 M-2 

Pteromonas angulosa KR 91 / 1 AB014038 – – – –   

Pteromonas angulosa NIES-1126 – – AB084371-2 – AJ001887 KR 91 / 2, NIES-861 

Pteromonas protracta UTEX647 – – – – AJ001886   

Vitreochlamys fluviatilis NIES-879 – – – – AB050484 Spha1 / 1997-12-5 
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    GenBank Accession number    

Species Strain atpb psaA psaB psbC rbcL aka 

Vitreochlamys nekrassovii NIES-881 – – – – AB050494 SAG11-10, Sphaerellopsis nekrassovii 
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Online Appendix 3. Character states for ingroup taxa and source references. 
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es
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References 
Astrephomene 

gubernaculifera 
 1 0 1 1 1 1 0 1 1 0 0 0 1 0 0 

Iyengar & Desikachary 1981, Ettl 

1983, Nozaki 1983 

Astrephomene 

perforata 
 1 0 1 1 1 1 0 1 1 0 0 0 1 0 0 Nozaki 1983 

Basichlamys 

sacculifera 

Gonium 

sacculiferum 
0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 Ettl 1983  

Chlamydomonas 

cribrum 
C. typica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ettl 1983  

Chlamydomonas 

debaryana 
C. komma 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Iyengar & Desikachary 1981, Ettl 

1983 

Chlamydomonas 

reinhardtii 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Iyengar & Desikachary 1981, Ettl 

1983 

Eudorina 

cylindrica 
 1 0 1 1 1 1 1 0 0 0 0 0 0 1 2 Ettl 1983  

Eudorina 

elegans 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Eudorina 

minodii 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 Nozaki & Krienitz 2001 
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References 
Eudorina 

unicocca 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 Ettl 1983  

Gonium 

multicoccum 
 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 Ettl 1983  

Gonium 

octonarium 
 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 Ettl 1983  

Gonium 

pectorale 
 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 

Iyengar & Desikachary 1981, Ettl 

1983 

Gonium 

quadratum 
 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 Ettl 1983  

Gonium 

viridistellatum 
 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 Nozaki 1989 

Pandorina 

colemaniae 
 1 0 1 1 1 1 1 0 0 0 0 0 0 1 2 Nozaki & Kuroiwa 1991 

Pandorina 

morum 
 1 0 1 1 1 1 1 0 0 0 0 0 0 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Platydorina 

caudata 
 1 0 1 1 1 1 1 0 0 0 0 0 0 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Pleodorina Eudorina 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 Iyengar & Desikachary 1981, Ettl 
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californica californica 1983 

Pleodorina 

illinoisensis 

Eudorina 

illinoisensis 
1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Pleodorina 

indica 
Eudorina indica 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Pleodorina 

japonica 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 Nozaki et al. 1989 

Tetrabaena 

socialis 
Gonium sociale 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 Ettl 1983  

Vitreochlamys 

aulata 

Sphaerellopsis 

aulata 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ettl 1983, Nakazawa et al. 2001 

Vitreochlamys 

gloeocystiformis 

Sphaerellopsis 

gloeocystiformis 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Iyengar & Desikachary 1981, Ettl 

1983, Nakazawa et al. 2001 

Vitreochlamys 

ordinata 

Sphaerellopsis 

ordinata 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ettl 1983, Nakazawa et al. 2001 

Vitreochlamys 

pinguis 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Nakazawa et al. 2001 

Volvox 

africanus 
 1 0 1 1 1 1 1 1 1 0 1 1 1 1 2 

Smith 1944, Iyengar & 

Desikachary 1981 
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Volvox 

aureus 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Smith 1944, Iyengar & 

Desikachary 1981, Ettl 1983 

Volvox 

barberi 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 Smith 1944 

Volvox carteri f. 

kawasakiensis 
 1 0 1 1 1 1 1 1 1 1 1 1 2 1 2 Nozaki 1988 

Volvox carteri f. 

nagariensis 
 1 0 1 1 1 1 1 1 1 1 1 1 2 1 2 

Smith 1944, Iyengar & 

Desikachary 1981 

Volvox carteri f. 

weismannia 
V. weissmannia 1 0 1 1 1 1 1 1 1 1 1 1 2 1 2 Smith 1944 

Volvox 

dissipatrix 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Smith 1944, Iyengar & 

Desikachary 1981 

Volvox 

gigas 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 Smith 1944 

Volvox 

globator 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Smith 1944, Iyengar & 

Desikachary 1981, Ettl 1983 

Volvox 

obversus 
 1 0 1 1 1 1 1 1 1 1 1 1 2 1 2 Smith 1944 

Volvox  1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 Smith 1944, Iyengar & 
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rousseletii Desikachary 1981 

Volvox 

tertius 
 1 0 1 1 1 1 1 1 1 0 0 0 1 1 2 

Smith 1944, Iyengar & 

Desikachary 1981, Ettl 1983 

Volvulina 

boldii 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 Nozaki et al. 2000 

Volvulina 

compacta 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 Nozaki & Kuroiwa 1990 

Volvulina 

pringsheimii 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Volvulina 

steinii 
 1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 

Iyengar & Desikachary 1981, Ettl 

1983 

Yamagishiella 

unicocca 

Pandorina 

unicocca 
1 0 1 1 1 1 1 1 0 0 0 0 0 1 2 Ettl 1983  
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18S: Nuclear small ribosomal subunit 

BCI: Bayesian credibility interval 

ECM: Extracellular matrix 

ETI: Evolutionary transition in individuality 
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PL: Penalized likelihood algorithm 
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ABSTRACT: 

Evolutionary transitions in individuality (ETIs) underlie the watershed events in the 

history of life on Earth, including the origins of cells, eukaryotes, plants, animals and 

fungi. Each of these events constitutes an increase in the level of complexity, as groups of 

individuals become individuals in their own right. Among the best-studied ETIs is the 

origin of multicellularity in the green alga Volvox, a model system for the evolution of 

multicellularity and cellular differentiation. Since its divergence from unicellular 

ancestors, Volvox has evolved into a highly integrated multicellular organism with 

cellular specialization, a complex developmental program, and a high degree of 

coordination among cells. Remarkably, all of these changes were previously thought to 

have occurred in the last 50-75 million years. Here we estimate divergence times using a 

multigene dataset with multiple fossil calibrations and use these estimates to infer the 

times of developmental changes relevant to the evolution of multicellularity. Our results 

show that Volvox diverged from unicellular ancestors at least 200 million years ago. Two 

key innovations resulting from an early cycle of cooperation, conflict and conflict 

mediation led to a rapid integration and radiation of multicellular forms in this group. 

This is the only ETI for which a detailed timeline has been established, but multilevel 

selection theory predicts that similar changes must have occurred during other ETIs. 
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Introduction 

 

The history of life on Earth has involved a number of evolutionary transitions in 

individuality (ETIs), in which groups of once-autonomous individuals became new 

individuals. Through the transfer of fitness from the individuals making up the group to 

the group itself, a new entity was formed with a single fitness and a single evolutionary 

fate. In this way, groups of interacting molecular replicators became single-celled 

organisms, prokaryotic cells became a primitive eukaryote, groups of single-celled 

organisms became multicellular organisms, and groups of multicellular organisms 

became social individuals (as in the social insects). In many cases such transitions have 

opened up entire new adaptive landscapes leading to vast radiations as completely new 

ways of being alive became available (e.g. cellular life, eukaryotes, plants and animals). 

Understanding how and why groups of individuals become new kinds of individuals is a 

major challenge in explaining the history of life. 

The transition from unicellular to multicellular life is the paradigm case of the 

integration of lower level individuals (cells) into a new higher level individual–the 

multicellular organism. This transition has occurred dozens of times independently, for 

example in the red algae, brown algae, land plants, animals, and fungi (reviewed in 

reference 1). Among the best-studied ETIs is the origin of multicellularity in the green 

alga Volvox and its relatives (the volvocine algae), which have been developed as a 

model for the developmental genetics of multicellularity and cellular differentiation (2, 

3). 



 87

The volvocine algae include three families of haploid, facultatively sexual 

eukaryotes totaling ~50 species in the Chlorophycean order Volvocales. Together with 

unicellular relatives in the genera Chlamydomonas and Vitreochlamys, members of this 

group span a range of sizes and levels of complexity from unicells to macroscopic 

multicellular organisms with cellular differentiation (examples are pictured in Figure 1 

below). The smallest multicellular forms are in the family Tetrabaenaceae (Basichlamys 

and Tetrabaena) and are made up of four Chlamydomonas-like cells held together in a 

common extracellular matrix. Members of the Goniaceae include Gonium and 

Astrephomene. Gonium ranges from 8 to 32 cells arranged in a flat or slightly curved 

plate. Astrephomene consists of 32-64 cells arranged on the perimeter of a spheroid, with 

two to four sterile somatic cells at the posterior pole. The diverse Volvocaceae include 

seven genera (Eudorina, Pandorina, Platydorina, Pleodorina, Volvox, Volvulina, and 

Yamagishiella) ranging from 16 cells up to 50,000 cells. Members of this family are 

spheroidal (with the exception of Platydorina, a secondarily flattened sphere) and may 

have complete, partial, or no division of labor between reproductive and somatic cells. 

This diversity of intermediate grades of organization provides a unique window on the 

evolutionary transition from single cells to fully differentiated multicellular individuals 

such as Volvox.  

Based on the development of V. carteri, Kirk (4) inferred a series of evolutionary 

changes involved in the transition to differentiated multicellularity. Most of the inferred 

intermediate stages in this transition are approximated by extant forms. Herron and 

Michod (5) reconstructed Kirk’s steps in a phylogenetic framework, revealing a complex 
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picture in which phylogeny does not strictly mirror ontogeny; some traits have multiple 

independent origins and reversals from derived to ancestral states. No previous work has 

rigorously estimated the timing of these changes. 

Volvox has previously been thought to represent a recent experiment in 

multicellularity, having diverged from unicellular relatives only 50-75 million years ago 

(Ma). This estimate of divergence time was based on a single gene with a single fossil 

calibration, and no subsequent study has independently estimated the age of the 

multicellular volvocine algae. Nevertheless, the recent origin of multicellularity in this 

group has been widely accepted and has been integrated into thinking in this area. For 

example, the genetic simplicity underpinning development in these organisms has been 

thought to be a result of the relatively short time since they became multicellular (3, 6).  

Results and Discussion 

We estimated divergence times within the volvocine algae using a multigene dataset with 

multiple fossil calibrations. Our results show, in contrast to all previous thought, that 

Volvox diverged from its closest unicellular relatives approximately 234 Ma (95% 

Bayesian credibility interval 209 – 260 Ma) (Fig. 1) and that most of the developmental 

changes involved in the transition to multicellularity took place during an early, rapid 

radiation soon after this divergence. The three main lineages of multicellular volvocine 

algae, represented by the three modern families, were established by 200 Ma (179 – 222) 

(Fig. 2, node A).  
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We now consider the timing of morphological and developmental changes in more detail 

using the series of twelve ontogenetic changes (Fig. 1) enumerated by Kirk for Volvox 

development (4). For the sake of continuity, we have retained Kirk’s original numbering 

for the changes he identified. In addition to estimating dates for these changes, we 

compare traits of extant species with those reconstructed for ancestral species. Although 

the changes identified by Kirk address an important subset of morphological and 

developmental characters involved in the transition to multicellularity, it is important to 

keep in mind that our comparisons only address these twelve characters. The extant and 

ancestral species we compare may have differed in terms of characters we do not address.  

Within 33.9 million years (My; 26.2 – 42.6) after the divergence from unicellular 

ancestors, a number of developmental changes related to the evolution of multicellularity 

took place (steps 1, 3 – 8 in Fig. 2). The initial shift from a unicellular to a multicellular 

lifestyle occurred by 223 Ma (200 – 248; Fig. 2, node B), when the daughter cells of a 

Chlamydomonas-like ancestor became embedded in a common extracellular matrix 

(ECM; Kirk’s step 5). Around the same time, the number of daughter cells produced by a 

mother cell shifted from environmental to genetic control (step 6). Together, these 

changes led to a body plan morphologically and developmentally similar to the modern 

Tetrabaenaceae (Basichlamys and Tetrabaena).  

By 211 Ma (189 – 234), the ancestors of Goniaceae and Volvocaceae had evolved a 

combination of characters found in modern Gonium (Fig. 2, node A). Cytokinesis became 

incomplete, leaving daughter cells connected by cytoplasmic bridges (step 1). The basal 
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bodies of peripheral cells rotated to orient the flagella to beat in parallel (step 3), resulting 

in more efficient locomotion and establishing a center-to-edge polarity (step 4).  

By 200 Ma (179 – 222), the ancestors of Volvocaceae had evolved a body plan 

consisting of a transparent sphere with the cells on the periphery, as in modern Volvulina, 

Yamagishiella and Eudorina (Fig. 2, node C). Complete inversion established a spherical 

body plan with the flagella on the exterior (step 7), changing the center-to-edge polarity 

into an anterior-posterior polarity. The volume of ECM increased dramatically, leading to 

a hollow appearance with the cells on the periphery of the sphere (step 8).  

The time span in which all of the above changes took place makes up less than 20% 

of the total time since the ancestors of the Volvocaceae diverged from single-celled 

ancestors. In this relatively short time, they evolved from single cells into tightly 

integrated (but undifferentiated) colonies with a developmental program (inversion) and a 

mode of locomotion that both required a high degree of coordination among cells. 

Changes subsequent to the divergence of Goniaceae and Volvocaceae (Fig. 2, node 

A; 189 – 234 Ma) are mostly related to cellular specialization, and the associated dates 

cannot always be restricted to a usefully narrow range. The first step in a reproductive vs. 

somatic division of labor, the origin of sterile somatic cells, happened between 134 and 

227 Ma in the lineage leading to Astrephomene, between 30.7 and 216 Ma in the lineage 

leading to Volvox barberi + V. globator, and between 76.6 and 116 Ma in the lineage 

leading to Pleodorina and the remaining species of Volvox. The specialized germ cells 

found in the genus Volvox originated between 65.0 and 98.7 Ma in the lineage leading to 

V. aureus + V. carteri and within the last 51.9 My in the lineage leading to V. gigas. 



 91

Although the striking transition in complexity from unicellular to multicellular in 

volvocine algae has been broken down into a series of modest changes, our results on the 

timing of evolution in this group reveal that the transition did not occur by smooth, 

constant change. Rather, the changes occurred sporadically, with periods of rapid change 

and occasional reversals from derived to ancestral states interspersed among long periods 

of stasis. For example, the basic body plan common to modern Eudorina, Volvulina and 

Yamagishiella – undifferentiated spheroids with cells arranged at the periphery – was 

established within a few tens of millions of years after the initial divergence from 

unicellular ancestors but has been stable in several lineages for 200 My (179 – 222; Fig. 

2, node C). These results support the view that the various grades of organization in 

volvocine algae represent not transitional forms but rather alternative stable states (7), 

each well adapted to a particular environment. 

Implications for evolutionary transitions in individuality in general.  ETIs occur when 

individuals combine to form new individuals, as occurred with the origin of cells, of 

eukaryotes, of multicellular organisms, and of integrated societies. During each of these 

ETIs, fitness was transferred from the individuals making up the group to the group itself, 

forming a new individual with a single fitness and a single evolutionary fate (8-10). 

According to multilevel selection theory (MLS) this transfer of fitness requires the 

evolution of cooperation and conflict mediators, which enhance cooperation by 

restricting the opportunities for defection and reducing selection among the members of 

the group (10).  
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The question of how a high degree of integration and coordination among cells arose so 

quickly in the volvocine lineage can be addressed using the framework of MLS. Several 

of the key changes involved in the transition to differentiated multicellularity in the 

volvocine algae may be interpreted as components of cycles of cooperation, conflict and 

conflict mediation predicted by MLS (5). According to this view, one such cycle took 

place soon after the initial transition to multicellularity, when conflicts over the 

production of ECM were resolved by the shift to genetic control of cell number, which 

limits the benefits of defection (11). The rapid pace of subsequent changes (steps 1, 3, 4, 

7 & 8) suggests that the resolution of this conflict was a key innovation enabling the 

diversification, integration and increase in complexity that followed.  

The specific details of this or any other ETI are bound to be unique, but there are basic 

principles of MLS that are relevant to all such transitions (8, 10). These principles and the 

results of the present study suggest a strategy for understanding other ETIs, such as the 

origins of multicellularity in plants and animals. Because of the lack of extant 

intermediate forms, the primary source of evidence in these cases has been the fossil 

record, which is absent for the volvocine algae. However, the tempo and mode of change 

in the volvocine algae suggest that actual transitional forms were restricted to narrow 

temporal ranges. If this is true for other origins of multicellularity, fossil evidence of the 

early steps in these ancient transitions may be scant, and comparative genomics may be a 

more fruitful approach. The importance of MLS in ETIs gives us an idea of the kinds of 

changes we should be looking for in these other groups. The challenge for understanding 

the origins of multicellularity in the animals and plants is to identify the key innovations 
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along with the underlying genes leading to cooperation among cells, the resulting 

conflicts, and, most importantly, the mechanisms by which these conflicts were mediated.   
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Methods 

We ran two sets of analyses for divergence time estimation, one with a broad taxonomic 

scale but only a few representatives of volvocine algae (Fig. 1) and one with a narrower 

taxonomic scale but dense sampling within the volvocine algae (Fig. 2). We used the 

results of the broad-scale analyses to calibrate the basal divergence in the fine-scale 

analyses.  

Broad-scale analyses. We based our broad-scale phylogenetic analysis (Fig. 1) on a 

concatenated alignment of five chloroplast protein coding genes [beta subunit of ATP 

synthase, P700 chlorophyll a-apoprotein A1 (psaA), P700 chlorophyll a-apoprotein A2 

(psaB), photosystem II CP43 apoprotein (psbC), and large subunit of rubisco] and the 

nuclear small ribosomal subunit (18S) from representative red algae, green algae and land 

plants, using the glaucophyte alga Cyanophora paradoxa as an outgroup (Table S1). Two 

sequences in the alignment were chimeras of two different species: the operational 

taxonomic unit labeled “Pinus” in Figure 1 consisted of chloroplast sequences from P. 

thunbergii and an 18S sequence from P. luchuensis; that labeled “Nymphaea / Cabomba” 

consisted of chloroplast sequences from Nymphaea alba and an 18S sequence from 

Cabomba caroliniana. 

We ran all analyses on four subsets of the full alignment, each with two 

partitioning strategies: (1) a partition for each codon position and one for 18S; and (2) a 

partition for protein-coding genes excluding third codon positions and one for 18S. In 

each case we used a separate substitution model for each partition, chosen using the 



 95

Akaike information criterion in MrModelTest (12). Consensus trees and Bayesian 

posterior probabilities were based on the combined post burn-in trees from four 

independent runs in MrBayes (13). 

 We estimated divergence times using Langley-Fitch (LF), penalized likelihood 

with an additive penalty (PL) (14), and nonparametric rate smoothing (NPRS)(15) 

algorithms in r8s (16) and Bayesian inference in MultiDivTime (17). For each analysis, 

divergence time estimates were based on a sample of 300 Bayesian posterior trees, 

filtered to be compatible with the 50% consensus tree (filtering was necessary to obtain 

reliable results from r8s, in which a node is defined by two descendants). The 

performance of each combination of data set, partitioning strategy, and algorithm for date 

estimation was evaluated by fossil cross-validation, in which analyses are rerun excluding 

each calibration in turn and the date for each calibration is inferred and compared to the 

fossil date.  

 All of the primary fossil calibrations used in this study were used for the same 

purpose in previous estimates of eukaryotic divergence times (18, 19). As in those 

studies, we included uncertainty in the ages of fossils by constraining each calibration to 

a range rather than to a point estimate. We constrained the divergence between red algae 

and (green algae + land plants) to a maximum of 3500 MY, the age of the first known 

fossils (20, 21). Within the red algae, we constrained the deepest divergence to the age of 

the oldest known red algal fossil, Bangiomorpha pubescens (1174 – 1222 MY) (22) and 

that between Gracilaria tenuistipitata and Palmaria palmata to the age of the 

Doushantuo Florideophyte fossils (595 – 603 MY) (23, 24). Within the green plant 
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lineage, we used the following constraints: the first appearance of spore tetrads indicating 

the emergence of land plants (432 – 476 MY) (25), the oldest known seeds indicating the 

emergence of seed plants (355 – 370 MY) (26), several fossils indicating the divergence 

between angiosperms and gymnosperms (290 – 320 MY) (27), the earliest known fossil 

Nymphaeales indicating their divergence from eudicots (115 MY minimum) (28), and the 

Early Cretaceous palynological diversification of angiosperms indicating the divergence 

of monocots and eudicots (90 – 130 MY) (29). Within the green algae, we constrained 

the divergence between the Ulvophyceae and Volvocales to the age of the 

cladophoracean fossil Proterocladus (750 MY maximum) (30). 

 The best-performing analysis, and the one with which our fine-scale analyses 

were calibrated, was a four gene data set (psaA, psaB, psbC, and 18S), with a partition 

for each codon position and one for 18S, analyzed using the LF algorithm. The 95% 

Bayesian credibility intervals (BCIs) of dates inferred during fossil cross-validation 

overlapped the ranges used for fossil calibration in all but two cases: the inferred origin 

of seed plants was slightly too old (381 – 417 vs. 355 – 370 Ma; Fig. 1, node D), and the 

inferred divergence of angiosperms from gymnosperms was too young (236 – 268 vs. 

290 – 320 Ma; Fig. 1, node E). No single fossil calibration had a large effect on estimated 

divergence times; the inferred date of the divergence used in the fine-scale analyses (see 

below) when each calibration was removed in turn ranged from 296 – 310 Ma. The 

maximum time constraint of 3500 Ma for the root of the tree had no effect on estimates 

of divergence times. Bayesian analyses recovered dates similar to those found using r8s, 

with overlapping 95% confidence intervals.  
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Fine-scale analyses. Because analyses with large amounts of missing data were found to 

perform poorly in the broad-scale analyses, we based our inference of divergence times 

within the volvocine algae (Fig. 2) on Bayesian posterior trees from a supplementary 

analysis (“reduced data set”) in (5), which included only those taxa for which no gene 

sequences were missing. To check for the possibility that our results were affected by 

saturation of substitutions at third codon positions, we ran a second set of analyses on the 

same data set excluding third codon positions. Median divergence time estimates from 

the analysis excluding third codon positions were highly correlated with those from the 

analysis inlcuding all three codon positions (R2 = 0.991) and fell within the 95% BCI in 

every case but one (Vitreochlamys aulata vs. V. pinguis) on which none of our 

conclusions are based. 

We calibrated divergence time estimates within the volvocine algae using the 

divergence of Paulschulzia pseudovolvox from Volvox carteri, for several reasons. First, 

this is the basal divergence in the fine-scale tree, and estimates of its age were remarkably 

consistent across analyses and robust to removal of fossil calibrations. In addition, the 

branching order of Chlamydomonas reinhardtii, C. debaryana and the multicellular 

volvocine algae (Tetrabaenaceae + Goniaceae + Volvocaceae) differed between the two 

sets of analyses. This discrepancy is not surprising given the short branch lengths of the 

relevant internodes, but it implies that choosing either of these later divergences as a 

calibration would have biased the results of the fine-scale analyses in one direction or the 

other. 
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When the date of the basal divergence was delimited with the upper and lower 

bounds of the 95% BCI from the broad-scale analysis (282 – 333 Ma), r8s utilized only 

the lower end of the range, yielding artificially narrow confidence intervals (effectively 

failing to account for uncertainty in the calibration). To rectify this, we based our final 

estimates on 100 iterations in which each of the 300 volvocine trees was randomly 

assigned one of the 300 dates inferred for the divergence in question.  

Robustness of divergence time estimates. Molecular methods of estimating divergence 

times have been criticized even to the point of suggesting that they should not be used 

(31), but in cases in which no relevant fossil record exists they are the only methods 

available. One of the harshest criticisms of such methods (31) can also be taken as a 

prescription for their proper use. We have carefully followed this prescription by using 

multiple genes, multiple fossil calibrations, and methods allowing for rate heterogeneity; 

by accounting for uncertainty both in the ages of fossils and in the phylogeny; by 

reporting confidence intervals that include all of these sources of error; and by evaluating 

our results using fossil cross-validation. Estimates of divergence times within the 

volvocine algae are based on a secondary calibration, but we have rigorously accounted 

for the uncertainty in this estimate. Although uncertainties remain, this study represents 

the best information currently available. 
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Figure Legends  

Fig. 1. Chronogram showing estimated divergence times among photosynthetic 

eukaryotes. Blue bars are the central 95% of estimates from 300 Bayesian posterior trees. 

Red bars are the central 95% of dates inferred during fossil cross-validation. Bayesian 

posterior probabilities below 0.95 are shown. References for the fossil calibrations are 

given in the text. The green circle indicates the most recent common ancestor of 

Paulschulzia pseudovolvox and Volvox carteri, the divergence used to calibrate the fine-

scale analyses.  

Fig. 2. Chronogram showing estimated divergence times among volvocine algae. Colored 

boxes identify the three multicellular families; ingroup species not highlighted in this 

manner are unicellular (Paulschulzia pseudovolvox, the outgroup, represents a separate 

origin of multicellularity). Blue bars are the central 95% of estimates from 300 Bayesian 

posterior trees. Bayesian posterior probabilities below 0.95 are shown. The green circle 

indicates the calibration estimated in the broad-scale analyses. Red letters indicate nodes 

referred to in the text. Character state changes are those supported by hypothesis tests in 

(5). We have retained Kirk’s (4) original numbering for these steps. * Steps 11 and 12 

may have had two separate origins in the clade including V. africanus and V. carteri. 



 101

 



 102



 

Table S1. GenBank accession numbers of DNA sequences used in the broad-scale analyses. atpB: beta subunit of ATP 

synthase. psaA: P700 chlorophyll a-apoprotein A1. psaB: P700 chlorophyll a-apoprotein A2. psbC: photosystem II CP43 

apoprotein. rbcL: large subunit of rubisco. 18S: nuclear small ribosomal subunit. 

 
 

Species atpB psaA psaB psbC rbcL 18S 

Aribidopsis thaliana NC000932 NC000932 NC000932 NC000932 NC000932 X16077 

Astrephomene gubernaculifera AB014022-3 AB044233-4 AB044458 AB044513-4 D63428  

Bangiopsis subsimplex  AY119700 AY391382  AY119772 AF168627 

Basichlamys sacculifera AB014015 AB044416 AB044467-8 AB044526 D63430 This study 

Cabomba caroliniana AF187058     AF123815 M77027 AF096691 

Carteria crucifera AB084320   AB084358   D63431 D86501 

Chaetospheridium globosum NC004115 NC004115 NC004115 NC004115 NC004115 AF113506 

Chlamydomonas debaryana AB014034 AB044417-8 AB044469 AB044527 D86838 AF008240 

Chlamydomonas moewusii AB014035   AB084355   M15842 U41174 

Chlamydomonas reinhardtii NC005353 NC005353 NC005353 NC005353 NC005353 AY665726 

Chlorella vulgaris NC001865 NC001865 NC001865 NC001865 NC001865 AB162910 

Compsopogon coeruleus  AY119701 AY391375 AY876203 AF087116 AF342748 

Cyanophora paradoxa NC001675 NC001675 NC001675 NC001675 NC001675 AY823716 
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Species atpB psaA psaB psbC rbcL 18S 

Eudorina elegans  AB014010 AB044200-1 AB044436-7 AB044486 D88805   

Eudorina unicocca AB014007 AB044207-9 AB044440 AB044491-2 D63434   

Gonium pectorale AB014016-7 AB044242 AB044463 AB044521 D63437   

Gracilaria tenuistipitata NC006137 NC006137 NC006137 NC006137 NC006137 DQ316995 

Marchantia polymorpha NC001319 NC001319 NC001319 NC001319 NC001319 AB021684 

Mesostigma viride NC002186 NC002186 NC002186 NC002186 NC002186 AJ250109 

Nymphaea alba NC006050 NC006050 NC006050 NC006050 NC006050  

Oltmannsiellopsis viridis NC008099 NC008099 NC008099 NC008099 NC008099 D86495 

Ostreococcus tauri NC008289 NC008289 NC008289 NC008289 NC008289 Y15814 

Palmaria palmata   AY119711 AY391391 AY876211 U28421 Z14142 

Pandorina morum AB044180 AB044231 AB044456 AB044510-1 AB044167   

Paulschulzia pseudovolvox AB014040 AB044422-3 AB044473 AB044531-2 D86837 AF408246 

Pinus luchuensis           D38246 

Pinus thunbergii NC001631 NC001631 NC001631 NC001631 NC001631   

Platydorina caudata AB014032 AB044211-2 AB044442 AB044494 D86828   

Pleodorina californica AB014004 AB044190-2 AB044430 AB044480 D63439 This study 

Pleodorina indica AB014006 AB044195-7 AB044432-3 AB044483 D86834  
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Species atpB psaA psaB psbC rbcL 18S 

Pleodorina starrii AB214424 AB214430 AB214432 AB214434 AB214427   

Pleodorina thompsonii AB214407 AB214410-11 AB214412 AB214413 AB214408  

Porphyra yezoensis NC007932 NC007932 NC007932 NC007932 NC007932 D79976 

Porphyridium aeruginium  AY119705 AY391385 AY876209 AY119775 AF168623 

Pseudendoclonium akinetum NC008114 NC008114 NC008114 NC008114 NC008114 DQ011230 

Psilotum nudum NC003386 NC003386 NC003386 NC003386 NC003386 X81963 

Rhodella violacea   AY119706 AY391386 DQ308461 AY119776 AF168624 

Stigeoclonium helveticum NC008372 NC008372 NC008372 NC008372 NC008372 U83131 

Tetrabaena socialis AB014014 AB044415 AB044466 AB044525 D63443 AB278626 

Triticum aestivum NC002762 NC002762 NC002762 NC002762 NC002762 AY049040 

Vitreochlamys aulata AB076122 AB076144 AB076159 AB076178-80 AB050492  

Volvox africanus AB076114 AB076137 AB076152 AB076167 AB076101  

Volvox aureus AB076104 AB076123 AB076145 AB076160 AB076096  

Volvox barberi AB014001 AB044186 AB044427 AB044477 D86835  

Volvox carteri f. nagariensis AB076108-9 AB076127-8 AB076148 AB076163 AB076099 X53904 

Volvox gigas AB076112 AB076131-2 AB076150 AB076165 AB076084  

Volvox globator AB014002 AB044187 AB044428 AB044478 D86836  
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Species atpB psaA psaB psbC rbcL 18S 

Volvox tertius AB076106-7 AB076125-6 AB076147 AB076162 AB076098 This study 

Volvulina pringsheimii AB014028 AB044220 AB044447 AB044499 D63444  

Yamagishiella unicocca AB014031 AB044214-5 AB044444 AB044496 D86825  

Zygnema circumcarinatum NC008117 NC008117 NC008117 NC008117 NC008117  
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Abstract 

The volvocine green algae are a model system for the evolution of multicellularity and 

cellular differentiation. A combination of molecular genetic and phylogenetic 

comparative approaches has resulted in a detailed picture of the transition from single 

cells to differentiated, multicellular organisms in this group. To be useful as a model 

system, the volvocine algae should provide information that is relevant to other groups. 

Here I discuss recent advances in understanding the origins of multicellularity and 

cellular differentiation in the volvocine algae and consider the implications for such 

transitions in general. Several general principles emerge that are relevant to the origins of 

major multicellular groups, such as animals, plants, fungi, and red and brown algae. First, 

if the lessons learned from the volvocine algae can be generalized to other origins of 

multicellularity, we should expect these transitions to be understandable as a series of 

small changes, each potentially adaptive in itself. In addition, cooperation, conflict and 

mediation of conflicts among cells are likely to have played central roles. Finally, we 

should expect the histories of these transitions to include parallel evolution of some traits, 

periods of relatively rapid change interspersed with long periods of stasis, and simpler 

forms coexisting with more complex forms for long periods of time as in the evolution of 

the volvocine algae.    
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Introduction 

The transition from single cells to differentiated multicellular organisms has happened 

only a handful of times, but the consequences for life on Earth have been immense. Each 

of the major macroscopic groups had its origin in such a transition, and each has 

subsequently diversified into thousands to millions of species. Collectively, the 

multicellular red, green and brown algae, land plants, animals and fungi have transformed 

the planet, changing the atmosphere, creating new niches, and generating selective 

pressures affecting each other’s evolution as well as that of species in other lineages.   

Each of the lineages enumerated above represents at least one independent origin of 

differentiated multicellularity1, and careful comparison of these replicate experiments has 

the potential to reveal general principles involved in this type of transition. Unfortunately, 

the passage of time and the ravages of extinction have obscured much of the evidence for 

the intermediate stages in these transitions. In the volvocine green algae, though, 

abundant evidence remains in the form of extant species with various mixtures of derived 

and ancestral traits. The ~50 species in this group display a diverse range of body sizes 

and degrees of specialization, including single-celled forms and colonial forms with and 

without cellular differentiation. This diversity makes the volvocine algae a uniquely 

useful model system for understanding the evolution of multicellularity.  

The transition to multicellularity in the volvocine algae 

Phylogenetic comparative studies have generated a roadmap for understanding the 

evolution of differentiated multicellularity in the volvocine algae. The developmental 
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changes involved in this transition have been identified2 and reconstructed in a 

phylogenetic framework.3 The emerging picture of volvocine evolution is complicated. 

Some changes had multiple, independent origins, and some characters reverted from 

derived back to ancestral states3 (Fig. 1). The pace of change has been erratic, with a 

relatively rapid series of changes taking place early on and relatively little change over 

long time spans in some lineages4. Some extant species are living fossils whose basic 

body plans have changed little in the last 200 million years4.  

Multicellular volvocine algae first appeared around 220 million years ago (MYA; 

95% Bayesian credibility interval 223 ± 24 MYA)4 (Fig. 1). In some Triassic pond or 

puddle, the offspring of a single-celled alga failed to separate after cytokinesis, remaining 

embedded in a glycoprotein extracellular matrix (ECM). The production of ECM had 

important consequences, as it bound the offspring of a given cell to a common fate. As a 

public good5,6, or “commons”7, ECM required individual cells to invest resources for a 

shared benefit. This cooperative trait may have created the potential for conflict and 

cheating: individual cells that invested fewer resources into ECM production would have 

more resources remaining for reproduction3.  

Around the same time as the first multicellular forms appeared, determination of 

the number of daughters produced by a cell changed from environmental control to 

genetic control.4 By limiting the benefit of defection, genetic control of cell number may 

have served as a mechanism to mediate conflicts among cells over ECM production.3 

Together, the key innovations of cooperation in the form of ECM production and conflict 
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mediation in the form of genetic control of cell number set the stage for the relatively 

rapid series of integrative changes that followed.  

Within a relatively short time after their divergence from unicellular ancestors, the 

ancestors of the Volvocaceae developed into highly integrated multicellular organisms. 

By the early Jurassic (200 ± 22 MYA) the developmental process of inversion established 

a spheroidal body plan with the cells arranged at the periphery4 (Fig. 1). This basic 

morphology has been retained in the modern genera Yamagishiella and Eudorina 

(Volvulina has a similar body plan but probably evolved a large volume of ECM 

independently).  

In at least three separate lineages, a subset of cells specialized in motility, 

sacrificing their own reproduction3. Somatic specialization led to a partial division of 

labor, in which some cells contribute to both reproduction and motility and others only to 

motility. In a few species of Volvox, including V. carteri, the division of labor has 

subsequently become complete, with specialized reproductive cells that do not contribute 

to motility. In most cases the division of labor has persisted to the present; however, the 

history of these characters includes losses of both somatic and reproductive 

specialization3,4. Unlike the other developmental changes mentioned here, it is still not 

known when most origins and losses of cellular differentiation occurred.4  

Although Volvox was first described by van Leeuwonhoek over 300 years ago8, 

volvocine species are still being described at a surprising ratee.g. 9,10. Cryptic species are 

common as well, as molecular phylogenies often show that a single species name masks 

two or more independent lineages.3,10-14 There is good reason to hope that some newly 



 117

discovered species could help to resolve some of the questions that remain about the 

order and timing of changes. An early diverging sister species to the known members of 

Volvox section Volvox (A in Fig. 1), for example, could substantially narrow the 

uncertainty about when soma evolved in this lineage. 

General lessons for the evolution of multicellularity 

The transition to multicellularity in the volvocine algae has been broken down into a 

series of small, potentially adaptive changes.2,3 Estimates of the timing of these changes 

make up the most complete and detailed timeline available for any such transition4. But 

how much of what we have learned about this transition can be generalized to other 

origins of differentiated multicellularity? As with any model organism, the volvocine 

algae are a compromise between tractability and relevance. Some of what we learn from 

them is likely to apply broadly to multicellular groups; other features of their evolution 

will be uncommon or unique to the volvocine algae themselves. 

The transition from single cells to complex, differentiated multicellular organisms 

can seem an unbridgeable gap. The example of the volvocine algae shows that this gap 

can be crossed by gradual accumulation of small changes; the lack of data remaining 

from other such transitions should not be interpreted as evidence to the contrary. Rather, 

the shortage of intermediate forms in the major multicellular groups is likely a result of 

extinction of early diverging lineages that might have retained ancestral traits. Volvocine 

algae are still a relatively young group as multicellularity goes: roughly half the age of 

land plants15, a third the age of animals16, and a sixth that of red algae.17 A few well-
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placed extinctions would have erased the evidence of the intermediate stages between 

single cells and integrated multicellular organisms, making the reconstruction of these 

steps impossible. 

The importance of cooperation, conflict and conflict mediation in the early stages 

of the transition is likely a general principle for origins of multicellularity.18-20 The lower-

level units in any such transition (the cells) must cooperate, and the ever-present 

temptation to defect must be suppressed if integrative traits such as cellular 

differentiation are to arise. The timing of changes in the volvocine algae suggests that 

cooperation in ECM production and conflict mediation in the form of genetic control of 

cell number were key innovations that set the stage for the relatively rapid sequence of 

integrative changes that followed. Genetic control of cell number is not a universal 

feature of differentiated multicellular organisms, though, and it remains to be seen what 

mechanisms of conflict mediation allowed the integration of early animals, plants, fungi, 

and macroscopic algae. 

Above all, the volvocine algae show that the transition to a new, higher level of 

complexity was not a constant, progressive process. The changes leading to a new kind of 

individual were erratic in time and inconsistent across lineages. Some changes happened 

more than once, others have reversed course, and species with various levels of 

organization have coexisted across geological eras. We should not be surprised to find 

these complications in other transitions to differentiated multicellularity.  

Given the contingent and stochastic nature of the evolutionary process, it is unlikely 

that the origins of the major multicellular groups were characterized by simple, 
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progressive increases in complexity. Rather, the origins of animals, plants, fungi, and 

macroscopic algae probably had much in common with that of the multicellular 

volvocine algae. If the complete stories of these transitions are ever fully reconstructed, 

we should expect them to include multiple independent origins of traits, periods of 

relatively rapid change interspersed with long periods of stasis, and simpler forms, now 

extinct, coexisting with more complex forms for long periods of time. 
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Figure 1. Youngest estimates of first appearance of volvocine body plans4 showing 

relatively rapid, early diversification of body plans (Triassic – Jurassic) and relative 

stability in most lineages thereafter (Cretaceous – Present). As an example of multiple 

origins, somatic cells had three independent origins: in Astrephomene (H), Volvox section 

Volvox (A), and the clade including Pleodorina and the remaining species of Volvox (C, 

D, E). Examples of reversals to ancestral traits include the reduction in ECM volume in 

the ancestors of Pandorina (G) and the loss of soma in one lineage of Eudorina (D). In 

A, C, E, and H, the smaller cells are somatic, while the larger cells are reproductive. 

A, E: Volvox, with hundreds to tens of thousands of small somatic cells, a few 

much larger reproductive cells, and a large volume of ECM; B, D: Eudorina, with 16-32 

undifferentiated cells and a large volume of ECM; C: Pleodorina, with 64-128 cells, ~10-

50% of which are somatic (in the anterior), and a large volume of ECM; F: Volvulina, 

with 8-16 undifferentiated cells and a large volume of ECM; G: Pandorina, with 8-16 

cells and a small volume of ECM; H: Astrephomene, with 32-64 cells, ~3-6% of which 

are somatic (in the posterior), and a large volume of ECM; I: Gonium, with 8-32 

undifferentiated cells arranged in a flat or slightly curved plate; J: Basichlamys, with 4 

undifferentiated cells embedded in a small volume of ECM.21-23 Pa: Paleocene, Eo: 

Eocene; Ol: Oligocene, Mi: Miocene. MYA: Million years ago. 
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Abstract 

The volvocine green algal genus Volvox includes about 20 species with diverse 

sizes (in terms of both diameter and cell number), morphologies, and developmental 

programs. Two suites of characters are shared among distantly related lineages within 

Volvox. The traits characteristic of all species of Volvox – large (> 500) numbers of small 

somatic cells, much smaller numbers of reproductive cells and oogamy in sexual 

reproduction – have three or possibly four separate origins. In addition, some species 

have evolved a suite of developmental characters that differs from the ancestral 

developmental program. Most multicellular volvocine algae, including some species of 

Volvox, share an unusual pattern of cell division known as palintomy or multiple fission. 

Asexual reproductive cells (gonidia) grow up to many times their initial size and then 

divide several times in rapid succession, with little or no growth between divisions. Three 

separate Volvox lineages have evolved a reduced form of palintomy in which 

reproductive cells are small and grow between cell divisions. In each case, these changes 

are accompanied by a reduction in the rate of cell division and by a requirement of light 

for cell division to occur. Thus two suites of characters – those characteristic of all 

Volvox species and those related to reduced palintomy – have each evolved convergently 

or in parallel in lineages that diverged at least 175 million years ago.  

  

 

Key Index Words: cellular differentiation, development, evolution, palintomy, Volvox 
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Introduction 

The colonial volvocine algae include three families of haploid, facultatively sexual 

eukaryotes – Tetrabaenaceae, Goniaceae, and Volvocaceae – in the Chlorophycean order 

Volvocales (Nozaki et al. 2000, Nozaki 2003a). Together with their close unicellular 

relatives in the genera Chlamydomonas and Vitreochlamys, members of this group span a 

great diversity of morphological forms, developmental programs, body sizes, and levels 

of complexity (Iyengar and Desikachary 1981, Ettl 1983, Nozaki 2003b).  

Unicellular forms include C. reinhardtii, an important model organism for 

genetics, chloroplast biogenesis, and cell cycle regulation. The smallest colonial forms 

are in the family Tetrabaenaceae (Basichlamys and Tetrabaena) and are made up of four 

Chlamydomonas-like cells held together in a common extracellular matrix. Members of 

the Goniaceae (Gonium and Astrephomene) range from 8 to 64 cells arranged in a flat or 

slightly curved plate (Gonium) or on the perimeter of a spheroid (Astrephomene). The 

diverse Volvocaceae (sensu Nozaki and Kuroiwa 1992) include seven genera (Eudorina, 

Pandorina, Platydorina, Pleodorina, Volvox, Volvulina, and Yamagishiella) ranging from 

8-16 cells up to 50,000 cells. Members of this family are mostly spheroidal (with the 

exception of Platydorina) and may have complete, partial, or no division of labor 

between reproductive and somatic cells. 

The largest members of the Volvocaceae, in the genus Volvox, have a large 

number (~500 to 50,000) of small somatic cells, which provide the flagellar action for the 

colony’s motility, and a few much larger reproductive cells, or gonidia. In some cases, 

the division of labor between somatic and reproductive cells is complete, and 
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reproductive cells do not contribute to motility. Volvox includes at least 18 recognized 

species, which display a diversity of sizes, patterns of development, and details of 

colonial organization. The great morphological and ontogenetic diversity within this 

small group (Starr 1970a) led to their classification in as many as six genera in the early 

20th century (Shaw 1922). These genera were reduced by Printz (1927) to the rank of the 

taxonomic sections of a single genus, Volvox. Later, Smith (1944) reduced the number of 

sections from six to four (see Table 1). Volvox, like several other nominal genera of 

volvocine algae, is polyphyletic (Larson et al. 1992, Coleman 1999, Nozaki et al. 2000, 

Nozaki 2003a), but the correspondence between the sections and evolutionary lineages is 

imperfect. Although a number of Volvox ontogenetic traits have been used as taxonomic 

criteria (Smith 1944, Starr 1970b, Desnitskiy 1997), comparison with molecular data 

shows that some such characters have evolved convergently and are not reliable 

indicators of phylogeny. 

Volvox, particularly V. carteri, has been developed as a model for the 

developmental genetics of multicellularity and cellular differentiation (Kirk 1998, Kirk 

2001). Very few recent publications have dealt with the development of other 

representatives of this genus. Kirk (2005) defined a sequence of developmental changes, 

most stages of which are represented in extant volvocine species, that would have been 

required for a unicellular ancestor, presumably similar to C. reinhardtii, to evolve into a 

large, completely differentiated colony such as V. carteri. Herron and Michod (2008) 

traced the evolution of these characters through the volvocine phylogeny and concluded 

that some had complex histories with multiple origins and reversals. Here we apply a 



 131

similar approach to the evolution of developmental characters found only in the genus 

Volvox.  

Taking into account the size of mature gonidia, rate of their division, and specific 

features of the formation of cell lineages, four programs (types) of asexual development 

of Volvox can be distinguished (Desnitski 1995). The first developmental program is 

characteristic of V. powersii, V. spermatosphaera, V. gigas, and V. pocockiae. These 

species have large gonidia, high rate of cell division, and no determination of cell fate by 

means of unequal (asymmetric) division. Their development is characterized by an 

unusual pattern of cell division known as palintomy  or rapid multiple fission. This term 

is sometimes used in the protistological literature (Sleigh 1989, Desnitski 1992, Desnitski 

1995) to designate the process during which a large parental cell undergoes a rapid 

sequence of repeated divisions without intervening growth. Other terms have been used 

to describe cell division in the volvocine algae, such as “schizogonous division” (Ettl 

1981, Ettl 1988) and “sporulation” (Sluiman et al. 1989), but none of these terms is as 

pertinent to our work as “palintomy,” because, as we discuss below, not all species of 

Volvox are palintomic.  

Outside of the genus Volvox, all colonial volvocine genera (e.g., Gonium, 

Pandorina, Eudorina, Pleodorina) are palintomic; they have large asexual reproductive 

cells, which divide rapidly and without asymmetric division (Coleman 1979). Therefore, 

all of these other colonial algae are characterized by the first developmental program. 

Chlamydomonas and other closely related unicellular volvocine algae are also 

characterized by rapid light-independent multiple fission (Spudich and Sager 1980). Such 
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a palintomic asexual cycle closely resembles the first developmental program of Volvox 

(except, of course, for the absence of differentiation into two cell types).  

The second program, characteristic of V. carteri and V. obversus, differs from the 

first program in having an asymmetric division, which forms presumptive reproductive 

and somatic cells of the next generation. The genetics of asymmetric division and that of 

the resulting determination of cell fate have been worked out in great detail for V. carteri 

forma nagariensis (Kirk 1998, Kirk 2001, Cheng et al. 2003, Kirk and Kirk 2004, Cheng 

et al. 2005). Very little is known about the genetics of cell fate determination in any other 

species of Volvox.  

While the first and second programs are palintomic (without and with asymmetric 

division respectively), the third and fourth programs represent losses or reductions of 

characters associated with palintomy (Table 1). The third program is characteristic of V. 

tertius, in which gonidia are large (as in palintomic species), but the rate of cell division 

is low and division takes place only in the light. No asymmetric division takes place. 

The fourth developmental program is characteristic of V. aureus and V. globator, 

but is also probable for V. dissipatrix and the majority of other species. These species are 

characterized by small gonidia that divide slowly and without asymmetric division. In the 

cycle of asexual development of V. carteri and several other palintomic Volvox species, 

the interval between two consecutive gonidial divisions at 20-30°C is one hour or less. 

However, in species with the fourth developmental program, the interval between two 

divisions occupies about 3-4 h, and cells grow measurably between divisions. This 

growth does not fully compensate a halving of cell volume during each division (i.e. cells 
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still decrease in volume over subsequent divisions, but by less than twofold), so the origin 

of growth between divisions represents a reduction, rather than a loss, of palintomy 

(Desnitski 1992).  

The first program, with large gonidia, fast division, and differentiation into two 

cell types without unequal division is presumed to be ancestral. The second, third, and 

fourth programs are each distinguished by a unique combination of derived features: 

asymmetric division; slow, light-dependent divisions; and small gonidia that grow 

between divisions, respectively. In the case of V. tertius, only some palintomic traits are 

reduced; some features of its asexual development are similar to those of V. aureus, but 

the others are more similar to V. carteri (Desnitski 1995). It has been suggested (Kirk 

1998) that from the viewpoint of contemporary cladistics, the first developmental 

program is symplesiomorphic (ancestral), the second synapomorphic (derived, shared by 

descent), the third autapomorphic (derived, unique), and the fourth homoplastic (derived, 

shared by convergence).  

It has long been appreciated that the developmental programs resulting from 

reduction of palintomy (programs 3 and 4) are not found exclusively within a 

monophyletic group. However, the history of these characters has not previously been 

explicitly reconstructed in a phylogenetic context. Here we investigate these characters in 

three poorly studied species and reconstruct their evolutionary history, as well as that of 

specialized reproductive cells and asymmetric division. In each case, we have tested 

hypotheses about the number of times the change may have occurred and, accounting for 
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phylogenetic uncertainty, assessed confidence levels of alternate states in particular 

ancestors. 

Materials and Methods 

The same set of 50 species of colonial and unicellular volvocine algae analyzed in the 

previous work of Herron and Michod (2008) (including 10 representatives of the genus 

Volvox – see Table 1) have been included in this research. We used previously published 

data on asexual reproduction of various species of Volvox (Smith 1944, McCracken and 

Starr 1970, Starr 1970a, Vande Berg and Starr 1971, Karn et al. 1974, Desnitskiy 1984, 

Desnitski 1992, Ransick 1993, Desnitski 1995, Desnitskiy 1997, Kirk 1998, Desnitskiy 

2008). We have obtained additional evidence on details of asexual reproduction in the 

cultures of V. africanus (UTEX 2907), V. barberi (Carolina Biological), and V. 

rousseletii (UTEX 1861). The algae have been routinely maintained at 20°C and a 

light/dark regime of 16 h – 8 h (~ 2000 lux). To observe details of the segregation of cell 

lines during gonidial cleavage process, we made microphotographs of developing 

colonies of V. africanus using a digital camera (Moticam 2300, Motic Industries, China). 

The goal of experiments with V. barberi and V. rousseletii was to specify the rate of 

gonidial cleavage and the role of light for this process. In each species, 16-20 colonies 

with embryos at 2-8-celled stages of cleavage have been taken from asynchronously 

growing cultures by means of a glass micropipette under the microscope. One half of the 

material was placed in the dark and the other in the light. Eighteen to 20 hours later the 

colonies were checked under the microscope again.  
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 To confirm species identification of V. barberi, we amplified and sequenced the 

chloroplast gene for the large subunit of Rubisco (rbcL) and region 2 of the nuclear 

ribosomal internal transcribed spacer (ITS2). DNA was phenol extracted as described in 

Nedelcu (2006). For amplification by polymerase chain reaction (PCR) and sequencing 

of rbcL, we used primers rbcL 1-20F, rbcL 320-341F, rbcL 803-782R, rbcL 1181-

1160R, and rbcL 1421-1402R, all from Nozaki et al. (1995), and rbcL upstream from 

Karol et al. (2001). For ITS2, we used G-FOR (Coleman and Vacquier 2002)and G-REV 

(Mai and Coleman 1997). The following conditions were used for the PCR reactions: 4 

µL total genomic DNA, 2.5 units Eppendorf MasterTaq with 5x enhancer and 10x buffer, 

0.2 mM dNTP mix, 0.1 mM each primer (50 µL reaction volume); initial denaturation at 

94°C for 1 min; 35 cycles of denaturation at 94°C for 45 s, primer annealing at 43°C for 1 

min, and extension at 72°C for 3 min; and a final extension at 72°C for 10 min. 

 We reconstructed the evolutionary histories of several traits. When two or more 

traits were present in the same set of extant taxa, we inferred their history as a single trait. 

We inferred ancestral character states using sum-of-squared-changes parsimony in 

Mesquite (Maddison and Maddison 2004) and using reversible-jump Markov chain 

Monte Carlo (MCMC) in BayesTraits (Pagel et al. 2004; program available at 

www.evolution.rdg.ac.uk). To explicitly account for phylogenetic uncertainty, we based 

the MCMC analyses on a sample of trees based on five chloroplast genes generated in a 

previous study (Herron and Michod 2008). The sample included every 1000th post-burnin 

tree from each of four codon-partitioned MrBayes (Ronquist and Huelsenbeck 2003) 
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runs, for a total of 600 trees (out of a total sample of 6 × 105 trees). Outgroup taxa were 

pruned from these trees for character state reconstructions. 

Support for character state reconstructions was evaluated, considering 

uncertainties in both the phylogeny and the process of character change, using a Markov 

chain model (Metropolis et al. 1953, Hastings 1970) in the Multistate package of 

BayesTraits (Pagel et al. 2004). The sample of trees described above was used for these 

reconstructions. Hypothesized character states at internal nodes were tested by estimating 

Bayes factors (BF) comparing MCMC runs in which the node in question was 

constrained to one state vs. the other. Each Bayes factor was based on the difference 

between the highest harmonic mean log likelihood from three independent MCMC runs 

for each state. 

 We began Bayesian ancestral character state reconstructions with uniform priors 

on transition rates with a range of 0 to 100 . We chose uniform, or uninformative, priors 

because they require the fewest assumptions, basing conclusions on the data rather than 

incorporating prior beliefs. Run lengths and burn-in periods were 107 and 106 

generations, respectively, and transition probability distributions and effective sample 

size for all parameters were estimated in Tracer (Rambaut and Drummond 2003). In the 

cases of asymmetric division and specialized reproductive cells, the marginal posterior 

distributions appeared to be truncated, so the upper end of the prior range was reset to 

200 in each of these cases, at which point no further truncation was observed. The 

effective sample sizes of all parameters exceeded 100 for all BayesTraits analyses. For 

complete differentiation, the presumed unicellular most recent common ancestor 
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(MRCA) of C. reinhardtii and V. carteri f. nagariensis was constrained to the absence of 

the trait. Deviation of the normal distribution from which proposed parameter changes 

are drawn (RateDev command in BayesTraits) was adjusted by trial-and-error to achieve 

a mean acceptance rate between 0.28 and 0.32. For hypothesis tests, we used the same set 

of conditions (prior distribution, run length, burn-in) used in the ancestral character state 

reconstructions for the character being tested. 

Results 

Our observations on Volvox africanus confirmed those of Smith (1944) that in this 

species (unlike many others) the gonidia do not begin dividing simultaneously (Fig. 1, a 

and b). Moreover, corroborated Ransick’s (1993) preliminary data that V. africanus is 

characterized by segregation of two cell lines due to an asymmetric division during the 

series of consecutive divisions (Fig. 1, c-e). Ransick’s data are in a certain sense 

contradictory, though. In the text (page 56) he indicated the similarity of early 

asymmetric division in V. africanus, V carteri, and V. obversus. However, in Table 1 

(page 57) he indicated the occurrence of asymmetric division in V. africanus during late 

cleavage only, i.e. considerably later than in the two other species. Our data suggest an 

explanation: the stage of cleavage during which asymmetric division occurs is 

inconsistent in V. africanus. In some embryos, gonidial initials are already formed at the 

16-celled stage (Fig. 1, c and d), whereas many other embryos reach 64 and 128-celled 

stages (Fig. 1, a and b) without asymmetric division, which occurs at a later stage (as in 

Fig. 1e). In spite of these differences, it is now certain that V. africanus, like V. carteri 
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and V. obversus, has the second program of asexual development, as defined by Desnitski 

(1995).   

In V. barberi and V. rousseletii, on the other hand, gonidia divide slowly: an 

interval between two consecutive divisions is about 3-4 h (on the average, approximately 

5 or 6 divisions pass during 18-20 h in the light). The process of cleavage rapidly stops in 

the darkness (usually no more than one division occurs). Therefore, these two species are 

characterized by the same asexual development traits as their close relative, V. globator 

(Desnitski 1995), and they also have the fourth program of development. The newly 

generated V. barberi ITS2 and rbcL sequences were identical to those of the UTEX 804 

strain sequenced by Mai and Coleman (1997) and Nozaki et al. (1997), respectively, 

confirming that the Carolina Biological strain of V. barberi is correctly identified.  The 

newly generated sequences were deposited in GenBank with accession numbers 

GQ253917 (ITS2) and GQ253918 (rbcL). 

Inferred character state histories are shown in Figure 2. The traits characteristic of 

the genus Volvox – asexual forms with >500 cells, only a few of which are reproductive, 

and oogamy in sexual reproduction – have arisen at least three times independently: once 

in the section Volvox (represented by V. globator, V. barberi and V. rousseletii), once in 

V. gigas, and once or possibly twice in the remaining Volvox species (Fig. 2a). Because 

the states of these characters in the common ancestor of V. aureus and (V. africanus + V. 

tertius + V. dissipatrix + V. obversus + V. carteri) are ambiguous, our analyses do not 

resolve whether or not V. aureus represents an independent origin of Volvox.  
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Specialized reproductive cells, which do not contribute to motility, are restricted 

to the members of section Merillosphaera (Table 1). This form of specialization arose 

separately in V. gigas and in the MRCA of the remaining members of the Volvox section 

Merillosphaera and was apparently lost in V. dissipatrix (Figure 2b). Small gonidia and 

growth between divisions originated three times independently, in the lineages leading to 

section Volvox, to V. aureus, and to (V. tertius + V. dissipatrix) (Figure 2c). The ancestral 

state (large gonidia without growth between divisions) is strongly supported for the 

MRCA of V. tertius and V. dissipatrix. Slow division and light-dependent division also 

originated three times independently, in the lineages leading to section Volvox, to V. 

aureus, and to V. dissipatrix (Figure 2d).  

The reconstruction of asymmetric division is ambiguous for the MRCA of the 

three species with this trait (Figure 2e). The maximum parsimony analysis shows the 

state at this node as ambiguous: a single origin (with a loss in V. tertius + V. dissipatrix) 

and two origins (V. africanus, V. obverses + V. carteri) are equally parsimonious. The 

Bayesian MCMC analysis assigns a 90% probability of a single origin, but hypothesis 

testing provides only weak support (BF 1.3) for this scenario. 

Discussion  

A shared name conceals a surprising diversity within the nominal genus Volvox: a range 

of over 10-fold in diameter and nearly 100-fold in cell number, with a variety of 

morphological, ultrastructural and developmental differences among species. In addition, 

divergences among Volvox species are the deepest even within a group badly in need of 

taxonomic revision, in which para- and polyphyletic genera are the norm. The most 
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distantly related species of Volvox share no common ancestor more recent than that of the 

family Volvocaceae. 

Two suites of traits are shared among distantly related lineages within the genus 

Volvox. All Volvox species have in common a large (> 500) number of small, terminally 

differentiated somatic cells, a much smaller number of much larger reproductive cells, 

and oogamy in sexual reproduction (Nozaki 1996). These traits have evolved 

convergently (though not necessarily simultaneously) in at least three, and possibly four, 

lineages. If there were three origins of these traits (i.e. if the MRCA of V. aureus and V. 

carteri was Volvox-like), then these traits must have been lost in the lineage leading to P. 

californica and P. japonica, as suggested by Larson et al. (1992) and Nozaki et al. (2000) 

but later dismissed by Nozaki (2003a). Otherwise, V. aureus represents a fourth origin of 

the traits characteristic of Volvox. We were not able to conclusively support either of 

these scenarios, so the question of whether or not the ancestors of P. californica and P. 

japonica were Volvox-like remains unresolved. 

 Herron and Michod (2008)  found that two characters, sterile somatic cells and 

large volume of extracellular matrix , had undergone reversals from derived to ancestral 

states in the volvocine algae. The strongly supported loss of specialized germ cells in V. 

dissipatrix means that this character can be added to this list of reversals, further 

undermining the view of volvocine evolution as a progressive increase in complexity. 

Herron and Michod (2008) took asymmetric division and the resulting early segregation 

of reproductive and somatic cells as the criteria for complete differentiation, but from the 

point of view of division of the most important criterion is whether reproductive cells 
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contribute to motility. In all members of the section Merillosphaera, reproductive cells 

are specialized in this sense, in contrast to the partially differentiated members of the 

genera Pleodorina, Astrephomene, and the other Volvox sections (Copelandosphaera, 

Janetosphaera and Volvox), in which the reproductive cells contribute to motility for part 

of the life cycle. In this study, we have therefore treated specialized reproductive cells, 

those that do not contribute to motility, separately from asymmetric division.  

 In addition to the traits characteristic of the genus Volvox, several other derived 

traits are shared among species that span the deepest division within the genus. Small 

gonidia that grow between divisions, cytoplasmic bridges, and slow, light-dependent cell 

divisions are found in members of the section Volvox, in V. aureus, and in V. dissipatrix, 

each of which clearly represents a separate origin of these traits. A single species 

prevents a perfect correspondence among these traits: V. tertius has slow, light-dependent 

division but lacks small gonidia, growth between divisions, and cytoplasmic bridges. 

Thus, two suites of traits each have a perfect or near-perfect correspondence 

across at least three separate Volvox lineages: large numbers (> 500) of cells are always 

found in species with high proportions of somatic cells and oogamous sexual 

reproduction, while small gonidia are always accompanied by growth between divisions 

and by slow, light-dependent division. The convergence of these traits is surprising in 

light of the distant relationships among the lineages involved: the extant species of 

Volvox last shared a common ancestor at least 175 million years ago (MYA) (Herron et 

al. 2009).  
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Several previous authors have addressed the possible adaptive significance of the 

suite of traits that define the genus Volvox. The proportion of cells differentiated as soma 

increases as total cell number increases across species, and this is generally interpreted as 

a requirement for maintaining motility (Koufopanou 1994, Solari et al. 2006b). Gravity 

imposes an increasing cost to motility as colony size increases, requiring an increased 

investment into small, flagellated somatic cells. Another factor may be the need to keep 

the layer of water surrounding a colony stirred in order to maximize exchange of 

dissolved nutrients and gases across the colonial boundary (Solari et al. 2006a). Like 

motility, maintaining sufficient exchange becomes more of a problem as colony sizes 

increase and surface area to volume ratios decrease. 

The ancestral, palintomic program of development (program 1) imposes an 

unavoidable trade-off. As there is little or no growth between successive rounds of cell 

division, essentially all of the initial cytoplasmic volume of a daughter colony must be 

contained in the reproductive cell from which it develops. Producing large offspring 

therefore requires large reproductive cells, which require time and resources to grow to 

their final size. Reproductive cells start at the same size as somatic cells, so producing 

(for example) a 1000-celled colony requires 1000-fold growth. In addition, the very large 

reproductive cells required to produce colonies with thousands of cells are likely to 

encounter difficulties because of their low ratio of surface area to volume.  

The second developmental program, characteristic of Volvox carteri, V. obversus 

and V. africanus, avoids much of the need for growth through the mechanism of 

asymmetric division. Reproductive cells start much larger than somatic cells and 
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therefore need to grow much less to reach their final size. In V. carteri f. nagariensis, for 

example, gonidia grow approximately 140-fold before they begin dividing, much less 

than the 2000-fold growth that would be required if they started at the same size as 

somatic cells (Kirk 1998). This program has also been interpreted as an adaptation for 

mediating conflict among cells; by segregating the germ line earlier in development, 

species with program 2 reduce the opportunities for selfish mutations that break down the 

germ-soma division of labor (Michod 1996, Michod et al. 2003). 

The presence of asymmetric division in V. africanus requires that this trait either 

evolved in parallel with the V. carteri + V. obversus lineage or was lost in the lineage 

leading to V. tertius and V. dissipatrix. It is unlikely that phylogenetic analysis alone will 

conclusively distinguish between these two possibilities. The molecular-genetic basis of 

this trait has been well characterized in Volvox carteri forma nagariensis (Kirk 1998, 

Kirk 2001, Cheng et al. 2003, Kirk and Kirk 2004, Cheng et al. 2005). Similar analyses 

of V. africanus, V. obversus, and the other two formas of V. carteri might reveal whether 

the same genes are involved, possibly helping to resolve the number of times this trait has 

originated. 

The fourth developmental program, characteristic of Volvox aureus, V. dissipatrix 

and the members of section Volvox, avoids the surface area-to-volume scaling problems 

that affect very large cells by growing between cell divisions. This allows members of 

these species to produce offspring with large numbers of cells (and large total volumes of 

cytoplasm) from small gonidia.  
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Volvox tertius, the sole species with the third developmental program, differs 

from palintomic species in having slow, light-dependent cell division, but it has retained 

the ancestral traits of large gonidia that do not grow between divisions. The strongly 

supported absence of small gonidia (and, therefore, the absence of growth between 

divisions) in the MRCA of V. tertius and V. dissipatrix suggests that, in this lineage at 

least, the fourth developmental program was derived from the third, i.e. that the 

evolutionary origin of slow, light-dependent cell division preceded the reduction of 

gonidial size and the insertion of growth between consecutive divisions. The possibility 

of extinct species with the third program in other lineages makes it impossible to say 

whether the other instances of the fourth developmental program went through a similar 

intermediate step or if they were derived directly from the first (palintomic) program.  

Unlike asymmetric division, very little is known about the molecular-genetic basis 

of the characters associated with a reduction of palintomy. For example, we do not know 

whether the genes causing reduction in the size of gonidia, growth between divisions, 

reduced rate of cell division, and light-dependence of cell division are the same in the 

three lineages in which these changes have occurred. Application of the techniques 

worked out by the labs of D. Kirk and R. Schmitt over the last four decades for V. carteri 

f. nagariensis, as well as molecular techniques that have become available more recently, 

might yield surprising insights on the causes, mechanisms and history of ontogenetic 

change if applied to representatives of these related lineages. 

In conclusion, two suites of characters have evolved convergently or in parallel in 

at least three lineages of Volvox. The members of section Volvox, V. gigas, and the 
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remaining Volvox species represent three separate origins of the traits that define the 

genus (>500 cells, high proportion of soma, and oogamy), and V. aureus may or may not 

represent a fourth origin. Four characters associated with a partial loss of the ancestral, 

palintomic program of cell division (small gonidia, growth between divisions, reduced 

rate of cell division, and light-dependent cell division) have evolved convergently or in 

parallel at least three times (in the lineages leading to section Volvox, to V. aureus, and to 

V. dissipatrix). In both cases, the lineages in which these traits are shared last shared a 

common ancestor at least 175 MYA.  
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Figure 1. Volvox africanus development (scale bars 50 µm). (A) Part of V. africanus 

colony with a unicellular gonidium and an embryo at the 64-celled stage. No 

morphological differentiation into two cell types is visible in the embryo. (B) Part of a V. 

africanus colony with two unicellular gonidia at various stages of growth and a pair of 

cleaving embryos (left: the 64-celled stage, right: more than 100 cells). No morphological 

differentiation into two cell types is visible in these embryos. (C) Part of a V. africanus 

colony with an embryo at the 16-celled stage. Two large gonidial initial cells are visible, 

the result of an asymmetric division. Contrast enhanced. (D) Enlarged view of the 

embryo in C. Contrast enhanced. (E) Part of aV. africanus colony with an embryo in the 

period of late cleavage. Large gonidial initial cells have been formed by this stage as a 

result of recent asymmetric division. 

 

Figure 2. Ancestral character states reconstructed on the 50% consensus cladogram from 

four independent MCMC runs (Herron and Michod 2008) in MrBayes (Ronquist and 

Huelsenbeck 2003). Branch shading indicates maximum parsimony reconstruction (white 

= absent, black = present, dashed = ambiguous). Pie charts indicate Bayesian posterior 

probabilities at selected nodes. Numbers to the left of cladograms indicate log-Bayes 

factors at selected nodes: positive = support for trait presence, negative = support for trait 

absence. Interpretation of log-Bayes factors is based on Kass and Raftery’s (1995) 

modification of Jeffreys (1961): 0 to 2 barely worth mentioning, 2 to 6 positive, 6 to 10 

strong, >10 very strong. Boldface numbers following species names in (A) indicate 



 147

Volvox developmental programs following Desnitski (1995). Circled numbers in (A) are 

Bayesian  posterior probabilities (expressed as percentages) below 95%. 
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Table 1. Volvox species included in this study. Sections are from Smith (1944) as 

modified by Kirk (1998); developmental programs are defined in Desnitski (1995). 

“Small gonidia” refers to the size of mature asexual reproductive cells (just before the 

onset of cleavage). Reported cell numbers vary among authors and are intended to 

illustrate the overall pattern rather than to provide precise values for natural and 

laboratory populations. 
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Species Section 

Develop

-mental 

program 

Asymmetric 

division 

Slow division, 

light-dependent 

division 

Small gonidia, 

growth between 

divisions 

Maximum 

reported 

cell number 

V. africanus Merillosphaera 2 Yes No No 6000d 

V. aureus Janetosphaera 4 No Yes Yes 3200d 

V. barberi Volvox 4 No Yes Yes 47,800d 

V. carteri f. 

kawasakiensis 
Merillosphaera 2 Yes No No 3000c 

V. carteri f. 

nagariensis 
Merillosphaera 2 Yes No No 8000a 

V. carteri f. 

weismannia 
Merillosphaera 2 Yes No No 7500c 

V. dissipatrix Copelandosphaera 4 No Yes Yes 31,800d 

V. gigas Merillosphaera 1 No No No 3000e 

V. globator Volvox 4 No Yes Yes 22,000a 

V. obversus Merillosphaera 2 Yes No No 4000b 

V. rousseletii Volvox 4 No Yes Yes 42,000d 

V. tertius Merillosphaera 3 No Yes No 2000d 
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Abstract 

The evolution of mortal somatic cells was a critical step in the evolution of complex body 

plans and the major radiations of multicellular life. To test hypotheses about the origin of 

somatic cells, we subjected the volvocine alga Pleodorina starrii to selection on colony 

size in two different environments. Previous comparative analyses show that the 

proportion of cells differentiated as soma increases with colony size; selection on colony 

size was used to test this relationship within a species. Somatic cells are thought to 

increase motility, so selective treatments were duplicated in environments in which 

motility is hypothesized to be more (still) or less (shaken) important. Colonies from the 

still environment tended to be larger and, in the largest size category, to have a higher 

proportion of soma than those from the mixed environment, supporting the hypothesis 

that soma evolved in response to trade-offs between motility and fecundity. Proportion of 

soma was strongly correlated with two components of colony size, suggesting that some 

type of constraint prevents simultaneous optimization of this trait across colonies of 

different sizes. We propose a mechanism, consistent with all observations, that could 

underlie such a constraint. Finally, due to the exceptionally high level of phenotypic 

variability, especially in cell number, we suggest that the genotype-phenotype map in P. 

starrii has not yet completely shifted its frame of reference from the cell to the colony, 

i.e. that the transition to a new, higher-level individual is not yet complete. 
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Introduction 

The major landmarks in the diversification of life and the hierarchical organization of the 

living world are consequences of a series of evolutionary transitions in individuality: 

from genes to gene networks to the first cell, from prokaryotic to eukaryotic cells, from 

cells to multicellular organisms, from asexually reproducing individuals to sexually 

reproducing pairs, and from solitary individuals to complex societies. In each such 

transition, previously independent individuals are integrated into a new, higher-level 

individual. The evolution of multicellular organisms is one type of transition in 

individuality that has had a major impact on the ecology and evolution of life on Earth.  

A universal feature of the familiar, macroscopic multicellular groups (plants, 

animals, fungi, red algae, brown algae, etc.) is cellular differentiation, the specialization 

of cells into functional types. One of the most basic distinctions between cell types is 

between the potentially immortal cells of the germ line and the mortal cells of the somatic 

tissues. The evolution of mortal somatic cells was a critical step in the evolution of 

complex body plans and the major radiations of multicellular life. Germ-soma (G-S) 

differentiation is an important threshold in the evolution of individuality (Buss, 1987; 

Michod, 2006), and its fundamental importance to the process of evolution was 

recognized as far back as Weismann (1892): somatic cells are an evolutionary dead end; 

only mutations affecting the germ cells have any chance of being passed on to future 

generations. The evolution of soma is a particularly challenging problem in evolutionary 

biology, as somatic cells (by definition) give up reproduction and, therefore, their direct 

fitness. 
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The volvocine green algae are a model system for the origins of multicellularity 

and cellular differentiation. Members of this group display a diverse range of body sizes 

and degrees of specialization, including single-celled forms and colonial forms with and 

without G-S differentiation (Fig. 1). Soma has arisen at least three times within this group 

and can represent a small (<15%, Astrephomene), intermediate (~10-50%, Pleodorina) or 

large (>99%, Volvox) proportion of the cells in a colony. Two trends are apparent in the 

relationship between size and level of specialization: only species with ~32 or more cells 

have cellular specialization, and, within the G-S specialized forms, larger species have 

higher proportions of somatic cells (Fig. 2). The evolution of soma in volvocine algae has 

been hypothesized to result from trade-offs between motility and fecundity (Koufopanou, 

1994; Solari et al., 2006b), as soma increases motility at a cost to reproduction (see 

below).  

The volvocine algae 

The volvocine green algae are flagellated, photosynthetic, facultatively sexual haploid 

eukaryotes with varying degrees of complexity stemming from differences in colony size, 

colony structure, and G-S specialization (Fig. 1). This informal grouping includes the 

“colonial volvocines” and their close unicellular relatives. Colonial forms are generally 

small clumps or sheets of up to 32 cells, such as Gonium, or spheres with cells arranged 

on the periphery, such as Eudorina, Pleodorina and Volvox. In all colonial forms, asexual 

reproduction occurs through autocolony formation, in which each reproductive cell 

(every cell in species without G-S differentiation) forms a new “daughter” colony. In 

most species, including P. starrii, daughter colonies develop through palintomy, a 
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process in which cells grow to several times their original size and then divide multiple 

times with little or no growth between successive divisions (Fig. 3). 

Motility is an important component of viability in volvocine algae because it 

prevents sinking and allows phototaxis, gravitaxis (Solari et al. 2006b), and (in some 

species) chemotaxis (Hoops et al., 2002). In addition to providing motility, flagellar 

activity aids nutrient uptake, mixing the boundary layer of medium surrounding the 

colony and preventing it from becoming depleted (Solari et al., 2006a). 

There are several reasons that larger colonies have more difficulty remaining 

motile. Because of a coherent cell wall, the position of the flagella is fixed, and the basal 

bodies cannot move laterally to take the position expected for centrioles during cell 

division while remaining attached to the flagella. Because the basal bodies must detach 

from the flagella during cell division, cells can only maintain flagellar activity through 

about five rounds of cell division (flagella detached from their basal bodies continue to 

beat for this length of time). This ‘flagellation constraint’ sets an approximate upper limit 

of about five for the number of times a cell can divide while maintaining active flagella 

(Koufopanou, 1994). Soma may allow colonies of >32 cells to remain motile while 

undergoing mitosis; this is consistent with the size distribution of colonies with soma (all 

species with >32 cells are G-S specialized; all species with <32 are undifferentiated). 

Hydrodynamic considerations also affect the flagellar force required to move a colony of 

a given size. Drag increases in proportion to colony diameter (Solari et al., 2006b), and as 

colonies increase in size, the size of their germ cells increases. Cytoplasm is denser than 
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water (Solari et al., 2006b), so large germ cells greatly increase the negative buoyancy of 

colonies.  

As colonies increase in size, then, they face several challenges related to motility. 

Reproductive cells in colonies larger than ~32 cells cannot remain flagellated throughout 

cell division. Somatic cells help to overcome this restriction by remaining flagellated 

while reproductive cells divide. Negative buoyancy increases because of the need for 

larger germ cells, and drag increases with the diameter of the colony. Somatic cells 

mitigate both of these costs by virtue of their small size, which contributes less to 

negative buoyancy and allows a large number of cells (and flagella) to occupy a small 

area on the surface of the colony. 

The trend of larger species having higher proportions of soma is consistent with 

the hypothesis that soma increased to mitigate trade-offs between motility and fecundity. 

However, trends among species can differ substantially from those within species, and it 

is trends within species that affect adaptive change. The central question of this study is: 

Are the trends within a species consistent with the trade-offs between motility and 

fecundity that are hypothesized to have driven this evolutionary transition? Toward this 

end we studied colonies of the volvocine alga Pleodorina starrii to address the following 

questions: Does colony size or proportion of soma differ between environments in which 

motility is more or less important? How is proportion of soma related to colony size? 

How much genetic and phenotypic variation exist in cell number, colony diameter, and 

proportion of soma? 
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To address these questions, we subjected a genetically heterogeneous population 

of P. starrii to selection for increasing and decreasing colony size. We chose P. starrii for 

this experiment because it has an intermediate proportion of soma, allowing for the 

possibility that this trait could change in either direction, and because it is heterothallic, 

ensuring that any sexually produced offspring are outcrossed. Both treatments, along with 

an unselected control, were replicated in environments in which motility is hypothesized 

to be more important (still environment) or less important (mixed environment). We 

measured colony diameter, cell number, and proportion of soma both within and among 

clonal lines isolated after the selective treatments to estimate genetic values of these 

traits. 

Materials and Methods 

Laboratory Techniques 

The artificial selection experiment included six treatments: selection for large size 

(hereafter “plus”), selection for small size (“minus”), and an unselected control group; 

each with and without stirring of the aqueous environment in which the colonies live 

(“mixed” and “unmixed”). Each treatment initially included 21 replicate cultures seeded 

at the start of the experiment with ~104 colonies from a common stock of sexually 

produced P. starrii. To create an initial pool of genetic variability, experimental cultures 

were established from sexually produced offspring of eight P. starrii strains mated to 

produce spores and germinated using a modified version of the protocol described in 

Goldstein (1964; see below). Five of these strains were collected from nature by H. 
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Nozaki, University of Tokyo; the other three are F1 progeny of collected strains. We 

were not able to cross the male strain NIES-1364 with any of the three female strains. 

The starting population included nearly 4000 isolates from all six F1 crosses, six of the 

seven possible F1 × P backcrosses, and both F2 crosses (Table 1). Colonies resulting 

from these crosses were isolated in 96-well tissue culture plates in 300 µL standard 

Volvox medium (SVM;  Kirk &  Kirk, 1983).  

Vegetative strains were grown to high density in SVM at 20°C on a 16 hour light, 

8 hour dark cycle. Colonies in 15 mL of medium were condensed to ~0.5 mL by 

centrifugation at 1380 × g. The colonies from each tube were divided equally among five 

wells of a six-well tissue culture plate, each with 5 mL of medium: two with SVM, one 

with Pleodorina mating medium (Nozaki et al., 1989), one with Eudorina mating 

medium (Nozaki, 1983), and one with distilled deionized water. Male and female strains 

were commingled in one well each of the four media; each of the remaining two wells 

contained one of the two strains alone in SVM. The single-sex wells were used as 

negative controls to ensure that no vegetative material survived desiccation and darkness 

(i.e. to ensure that all colonies found after rehydration were sexual progeny). Because P. 

starrii is heterothallic, sexual progeny should only result from out crossing. Plates were 

inspected under a dissecting microscope approximately every two days until spores were 

observed.  

One week after the initial observation of spores in a given plate, the plate was 

placed in darkness at room temperature and allowed to completely dry out. Three months 

after the last plate was placed in darkness, 5mL of SVM was added to each well in which 
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spores had been observed, and the plates were returned to the original culture conditions 

(20°C, 16 hour light, 8 hour dark cycle). Vegetative colonies do not survive desiccation, 

so this procedure recovers only sexual progeny. Plates were checked twice weekly under 

a dissecting microscope for the appearance of live colonies. Colonies resulting from 

crosses were isolated in 96-well tissue culture plates. In some cases, individual colonies 

were isolated; in other cases, the colonies in a well were allowed to grow to high density, 

and the contents of the well divided equally among 48 wells of a 96-well tissue culture 

plate. In the former case, each well contained colonies of a single genotype, but some 

wells may have contained identical genotypes (if the sexual progeny reproduced 

vegetatively before they were isolated). In the latter case, each well likely contained a 

mixture of genotypes. For this reason, we refer to the contents of a single well as an 

isolate. 

Isolates were transferred to fresh SVM every ten days until all sexual progeny had 

been isolated. At this point, 25 µL from each well (total volume ~100 mL) was combined 

with 400 mL of fresh SVM in a 1 L Erlenmeyer flask, which was returned to the original 

culture conditions. The population was allowed to grow for 14 days and then used to 

inoculate 126 25 mm × 150 mm glass test tubes, each containing 15 mL of fresh SVM. 

Experimental replicates were grown at 25°C on a 16 hour light, 8 hour dark cycle. 

Test tubes were placed in random order (still and mixed treatments randomized 

separately) in a single row 10 cm from 24” fluorescent lights (17W, 4100K). Selection 

was imposed by passing the culture medium through phosphor bronze filters (Mini-Sieve 

Micro Sieve Set, Bel-Art Products, Pequannock, NJ). Plus and control treatments used 
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#170 mesh filters (88 µm openings); minus treatments used #230 mesh filters (63 µm 

openings). Colonies that passed through the filter (for the small size treatment) or were 

retained (for the large size treatment) were used to inoculate the next generation (Fig. 5). 

Control tubes were inoculated with a mixture of colonies that passed through the filter 

and those that were retained. Mixing was achieved by gentle agitation (160 rpm) on 

orbital shakers. 

After 11 rounds of selection, six colonies were isolated from each replicate tube 

and grown in 330 µL SVM in 96-well plates. These plates were maintained at 20°C, 

16h:8h light:dark, and 30 µL transferred to fresh medium every seven days. Six weeks 

after isolation of selected colonies, a thermostat failure caused the incubation temperature 

to increase to 48°C for an unknown length of time (less than eight hours). Many of the 

experimental isolate lines did not recover, so morphological measurements were made on 

five isolate lines from each of eight replicates per combination of treatment × 

environment (3 treatments × 2 environments × 8 replicates × 5 isolates = 240 isolate 

lines).  

All trait measurements were made on colonies propagated in 4.8 mL fresh, still 

medium in 6-well tissue culture plates for 7 days (~three generations) to minimize 

environmental effects (Fig. 4). 800 µL of colonies growing at low density were pipetted 

into a nine-well glass spot plate (Corning, Inc., Corning, NY) and stained with 2 µL 

iodine. After settling for ~1 hour, all or nearly all colonies could be aspirated into 18 µL, 

which was transferred to a glass microscope slide. Slides were photographed on an 8 ×12 

or 12 × 12 grid pattern at 150x magnification at a resolution of 3840 × 3072 pixels on a 
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Nikon DS-Ri1 digital camera mounted on a Nikon Eclipse Ti inverted microscope. 

Morphological measurements were made using Nikon NIS-Elements AR Imaging 

Software version 3.00 (Build 550).  

Analyses 

Colony diameter was estimated as the average of the longest axis and the longest 

perpendicular to the longest axis. Cell size was measured as an area, and cell diameter 

was the equivalent diameter for the measured area ( )π/4A . Only mature colonies, 

those in which cell types could be distinguished as described below, but which had not 

begun to reproduce, were measured for colony diameter. Cell numbers were linearized 

for most analyses as the logarithm with base 2, i.e. the number of rounds of cell division 

required to produce the observed number of cells. 

Proportions of somatic cells were estimated by a combination of methods. For 

mature (but non-reproductive) colonies, equivalent diameters of cells were sorted into 

two categories using K-means clustering with the Hartigan-Wong algorithm (Hartigan & 

Wong, 1979) in R version 2.9.2 (R Development Core Team). In addition, the ratio of 

diameters of the smallest germ cell to the largest somatic cell was required to be the 

largest ratio of two consecutively ranked cells (colonies that did not meet this 

requirement were not counted). For reproductive colonies, somatic cells and embryos 

were counted manually. 

The distribution of cell numbers in each isolate line was estimated by tabulating 

200 colonies (in a few cases, less than 200 colonies were photographed; in these cases all 
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photographed colonies were counted). Weighted averages of colony diameter, cell 

number, and proportion of soma were estimated by summing the product of the mean 

value for colonies of a given cell number and the proportion of colonies with that cell 

number (i.e. Σ{mean trait value of n-celled colonies × proportion of n-celled colonies}). 

The average value of a trait within an isolate line was considered the genetic value. 

Results 

Mating 

Efficient mating reactions occurred for some strain pairs in each of the four media. The 

time from mixing to the initial observation of spores varied from two weeks to eight 

weeks. Similarly, the time from rehydration to the initial observation of live vegetative 

material varied among crosses. In no case were live colonies found in the single-sex 

control wells. 

Variation in colony size 

By colony “size” we refer to both the number of cells in the colony and the diameter of 

the colony. The two measures of size may be different because of the amount of volume 

filling extracellular matrix. First we discuss cell number. Most experimental isolate lines 

included colonies of two or more cell numbers (e.g. 32- and 64-celled colonies) when 

grown at low density in fresh, still medium. In fact, a substantial minority of isolate lines 

(42 out of 240) contained 4, 8, 16, 32 and 64-celled colonies, and this number is probably 

a slight underestimate, since cell numbers present at less than 0.5% were likely to be 

missed. Genetic values (averages within isolates) of cell number varied over a three-fold 
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range (21.2 to 64.0). Modal cell number for most isolate lines was 32 (210/240); the 

remaining isolate lines had a modal cell number of 64. Of the 30 isolate lines with a 

modal cell number of 64, 25 were from the still environment. 

Phenotypic variation in cell number varied significantly across genotypes. The 

distribution of genetic values of variance in cell number departed significantly from a χ2 

distribution (Kolmogorov-Smirnov test, p < 0.0001), indicating that the cell number 

counts were not drawn from the same underlying (within-isolate line) distributions. 

Phenotypic variation in cell number, measured as standard deviation within each isolate 

line, also varied among treatments and environments. A two-way ANOVA showed a 

significant interaction between treatment and environment (P < 0.0001), so we tested for 

differences among all combinations of treatment × environment with a one-way 

ANOVA. Phenotypic variation was significantly lower in the control from the still 

environment than in any other combination of treatment × environment (P < 0.0015 after 

Bonferroni adjustment). The highest phenotypic variation was in the plus treatment from 

the mixed environment, which was significantly higher than that of the mixed-minus 

(P = 0.0004), still-plus (P = 0.021), and still-minus (P = 0.0018) combinations. 

Weighted average cell number was significantly higher in the minus treatments 

than in the control or plus treatments (P ≤ 0.006 for both comparisons after Bonferroni 

adjustment) and higher in the still environment than in the mixed (P = 0.0031; 2-way 

ANOVA: log2(cell number) by selective treatment + environment, no significant 

interaction between treatment and environment). One-way ANOVAs showed that there 

were significant differences in weighted average of cell number among selective 



 172

treatments in both environments: in the still environment, minus > plus (P = 0.049) and 

minus > control (P = 0.013); in the mixed environment, minus > control (P ≤ 0.001).  

Weighted average of colony diameter was significantly higher in the still 

environment than in the mixed (P = 0.0007) but did not differ significantly among 

selective treatments (plus, control, and minus) in either environment. Genetic values of 

colony diameter for colonies with the same number of cells varied across isolates by up 

to nearly 3-fold (89 µm to 249 µm in 64-celled colonies). In the mixed environment (Fig. 

6A), there were significant differences among treatments in 8-celled colonies 

(minus > control, P = 0.044) and 16-celled colonies (plus > control, plus > minus, 

P ≤ 0.0007). After Bonferroni correction, there were not significant differences in colony 

diameter among treatments in the still environment (Fig. 6B). Pooled across 

environments, genetic values of colony diameter differed significantly among treatments 

only in 32-celled colonies (Fig. 6C; control > minus; P = 0.029). The average genetic 

value of colony diameter was larger in colonies from the still environment than those 

from the mixed for every cell number, significantly so for 8- and 64-celled colonies (Fig. 

6D; P = 0.042 for 8-celled colonies; P = 0.010 for 64-celled colonies). 

Variation in proportion soma 

The average number of somatic cells in colonies of a given cell number varied across 

isolates by over 4-fold (3.0 to 13.3 in 32-celled colonies). Modal numbers of somatic 

cells, pooled across treatments and environments, were 2 for 4-celled colonies, 4 for 8- 

and 16-celled colonies, and 12 for 32-celled colonies (Fig. 7, A-D). 64-celled colonies 
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from the mixed environment had a mode of 24 somatic cells; those from the still 

environment had a mode of 28 somatic cells (Fig. 7E). Numbers of somatic cells were 

significantly non-normally distributed within each cell number category (Kolmogorov-

Smirnov test, Shapiro-Wilk normality test; all P < 0.0001). Numbers of somatic cells in 

16-celled colonies were strikingly right-skewed (skew = 2.44; P < 0.0001), while those in 

32-celled colonies were strongly left-skewed (skew = -1.65; P < 0.0001). 

In the mixed environment (pooled across cell numbers), genetic values of soma in 

the minus treatment (0.35±0.09) were significantly lower than in the plus treatment 

(0.40±0.10; P = 0.0004) but statistically indistinguishable from the control (0.37±0.08; 

P = 0.1145). Among colonies of the same cell number (Fig. 8A), significant differences 

in proportion of soma were found in 16-celled colonies (minus < control; P = 0.012), 32-

celled colonies (minus < plus = control; P ≤ 0.007), and 64-celled colonies (minus < plus; 

P = 0.0008). 

In the still environment (pooled across cell numbers), genetic values of soma did 

not differ significantly among treatments (treatment means 0.37-0.38; P ≥ 0.90). Among 

colonies of the same cell number, significant differences in proportion of soma were 

found only in 32-celled colonies (Fig. 8B; plus = minus > control; P ≤ 0.003).  

Pooled across environments and cell numbers, genetic values of soma in the plus 

treatment (0.39±0.10) were significantly higher than in the minus treatment (0.37±0.09; 

P = 0.031) but statistically indistinguishable from the control (0.37±0.10; P = 0.085). 

Among colonies of the same cell number, significant differences in proportion of soma 

were found only in 32-celled colonies (Fig. 8C; plus > control; P = 0.003). 
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Pooled across treatments and cell numbers, genetic values of soma did not differ 

significantly among environments (mean 0.38 in each environment; P = 0.93). Among 

colonies of the same cell number (Fig. 8D), significant differences in proportion of soma 

were found in 8-celled colonies (still > mixed; P = 0.024), 32-celled colonies (mixed > 

still; P = 0.034), and 64-celled colonies (still > mixed; P = 0.0005). 

The weighted average of proportion of soma was affected by an interaction 

between treatment and environment (2-way ANOVA; P = 0.0001). In the mixed 

environment, that of the minus treatment (0.35±0.04) was lower than that of the plus 

treatment (0.37±0.01; P = 0.011) but statistically indistinguishable from that of the 

control (0.36±0.02; P = 0.095). In the still environment, both plus and minus treatments 

had higher weighted average proportions of soma (0.36±0.04, 0.37±0.04, respectively) 

than that of the control (0.33±0.07; P ≤ 0.006). 

Genetic values of proportion of soma were positively correlated across cell 

number categories (i.e. isolate lines with high proportions of soma in one cell number 

category tended to have high proportions in the other cell number categories). Correlation 

coefficients were positive (some only slightly so) for all ten pairwise comparisons (4-

celled colonies vs. 8-celled colonies, etc.; Table 2). Before correction for multiple 

comparisons, the correlations were significant (Spearman’s rank correlation, P < 0.01) 

between 8- and 64-celled colonies (P = 0.003), 16- and 32-celled colonies (P = 0.009), 

16- and 64-celled colonies (P < 0.0001), and between 32- and 64-celled colonies 

(P < 0.0001).  
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Relationship of soma with colony size 

In both environments, mean proportion of soma was highest (~0.5) in 4-celled and 8-

celled colonies and lowest (~0.29) in 16-celled colonies (Fig. 8A,B). In the mixed 

environment, both 32-celled and 64-celled colonies had a similar mean proportion of 

soma (~0.36; P = 1.00 after Bonferroni correction; Fig. 8A); in the still environment, 

mean proportion of soma was significantly higher in 64-celled colonies (0.39) than in 32-

celled colonies (0.34; P = 0.0005 after Bonferroni correction; Fig. 8B).  

In terms of weighted averages, proportion soma was positively but weakly 

correlated with colony diameter in both the mixed (R2 = 0.046, P = 0.019) and still 

(R2 = 0.089, P = 0.001) environments (Fig. 9, A-B). Proportion of soma was mostly 

unrelated to colony diameter among colonies of the same number of cells; the only 

exceptions were in 32-celled colonies from the mixed environment (positive correlation; 

R2 = 0.036, P = 0.038) and 8-celled colonies from the still environment (negative 

correlation; R2 = 0.236, P = 0.002). 

The relationship between the weighted average of log2(cell number) and of 

proportion soma was curvilinear, with intermediate cell numbers averaging the lowest 

proportions of soma (Fig. 9, C-D). Stepwise Akaike Information Criterion (AIC; Akaike, 

1974) and F-tests (P < 0.005) indicated that binomial regressions provided better fits than 

linear within each environment and across environments. 

Based on this evidence for relationships of soma with colony diameter and cell 

number, we performed a multiple regression analysis on genetic values of proportion 
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soma. The model for this analysis was 2
2
11 cxbxaxyy +++= , where y = genetic value of 

proportion soma, x1 = genetic value of log2(cell number), and x2 = genetic value of colony 

diameter. All three terms were significant (F-test; P < 0.011) and collectively explained 

0.44 of the variance in proportion soma (multiple R2; final model 

2
2
11 0003.0043.0420.0309.1 xxxy ++−= ). Stepwise AIC indicated inclusion of all three 

interaction terms, which increased multiple R2 to 0.56. 

Discussion 

The evolution of cellular differentiation is a major threshold on the continuum between 

groups and individuals. The development of different functional cell types is essential to 

the increase in complexity leading to large, multicellular organisms. Specialization of 

cells into soma and germ is a fundamentally important form of differentiation because 

soma is an evolutionary dead end: genetic changes resulting from mutation and selection 

within the soma are not passed on to future generations. For the group (or colony), 

investing limited resources into soma means investing less into reproduction, and in the 

volvocine algae this cost is particularly easy to measure: each somatic cell reduces the 

number of potential offspring by one. For the cell, giving up all of one’s reproduction to 

benefit the group is the ultimate form of altruism; understanding the evolution of soma 

therefore has implications not only for the evolution of multicellularity and cellular 

specialization, but for the evolution of altruism and cooperation in general. 

In the volvocine algae, sterile somatic cells may have evolved in response to 

trade-offs between motility and fecundity (Koufopanou 1994; Michod et al. 2006; Solari 
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et al. 2006b). The cost of reproduction is made acute by two developmental constraints: 

the “flagellation constraint” and the particular mode of cell division – palintomy or 

multiple fission. Multiple fission requires the growth of large germ cells to form large 

daughter colonies, since no growth occurs between cell divisions. Under this type of 

development, a cell needs to grow 2d-fold in order to divide d times and produce a colony 

with 2d cells. This growth increases the mass and size of a colony during the reproductive 

phase, which in turn negatively impacts motility and exchange of nutrients and waste 

with the environment (Solari et al. 2006b).  

Flagellar action is obviously important for motility, but it is also important for the 

efficient exchange of nutrients, metabolites and waste (Short et al., 2006; Solari et al., 

2006a; Solari et al., 2006b). The spatial organization of a locally compact cell group 

dictates a decrease in surface area to volume ratio as size increases. This can adversely 

affect the type and extent of interactions with the environment, diminishing, or perhaps 

exhausting, aggregate resource availability, with profound consequences for metabolism, 

growth rate, viability and fecundity. The mixing that results from flagellar activity helps 

to overcome this effect by preventing the boundary layer of medium surrounding the 

colony from becoming depleted of nutrients. 

Response to selection 

Among the experimental isolate lines, there were consistent differences among genetic 

values of colony diameter, cell number, and proportion of soma. Selection by filtration 

appears to have been inconsistently effective. Significant differences in colony diameter 
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among treatments appear in some combinations of cell number and environment but not 

others, and in one case (8-celled colonies in the mixed environment) the difference is 

opposite the expected direction. The average diameter of all colonies in an isolate line 

(weighted average) did not differ significantly among selective treatments in either 

environment. 

The environment in which selection took place had a more consistent effect on 

colony size, which was larger by several measures in colonies from the still environment. 

These differences may reflect adaptation to either or both environments. Since all 

measurements were made on colonies grown in still medium, isolate lines subjected to 

selection in the still environment may have been better able to grow under measurement 

conditions. 

If so, this suggests a role for flagellar activity in colony growth. The relatively 

homogeneous conditions of the mixed environment were designed to eliminate the need 

for motility; in the still environment colonies needed a positive upward swimming speed 

to stay near the surface where gas exchange occurred. The movement of medium in the 

mixed environment may also have reduced the need for flagellar stirring of the boundary 

layer. Colonies adapted to these conditions may have been smaller in the still conditions 

in which they were measured because they were unable to stay near the surface, because 

they did not sufficiently stir the boundary layer, or both. Such an effect would be most 

pronounced in the largest colonies, and in fact 64-celled colonies from the still 

environment had both a larger diameter and a higher proportion of soma. 
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Relationship of soma to colony size 

The most obvious pattern in proportion of soma is among colonies with different 

numbers of cells, with a mode of 0.5 for 4- and 8-celled colonies, 0.25 for 16-celled 

colonies, 0.375 for 32-celled colonies, and 0.375 (mixed environment) or 0.438 (still 

environment) for 64-celled colonies. The curvilinear relationship between the weighted 

averages of soma and cell number reflects the parallel relationship in genetic values, i.e. 

proportions of soma are highest in colonies with the largest and smallest cell numbers.  

The most striking difference in soma was in the 64-celled colonies. Both the mean 

genetic value (24.7 somatic cells vs. 23.3) and the modal value (28 vs. 24) were higher in 

64-celled colonies from the still treatment than in those from the mixed. This difference 

in soma supports the hypothesis that soma evolved to mitigate trade-offs between motility 

and fecundity. Because of the flagellation constraint and hydrodynamic considerations, 

such trade-offs are expected to be most relevant to colonies of >32 cells. In the 

environment in which motility was important, 64-celled colonies invested more in 

motility, sacrificing reproductive capacity to do so. 

The among-species trend of larger species having higher proportions of soma is 

paralleled within P. starrii. The pattern is complicated by the curvilinear relationship of 

proportion soma with cell number, which weakens the otherwise linear relationship with 

colony diameter because of the high proportions of soma in the smallest (4- and 8-celled) 

colonies. When both colony diameter and cell number are taken into account, they 

explain as much as 56% (multiple R2) of the total genetic variance in proportion of soma. 
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Because each isolate line is genetically homogeneous, this relationship represents a 

genetic correlation.  

Phenotypic variability 

Overall, the degree of phenotypic variability in the experimental isolate lines is much 

greater than that previously reported for P. starrii (Nozaki et al., 2006). Colony cell 

number varies over a sixteen-fold range, often within a single genotype. Over one sixth of 

the isolate lines included all five cell numbers (22 – 26), and nearly all isolate lines 

included at least two different cell numbers. The genetic variation in variance of cell 

number suggests that this trait has the potential to evolve under selection. Colony 

diameter and proportion of soma were also quite variable, even among genetically 

identical colonies with the same number of cells. 

Other volvocine algae have also been reported to have large phenotypic 

variability in cell number (Hartmann, 1924; Stein, 1958; Pocock, 1955; Graves & Kostir, 

1961). However, this seems to be largely a result of environmental variation, with smaller 

than “normal” colonies, or even single cells, being produced in suboptimal growth 

conditions (Graves & Kostir, 1961). In this study, every effort was made to ensure that 

growth conditions were favorable and consistent, so it is unlikely that the observed 

phenotypic variability in P. starrii was due to environmental variation. 

Neglecting the possibility of mutations on a short time scale, this variability 

cannot be genetic, since each isolate line was founded with a single colony and 

propagated asexually. Environmental differences should be minimal, since all colonies 
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from a given isolate were grown in the same container and photographed at the same 

time. Maternal effects cannot be ruled out, although the experiment was designed to 

minimize them, but the bulk of the phenotypic variability within isolate lines must be 

attributed to stochastic (error) effects. 

Pepper and Herron (2008) suggested that biological units that meet some, but not 

all, of the criteria used to define individual organisms could be partway through an 

evolutionary transition in individuality. This is certainly true of at least some volvocine 

algae, which were developed as a model system for the evolution of multicellularity 

precisely because they span this transition.  

One of the processes thought to be necessary to complete any evolutionary 

transition in individuality is rebuilding the genotype-phenotype map at the new (higher) 

level (Nedelcu & Michod, 2004). The higher-level properties that emerge from the 

interactions of the lower-level units must come under more direct genetic control for the 

higher-level unit to function as a unit of selection. The extreme phenotypic variability 

within isolate lines of P. starrii strongly suggests that this process is not complete. 

Although cell number is under some degree of genetic control, as evidenced by the 

genetic differences among isolate lines, phenotypic variability within some lines is at 

least as great as genetic variability among lines. Furthermore, cell number appears not to 

be robust to selection. If the mixed environment is considered a novel selective pressure 

relative to the still waters that P. starrii normally inhabits, then all of the selective 

pressures applied in this experiment resulted in increased phenotypic variability. 
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The patterns of phenotypic variability in cell number described above are 

consistent with the hypothesis that construction of the genotype-phenotype map at the 

colony level is incomplete in P. starrii. However, this hypothesis has not been tested 

directly, and other possibilities exist. In spite of the efforts to minimize environmental 

variation, such variation cannot be eliminated. Colonies with different numbers of cells 

may have fitness advantages in different environments, and the phenotypic variability in 

cell number may be phenotypic plasiticity in response to small environmental differences 

or even a form of bet-hedging that evolved in response to a variable environment. 

Experiments designed to measure genotype × environment interactions could help to 

distinguish among these possibilities. 

Proposed mechanism of somatic differentiation 

The relationship of soma to colony size, combined with the positive correlations between 

proportions of soma across cell numbers, suggests a possible mechanism of somatic 

differentiation. As in all Pleodorina species, somatic cells in P. starrii are located in the 

anterior of the colony (as determined by swimming direction). This pattern is consistent 

with cells responding to a threshold concentration of an anterior-posterior chemical 

gradient established early in development. 

Cells in P. starrii colonies are arranged in “tiers,” or successive rings of cells 

from anterior to posterior, forming circles around the axis of rotation. If a 

gradient/threshold system controls somatic differentiation, we should expect a 

preponderance of colonies to have numbers of somatic cells corresponding to whole tiers 
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(since all cells in a tier are the same distance from the anterior). This is conspicuously 

observed across cell numbers, with modal values of 4 somatic cells in 8-celled colonies 

(arranged as 2 tiers of 4 cells) and 16-celled colonies (4 tiers of 4), 12 in 32-celled 

colonies (4, 8, 8, 8, 4), and, in the mixed treatment, 24 in 64-celled colonies (8, 16, 16, 

16, 8). 

If selection on proportion of soma causes a change in either the concentration of 

the chemical signal or the sensitivity of cells to the signal, we would expect the 

proportion of soma to respond in kind across all cell numbers. The positive correlations 

of proportion of soma between cell numbers show that this is the case. All measurements 

were made on adult colonies, which do not increase in cell number after their release 

from the mother colony, so there is no a priori reason to expect such correlations. In light 

of the proposed mechanism of differentiation, then, the high proportions of soma in 4- 

and 8-celled colonies could result from a developmental constraint that prevents 

independent optimization in different cell numbers. It is difficult to imagine that 

sacrificing half of potential reproduction is optimal in such small colonies; comparative 

and hydrodynamic studies suggest that the optimal proportion of soma in such colonies is 

zero (Solari et al., 2006b). If, however, there is selection for soma in the more common 

32- and 64-celled colonies, the proposed developmental constraint may have caused a 

correlated response in the smaller colonies. 

If a gradient/threshold mechanism controls somatic differentiation, variations 

from the modal numbers of somatic cells would have to be explained as developmental 

noise, i.e. by some but not all of the cells in a given tier responding to the chemical 
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signal. The first tier of cells is essentially always differentiated as soma regardless of 

colony cell number. In 16-celled colonies, one or more cells in the second tier 

occasionally differentiates as soma. In 32-celled colonies, the second tier is usually 

differentiated as soma, but one or more cells occasionally fails to differentiate.  

In Volvox carteri, somatic cell determination is controlled by the expression of the 

regA (somatic regenerator) gene, which curtails cell growth by suppressing chloroplast 

biogenesis. RegA expression is in turn controlled by cell size differences established by 

an asymmetric division early in development. It is not known if regA plays a role in 

somatic cell determination in P. starrii, but if so, its expression must be controlled by 

something other than cell size, since all cells are the same size at the end of mitosis. 

Conclusions 

The results of this study support the hypothesis that soma evolved in the volvocine algae 

to mitigate trade-offs between motility and fecundity. Benefits of motility are evident in 

the larger size of colonies adapted to the still environment. In the still environment, 

flagellar activity is an important advantage because it keeps colonies near the surface, 

where gas exchange with the atmosphere occurs, and possibly because it increases 

nutrient uptake by mixing the boundary layer (Solari et al., 2006a). We expect colonies 

grown in the mixed environment to have less need for flagellar activity because the 

spatial distribution of nutrients and dissolved gases is more homogenous. Production of 

somatic cells increases motility at the expense of fecundity, and the higher proportion of 
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soma in 64-celled colonies from the still environment reflects an increased investment in 

motility when it is most needed.  

Genetic correlations between colony “size” (diameter and cell number) and soma, 

along with the high proportion of soma in the smallest (4- and 8-celled) colonies suggests 

that a constraint prevents simultaneous optimization of soma across size categories. The 

existence of such a constraint is further supported by the correlation of proportion of 

soma across cell numbers. We suggest that a mechanism in which cells respond in a 

threshold-dependent manner to an anterior-posterior chemical gradient would explain all 

of these observations. 

The surprising phenotypic variability in cell number among genetically identical 

colonies grown in uniform conditions suggests that the genotype-phenotype map in P. 

starrii has not yet been reformed at the colony level. This species, and other volvocine 

algae if they prove to have similarly imprecise genotype-phenotype maps, may be in the 

process of an evolutionary transition in individuality in which the higher-level individual 

has not yet fully emerged. In this gray area between groups of cells and multicellular 

organisms, new genetic mechanisms have not yet evolved to tightly control colony-level 

traits. 
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Table 1. Sexual progeny in the starting population. Plates are 96-well tissue culture 

plates. 

♀ strain × ♂ strain Cross type (♀ × ♂) # of plates 

NIES-1362  NIES-1361 F1 2.5 

NIES-1362  NIES-1363 F1 2.5 

NIES-1362  NIES-1365 F1 5 

NIES-1362  NIES-1852 P × F1 1 

NIES-1362  NIES-1853 P × F1 2.5 

NIES-1366  NIES-1361 F1 6.5 

NIES-1366  NIES-1363 F1 2.5 

NIES-1366  NIES-1365 F1 6 

NIES-1366  NIES-1852 P × F1 1.5 

NIES-1366  NIES-1853 P × F1 1.5 

NIES-1854  NIES-1361 ---- ----- 

NIES-1854  NIES-1363 F1 × P 4 

NIES-1854  NIES-1365 F1 × P 2 

NIES-1854  NIES-1852 F2 2 

NIES-1854  NIES-1853 F2 4.5 
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Table 2. Genetic correlations among numbers of somatic cells. 

correlation coefficients    

# of 

cells 4 8 16 32  

8 0.235     

16 0.003 0.079    

32 0.216 0.065 0.189   

64 0.030 0.379 0.356 0.531  

      

P-values (uncorrected Spearman's rank correlation)  

# of 

cells 4 8 16 32  

8 0.165     

16 0.790 0.153    

32 0.487 0.451 0.009   

64 0.777 0.003 9.7E-06 5.6E-11  

      

P-values (uncorrected Pearson's product moment correlation) 

# of 

cells 4 8 16 32  

8 0.347     
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16 0.988 0.381    

32 0.299 0.420 0.010   

64 0.921 7.9E-05 1.6E-04 1.2E-12  
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Figure Legends 

Figure 1. Gains (+) and losses (-) of soma supported by hypothesis tests. Phylogeny 

based on Bayesian analysis of 5 chloroplast genes. Estimated maximum number of cell 

divisions (D) is shown at right; unicellular species (gray branches) produce up to 2D 

offspring, and colonial species (black branches) contain up to 2D cells per colony. 

Photographs are not to scale. Modified from Herron & Michod (2008). 

Figure 2. Regression of germ cell volume vs. total cytoplasmic volume in volvocine 

algae. Points represent species averages. Open circles are palintomic species; filled 

circles are species that grow between cell divisions. R2: simple linear regression; PGLS 

R2: phylogenetic generalized least squares regression; PIC R2: phylogenetic independent 

contrasts. Only palintomic species are included in these analyses, and within-species 

variation has not been considered. 

Figure 3. Life cycle of Pleodorina starrii. Clockwise from top: the large reproductive 

cells in a mature colony (A) undergo d rounds of cell division, with little or no growth 

between rounds of division, to produce embryos with 2d equal-sized cells (B). The 

embryos undergo inversion to form daughter colonies (C), which are eventually released 

from the mother colony (D). The young colony begins to grow and mature, increasing the 

size of cells and the volume of extracellular matrix (E-F). It is during this stage that the 

differentiation of reproductive and somatic cells is established by the much slower 

growth of the somatic cells. Finally, once the reproductive cells have grown d-fold from 

their original size, the colony is mature and ready to reproduce (A). 
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Figure 4. Experimental design. Each combination of treatment (“+” = selection for large 

size, “0” = unselected control, “-“ = selection for small size) and environment (“Still” and 

“Mixed”) were replicated with 21 populations (“tubes”, a). For statistical analyses, five 

colonies from each tube were isolated (b) and propagated for three generations (c) in 

fresh, still medium to minimize environmental effects. Trait values were calculated as 

within-tube means from measurements on five colonies from each tube (d). Differences 

among colonies within tubes (b, c, d) could include environmental and maternal effects; 

comparisons of means among tubes (a) are independent comparisons representing genetic 

differences. 

Figure 5. Propagation and selection. For simplicity, only three replicates of one treatment 

(selection for large size) are shown. A pool of sexually produced colonies (a) was divided 

among the initial replicate populations (b). After three generations of asexual propagation 

(about one week, resulting in ~8000× increase), the colonies were filtered (c) and those 

retained were introduced into fresh medium (d). The process of filtration and asexual 

propagation was repeated 10 times. 

Figure 6. Genetic values of colony diameter by treatment and environment. Error bars 

are standard deviations; capital letters are post-hoc comparisons significant at α = 0.05 

after Bonferroni adjustment for multiple comparisons. Asterisks represent significant 

differences (at α = 0.05) among treatments (A-C) or environments (D). A: no 4-celled 

colonies were found in control or minus treatments. B: the leftmost bar lacks error bars 

because only one isolate line from the plus treatment in the still environment included 4-

celled colonies. 
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Figure 7. Histograms of numbers of somatic cells by colony cell number. 

Figure 8. Genetic values of proportion soma by treatment and environment. Error bars 

are standard deviations; capital letters are post-hoc comparisons significant at α = 0.05 

after Bonferroni adjustment for multiple comparisons. Asterisks represent significant 

differences (at α = 0.05) among treatments (A-C) or environments (D). 

Figure 9. Relationships of weighted average proportion soma with weighted averages of 

colony diameter and cell number. A, B: linear regression. C, D: binomial regression. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

A. Proportion soma, mixed treatments
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Figure 9 

 

 

 

B. Soma vs.  colony diam., still environment
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