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ABSTRACT 

The fitness of any evolutionary unit can be understood in terms of its two basic 

components: fecundity and viability. The trade-offs between these fitness components 

drive the evolution of a variety of life-history traits in extant multicellular lineages. Here, 

I show evidence that the evolution of germ-soma separation and the emergence of 

individuality at a higher level during the unicellular-multicellular transition are also 

consequences of these trade-offs. The transition from unicellular to larger multicellular 

organisms has benefits, costs, and requirements. I argue that germ-soma separation 

evolved as a means to counteract the increasing costs and requirements of larger 

multicellular colonies. Volvocalean green algae are uniquely suited for studying this 

transition since they range from unicells to undifferentiated colonies, to multicellular 

individuals with complete germ-soma separation. In these flagellated organisms, the 

increase in cell specialization observed as colony size increases can be explained in terms 

of increased requirements for self-propulsion and to avoid sinking. The collective 

flagellar beating also serves to enhance molecular transport of nutrients and wastes. 

Standard hydrodynamic measurements and concepts are used to analyze motility (self-

propulsion) and its consequences for different degrees of cell specialization in the 

Volvocales as colony size increases. This approach is used to calculate the physical 

hydrodynamic limits on motility to the spheroid colony design. To test the importance of 

collective flagellar beating on nutrient uptake, the effect of advective dynamics on the 

productivity of large colonies is quantified. I conclude first, that when colony size 

exceeds a threshold, a specialized and sterile soma must evolve, and the somatic to 
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reproductive cell ratio must increase as colony size increases to keep colonies buoyant 

and motile. Second, larger colonies have higher motility capabilities with increased germ-

soma specialization due to an enhancement of colony design. Third, advection has a 

significant effect on the productivity of large colonies. And fourth, there are clear trade-

offs between investing in reproduction, increasing colony size (i.e. colony radius), and 

motility. This work shows that the evolution of cell specialization is the expected 

outcome of reducing the cost of reproduction in order to realize the benefits associated 

with increasing size. 
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I - INTRODUCTION 

The fitness of any evolutionary unit can be understood in terms of its two basic 

components: fecundity and viability. As embodied in current theory, the trade-offs 

between these fitness components drive the evolution of life-history traits (Stearns 1992). 

In unicellular individuals, the same cell must be involved in both fitness components, 

typically these components being separated in time. However, in multicellular organisms, 

under certain circumstances, cells may specialize in one component or the other, the 

result being a division of labor, leading to the differentiation of germ and soma. The 

evolution of a specialized and sterile soma can increase viability and indirectly benefit 

fecundity (e.g., increasing nutrient uptake) but, all things being equal, must directly cost 

fecundity by reducing the number of cells producing offspring. On the other hand, the 

evolution of a specialized germ will benefit fecundity (by reducing the generation time 

and/or increasing the quality of offspring), but must directly cost viability by reducing the 

number of cells participating in viability-related functions.  

Various selective pressures may push unicellular organisms to increase in size, but 

general constraints, such as the decrease in the surface to volume ratio, set an upper limit 

on cell size. Increase in size can also be achieved by the aggregation of mitotic products 

that are held together by a cohesive extra-cellular material, increasing the number of cells 

(instead of cell size). Natural selection has favored this strategy as illustrated by the 

multiple independent origins of colonial and multicellular organisms in, for example, 

algae (Niklas 1994; 2000). Large size can be beneficial both for viability (e.g. in terms of 

predation avoidance, ability to catch bigger prey, a buffered environment within a group) 
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and fecundity (e.g. higher number or quality of offspring). Nevertheless, a large size can 

become costly, both in terms of viability (e.g. increased need for local resources) and 

fecundity (e.g. increased generation time). As size increases, such costs increase and 

reach a point at which the fitness of the emerging multicellular individual is negatively 

affected. Consequently, to maintain positive levels of fitness and allow for further 

increase in size, the benefits have to be increased and/or the costs have to be reduced. 

Thus, I propose in this work that cell specialization evolved as a means to deal with the 

costs associated with the production of large multicellular colonies and their metabolic 

requirements.  

The various trade-offs between viability and fecundity are reflected in the variety of 

life-history traits among extant multicellular lineages. Here, I argue that the evolution of 

germ-soma separation and the emergence of individuality and increased complexity at a 

higher level during the unicellular-multicellular transition are also consequences of these 

trade-offs. The results of my work show that the evolution of soma is the expected 

outcome of reducing the cost of reproduction in order to realize the benefits associated 

with increasing size. As size increases further, the viability and fecundity benefits can be 

better achieved via the increase in specialization of germ and soma, and as a result, 

increased levels of complexity are achieved. In short, I suggest that the emergence of 

higher levels of complexity during the unicellular-multicellular transition is a 

consequence of life history evolution. The volvocalean green algal group is used as a 

model system to address this hypothesis and assess the motility costs and opportunities 

associated with increased size in these aquatic flagellated organisms. 
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Volvocalean green algae are negatively buoyant. They need motility to avoid sinking 

and to reach light and nutrients (Hoops 1997; Kirk 1998; Koufopanou 1994). The 

dramatic change in the flagellar apparatus between unicellular species and species that 

form colonies is still further evidence of how important motility is for the Volvocales 

(Hoops 1997). Thus, the constraints and opportunities of flagellar motility may have been 

the major driving force as colonies increased in size during the evolutionary transitions 

from multicellular colonies with no cellular differentiation to multicellular colonies with 

germ-soma separation. Due to the Volvocales’ peculiar mode of development (explained 

below, Section II), as colonies increase in size their motility capabilities may be affected 

as a result of two different biological factors: in undifferentiated colonies motility is 

negatively affected during cell division (the flagellation constraint; Koufopanou 1994), 

and larger colonies need to invest more in somatic cells for self-propulsion and avoid 

sinking (the flagellar motility hypothesis, presented in this dissertation).  

In algae and other microorganisms motility can be associated not only with 

translocation, but also with the enhancement of molecular transport, improving the 

acquisition of molecules important for maintaining productivity, and increasing the 

dispersal of waste products beyond the range of inadvertent diffusive recycling (Niklas 

1994; 2000). Since larger colonies have higher nutrient requirements, the collective 

flagellar beating of somatic cells also serves for boundary layer stirring and remote 

transport of nutrients. This is fundamental to maintain a high nutrient concentration 

gradient between the medium and the colony.  
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To summarize, as volvocalean colonies increase in size, the increase in cell 

specialization observed in extant species can be explained in terms of the need for 

increased motility capabilities. To investigate this hypothesis I develop a model based on 

standard hydrodynamics that describes the physical factors involved in motility in these 

organisms. I then measure under controlled laboratory conditions the motility (self-

propulsion) of the different colony types as well as the parameters and other variables 

used in the model. I am the first to provide comparative measurements of swimming 

speeds of an algal lineage composed of organisms of different sizes and degrees of 

complexity. To test the importance of collective flagellar beating on nutrient uptake, I 

design an experiment that quantifies the effect of advective dynamics on the productivity 

of the colonies. 

In short, I show that larger colonies need to invest in somatic cells that specialize in 

motility in order to remain motile and avoid sinking while reproducing (Section III). This 

need arises from the enlargement of reproductive cells to form daughter colonies, which 

increases the mean mass of the colony. As colonies increase in size, a higher proportion 

of somatic cells is required (i.e., increased somatic to reproductive cell ratio). Once larger 

colonies have a high proportion of somatic cells they are better off with a non-flagellated 

germ cell that specializes in reproduction. The specialized germ also serves to increase 

motility, since packaging it inside the colony minimizes drag. More investment in 

somatic cells for motility has the additional and important benefit of enhanced molecular 

transport of nutrients and wastes thanks to the flow created by collective flagellar beating 

(Section IV). 
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II - THE VOLVOCALES 

Volvocales comprise a monophyletic assemblage of lineages featuring varying degrees of 

complexity in terms of colony size, colony structure, and cell specialization. They range 

from the unicellular Chlamydomonas to colonies made of 4-64 cells with no cellular 

Figure 1. Subset of colonial volvocalean green algae and mutant forms derived from V. 
carteri showing differences in cell number, volume of extracellular matrix, division of labor 
between somatic and reproductive cells, and developmental programs. Where two cell types 
can be identified, the smaller cells are the somatic cells and the larger cells are the 
reproductive cells. The individuals in the images are representative of the synchronized 
populations that were used in the motility experiments. Images were captured when 
individuals just hatched. Cr: C. reinhardtii (UTEX 89); Gp: G. pectorale (UTEX LB 826); 
Ee: E. elegans (UTEX 1201); Pc: P. californica (UTEX LB 809); Vc1: V. carteri grown at 
600 foot candles (fc; Eve strain; a subclone population separated from strain HK10, UTEX 
LB 1885); Vc2: V. carteri grown at 1000fc; Vo: V. obversus (UTEX LB 1865), Vt: V. 
tertius (UTEX LB 132), Va: V. aureus (UTEX LB 106), Vr: V. rousseletii (UTEX LB 
1861); lag: Lag- mutant (w153 k3 strain); reg: RegA- mutant (153-68 strain); gls/reg: 
Gls/regA- mutant (w238 strain). Eve and mutant strains were kindly provided by D.L. Kirk. 
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differentiation, e.g., Gonium and Eudorina, to multicellular individuals comprising 

1,000-50,000 cells with complete germ-soma separation, e.g. Volvox (Kirk 1998; 

Koufopanou 1994; Figure 1). Specialization in reproductive and vegetative functions 

(i.e., germ-soma separation) characterizes the large members of this lineage. The number 

of somatic cells (NS) per reproductive cell (NR; the NS/NR ratio) increases with colony size 

(Koufopanou 1994).  

The number of cells in Volvocales is determined by the number of cleavage divisions 

that take place during embryonic development, and cell number is not augmented by 

accretionary cell divisions after juveniles hatch (Kirk 1997). In colonies without germ-

soma separation (i.e. GS colonies; e.g., Gonium, Eudorina), each cell gives rise to a 

daughter colony (this has been termed autocolony, Kirk 1998). Since the number of cells 

is not augmented during adulthood, the colonies have a fixed number of motile cells. 

Therefore, there is no extra help for moving a colony that becomes increasingly larger as 

it develops. 

In unicells, in undifferentiated colonies, and in several Volvox species, reproductive 

cells do not undergo binary fission; rather, each reproductive cell grows about 2n-fold in 

size and then undergoes a rapid, synchronous series of n divisions (within the mother cell 

wall). This peculiar way of division called “palintomy” is considered the ancestral 

developmental program in this group (Developmental program 1, D1; Desnitski 1995). In 

the large Volvox species, three other developmental programs have evolved (Table 1). D2 

(e.g., V. carteri and V. obversus) differs from D1 in that asymmetric divisions early in 

development create large cells that develop directly into non-flagellated germ cells. In D3 
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(e.g., V. tertius), all the divisions are symmetrical as in D1 but the rate of cell division is 

slower. D4 (e.g., V. aureus) is considered the most derived developmental program since 

palintomy is lost: reproductive cells start as small, flagellated cells, and during embryonic 

development cells grow in between cell divisions (binary fission). Although D4 

reproductive cells start as flagellated cells, their flagella have essentially no motility 

function since they are reabsorbed before the first cell division. Unlike the other Volvox 

species, D4 species from the “Euvolvox Section” (e.g., V. rousseletii) retain robust 

cytoplasmatic bridges that may be involved in the active transfer of nutrients in the adult 

(Kirk 1998). 

Table 1. Developmental programs of Volvocales as described by Desnitski (1995). 

  D1 D2 D3 D4 

Size of mature germ cells large large large small 

Growth between divisions no no no yes 

Rate of divisions fast fast slow slow 

Asymmetric division no yes no no 

In Volvocales, because of their coherent glycoprotein rigid cell wall, the position of 

flagella is fixed. Thus, the basal bodies cannot move laterally and take the position 

expected for centrioles during cell division while still remaining attached to the flagella 

(as they do in naked green flagellates). Consequently, in undifferentiated colonies with no 

somatic cells, motility is inhibited during cell division. This inability to both divide and 

maintain flagellar activity is referred to as the “flagellation constraint” (Koufopanou 

1994). As the number of cells in the colonies increases, the time spent in the division 

phase increases. Therefore, since Volvocales are negatively buoyant, the motility 

function so basic to survival is increasingly compromised. Because a flagellum may beat 
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for up to 5 cell divisions (e.g., the 32 cell colony Eudorina) without the basal bodies 

attached, this number of divisions seems to be a critical threshold at which motility is 

severely compromised in undifferentiated colonies (Koufopanou 1994). 

The phylogeny of Volvocales has been and still remains a subject of considerable 

interest. Numerous studies have been 

published based on morphological and 

molecular data (e.g., nuclear rRNA genes, 

ITS or intronic sequences, chloroplast 

protein genes; Angeler et al. 1999; 

Coleman 1999; Coleman et al. 1994; 

Fabry et al. 1999; Schagerl et al. 1999; 

Nozaki et al. 1999; Nozaki 2003). 

Although the precise relationships among 

species are not well resolved, several 

inferences have repeatedly emerged. First, 

all multicellular volvocalean algae may 

have evolved from a common ancestor 

similar to the extant Chlamydomonas 

reinhardtii (Coleman 1999; Larson et al. 1992). Second, the Volvox species with 

increased cell specialization are not monophyletic. These complex forms have evolved 

several times independently, from quite different ancestors (Coleman 1999; Nozaki et al. 

1999; Nozaki 2003; Figure 2). Third, lineages exhibiting the four developmental 

Figure 2. Phylogenetic relationships of 
Volvocales lineages modified from Nozaki 
(2003). Branch lengths do not indicate 
evolutionary distance. The first column is the 
developmental program number taken from 
Desnitski (1995). The species with a * were 
used in the experiments. 
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programs described above are interspersed with each other and with non-Volvox species 

(Figure 2), indicating that they have also evolved several times independently. 

Supporting this ease of evolutionary transition in Volvocales is the underlying genetic 

architecture responsible for the separation of germ and soma, which does not involve 

many genetic steps (Kirk 1997). Only two mutations are required to transform V. carteri 

into a mutant (V. carteri glsA-/regA-) with morphological and life-history features similar 

to those of Eudorina (Tam and Kirk 1991). Likewise, a mutant of V. powersii 

morphologically identical to a member of the genus Pleodorina has also been described 

(Van de Berg and Starr 1971). 

In short, Volvocales exhibit a number of features that make them especially suitable 

for testing whether the increase in cell specialization was an evolutionary response to 

increasing motility requirements: First, they comprise a group of closely related lineages 

with different degrees of cell specialization which seem to represent “alternative stable 

states” (Larson et al. 1992). Second, their phylogeny clearly shows that the transitions in 

cell specialization have occurred multiple times in this lineage. Third, there are stable 

mutant forms available that are derived from V. carteri and feature disrupted germ-soma 

separation. These can help elucidate the effects that cell specialization, developmental 

mode, and colony organization have on motility in this group. Fourth, due to their range 

of sizes, they enable the study of scaling laws for motility: the number of cells N ranges 

from 100 to ~104. Fifth, motility is a highly significant component of fitness in this 

lineage. 
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III - CELLULAR DIFFERENTIATION AND FLAGELLAR MOTILITY 

HYDRODYNAMICS MODEL 

I now develop a model based on standard hydrodynamics (Guyon et al. 2001) so as to 

elucidate the motility-related opportunities and physical constraints faced by colonies as 

they increase in size. Since volvocalean algae colonies are small-diameter spheroids that 

swim at low velocities, they can be modeled as moving spheres in the low Reynolds 

number regime, Re = RVρw /η <1, where R = colonies’ radius, V = swimming or 

sedimentation speed, η = viscosity of water, and ρw = density of water. Even for a 

hypothetical large Volvox colony swimming at a considerable speed Re < 1(e.g., Re = 

0.25 if R = 0.05cm, V = 0.05 cm/sec, η = 10-2 g/sec cm, ρw = 1 g/cm3). Since the low 

Reynolds number regime applies to Volvocales, I can use the Stokes drag force acting on 

a moving sphere ( 6F RVπη= ). The effect of small deviations from sphericity is 

negligible (Happel and Brenner 1965).  

At a low Reynolds number, a sedimenting sphere (i.e. colony) reaches a terminal 

velocity given by an equilibrium between the Stokes drag force and the effect of gravity. 

Therefore, the negative buoyant force of a colony equals the drag force as expressed in 

Eq. 1: 

6 sedMg RVπη∆ = ,         Eq. 1  

where ∆M is the difference in mass between the colony and the water displaced, g the 

acceleration of gravity, and Vsed the sedimentation velocity. ∆M = 4/3 πR3∆ρ, where ∆ρ = 

the difference in density between the colony and water. Therefore, Vsed ∝ R 2∆ρ. Within 
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this same framework, the force used by a colony to swim vertically upward at a specific 

velocity (Vup) is the sum of the force overcoming drag and the force of gravity: 

6 upNqf RV g Mπη= + ∆ .        Eq.2 

Solving for Vup, 

6up
Nqf g MV

Rη
− ∆

=
π

,         Eq.3 

where N is the number of cells, q the proportion of flagellated cells, and f the average 

upward swimming force per flagellated cell. The contribution that flagellated cells 

distributed over the surface of the colony make to the total swimming force may vary. 

For example, the cells located in the posterior side of the colony may contribute more to 

the total swimming force than the cells located in the anterior side. My analysis does not 

currently include this dependence of cell contribution on cell position, it uses the mean 

force, f. 

I use the following notation to describe differentiation of reproductive and motility 

functions: “GS” refers to unspecialized cells performing both motility and reproductive 

functions (successively), “G” to non-flagellated cells specialized in germ functions, and 

“S” to sterile terminally differentiated flagellated cells specialized in somatic functions. 

For colonies containing more than one type of cells a “/” is used to separate the different 

cell types, e.g., “GS/S” refers to a colony containing both unspecialized GS cells and 

somatic S cells. Although D4 reproductive cells start as flagellated cells (i.e., GS), their 

flagella have essentially no motility function since they are reabsorbed before the first 

cell division. Thus, I consider D4 reproductive cells non-flagellated (G). 
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In GS and GS/S colonies, q = 1 since all cells are flagellated. Since G cells are not 

flagellated, in G/S colonies q = s, where s = the proportion of S cells, NS /(NR + NS). Thus, 

Vup depends on the total swimming force that a colony is able to generate (Nqf) minus its 

gravitational force (g∆M), divided by a drag factor (6πηR) that depends on the colony 

radius. Note that the drag factor can only decrease the absolute value of Vup, but the 

gravitational force can turn Vup negative, making the colony sink. The three terms depend 

on the size of the colony (N), on its organization (i.e. G/S), and on the proportion of 

flagellated (q), reproductive (1-s), and somatic (s) cells. I can then use Eq. 3 as a proxy 

for the motility capability of colonies of different sizes and degrees of cell specialization. 

I developed a simple geometric model to calculate the mass (i.e., ∆M) and radius (R) 

of the different colony types and understand colony organization. Three cell types are 

considered: GS, G, and S. The difference in mass between the colony and the water 

displaced, ∆M = 4/3 πR3∆ρ, can be stated as the sum of the difference in mass between 

the cells and the water they displace and the difference in mass between the extra-cellular 

matrix (ECM) and the water it displaces. Assuming that colonies and cells are spheres, 

( )3 3 3 3 34 (1 ) (1 )
3 ECM G S S S ECMM R N s r sr s r srπ ρ ρ ρ ρ⎡ ⎤⎡ ⎤ ⎡∆ = ∆ + − ∆ + ∆ − − + ∆⎣ ⎦ ⎣⎣ ⎦⎤⎦ , Eq.4a 

where r and rS are the radii of the reproductive, GS or G, and S cells respectively. ∆ρG, 

∆ρS, and ∆ρECM are the differences in densities between reproductive cells, S cells, the 

ECM, and water. When s = 0, colonies only have undifferentiated GS cells as in 

Eudorina. As a first approximation I assume that ρG = ρS, and, because of the apparently 

aqueous nature of the ECM, ρECM = ρW.  Thus, ∆M becomes the product of N, ū (the 
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weighted average of the cell volume), and ∆ρC (the average difference in density between 

cells and water), yielding,  

3 34 (1 )
3 3S C CM s r sr N ū Nπ ρ⎡ ⎤∆ ≈ − + ∆ ≈ ∆⎣ ⎦

4 π ρ .     Eq.4b 

Colony radius R depends on the number of flagellated cells Nq, composed of GS 

and/or S cells, and on the area between cells. I model flagellated cells as circles arrayed 

on the sphere surface, A being a cell concentration term that corrects for the intercellular 

surface area. Then, 

2

2 2

4

1 S

RNq
s sr r
q q

π

Aπ π
≈

⎡ ⎤⎛ ⎞
− + +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦

.       Eq.5a 

For GS colonies s/q = 0 since s = 0 (e.g. Eudorina), for GS/S colonies s/q = s since q = 1 

(e.g. Pleodorina), and for G/S colonies s/q = 1 since s = q (e.g. V.  carteri). R is then, 

( )
1/ 2

1/ 22 2 1/ 2 1/ 2 1/ 2 1/ 21 11
2 2S

s sR r r A q N ā A q N
q q

⎡ ⎤⎛ ⎞
≈ − + + ≈ +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
,   Eq.5b 

where ā is the weighted average of the flagellated cell area. If I insert Eq. 4b and Eq. 5b 

in Eq. 3, 
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Finally, I assume that the size rmax that a colony’s reproductive cell with palintomic 

development has to reach to produce a colony of the same type is a function of the 

number, initial size, and type of cells in that colony: 
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Solving for rmax, 

 ,       Eq. 7b 3 3 1/3
max [(1 ) ]in Sinr s r sr≈ − + 1/ 3N

where rin and rSin are the initial radii of the reproductive, GS or G, and S cells 

respectively. 

 

MODEL ANALYSIS 

To run the model I use Eq. 7b in Eq. 6 to calculate the colony’s swimming speed when 

the reproductive cells reach the size necessary to produce the daughter colonies (r = rmax). 

For simplicity, the flagellar beating force f and the cells’ density are fixed to C. 

reinhardtii values (Figure 3), the intercellular space term is not taken into account (A = 

0), and the initial cell size and the size of somatic cells are fixed to the same value (rin = 

rSin = rS). Figure 3A shows how Vup changes as a function of colony size for different s in 

GS/S colonies (all cells perform motility and are on the surface). Note how, as the colony 

number of cells (N) increases for a fixed s, first the swimming speeds increase since the 

swimming force (Nqf) increases more than the negative gravitational force (g∆M; Figure 

3B) and the drag (R). But, as size continues to increase this trend reverts and the 

swimming speeds abruptly decline and reach negative values. This is because there is a 

larger increase in the negative gravitational force (∆M) and the drag (R) compared to the 

increase in swimming force due to the increase in size of the reproductive cells needed to 
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produce larger colonies (rmax, Eq. 7b). Thus, to maintain positive motility levels (i.e. to 

avoid sinking), as colonies increase in size, the model predicts that colonies must invest 

Figure 3. Model analysis results: The constraint of size on swimming speeds. Vup (cm/sec; Eq. 
4) as a function of number of cell divisions (Log 2 N) for different proportions of somatic cells 
s. The parameters used in Eq.4 were taken from measurements performed on newly hatched C. 
reinhardtii: ∆ρC = 0.047 g/cm3 (Online Table C1), rin = rSin = rS = 0.00035 cm (Appendix B), 
and Vup, r, and ∆ρC were used to calculate f (2.410-7 dyn, Appendix B). A- Vup of GS/S 
colonies for different s (s = 0 is for GS colonies). As colony size (N) increases for a fixed s, 
first the swimming speeds increase since the swimming force (Nqf) increases more than the 
negative gravitational force (g∆M; Figure B). But as size continues to increase, the swimming 
speeds abruptly decline and reach negative values. This is because there is a larger increase in 
mass compared to the increase in swimming force due to the increase in size of the 
reproductive cells that need to produce larger colonies (rmax, Appendix A). B- Nqf and ∆Mg of 
GS/S colonies for different s. This figure shows how Nqf and g∆M change and cross as colony 
size increases for a fixed s. At the threshold size, when Nqf = g∆M, colonies sink. C- GS/S 
versus G/S colonies with same s. When s is small GS/S colonies have higher swimming 
capabilities because the benefit of all the cells being flagellated is higher than the cost of 
increased drag. As s increases the situation reverts and G/S colonies do better since the benefit 
of decreased drag outweighs the benefit of increased flagellar force. D- D1 versus D2 colonies 
with same s. To simulate asymmetric division for D2 colonies rin = 2rSin. Because of the 
increase in gravitational force g∆M, in colonies with larger initial germ cell size, not only Vup 
decreases, but also the upper size limit at which colonies sink decreases significantly. 
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in higher proportions of somatic cells s, thereby increasing the NS/NR ratio. Figure 3A 

also shows that even in the absence of the “flagellation constraint” (discussed in Section 

II; Koufopanou 1994), undifferentiated GS colonies (s = 0) reach a threshold size at 

which they sink unless they invest in somatic cells. 

If I compare GS/S to G/S colonies, GS/S colonies have the benefit of all their cells 

being flagellated, increasing the total colony swimming force Nqf, and G/S colonies have 

the cost of G cells not contributing to Nqf. On the other hand, G/S colonies have the 

benefit of G cells growing inside the colony, decreasing the colonies surface area and the 

drag. When s is small GS/S colonies have higher motility capabilities than G/S colonies, 

but as s increases the situation reverts and G/S colonies have higher motility (Figure 3C). 

Consequently, in large colonies with s close to 1, germ specialization benefits motility 

since the benefit of decreased drag outweighs the cost of decreased total colony 

swimming force Nqf. 

Now let us compare the same type of colony (e.g. G/S) with different developmental 

modes- a G/S colony in which initially germ cells are small (e.g. D1 colonies, rin = rSin) 

and a G/S colony in which initially germ cells are large (e.g. D2 colonies, rin = 2rSin). 

Figure 3D shows that, because of the increase in gravitational force g∆M, in colonies 

with larger germ cells not only Vup decreases, but also the upper size limit, at which 

colonies sink, decreases significantly. Thus, some colonial species might “decide” to 

invest more in fecundity (i.e. D2 colonies with large germ cells, decreased NS/NR ratio) at 

the expense of motility in environments where motility may not be as important (e.g. 

small transient ponds), and other colonial species might do the opposite, favoring motility 
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(i.e. D4 colonies with small germ cells, increased NS/NR ratio) at the expense of fecundity 

in environments where higher motility capabilities are needed (e.g. permanent lakes). I 

return to these issues in the Discussion (Section V).   

The results of the hydrodynamics model show that larger colonies need to invest in a 

higher proportion of somatic cells specialized in flagellar motility to avoid sinking and be 

motile, and that increasing investment in reproductive tissue decreases motility and vice 

versa. These results are based on several assumptions, some conservative, others not. If 

the difference in density between the ECM and water is not negligible, the need to invest 

in somatic cells would be even higher since ∆M would increase. Since species differ in 

their cell surface concentration pattern, not using the intercellular space term A when 

analyzing the model might lead to an understatement of R, therefore also leading to an 

understatement of the need of somatic cells for motility. For example, V. gigas reaches a 

diameter of 3mm or more, but usually contains less than 2,000 cells (Van de Berg and 

Starr 1971). Besides, the assumption of a fixed f, rS, and ∆ρC needs to be confirmed for 

real colonies. The average force per flagellated cell f, reproductive or somatic, might be 

dependent on colony and cell size. As a result of constructive or destructive interference, 

the change in Nq per colony and per unit area may increase or decrease the force 

efficiency of each cell. Also, the sizes of flagellated cells (r or rS) vary between species 

and flagellated cells grow as the colony develops. I do not yet know whether there is any 

relationship between cell size and flagellar beating force. Cell density ∆ρC may also vary 

between cell types and species, changing ∆M.  

 



 27

To investigate the assumptions used when analyzing the model as well as the 

conclusions reached, I measured the parameters used in the equations and analyzed them 

as a function of size (N). I measured the swimming (Vup) and sedimentation (Vsed) 

velocities, cell (r and rS) and colony size (R), and number and proportion of cells (N, Nq, 

s) of various volvocalean algae species of different sizes. The measurements were made 

on synchronized populations of newly hatched colonies, and at time intervals as colonies 

developed. From these measurements I calculated the total force Nqf, the force per 

flagellated cell f, and the difference in mass between the colony and the displaced water 

∆M (Eqs. 1 and 2). I expect the size-dependant allometric analysis of these measurements 

to inform me about possible important associated parameter changes (i.e. f, ∆ρC, cell size) 

in relation to colony size (N), and confirm (or not) the results yielded by the model 

analysis. I also compare the motility capabilities of the different developmental forms and 

mutants to investigate the trade-offs between investing in motility, reproduction, and size. 

Table 2 shows the notation used throughout the dissertation. 
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Table 2. Notation used throughout the paper. 
GS undifferentiated cells or colonies with GS cells only 
G non-flagellated germ cells 
S sterile flagellated somatic cells 
GS/S colonies with GS and S cells 
G/S colonies with G and S cells 
GS/G colonies with GS and G cells 
N total number of cells in a colony 
NR number of reproductive cells in a colony 
NS number of somatic cells in a colony 
NS/NR somatic to reproductive cell ratio 
D1-4 the 4 developmental programs described by Desnitski (1995) 
ECM extra-cellular matrix 
Re Reynolds number 
Pe Peclet number 
g acceleration of gravity 
η water viscosity 
ρ &ρw average colony and water density 
ρG & ρS average reproductive and somatic cell density 
ρC average colony cell density 
∆ρ average difference in density between the colony and water 
∆ρC average difference in density between cells and water 
R colony radius 
r & rS average reproductive and somatic cell radius 
rF average flagellated cell radius 
rin & rSin initial radius of newly formed reproductive and somatic cells 
rmax maximum reproductive cell radius before the division phase 
f average swimming force per flagellated cell 
s proportion of somatic cells 
q proportion of flagellated cells 
ā weighted average of the flagellated cell area 
ū weighted average of the cell volume 
A intercellular surface area term 
Vsed colony sedimentation speed 
Vup colony upward swimming speed 
∆M difference in mass between the colony and the water displaced
C cell concentration per unit area 
SVM standard Volvox medium 
SLR &MLR simple and multiple linear additive regression analysis 
n sample size 
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EXPERIMENTAL METHODS 

Species and Mutant Forms used in the Experiments 

The species used in the experiments were chosen to represent the range of sizes, 

developmental modes, and degrees of cell specialization observed in Volvocales (Figure 

1). Three V. carteri mutants with disrupted germ-soma separation were also used. Lag- 

mutants (GS/S; germ cells perform motility functions before reproducing; Kirk 1988) 

undergo asymmetric division, but the reproductive cells start as motile cells, and the 

following day lose the flagella and re-differentiate into germ cells; these mutants are 

similar to V. aureus in the sense that their reproductive cells start as small 

undifferentiated GS cells, but differ in developmental modes (i.e., palintomy in Lag- and 

binary fission in V. aureus). RegA- mutants (GS/G; somatic cells regenerate to become 

reproductive; Starr 1970; Huskey and Griffin 1979) start as wild-type colonies, but in the 

end all cells contribute to offspring; however, the two reproductive cell types (i.e., the 

specialized G cells and the re-differentiated GS cells) reproduce at different rates, such 

that G cells have higher reproductive rates than GS cells. Gls/regA- mutants (GS; all cells 

first perform vegetative functions and then become reproductive; Tam and Kirk 1991) are 

characterized by the lack of specialized G or S cells. 

 

Growth Protocol and Measurement of Size and Number of Cells 

Algae were synchronized in 20ml test tubes with air bubbling, standard Volvox medium 

(SVM; Kirk and Kirk 1983), homogeneous cool white light (~1000 foot candles, fc), and 

16/8 hours light 28oC /dark 26oC cycle. V. carteri was synchronized both at ~600 and 
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~1000fc, and V. aureus and V. obversus only at ~600fc since these strains either grew 

deficiently or bleached and died at ~1000fc. V. obversus and V. rousseletii are male 

strains. The V. rousseletii strain used for the experiments had a low proportion of 

spontaneous sexual colonies (with sperm packets instead of gonidia). Table 3 shows 

colony type, developmental mode, generation time, time to hatching from beginning of 

the light cycle, mean reproductive and somatic cell numbers, and the NS/NR ratio data for 

all the species/mutants used in this study. 

Table 3. Description and data measured for the colonies used in the experiments, grown under 
the conditions described in the Methods section.  

Species CT D GT HT n 
mean 

NR s.e.
median 

NR

mode 
NR

mean 
NS s.e. N 

NS/NR  
ratio s.e.

C. reinhardtii GS 1 1 0 - 1  1 1 0  1 0  

G. pectorale GS 1 1 0 30 9.3 0.6 8 8 0  9 0  

E. elegans GS 1 1 0 30 20.5 1 17 16 0  21 0  

P. californica GS/S 1 3 5-6 10 54.8 6 52.4 - 40.3 3.9 95 0.77 0.07

V. obversus 600 fc G/S 2 3 3-4 30 8.3 0.2 8 8 883 48 891 106 6 

V. carteri 600fc G/S 2 2 1-2 20 8.7 0.3 8 8 1209 69 1218 140 7 

V. carteri G/S 2 2 1-2 20 12 0.4 12 11 2190 93 2202 185 11

V. carteri regA- G/GS 2/1 - - 10 3.9 0.5 4 4 239 59 243 60 14

V. carteri gls/regA- GS 1 3 3-4 30 561 48 544.5 - 0  561 0  

V. carteri lag- GS/S 1 2.2 1-2 20 9.5 0.5 9 9 856 111 866 91 13

V. tertius G/S 3 2.5 7-8/1-2 30 12.8 0.5 13 13 1125 38 1138 88 3 

V. aureus 600 fc G/S 4 3 3-4 30 5.1 0.2 5 5 1630 101 1635 338 27

V. rousseletii G/S 4 2 7-8 20 12.6 1.3 11 10 3065 343 3078 243 20
 
Note: CT = colony type. D = developmental mode as described by Desnitski (1995). GT = 
consistent generation time when synchronized in the conditions outlined; ~80% of lag- colonies 
hatched in 2 days and ~20% in 3 days; when V. tertius colonies hatched 2 hours into the light 
cycle, those colonies would hatch 2 days later 8 hours into the light cycle and vice versa. HT = 
hatching time; number of light hours before hatching. n = sample size; NR = number of 
reproductive cells; NS = number of somatic cells; N = total cell number; NS/NR ratio = somatic to 
reproductive cell ratio. 
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Colonies were sampled from the synchronized population to measure, under high 

magnification, colony diameter, number of cells, proportion of cell types, and diameter of 

cells, reproductive or somatic. The orthogonal diameters of two randomly chosen 

reproductive cells and five somatic cells were measured. The average of the two 

diameters was used. To count the number of cells in the larger colonies and also check 

for asymmetry in the distribution of somatic cells, I used a sample area from the two 

sides of the sphere (i.e. the anterior side and the posterior side defined by the location of 

the germ cells). The count of somatic cells in those areas was averaged to calculate the 

total number of somatic cells for the whole surface (using the averaged measured colony 

diameter and assuming that colonies are spheres). 

 

Measurement of Upward and Sedimentation Velocities 

Even in the absence of light, all species and mutants swam upward when placed in the 

dark (gravitaxis due to anisotropic distribution of internal mass, Kessler 1986). Therefore, 

to measure upward swimming velocities (cm/sec) without having to control for light 

intensity, I used a light with an infrared filter to videotape synchronized algae in the dark. 

To make sure that colonies did not detect the infrared wavelength, I placed a light on the 

side of the setup with an infrared filter and then without it. V. carteri colonies only swam 

towards the light when the filter was absent. Once daughter colonies hatched from the 

mother colonies, stock populations were randomly sampled for measurements. This 

procedure was carried out every 2 hours. Since the regA- mutant cannot be synchronized 

(the two reproductive cell types grow at different rates), I took two samples for 
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measurements 3 and 9 hours into the light cycle. From the population used for each 

swimming measurement, individuals were randomly sampled and videotaped to later 

measure number of cells, proportion of cell types, and cell and colony diameters.  

Colonies were placed in an air sealed 4 cm3 glass cuvette in a 28oC water bath to 

control for convection currents and gas gradients. Once the colonies reached the top of 

the cuvette when it was first placed in the water bath, the cuvette was inverted to allow 

for colonies to swim up again (Vup) and for swimming trajectories to be recorded. From 

the same population in which Vup was measured, individuals were deflagellated in order 

for their sedimentation velocity (Vsed) to be measured. Deflagellation was achieved by 

lowering the pH of the standard medium from 7.5-8.0 to 4.0 with 1M HCl for 30 seconds 

and then quickly returning it to the previous pH level with 1M NaOH. Upon being 

deflagellated, individuals were placed in the same setup and the cuvette was inverted to 

allow for colonies to sink and for sinking trajectories to be recorded. When the cuvette 

was inverted, currents always settled before the recording started, therefore currents do 

not seem to significantly affect the sinking or swimming recordings. An optical bench 

was used for videotaping. Upward swimming and sedimentation velocities and direction 

were then calculated using Motion Analysis software (Expertvision 2D/AT release 3.1. 

1990). Trajectory durations captured for velocity calculations ranged from a minimum of 

1 to a maximum of 5 seconds. Gross and net velocities (the latter controlling for 

tortuosity of the trajectory) and mean direction of the trajectory were measured. Net 

velocities were used for the analysis. When a proportion or all of the colonies were not 

swimming, Vup measurements were not recorded. 
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Data Analysis 

To perform a size-dependent (allometric) analysis, the R, Vup, ∆M, and Nqf of newly 

hatched wild type colonies were analyzed as a function of N using simple (SLR) and 

multiple (MLR) linear regression. To check for phylogenetic constraints, I also used the 

Independent Phylogenetic Contrast method on R, Vsed, and Vup (Compare 4.6 software 

package, Felsenstein 1985). The phylogeny in Figure 2 was used and branch lengths were 

set to 1 (the branch lengths accuracy does not seem to largely affect the independent 

contrast results; Martins and Garland 1991). Only the first two measurements of the time 

series were used for the interspecies allometric analysis (1 and 3 hours after algae having 

hatched, Appendix A). For all the relations analyzed as a function of N, the 

measurements made 1 and 3 hours after algae hatching did not show any significant slope 

and intercept difference. Eq. 1 was used to calculate ∆M (grams) from Vsed (cm/sec) and 

R (cm; η = 10-2 grams/sec cm; g = 980 cm/sec2). In Eq. 2, Vup (cm/sec), Vsed, and R were 

used to calculate the total colony force Nqf (dyn). The time series measured for each 

colony type were used to understand how R, ∆M, Vup and Nqf are affected by the increase 

in size of colonies as they develop (Appendix A).  

In order to compare developmental programs and mutant forms through MLR 

analysis, I used indicator variables to take nominal factors into account. Mixed stepwise 

regression was used for model selection (probability to enter = 0.25, probability to leave 

= 0.05). Indicator variables were used for the following nominal factors: light intensity 

when cultured (FC600), mutant forms (regA-, gls/regA-, and lag-), same species cultured 

under two light intensities (V. carteri), non-spherical colonies (G. pectorale), 
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developmental programs (D2, D3, and D4), and colonies retaining robust cytoplasmatic 

bridges (V. rousseletii). For all the MLR analyses performed on the first two 

measurements, no variation of the response variables was explained by the factors light 

intensity when cultured (FC600) and same species cultured under two light intensities (V. 

carteri). When p values are not reported, p<0.0001. 

 

QUANTIFICATION OF THE MODEL 

Overview 

Appendix A shows the entire data set: the average Vup, Vsed, R, r, and rS measured for all 

the species and mutant forms for the time series after hatching. Figure 4 shows some 

general trends of the data given in Appendix A. Note that just after hatching, the colonies 

of larger species (e.g. Volvox) tend to have higher swimming speeds than the colonies of 

smaller species (e.g. Chlamydomonas and Gonium); as species develop and their 

components enlarge, their swimming speeds decrease and their mass and radius increase; 

V. rousseletii is the fastest swimmer; it swims ten times faster than C. reinhardtii. 

I have organized the analysis of these data into four parts. First, I perform a size-

dependant allometric analysis on the measured and calculated parameters of newly 

hatched extant colonies as a function of N (Section A). Second, I analyze the swimming 

force and speed as colonies develop (Section B). Third, I insert into the model the 

measured and calculated parameters so as to calculate the physical limits of design in this 

lineage (Section C). Fourth, I compare differences in the swimming force and speed 

between developmental programs and mutant forms (Section D). 
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Figure 4. The change in size and swimming speeds as colonies develop: A- R and ∆M as a 
function of time for the wild types. SLR is used to represent dR/dt and d∆M/dt for each 
species. All the slopes of the SLR have p<0.05. B- Vup as a function of time for the wild types. 
Time series points are joined for each species.

A - Allometric Analysis as a Function of N of Newly Hatched Extant Colonies 

In this section I test for the more general size-dependent relationships predicted by the 

model to see whether the model is robust over the four orders of magnitude of size 

spanned by the Volvocales (N from 100 to ~104). The model predicts that colony radius 
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should be proportional to colony size to the one-half power, R ∝ N ½, if, as assumed, the 

proportion of flagellated cells q, the weighted average of the flagellated cell area 

(ā= 21 S
s sr r
q q

⎛ ⎞
− +⎜ ⎟

⎝ ⎠
2

3

), and the intercellular space area (A) do not change significantly as a 

function of N (Eq.5b). When plotting Log R versus Log N, simple linear regression (SLR) 

yields R ∝ N 0.47, not significantly different from 0.5 (Figure 5). This shows that, when 

comparing the newly hatched colonies of extant species, the proportion of flagellated 

cells q, the flagellated cell size ā and the intercellular space A do not seem to vary 

significantly in relation to N. q is essentially invariant because q = 1 in GS or GS/S 

colonies, and q > 0.98 in the G/S colonies measured. SLR yields that ā is invariant in 

relation to N (p = 0.23). When plotting Log A versus Log N (A = [4R2/N]-ā), SLR yields 

A ∝ N -0.15 (s.e. 0.08, r2 = 0.17, p=0.09). Consequently, there is some evidence that a small 

decrease in A as N increases, equivalent to an increase in cell concentration, slightly 

lowers the exponent of the relation between R and N. 

The model also predicts that the difference in mass between the colony and the 

displaced water should be proportional to size, ∆M ∝ N, if, as assumed, the weighted 

average of the cell volume (ū= ) and the difference in density between the 

cells and water (∆ρ

3(1 ) Ss r sr− +

C) do not change significantly as a function of N (Eq.4b). If the 

measured R and Vsed values of the extant species are inserted in Eq. 1 to calculate ∆M, 

SLR yields ∆M ∝ N 1.08, not significantly different from 1 (Figure 5). Nevertheless, the 

exponent is >1 partly because flagellated cell volume ū increases as N increases (ū ∝ N 
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0.12 s.e. 0.05, r2 = 0.27, p = 0.02). To analyze ∆ρC, I measured the cell densities of three 

species (Appendix B). I found that the densities of C. reinhardtii and G. pectorale cells, 

and of V. carteri somatic cells, do not differ significantly (~1.05 g/cm3), but the density 

of large germ cells in newly hatched V. carteri colonies is significantly lower than that of 

the other cell types (~1.02 g/cm3). In conclusion, evidence shows that the increase in cell 

volume, ū, as N increases is a consequence of some of the newly hatched Volvox colonies 

having large reproductive cells (e.g., V. carteri, Appendix A). Also, the cell density ∆ρC 

Figure 5. Allometric analysis: R, ∆M, Vup, and Nqf as a function of N. Mutants are shown but 
not used in the analysis. Eq. 1 was used to calculate ∆M (grams) from Vsed (cm/sec) and R (cm; 
η = 10-2 grams/sec cm; g = 980 cm/sec2). In Eq. 2, Vup (cm/sec), Vsed, and R were used to 
calculate the total colony force Nqf (dyn). Only the first two measurements of the time series 
were used for the interspecies allometric analysis of newly hatched colonies (1 and 3 hours 
after algae having hatched, Appendix B). For all the relations analyzed as a function of N, the 
measurements made 1 and 3 hours after algae hatching did not show any significant slope and 
intercept difference. 
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of colonies having large reproductive cells might decrease since large germ cells have a 

lower cell density. 

When plotting the Log of the upward swimming speed Vup versus Log N, SLR yields 

Vup ∝ N 0.27(Figure 5), significantly lower than the 0.5 exponent expected if deviations are 

not found due to associated parameters ( f, ∆ρC; ā, and ū; Eq. 6). When correcting Vup for 

cell size with the measured ā and ū, the exponent does not change significantly, still 

remaining lower than 0.5. Also, an increase in ∆ρC as N increases would negatively affect 

the Vup exponent, although I found no evidence for this inference. Thus, the average 

swimming force per flagellated cell f must decrease as a function of N, lowering the 

exponent of the relation between Vup and N. If the measured R, Vsed, and Vup values of the 

extant species are inserted in Eq. 2 to calculate the total swimming force Nqf, Nqf ∝ N 0.79 

when SLR is used (Figure 5). Since Nqf ∝ N 0.79, the swimming force per cell f ∝ N -0.21 

since the proportion of flagellated cells q is essentially invariant (explained above). In 

conclusion, as number of cells N increases, the average contribution made by flagellated 

cells to the total swimming force of the colony decreases, decreasing the exponent of the 

relation between Vup and N. 

In summary, when comparing the analysis of the model (where I fixed the values of 

the flagellar beating force f, the cell density ∆ρC, and the size of somatic cells rS) to the 

experimental data, the main relationship found with colony size N that significantly 

affects the results of the model is a decrease in f as N increases. Table 4 reports the 

exponents of the parameters measured and calculated as a function of N. When plotting 
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Log R, Vsed, and Vup 

versus Log N using the 

Independent 

Phylogenetic Contrast 

method, the exponents 

do not significantly 

differ from the ones yielded by SLR.  

Table 4. Variation of parameters as powers (β) of N. 
 R Vsed Vup ∆M ū f 

β 0.47 (0.5) 0.6 (0.5) 0.27 (0.5) 1.08 (1) 0.12 -0.21 

βI 0.43 0.51 0.28    
 
Note: Numbers in parenthesis are the theoretical expected values 
of these exponents if the associated parameters (e.g., ā, ∆ρC, 
Appendix A) do not change in relation to colony size (N). βI 
powers are taken from the Independent Phylogenetic Contrast 
analysis (R s.e. = 0.04, Vsed s.e. = 0.07, Vup s.e. = 0.08). 

 

B - Analysis of Colonies as they Develop 

In this section I focus on changes in size during the development of each species. These 

results are especially informative because they are for a single organism as it increases in 

size during development. As a result, the basic colony form and degree of specialization 

are fixed with increased size being the primary variable.  

When colonies develop, since the number of cells N remains fixed, the colony radius 

R increases due to an increase in cell size (flagellated cell area ā) and accumulation of 

extra-cellular matrix ECM (intercellular space area A; Figure 4A). The difference in mass 

between the colony and the displaced water ∆M increases due to the increase in cell mass 

since the cells enlarge (cell volume ū) as the colony develops (mainly due to the 

reproductive cells or embryos; Figure 4A). The slopes of the regressions in Figure 4A are 

analyzed as a function of N in Appendix C. Therefore, as adult colonies increase in size 

and their reproductive cells develop into daughter colonies, their swimming speeds are 
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expected to decrease given that they have a fixed number of flagellated cells Nq, but their 

R and ∆M increase due to the increase in ECM and cell size. Only an increase in the 

average force per flagellated cell f can counteract the increase in size. 

Figure 4B shows how the upward swimming speed Vup tends to decrease as colony 

size increases. When analyzing Log Vup versus Log N + Log ū, multiple linear regression 

(MLR) yields Vup∝ N 0.27 ū -0.32 (N and ū exponent s.e. = 0.02 and 0.07 respectively; n = 

68, r2 = 0.75). This means that, after correcting for the increase in Vup due to N, on 

average Vup decreases as the average cell volume of developing colonies increases. On 

the other hand, when analyzing the Log of the average force per flagellated cell f versus 

Log N + Log ā, MLR yields f ∝ N -0.21 ā 0.51 (N and ā exponent s.e. = 0.01 and 0.6 

respectively; n = 61, r2 = 0.91). This means that, after correcting for the decrease in f due 

to N, f roughly increases linearly to the average radius of flagellated cells (f ∝ rF
 1.02). 

Since f ∝ rF, but ū ∝ r3, the increase in f is not sufficient to compensate the increase in 

∆M due to the increase in cell mass, (roughly f α ū 1/3).  

In conclusion, the colony swimming speed (Vup) decreases as colonies develop since 

the colony mass (∆M) increases more than the colony swimming force (Nqf). A 

complementary analysis was performed to find out why cell size positively correlated 

with flagellar beating force (Appendix B). I found that the flagella of C. reinhardtii and 

V. carteri somatic cells increase significantly in length as these cells increase in size, but 

the flagellar beating rates have a small decline (only measured in V. carteri). Thus, as 
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colonies develop, larger cells have higher flagellar beating force likely due to increasing 

flagellar length. 

Interestingly, not only did the Vup of lag-, D2, and D3 colonies decrease as these 

colonies developed, but also these colonies were not able to swim once their daughter 

colonies formed inside (Appendix A). The hypothetical Vup of these colonies when they 

do not swim was calculated using their maximum calculated force when they do swim. 

These values were negative, thereby confirming that these colonies sink because their ∆M 

is too high (Appendix A). Gls/regA- undifferentiated GS colonies stopped swimming 

when the somatic cells regenerated and reabsorbed their flagella, but these colonies 

would sink anyway since after a few hours the calculated hypothetical Vup values become 

negative. In contrast, even though the Vup of D4 colonies decreased when the daughter 

colonies were formed, they were able to swim until the daughter colonies hatched (V. 

aureus and rousseletii; Appendix A).  

How can colonies survive in nature if during half of their generation time they are 

deprived of swimming capabilities (e.g. V. carteri)? When synchronized, V. carteri 

daughter colonies hatch one day after being fully formed inside the mother colony (Kirk 

1998). I placed in the dark for 5 hours V. carteri synchronized colonies with fully formed 

daughter colonies inside (Appendix B). Most daughter colonies hatched earlier than they 

would if left undisturbed in ideal conditions. Those colonies that were induced to hatch 

were smaller and had faster swimming speeds than the synchronized colonies that 

hatched naturally the next day (~300µm/sec compared to ~200µm/sec; Appendix A). One 

possible explanation is that if conditions are ideal for growth (i.e. synchronizing 
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conditions), daughter colonies “choose” to continue growing inside the mother colony 

and hatch as larger colonies the next day, but, if colonies are placed in unfavorable 

conditions, daughter colonies hatch in search of a better place for growth. 

C - Using the Measurements in the Model to Determine the Physical Limits of the 

Spherical Design  

I now insert back into the model the experimentally measured and calculated parameters. 

The major result yielded by the analysis of the data is that the average swimming force 

per motile cell decreases with colony size, or f ∝ N -0.21 ā 0.51 (Section B). Although the 

average contribution of each flagellated cell to the total swimming force decreases as 

colony size increases, this force increases as flagellated cell size increases (ā).  If I insert 

this relation in Eq. 6, and assume that A = 0: 

1/ 2
0.29

1/ 2 1/ 2

1 4( )
6 3

C
up

ū NV x Nq g
ā q

ρπ
πη

⎛ ⎞∆
≈ −⎜

⎝ ⎠
⎟ ,      Eq. 8a 

where x is the normalization constant of the inserted relationship. Based on the same 

assumptions and parameters used when previously analyzing the model, Figure 6A shows 

that the size constraint on motility is higher than what I concluded when analyzing the 

model. Furthermore, if I take the intercellular surface area, A, into account, colonies with 

increased intercellular space area have a higher constraint on motility due to the increase 

in drag (e.g., V. gigas). Colonies with larger flagellated cells have a higher flagellar force 

(f), but not enough to compensate the increase in mass (∆M; Section B). Only the 

decrease in ∆ρC due to the lower density of large germ cells may ease this constraint 

(Appendix B). 
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I now compute a physical limit on colony size assuming colonies need to be buoyant. 

If I insert the scaling relations for Nqf, ∆M, and R from the SLR analysis (Table 4) in Eq. 

3, I get the swimming speed Vup solely as a function of N: 

( )0.32 0.611
6up Cr Cr

Cr

V f N g M
Rπη

= − ∆ N       Eq. 8b 

where fCr, ∆MCr, and RCr are the C. reinhardtii measured and calculated values used as 

normalization constants. The 

flagellar force f in C. reinhardtii is 

two to three orders of magnitude 

higher than the negative 

gravitational force (f ~ 10-7 dyn, 

g∆M ~ 10-9 dyn), but as N 

increases, g∆M increases 

proportionally more than Nqf, 

making the colonies sink at a 

threshold size (Figure 6B). If 

colonies at least need to be 

buoyant, from Figure 6B I can 

infer that there is a size limit for 

the Volvocalean colony design (N 

~ 217). 

 
Figure 6. Applying the measurement results to the 
model: A- The major result yielded by the analysis is 
inserted in Eq. 6 (f ∝ N -0.21 ā 0.51; Eq. 8A) to get Vup 
(cm/sec) as a function of number of cell divisions 
(Log 2 N) for different s. The same values in Figure 3 
are used for ∆ρC, rin, rSin, and rS ; x = 10 -3.03. B- The 
physical limit on colony size assuming colonies need 
to be buoyant. Scaling relations for Nqf, ∆M, and R 
from the SLR analysis (Table 4) are inserted in Eq. 3 
to get the swimming speed Vup (cm/sec) solely as a 
function of N (Log 2 N; Eq. 8B). fCr = 2.410-7 dyn, 
∆MCr = 1.01 10-11 grams, and RCr = 0.00035 cm. 
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Finally, the data also shows that rmax ∝ N 0.33 as used in the model (Eq. 7b). When 

analyzing the maximum radius measured on reproductive cells before the division phase 

versus N, even without correcting for initial cell size (not measured), SLR yields rmax ∝ N 

0.31, not significantly different from 0.33 (s.e. = 0.07, n = 8, r2 = 0.87; Appendix A). 

 

D- Differences between Developmental Programs and Mutant Forms  

I now compare differences in the swimming force and speed between developmental 

programs and mutant forms. When performing multiple linear additive regression 

analysis (MLR) on newly hatched colonies (including the mutant forms) I find that the 

exponent of the relation between Vup and N becomes 0.26 (s.e. 0.02). All mutant colonies, 

D2 and D3 colonies, and non-spherical (G. pectorale) colonies have on average a lower 

Vup. V. rousseletii has on average a higher Vup than colonies that do not retain robust 

cytoplasmatic bridges (Table 5, n = 26, r2=0.98). 

The differences in Vup among different colony designs is an indication of how 

problems may arise as colonies adjust the three factors involved in motility: total 

swimming force Nqf, negative gravitational force ∆Mg, and drag 6πηR. Since lag- 

colonies have on average a larger R (Figure 5), their Vup is negatively affected due to an 

increase in drag. In contrast, when they hatch V. rousseletii colonies have a lower R and 

∆M because they retain robust cytoplasmatic bridges and their flagellated and 

reproductive cells are significantly smaller compared to the other species (Figure 5); this 

positively affects Vup. D2 and D3 colonies have on average a lower Vup than the other 
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colonies probably because in proportion they have more reproductive tissue when they 

hatch, increasing their mass ∆M. Non-spherical G. pectorale colonies may have a lower 

Vup due to being less design-efficient. For example, a rectangular instead of a spherical 

design might decrease the flagellar beating efficiency. 

Table 5. Models selected from the MLR analysis including mutants and developmental 
modes.  

[ ] 2.40 0.26 [ ] 0.13 0.33 0.09 2 0.45 3 0.31 0.28 / 0.18upLog V Log N Vr Gp D D reg gls reg lag= − + + − − − − − −

[ ] 3.09 0.78 [ ] 0.35 0.43 /āLog Nqf Log N reg gls reg= − + − −  
 
Note: Subscript on Nqf means that the response variable was divided by ā to correct for cell 
size. Mixed stepwise regression was used for model selection (probability to enter = 0.25, 
probability to leave = 0.05). Indicator variables were used for the following nominal factors: 
light intensity when cultured (FC600), mutant forms (regA-, gls/regA-, and lag-), same 
species cultured under two light intensities (V. carteri), non-spherical colonies (G. 
pectorale), developmental programs (D2, D3, and D4), and colonies retaining robust 
cytoplasmatic bridges (V. rousseletii). 

The lower Vup of regA- and gls/regA- colonies may be explained by the decrease in 

the total force produced by these colonies for swimming (Figure 5). Chances are that by 

being regenerated into reproductive cells, regA- somatic cells invest less in motility and 

more in growth. When using MLR and correcting for cell size, the exponent of the 

relation between Nqf and N becomes 0.78 (s.e. 0.02). RegA- and gls/regA- mutant colonies 

have on average a lower Nqf. Evidence thus shows that the regA- mutation negatively 

affects f (Table 5; n = 24, r2 = 0.99). Table 6 summarizes how motility is affected by 

developmental programs and mutations that disrupt the colony organization. 
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Table 6. The net effect that mutant forms and developmental modes have on Vup. 
 

  Nqf ∆Μg 6πηR 
Net effect on 

Vup

D2 0 + 0 − 
D3 0 + 0 − 
D4 0 0 0 0 
Vr 0 − − + 
reg − 0 0 − 

gls/reg − 0 0 − 

lag 0 0 + − 
 
Note: An increase (+) in Nqf increases Vup (+), but an increase in ∆Μg and 6πηR 
decreases Vup (−). D2 and D3 colonies have on average a lower Vup because in 
proportion they have more reproductive tissue when they hatch, increasing their 
mass ∆M.  In contrast, when they hatch V. rousseletii colonies have a lower R and 
∆M and, thus, a higher Vup because they retain robust cytoplasmatic bridges and 
their flagellated and reproductive cells are significantly smaller. The lower Vup of 
regA- and gls/regA- colonies is due to a decrease in the flagellar beating force f of 
the regenerated somatic cells. Lag- colonies have on average a larger R which 
increases the drag and negatively affects Vup.
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IV - CELLULAR DIFFERENTIATION AND FLAGELLAR MIXING 

OVERVIEW

Microorganisms live in a world of Reynolds number Re <1 (Section III). In this “creeping 

flow” or “Stokes” regime, motion is dominated by friction, flows are linear and time 

reversible, and transport is dominated by diffusion. The transport of dissolved nutrient 

molecules to the surface of an organism is proportional to the molecular concentration 

gradient. The magnitude of this gradient depends both on the remote concentration of the 

molecules and on the rate at which those molecules are absorbed by the organism. These 

insights are the (correct) basis of conventional wisdom regarding the dynamics of 

microorganisms.  

The situation changes radically though when many closely spaced, moving entities 

such as flagella arrayed on the surface of an algal colony, collectively generate flows. 

Vigorous boundary layer stirring and the flow associated with swimming can greatly 

increase transport rates by advection and mixing of molecules. The relative importance of 

these processes can be evaluated by a ratio of time constants for diffusion (tdiff = L2/D) 

and advection (tadv = L/V) called Peclet number (Pe = LV/D), where V is a fluid or 

swimming speed, L a characteristic dimension such as the organism's radius, and D the 

diffusion coefficient of an important molecule (e.g. D = 2x10-5 cm2/sec for O2 is typical 

for small molecules; D is considerably lower for large molecules such as 

polysaccharides). If Pe<1, diffusion is faster than the transport of molecules by advection 

via the flowing medium, ruling out a strong interaction between flagellar beating and 

increased nutrient uptake, whereas if Pe>1, advection is important. Collective flagellar 
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beating increases the speed (V) and distances (L) of the flows, so Pe may be > 1 for large 

colonies. 

For example, if I set L = the radius of the organism and V = the swimming speed of 

the organism, Pe<1 for the unicellular volvocalean algae Chlamydomonas reinhardtii 

since L ~ 5x10-4 cm and V ~ 5x10-3 cm/sec (Appendix A). In contrast, in Volvox carteri, a 

volvocalean green algae with ~2000 flagellated somatic cells that forms large spheroids, 

Pe>>1 since L ~ 2x10-2 cm and V ~ 2x10-2 cm/sec (Appendix A). If D = 10-5 cm2/sec, Pe 

= 0.25 and 40 for C. reinhardtii and V. carteri respectively. Thus, advection may not be 

that important for nutrient uptake in a unicellular flagellated organism such as C. 

reinhardtii, but probably is very important for nutrient uptake in a larger flagellated 

colonial organism such as V. carteri. In short, organisms such as large Volvocales 

possessing active dynamic surfaces (i.e. arrays of flagella) are freed from the tyranny of 

transport of nutrients only by diffusion. Thus, the apparatus used for motility can also 

improve the molecular transport of nutrients, waste products, and chemical messengers.  

In the past it was argued that larger differentiated Volvocales with higher somatic to 

reproductive cell ratios (NS/NR ratio) are more efficient in nutrient uptake and storage, 

especially in eutrophic conditions (the "source-sink" hypothesis; Bell 1985; Koufopanou 

and Bell 1993). Bell (1985) argued that in these larger colonies the division of labor 

prevents the inhibition of nutrient uptake by previously acquired resources (i.e. 

Michaelis-Menten kinetics). Germ can be said to act as the sink and soma as the source. 

However, when testing the source-sink hypothesis, the authors did not address the effect 

of enhanced nutrient uptake resulting from the far field flow and localized mixing created 
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by the flagellar beating of somatic cells. To augment and extend these previous insights, I 

designed experiments that quantify the role of advective dynamics on nutrient uptake, 

and in effect decouples it from the source-sink hypothesis. Volvox carteri was the species 

chosen to run the experiments, given that it was the species used to test the source-sink 

hypothesis and it is large enough to expect advection to have a significant effect on the 

transport of nutrients, and hence on colony growth.  

V. carteri is a colonial volvocalean green alga formed by ~1000-4000 mortal 

flagellated somatic cells and ~8-16 immortal non-flagellated germ cells (gonidia; Figure 

7; Kirk 1998). In V. carteri (gonidia) each reproductive cell grows about 2n-fold in size 

and then undergoes a rapid, synchronous series of n divisions (palintomy, Section II). 

Figure 7. The asexual life cycle of V. carteri when synchronized in a 16h light/ 8h dark cycle. 
0h - top: a germ cell from newly hatched colonies; bottom: a newly hatched colony (2h into 
the light cycle). 7h - top: a germ cell that is reaching the end of its growth phase and ready to 
start cleavage; bottom: a colony 7h after having hatched. 13h - One hour before the end of the 
light cycle; germ cells are in the middle of their cleavage phase. 25h- Three hours into the next 
light cycle; in the dark cycle germ cells finished cleavage, inverted, and now the daughter 
colonies are fully formed inside the mother colony. 37h- One hour before the end of the light 
cycle; daughter colonies have been growing inside the mother colony. Hatching of daughter 
colonies takes place at the beginning of the next light cycle. 
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Also, the number of cells in V. carteri is determined by the number of cleavage divisions 

that take place during embryonic development (Section II). Thus, the larger the size a 

germ cell reaches before cleavage starts, the higher the number of cells it produces to 

develop a daughter colony (i.e. rmax ∝ N 1/3, Section III). 

To find out whether advection and collective flagellar mixing are important for the 

productivity of large volvocalean colonies, I measured the increase of the germ cell 

diameter in V. carteri during the growth phase for a fixed time period before cleavage 

started. I compared the growth rate of V.  carteri germ cells that were liberated by 

breaking the colonies apart, in deflagellated colonies, and in normal colonies. These germ 

cells, outside or inside colonies, were placed in still and artificially mixed medium, with 

and without the presence of a flagellar regeneration inhibitor. I hypothesize that germ 

cells from colonies that are deflagellated, are inhibited from regenerating flagella 

(flagellar mixing prevented), and placed in still medium, have a decrease in their growth 

rate. I expect this negative effect to disappear when placing those permanently 

deflagellated colonies in a turbulently mixed medium (artificially mixed by air bubbling). 

My results were in accord with these expectations. This effect is clearly due to the 

modulation of nutrient uptake by advection or its absence. 

 

METHODS 

The V. carteri f. nagariensis Eve strain was used for the experiments. To synchronize V. 

carteri, the same growth protocol as in Section III was used. When synchronized, V. 

carteri completed one asexual life cycle in 48h (Figure 7). Colonies hatch 2h into the 
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light period and germ cells continue to grow until they begin cleavage towards the end of 

the light period. Cleavage finishes in the dark period (cleavage takes about 7h) and then 

the inversion process to form daughter colonies takes place (still in the dark period). 

When the next light period begins, daughter colonies are fully formed inside the mother 

colonies. These daughter colonies grow inside the mother colony for 24h and hatch the 

next day.  

From a synchronized V. carteri population, just after colonies hatched (2h into the 

light period), V. carteri colonies were harvested by slow centrifuging (~2000 rpm for 2 

minutes), placed in fresh medium, and randomly separated in 3 equal subpopulations: 1/3 

normal flagellated colonies, 1/3 for deflagellation treatment, and 1/3 for broken colonies 

treatment. Deflagellation was achieved as described in Section III. To break the colonies 

apart and free the germ cells from the extra-cellular matrix (ECM) a 7ml Dounce 

homogenizer was used (details in Appendix B). Immediately after the deflagellation 

treatment and breaking the colonies apart, the three subpopulations (deflagellated, 

broken, and normal flagellated colonies) were placed in wells with still medium or in 

bubbling tubes (mixed medium), half with the flagellar regeneration inhibitor treatment 

and half without it (Table 7). The inhibitor used was colchicine, which binds to tubulin 

Table 7. Experiment set-up. 
 Still medium Bubbling medium 
 Flagellated Deflagellated Broken Flagellated Deflagellated Broken 
Without inhibitor FS DS LS FB DB LB 
With inhibitor  FIS DIS LIS FIB DIB LIB 
 
Note: F = Normal Flagellated colonies; D = Deflagellated colonies; L = Broken colonies; I = 
Inhibitor treatment; S = still medium treatment; B = bubbling medium treatment. 
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and prevents polymerization of the microtubules (Rosenbaum et al. 1969). To totally 

prevent flagellar regeneration a 1mg/ml colchicine final concentration in the medium was 

used (Rosenbaum et al. 1969). Thus, deflagellated colonies with the inhibitor treatment 

were permanently deflagellated, but deflagellated colonies without the inhibitor treatment 

regenerated their flagella within 30 to 90 minutes. Six well cell culture clusters (5ml) 

were used for the still medium treatment and six test tubes (20ml) with air bubbling were 

used for the mixed medium treatment. The six treatments (broken, deflagellated, and 

normal colonies with and without the inhibitor) were randomly placed in the 6 plates or 

test tubes. Wells and test tubes were surrounded by homogeneous light at ~1000 fc.  

I used the increase of the germ cell diameter as a proxy for productivity since a 

larger germ cell produces a larger colony. For example, when V. carteri was 

synchronized at a light intensity of 600 fc, the average maximum germ cell diameter 

before cleavage started was 59.8 s.e. 0.92 µm and colonies had on average 8.7 s.e. 0.3 

germ cells and 1209 s.e. 69 somatic cells (n = 15 colonies), but when synchronized at 

1000 fc, the average maximum germ cell diameter before cleavage started was 66.8 s.e. 

1.20 µm and colonies had on average 12 s.e. 0.4 germ cells and 2190 s.e. 93 somatic cells 

(n = 15 colonies, Table 3, Appendix A).  

I measured the initial diameter of 30 germ cells of the synchronized population 2h 

into the light period (Figure 7, 0h), and seven hours later (9h into the light period) the 

final diameter of 30 germ cells from each treatment (Figure 7, 7h). Before sampling germ 

cells for initial and final diameter measurements I broke the colonies to free germ cells 

from the ECM. Two replicated experiments were performed for the still and mixed 
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medium treatments (total of four). The orthogonal diameters of each germ cell were 

measured to calculate the average germ cell diameter. A linear additive multiple 

regression analysis was performed on the average diameter, using indicator variables to 

take the nominal factors into account (medium, deflagellation, broken colony, and 

inhibitor treatments). 

To complement the experiments I used particle imaging velocimetry (PIV) and direct 

tracking of fluorescent passive tracers to map out flow fields. The PIV system is by 

Dantec, including Flowmanager software, a HiSense MkII ccd camera, DC-PIV 

controller and a Micro-strobe illumination unit. The inverted microscope has a laser epi-

fluorescence illumination.  

 

RESULTS 

Table 8 shows all the parameter estimates with their p values for the whole and reduced 

model from the additive multiple linear regression analysis. When colonies just hatched 

the average initial germ cell diameter was 46.81 s.e. 0.76 µm for the still medium 

experiments and 52.25 s.e. 0.92 µm for the bubbling medium experiments (n = 60). The 

bubbling medium experiments were performed one week later using the same 

synchronized population. Therefore, after one week germ cells from the same population 

were slightly larger. Multiple regression analysis found that on average the germ cells in 

the still medium experiments were 7.15 s.e. 0.75 µm smaller in diameter than those used 

in the bubbling medium experiments. Small differences were also found between the two 

replicated experiments. In still medium, the diameter of germ cells in the second 
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replicated experiment was 1.57 s.e. 0.74 µm larger than in the first experiment. In 

bubbling medium, the diameter of germ cells in the second replicated experiment was 

2.39 s.e. 0.74 µm smaller than in the first replicated experiment. However, there was no 

significant difference in diameter increase between the germ cells in the still and 

bubbling medium treatments (no interaction between the medium treatment and the final 

diameter; p = 0.65), and between the replicates (p = 0.14 for the still replicates and p = 

0.81 for the bubbling replicates). The average germ cell diameter increase in normal 

flagellated colonies was 12.92 s.e. 0.90 µm in 7h (the average final germ cell diameter for 

Table 8. Whole and reduced model results for the linear additive multiple regression 
analysis.  
 Whole Model Reduced Model 

Term Estimate
Std 

Error Prob>|t| Estimate 
Std 

Error Prob>|t|

Intercept 53.70 0.89 <.0001 53.72 0.88 <.0001

Second replicate in still medium 1.57 0.75 0.0356 1.59 0.74 0.0355

Second replicate in bubbling medium -2.39 0.75 0.0014 -2.39 0.74 0.0014

Still medium experiments -7.17 0.75 <.0001 -7.15 0.75 <.0001

Diameter increase 13.27 0.99 <.0001 12.92 0.90 <.0001

Diameter increase * Replicate 2 in still medium 3.18 2.13 0.1360   

Diameter increase * Replicate 2 in bubbling medium 0.52 2.13 0.8056   

Diameter increase * Still medium  -1.11 2.48 0.6541   

Deflagellation treatment -0.62 0.70 0.3817   

Broken colony treatment -3.59 0.70 <.0001 -3.28 0.61 <.0001

Inhibitor treatment -1.59 0.58 0.0064 -1.57 0.58 0.0068

Deflagellation * Still medium 1.47 1.41 0.2954   

Broken colony * Still medium 1.94 1.41 0.1695   

Inhibitor * Still medium -1.08 1.16 0.3540   

Medium [bubbling]: Deflagellation * Inhibitor -0.10 1.97 0.9592 -0.05 1.89 0.9809

Medium [still]: Deflagellation * Inhibitor -3.90 1.97 0.0480 -4.31 1.89 0.0233

Medium [bubbling]: Broken colony * Inhibitor -4.81 1.97 0.0149 -4.73 1.90 0.0130

Medium [still]: Broken colony * Inhibitor 2.65 1.97 0.1786 2.40 1.90 0.2063

 
Note: Results are in µm. To build the reduced model from the whole model, terms with p 
> 0.1 were excluded. 

 



 55

the still and bubbling medium experiments was 60.19 s.e. 0.76 µm and 65.41 s.e. 0.95 

µm respectively; n = 60).  

After taking into account the variation in germ cell diameters due to replicate and 

experiment differences, I found significant differences and interactions between the 

factors involved in the experiments (medium, deflagellation, broken colony, and inhibitor 

treatments). Regardless of medium treatment (still or bubbling), there is no evidence that 

deflagellation by itself decreases germ cell diameter growth (p = 0.38). Deflagellated 

colonies quickly regenerated their flagella in the absence of the inhibitor; that is probably 

why I do not see any negative effect on their germ cell growth. In contrast, regardless of 

medium treatment, the germ cells from broken colonies grew on average 3.28 s.e. 0.61 

µm less in diameter than the germ cells from normal flagellated colonies, and the germ 

cells from colonies with the inhibitor treatment grew on average 1.57 s.e. 0.58 µm less in 

diameter than the germ cells from colonies without the inhibitor treatment. There was no 

difference in germ cell growth when deflagellated colonies, broken colonies, or colonies 

with the inhibitor treatment were placed in still or bubbling medium (no interaction 

between the deflagellation treatment (p = 0.30), the broken colony treatment (p = 0.17), 

the inhibitor treatment (p = 0.35), and the medium treatment). 

When permanently deflagellated colonies were placed in still medium (interaction 

between the deflagellation and the inhibitor treatments), there was a significant decrease 

of the average germ cell diameter growth (-4.31 s.e. 1.89 µm). However, when 

permanently deflagellated colonies were placed in bubbling medium, the negative effect 
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of the inhibitor disappeared 

(p = 0.96). Thus, 

permanently deflagellated 

colonies grew as well as 

normal flagellated colonies 

when the medium was 

artificially mixed.  

On the other hand, 

when broken colonies were 

placed in still medium with 

the inhibitor treatment, 

there was no additional negative effect (p = 0.18), but there was a significant decrease in 

the average germ cell diameter growth when broken colonies were placed in the bubbling 

medium with the inhibitor treatment (-4.73 s.e. 1.90 µm). In this case bubbling might 

have enhanced the absorption of the inhibitor by germ cells unprotected by the ECM. 

Since the results show that the inhibitor effect on growth by itself was low (Table 8), the 

ECM is apparently also serving as a protective barrier. The somatic cells in the periphery 

seem to be the only cells strongly affected by the inhibitor. Figure 8 shows the results 

summary. 

 

 
Figure 8. Treatments that significantly decreased the growth 
rate of germ cells compared to the growth rate of germ cells 
from normal flagellated colonies in standard medium. L = 
Broken colonies treatment; I = Inhibitor treatment; DIS = 
Deflagellated colonies with the inhibitor treatment in still 
medium; LIB = Broken colonies with the inhibitor treatment 
in bubbling medium. 

To complement these results I used Particle Image Velocimetry (PIV) software to 

visualize in detail the flow created by the collective flagellar beating of V. carteri. Figure 

9 shows the flow field generated by flagella around a sessile Volvox colony using PIV of 
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entrained fluorescent flow-marking particles. The flows extend outward by many colony 

diameters. The magnitude and shape of the flow fields indicate an enormously enhanced 

acquisition and discharge of metabolites (as compared to diffusion in a quiescent 

environment), which is likely crucial for metabolism and productivity. In short, the 

experiments results and the PIV analysis clearly confirm that flagella generate important 

transport and mixing flows that likely aid in resource uptake and waste removal. 

 

 

 
Figure 9. PIV-derived fluid velocities (field arrow lengths) surrounding the colonies of 
V. carteri top view; inset arrow 50 µm/sec. The flows are driven solely by the somatic 
cells’ flagella at the surfaces of the colonies. Note the differences in velocities by 
examining the ratio of the lengths of the field arrows to the scale arrow. 
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V - DISCUSSION 

MAIN RESULTS 

A model based on standard hydrodynamics has been developed and experimentally tested 

in the Volvocales as a means to understand the transition from colonies with 

unspecialized cells (GS) to multicellular individuals with germ-soma separation (GS/S 

and G/S). I have shown that the transition from undifferentiated to germ-soma 

differentiated Volvocales can be explained as a consequence of the constraints and 

opportunities given by motility as colonies increase in size. In conclusion, there is strong 

evidence that reproducing increasingly larger volvocalean colonies places a significant 

cost on motility, and therefore, on the viability of the colonies, which is compensated for 

by increasing cell specialization.  

The main results of my model and experiments are as follows. First, for colony size 

to increase, a specialized and sterile soma has to evolve, and the NS/NR ratio has to 

increase as colony size increases to keep colonies buoyant and motile (Figures 3A and 

6A). Since in Volvocales daughter colonies are fully formed inside the mother colonies 

before they hatch, the enlargement of the reproductive cells (rmax) increases the negative 

gravitational force (g∆M) of the colony, disrupting the colony’s motility. Beyond definite 

threshold sizes, colonies sink, presumably dramatically decreasing viability. According to 

insights afforded by the hydrodynamics model, overcoming this threshold requires the 

separation of reproductive and motility functions between two cell types, resulting in 

increased cell specialization. The decrease in the swimming efficiency with size (f ∝ N -

0.21) further augments the need for investing more in somatic cells. It seems that the 
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arrangement of flagellar motors on a sphere of increasing size is not the most efficient 

design for directional swimming. In Figure 6B I have calculated the physical limits of 

this spherical design. Even within the same species, larger colonies invest in a higher 

proportion of somatic cells to maintain similar swimming speeds. For example, when V. 

carteri is grown at different light intensities (600fc and 1000fc), colony size is greater at 

the higher light intensity, and so is the ratio of somatic to reproductive cells (NS/NR ratio 

= 45, s.e. 12, t-Test; p = 0.001, n = 40, Table 3), but the swimming speeds of newly 

hatched colonies for the two populations do not differ (t-Test; p = 0.98, n = 70, Appendix 

A). 

Second, germ specialization has several benefits. It can enhance motility, since the 

non-flagellated germ cells can be packaged on the inside of the colony, achieving a 

hydrodynamically more efficient colony design (Figure 3C). As the NS/NR ratio increases, 

the viability benefit of having motile reproductive cells (GS) declines due to the decrease 

of the proportion of reproductive cells in the colony. If reproductive cells specialize, the 

benefit to motility increases since the decrease in drag is higher than the decrease in 

swimming force (Figure 3C). A specialized non-flagellated germ cell will presumably 

benefit the colony’s productivity so that it can invest more resources in reproduction. 

Therefore, increased specialization in reproduction (GS/S to G/S colonies) allows larger 

colonies to reach an even higher fitness level by enhancing both motility and colony 

productivity. 

Third, there are clear trade-offs between investing in reproduction, increasing colony 

size (i.e. colony radius), and motility (Figure 3D; Table 6; Section III). Increasing colony 
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radius (R) increases drag and decreases swimming speed. More investment in 

reproductive tissue to increase fecundity increases the negative gravitational force (g∆M) 

and also decreases swimming speed. For example, colonies that form larger spheroids 

(e.g. lag- mutants) or have higher proportion of reproductive tissue (e.g. D2) have lower 

swimming speeds (Figure 5). The trade-off between reproduction and motility is 

especially clear in V. carteri mutants: when somatic flagellated cells that are specialized 

in motility regenerate into reproductive cells (regA-) they have a lower flagellar beating 

force, indicating that shifting limiting resources within the cell to reproduction decreases 

swimming capabilities (Figure 5; wild type f ~ 8x10-8 dyn, regA- f ~ 5x10-8 dyn, gls/regA- 

f ~ 3x10-8 dyn). 

In addition, the results of the advection experiments (Section IV) show that the 

source-sink hypothesis and what I call “flagellar transport and mixing” are both important 

for nutrient uptake in Volvox colonies (Table 8, Figure 8). The germ cells outside broken 

colonies suffered a decrease in their growth rate, even if the medium was artificially 

stirred. This result is consistent with the source-sink hypothesis, confirming that the ECM 

with the somatic cells embedded in it is probably important in keeping a high nutrient 

gradient between the germ cells and the medium. Nevertheless, the growth rate of germ 

cells within permanently deflagellated colonies was less in still medium, even lower than 

the growth rate of germ cells from broken colonies. This decrease in the growth rate 

disappeared when colonies were placed in artificially mixed (bubbling) medium. These 

results provide strong evidence that the growth rate of germ cells is limited by the 

decrease of transport and mixing when colonies are permanently deflagellated, 
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confirming the hypothesis that collective flagellar beating is important for nutrient 

uptake, as well as for motility. This aspect of flagellar dynamics evidently helps colonies 

of increasing size circumvent the stress created by surface to volume ratio and boundary 

layer related problems (Niklas 1994; 2000). 

 

THE FLAGELLAR MOTILITY HYPOTHESIS 

The evolution of increased size and cell specialization in Volvocales has already been 

approached by previous workers. The “source-sink” hypothesis argues that larger 

differentiated colonies with higher NS/NR ratio are more efficient in nutrient uptake and 

storage, especially in eutrophic conditions (Bell 1985; Koufopanou and Bell 1993; Kirk 

1998; 2003). However, these benefits are only enjoyed if ways to maintain the motility of 

these large colonies (i.e., through the evolution of a sterile but permanently motile soma) 

have already evolved. The source-sink hypothesis developed by Bell (1985) to explain 

germ-soma separation in Volvocales is not intended to take into account the viability 

constraints imposed by these organisms’ peculiar type of development (i.e. daughter 

colonies are fully formed inside the mother colonies before they hatch), which disrupts 

the motility of the colonies as size increases. Furthermore, these authors did not address 

the effect of enhanced nutrient uptake resulting from the flow created by the flagellar 

beating of somatic cells (Niklas 1994; 2000). Boundary layer stirring maintains a high 

nutrient concentration at the colonies’ periphery, composed of somatic cells and the 

ECM. Thus, I expect productivity, through its dependence on nutrient availability, to be 

positively affected by motility. In order for the source-sink hypothesis to work, flagellar 
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mixing and transport are important to keep a high nutrient gradient outside the ECM, and 

to eliminate metabolic wastes. Without this vigorous stirring, the experiments show that 

the nutrient uptake of large Volvox colonies is severely compromised.  

Benefits such as those postulated by the source-sink hypothesis are probably not 

sufficient to explain germ-soma separation and the emergence of individuality at a higher 

level in this lineage. Furthermore, the flagellation constraint (explained in Section II) can 

explain the evolution of soma, but cannot explain why in this lineage the NS/NR ratio 

tends to increase as colonies increase in size. Here I propose that in Volvocales the 

hydrodynamic costs and opportunities can account for this trend, as well as the evolution 

of a specialized non-flagellated germ cell. I term this the “flagellar motility hypothesis”. 

Larger colonies that produce offspring of its type will have larger germ cells (i.e., in 

palintomic species) or larger embryos (i.e., in species that perform binary fission, D4). 

Therefore, to maintain the motility of these heavier colonies, a higher proportion of 

somatic cells is required. Once larger colonies invest in a high proportion of somatic cells 

they are better off with a non-flagellated germ cell that can invest more resources in 

reproduction and increase the overall colony efficiency (i.e. increased motility).  

While the source-sink and the flagellation constraint hypotheses are only relevant to 

increased productivity and motility respectively, the flagellar motility hypothesis is 

relevant to both. The collective beating of flagellated cells enhances at the same time 

motility and the transport of molecules to be taken up, or eliminated, by the colony. The 

addition of flagellated cells correlates with the need to increase the surface area. Thus, the 

geometrically required evolution of the ECM for the addition of flagellated cells 
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concurrently benefits nutrient uptake and storage as stated by the source-sink hypothesis. 

Consequently, my hypothesis does not nullify the existing ones, it expands them and 

better explains the trends of increased cell specialization and complexity observed in 

Volvocales.  

 

LIFE-HISTORY EVOLUTION 

This work shows that during the transition from unicellular to multicellular life, increased 

complexity and individuality can be a consequence of trade-offs between the two basic 

fitness components—fecundity (i.e. investment in reproductive tissue) and viability (i.e. 

investment in motility). The results argue that the cost of reproducing an increasingly 

larger group likely played an important role in the evolution of complexity and 

individuality in the Volvocales. In conclusion, there is strong evidence that reproducing 

increasingly larger volvocalean colonies places a significant cost on motility, and 

therefore, on the viability of the colonies.  

As selective pressures first pushed multicellular organisms to increase in size, the 

costs of reproducing an increasingly larger group also increased, having increasingly 

negative effects on viability (e.g., motility). At some threshold size, viability decreased 

dramatically and, according to my results, overcoming this threshold required the 

separation of reproductive and motility functions between two cell types, which resulted 

in increased complexity. 

Unicellular and multicellular forms of Volvocales coexist in transient, quiet bodies 

of water, or in large permanent eutrophic lakes (during early summer blooms). Most of 
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what is known about their ecology is from the latter situation (Kirk 1998). How much of 

the colonies’ collective flagellar beating is invested in translocation and/or nutrient 

uptake likely depends on the environment where they live. For example, in large ponds 

motility might be crucial to perform daily migration in the water column to best use 

resources (such as light, nitrogen, phosphorus) that are heterogeneously distributed, both 

spatially (surface vs. bottom) and temporally (day vs. night; Sommer and Gliwicz 1986). 

In contrast, in quiescent, small shallow puddles, motility might not be as important, but 

flagellar beating might be crucial for enhancing nutrient uptake by local mixing of fluid 

(Niklas 1994; 2000). 

The different colony designs of Volvox species seem to be adaptations to different 

environments with different selective pressures (i.e. permanent deep lakes versus shallow 

transient ponds, high versus low predation pressure). Some species invest more in 

reproduction over motility (D2 versus D4 colonies), increasing the proportion of germ 

tissue and overall colony mass. I speculate that these colonies should have an advantage 

when motility needs are low such as in a shallow transient pond. Also, some colonies 

prioritize size (i.e. colony radius) over motility (V. gigas versus V. rousseletii), increasing 

the colony radius by increasing the amount of ECM. I speculate that these colonies 

should have an advantage when the predation pressure is significant or storage of 

nutrients in the ECM is important. As colonies increase in radius, they can be ingested by 

a smaller variety of zooplankton grazers and predators (Morgan 1980; Pentecost 1983; 

Porter 1977; Reynolds 1984). Species like V. gigas are probably out of reach of most of 

the zooplankton predators. Nonetheless, both adaptations (increase in reproductive tissue 
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and in colony radius) decrease the motility capabilities of the colonies. Using the model 

and the data from Vande Berg and Starr (1971), I estimate that the swimming speed of V. 

gigas is ~50 µm/sec; low for its size. Moreover, I have shown that, if left undisturbed, V. 

carteri daughter colonies grow inside mother colonies that have no swimming 

capabilities (Appendices A and B). In contrast, Volvox colonies that have a smaller initial 

hatching size and a lower proportion of reproductive tissue have higher motility 

capabilities (e.g., V. rousseletii and prematurely hatched V. carteri; Section III D; 

Appendices A and B). I expect these colonies to have an advantage in environments 

where the need for motility is high such as in deep permanent lakes. However, due to 

their smaller size, they would be more vulnerable to predation pressure. In conclusion, I 

infer that the trade-offs between fecundity, predation pressure, and motility in different 

environments are important selective factors that affect hatching size and colony design.  

Figure 10 shows a possible scenario for the transitions to increased complexity in 

Volvocales. 

To summarize, I argue that the higher costs of reproducing a larger organism can be 

an important driving force for the evolution of life history-traits and increased complexity 

(i.e., cellular differentiation) and individuality during the transition to multicellularity. 

Each degree of specialization and differentiation may counteract the higher costs 

associated with larger size by increasing the viability and/or the productivity (fecundity) 

of the larger organism, therefore allowing it to reach fitness levels impossible to attain 

without increased complexity. 
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Figure 12. A possible scenario for the transitions to increased complexity in Volvocales. 
Predation is probably the main selective pressure for the evolution of larger colonies. As 
colonies increase in size, the predation pressure decreases. The first step to increase in size is 
the geometrically required evolution of the ECM (A); the addition of flagellated cells 
correlates with the need to increase the surface area. Undifferentiated GS colonies cannot 
grow larger due to the flagellation and hydrodynamic constraints (B). In GS colonies motility 
is inhibited during cell division. Even in the absence of the flagellation constraint, GS colonies 
would sink anyway (e.g., gls/regA- mutant). If a specialized germ cell evolved first (GS/G 
colonies; C), GS/G colonies would encounter the same viability problems of GS colonies, 
since non-flagellated G cells do not contribute to motility. Developmental problems could also 
arise since these colonies have two reproductive cells (GS and G) reproducing at different 
rates (e.g. regA- mutant). Overcoming these motility constraints required the evolution of a 
specialized sterile soma (GS/S; D). As colony size continued to increase, the NS/NR ratio had 
to increase to keep colonies buoyant and motile. The increase in the NS/NR ratio allowed more 
division of labor (GS/S to G/S colonies), enhancing both motility and colony productivity (E 
& F). Some G/S colonies invest more in fecundity over motility and vice versa (e.g., D2 
versus D4 colonies). Prioritizing motility (E) has an advantage when motility needs are high 
such as in deep permanent lakes; prioritizing fecundity (F) has an advantage when motility 
needs are low such as in a shallow transient pond. 
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APPENDIX A: VELOCITIES AND SIZES. THE ENTIRE DATA SET 

Appendix A shows the average Vup and Vsed in µm/sec, and R, r, and rS in µm for all the 

species and mutant forms for the time series after hatching. Light hours (LH) shown in 

bold mean that there was an eight hour dark period in between. A 600 suffix means that 

colonies were synchronized at 600 fc instead of 1000 fc. Sample size n = 15 for all R, r, 

and rS measurements. Since the regA- mutant cannot be synchronized, I took two samples 

for measurements: a = 3 and b = 9 hours into the light cycle. The C. reinhardtii Vsed was 

not measured since the speeds were very low and prone to error due to very slow 

currents; it was calculated by inserting the measured radius and the calculated cell density 

in Eq. 1 (Appendix B, C. reinhardtii density = 1.047 s.e. 0.004). Vc I is data for the V. 

carteri colonies that were induced to hatch 10 light hours earlier (Appendix B). When a 

proportion or all of the colonies were not swimming, Vup measurements were not 

recorded; Vup was calculated by inserting in Eq. 2 the measured Vsed and R for that time 

period, and the highest calculated colony swimming force from the periods when Vup was 

recorded. These calculated Vup values are the ones with no sample size nor mean standard 

error (s.e.). Since G. pectorale does not form spherical colonies, R could not be 

measured. The rS data for V. carteri, tertius, aureus, rousseletii, and the lag- mutant is 

incomplete since in some stages it was not recorded. The r values with a * were used to 

analyze the relation between rmax and N (Eq. 7b). 
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species LH n Vup se n Vsed se R se r se rS se 

Cr 1 45 35 2.1 . 1.3 . 3.5 0.08 3.5 0.08 . . 
Cr 3 44 41 1.4 . 1.6 . 3.9 0.07 3.9 0.07 . . 
Cr 5 80 42 1.4 . 1.9 . 4.5 0.16 4.5 0.16 . . 
Cr 7 71 42 1.7 . 2.5 . 5.2 0.15 5.2 0.15 . . 
Cr 9 52 42 2.0 . 2.6 . 5.3 0.18 5.3 0.18 . . 
Cr 11 46 31 2.0 . 4.5 . 6.0 0.25 6.0 0.25 . . 
Cr 13 117 34 1.1 . 4.5 . 6.0 0.21 6.0 0.21 . . 
Cr 15 42 26 1.7 . 5.7 . 6.7 0.25 6.7 0.25 . . 
Gp 3 48 30 1.9 33 9 0.2 . . 3.8 0.18 . . 
Gp 5 24 35 3.4 35 10 0.5 . . 4.5 0.69 . . 
Gp 7 35 30 2.1 68 20 1.1 . . 4.9 0.16 . . 
Gp 9 17 41 4.5 39 14 1.0 . . 5.0 0.34 . . 
Gp 11 33 37 2.5 33 22 1.0 . . 5.8 0.29 . . 
Gp 13 25 35 2.8 26 16 0.9 . . 6.4 0.44 . . 
Gp 15 33 35 1.8 44 27 1.3 . . 6.4 0.17 . . 
Ee 1 17 93 10.9 23 15 1.4 18 1.6 3.7 0.23 . . 
Ee 3 25 70 6.1 16 16 2.2 20 2.1 4.4 0.34 . . 
Ee 5 32 66 4.5 37 37 2.3 21 1.7 4.4 0.34 . . 
Ee 7 30 83 5.2 30 20 1.6 23 2.9 4.9 0.48 . . 
Ee 9 33 60 5.0 30 36 1.8 22 1.8 4.8 0.29 . . 
Ee 11 14 44 4.8 23 30 2.2 24 1.7 4.9 0.25 . . 
Ee 13 21 31 3.9 33 31 1.7 33 4.8 5.5 0.47 . . 

Ee* 15 26 35 4.8 37 39 1.8 30 3.2 5.5 0.40 . . 
Pc 1 53 171 8.3 41 80 3.7 38 1.7 4.7 0.16 4.7 0.16 
Pc 3 40 144 7.3 45 51 3.3 40 1.7 4.9 0.41 4.4 0.42 
Pc 5 39 123 5.6 31 29 2.3 43 1.8 5.2 0.26 4.7 0.14 
Pc 7 28 116 7.6 42 28 1.1 47 2.7 5.5 0.27 5.1 0.25 
Pc 9 55 158 7.9 32 40 1.6 50 2.3 5.4 0.15 4.1 0.12 
Pc 11 60 185 8.4 41 38 3.7 51 2.9 6.0 0.22 4.8 0.13 
Pc 13 60 121 7.6 44 43 2.7 48 2.9 5.4 0.39 4.3 0.21 
Pc 15 50 147 9.2 27 37 2.5 53 3.7 6.2 0.49 4.5 0.20 
Pc 17 37 148 11.1 47 43 1.8 52 3.3 6.0 0.48 5.0 0.25 
Pc 19 32 102 9.7 49 43 2.0 59 2.5 6.5 0.40 5.1 0.25 
Pc 21 44 105 8.3 50 54 1.4 62 2.9 7.2 0.61 5.6 0.25 
Pc 23 53 86 6.6 53 65 2.5 61 3.2 6.6 0.47 5.0 0.12 
Pc 25 44 108 8.6 42 55 3.0 63 3.0 8.2 0.64 5.6 0.21 
Pc 27 49 115 7.9 45 73 3.2 68 2.5 7.8 0.58 5.2 0.16 
Pc 29 45 95 7.5 23 45 3.0 67 2.4 8.1 0.56 5.6 0.21 
Pc 31 42 77 7.8 31 50 3.2 69 2.8 9.2 0.62 5.6 0.18 
Pc 33 47 88 7.5 40 83 7.7 65 3.9 8.6 0.80 5.7 0.31 
Pc 35 25 62 9.6 40 92 7.0 73 2.1 10.0 0.46 5.7 0.14 
Pc 37 30 56 5.7 28 74 3.9 71 4.1 8.9 0.76 5.3 0.16 

Pc* 41 18 65 7.6 38 123 5.2 74 3.3 10.7 0.97 5.5 0.15 
Vo 600 1 25 178 16.3 15 105 5.8 86 2.1 17.5 0.54 3.7 0.09 
Vo 600 3 24 183 23.5 16 116 9.4 104 5.5 22.6 1.16 4.1 0.13 
Vo 600 5 19 165 20.9 24 157 10.7 98 3.0 21.2 0.54 4.2 0.11 
Vo 600 15 19 97 15.5 25 172 9.5 140 6.2 30.0 0.96 4.9 0.20 
Vo 600 31 . -9 . 21 266 12.1 176 7.0 44.3 3.95 5.2 0.11 
Vc 600 1 10 206 27.4 10 160 16.2 110 6.2 25.3 0.88 4.3 0.12 
Vc 600 3 19 235 21.6 10 164 22.1 115 4.4 23.2 0.90 4.8 0.26 
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Vc 600 5 22 193 15.6 12 114 20.0 129 2.7 27.7 0.62 5.0 0.12 
Vc 600* 7 17 162 16.9 10 159 22.6 142 2.5 29.9 0.46 5.5 0.00 
Vc 600 9 18 145 15.8 19 198 12.4 141 4.8 27.0 1.75 5.2 0.12 
Vc 600 11 10 131 12.9 10 338 31.3 140 5.1 26.0 0.97 5.1 0.07 
Vc 600 13 . 39 . 12 389 22.3 154 4.6 26.0 0.42 5.0 0.10 
Vc  I -10 29 319 13.3 12 104 13 83 1.6 11.2 0.33 2.7 0.08 
Vc 1 14 231 17.3 37 296 17.9 186 4.5 27.8 0.68 4.7 0.12 
Vc 3 27 237 17.4 26 270 19.4 194 4.7 29.5 0.89 5.1 0.16 
Vc 5 40 188 13.9 34 223 12.6 190 7.8 33.0 0.67 .  
Vc* 7 25 165 14.9 36 343 23.9 213 7.5 33.4 0.60 .  
Vc 9 20 147 11.4 25 339 27.0 203 4.6 33.1 0.57 5.8 0.14 
Vc 11 18 93 11.6 52 508 29.1 225 4.6 30.0 0.58 .  
Vc 13 12 85 10.5 33 406 20.4 237 5.1 29.1 0.45 .  
Vc 15 15 54 8.9 20 269 14.0 349 11.6 51.0 1.08 .  
Vc 17 . 29 . 35 337 18.1 384 11.0 62.6 1.57 .  
Vc 19 . -116 . 36 415 20.0 395 10.5 77.8 2.30 .  
Vc 21 . -89 . 16 381 18.7 404 11.0 78.3 2.14 .  
Vc 23 . -88 . 17 367 21.9 423 10.7 84.0 1.84 .  
Vc 25 . -165 . 31 444 28.4 424 11.5 87.8 1.93 .   

Reg a 17 65 6.6 14 37 2.2 55 7.9 10.8 1.36 4.6 0.47 
Reg b 19 67 7.3 16 54 5.0 59 6.5 11.8 1.03 4.8 0.32 

Gls/Reg 1 30 100 9.0 20 45 3.2 35 2.3 2.9 0.08 . . 
Gls/Reg 3 47 119 6.2 36 68 5.9 46 2.3 3.2 0.13 . . 
Gls/Reg 5 54 107 6.9 29 95 10.0 57 3.2 3.7 0.13 . . 
Gls/Reg 7 63 148 8.4 28 182 10.2 59 2.3 3.8 0.26 . . 
Gls/Reg 9 30 82 7.8 25 147 13.4 63 3.3 4.4 0.23 . . 
Gls/Reg 11 17 75 9.0 26 119 7.3 59 4.5 4.4 0.22 . . 
Gls/Reg 13 28 85 8.9 24 139 8.4 70 4.4 4.6 0.31 . . 
Gls/Reg 15 21 98 11.4 31 144 9.7 79 3.8 5.6 0.23 . . 
Gls/Reg 17 34 82 10.1 29 93 5.4 76 4.3 5.5 0.29 . . 
Gls/Reg 19 . 46 . 30 162 11.3 93 4.3 6.4 0.50 . . 
Gls/Reg* 21 . 53 . 21 145 9.7 98 4.1 7.7 0.50 . . 
Gls/Reg 23 . -50 . 46 237 14.7 104 6.1 7.1 0.57 . . 
Gls/Reg 25 . -189 . 33 388 20.5 98 6.7 7 0.54 . . 
Gls/Reg 27 . -124 . 34 284 15.9 121 8.4 10.1 0.75 . . 
Gls/Reg 29 . -166 . 23 301 22.5 144 7.2 11.4 0.76 . . 
Gls/Reg 31 . -141 . 18 292 32.3 129 7.3 9.9 0.57 . . 
Gls/Reg 33 . -150 . 15 298 35.0 131 15.4 11.4 1.25 . . 
Gls/Reg 35 . -248 . 29 399 27.9 129 9.1 14.2 0.92 . . 
Gls/Reg 37 . -237 . 18 381 26.5 135 8.4 13.5 1.31 . . 
Gls/Reg 39 . -299 . 22 425 41.6 155 8.6 13.8 1.26 . . 

Lag 1 20 155 11.2 13 149 28.9 146 5.0 15.1 1.01 4.8 0.13 
Lag 3 16 147 12.9 16 159 10.4 212 21.7 22.2 2.30 5.3 0.09 
Lag 5 21 84 9.9 14 160 18.5 211 15.8 22.8 1.79 5.6 0.15 
Lag* 7 16 47 5.9 21 192 14.7 188 6.7 22.8 1.31 5.4 0.19 
Lag 9 10 63 14.0 15 162 14.2 190 10.7 21.6 2.15 . . 
Lag 11 . 174 . 17 186 12.6 191 8.2 20.4 1.37 . . 
Lag 13 . 107 . 15 220 11.8 211 10.0 23.4 1.24 . . 
Lag 15 18 80 15.6 15 192 15.4 257 11.5 36.3 2.97 . . 
Lag 17 . 58 . 18 235 18.7 235 12.7 32.8 2.61 . . 
Lag 19 . -93 . 11 336 52.6 284 12.0 52.2 4.10 . . 
Lag 21 . -30 . 12 268 25.1 290 14.8 58.7 5.17 . . 
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Lag 23 . -8 . 14 245 18.8 291 14.4 59.5 8.70 . . 
Vt 1 16 75 8.9 25 197 9.9 121 5.7 16.2 0.63 4.5 0.15 
Vt 3 12 103 18.3 20 233 15.9 143 4.0 18.7 0.46 4.7 0.11 
Vt 5 17 103 10.8 21 267 13.6 162 2.5 19.5 0.53 5.0 0.09 
Vt* 11 14 78 11.9 18 396 24.7 174 6.0 23 0.85 4.8 0.38 
Vt 15 15 41 8.3 18 294 14.7 189 7.8 30 1.70 5.3 0.11 
Vt 17 18 72 5.6 22 340 22.2 206 3.5 33.2 1.50 . . 
Vt 27 . 17 . 19 304 21.5 264 6.5 70 1.50 . . 

Va 600 1 21 244 12.8 12 188 19.1 167 6.1 15.8 1.91 5.0 0.05 
Va 600 3 19 256 26 20 271 17.3 165 5.4 16.6 1.98 5.2 0.11 
Va 600 5 11 311 14.8 19 276 17.2 189 5.6 19.6 1.77 5.4 0.15 
Va 600 15 15 240 20.2 18 295 20.4 201 5.0 29.9 3.82 . . 
Va 600 31 10 118 14.7 11 252 19.1 245 5.8 64.9 9.07 . . 

Vr 1 37 446 18.3 28 118 9.9 92 5.9 6.1 0.42 3.1 0.11 
Vr 3 41 434 19.9 33 134 9.0 112 6.1 6 0.27 3.6 0.10 
Vr 5 29 580 31.3 34 163 10.4 135 6.9 7.9 0.34 3.9 0.08 
Vr 9 23 545 26.9 24 228 15.8 140 6.9 9.3 1.50 4.4 0.12 
Vr 33 27 309 27.4 22 342 21.4 228 10.0 38 3.90 . . 
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APPENDIX B: COMPLEMENTARY ANALYSIS 

METHODS 

Cell Separation Protocol 

To separate V. carteri germ and somatic cells a 7 ml Dounce homogenizer was used.  Ten 

passages of the pestle were used to break the somatic and germ cells apart from the ECM. 

7% of isotonic Percoll solution was added to the broken colony sample, and then it was 

centrifuged for 5 minutes at 2000 rpm. The cell pellet formed with germ and somatic 

cells was removed and used in density or size measurements. The supernatant contained 

the remaining ECM cell sheets. In recently hatched colonies only a few somatic cells 

could be extracted. Ten additional pestle passages were needed on the supernatant in 

order to extract more somatic cells from the ECM. The centrifuging procedure was 

repeated on this sample to extract the additional cell pellet. 

 

Cell Density Measurements Using a Continuous Percoll Gradient 

Cell densities were measured using density marker beads with a Percoll continuous 

density gradient (Amersham Biosciences, www.cellseparation.nu). Continuous density 

gradients were formed by centrifuging a solution made 30% of isotonic Percoll and 70% 

of SVM at 13,000 rpm (20,442 relative centrifugal fields RCF) in a Beckham J2-21 

centrifuge with a JA-20 rotor for 30 minutes. Two 25 ml corex tubes were used, one for 

the marker beads and the other for the cell sample. Before cells were introduced in the 

corex tube, they were deflagellated and, when necessary, separated from the ECM.  
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The buoyant densities of marker beads were corrected for the effect of the low ionic 

strength of the SVM. This was done by comparing the distances of the marker beads from 

the meniscus to the distances of the calibrated glass density floats of known densities 

(American Density Materials, Inc). After centrifuging, an equation to describe the 

continuous gradient formed was calculated by fitting a polynomial cubic curve on the 

known densities of the density floats as a function of their distances from the meniscus. 

The distances from the meniscus of the bands formed by the marker beads in the other 

tube were then inserted into the equation to calculate the corrected marker beads 

densities.  

The same procedure was used to calculate the average cell density. After 

centrifuging, I recorded the upper and lower distances from the meniscus of the band 

formed by the cells, and the distances from the meniscus of the marker beads in the other 

tube. The average distance from the meniscus of the cell band was inserted into the 

continuous density gradient equation. This equation was calculated by fitting a 

polynomial cubic curve on the corrected densities of the marker beads as a function of 

their distances from the meniscus. 

 

Flagellar Length Measurements 

Cells were fixed with Lugol’s iodine. Cells having one of the flagella fairly straight were 

videotaped under high magnification. The number of horizontal (x) and vertical (y) pixels 

from the origin to the tip of the straighter flagella was measured and converted to µm. 

Flagellar length = (x2+y2)1/2. 
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Induced Hatching Experiments 

In a synchronized V. carteri population, daughter colonies are fully formed inside the 

mother colonies one day after hatching. Normally these daughter colonies hatch at the 

beginning of the next light cycle (2 day generation time). From this population, colonies 

were randomly sampled three hours into the light cycle and placed in four treatments. 

Half of the tubes were left bubbling and the other half were disconnected from the air 

pump. Of the bubbling and non-bubbling tubes, half were left in the light and half were 

covered to the top to remain dark. Five hours later, I scored the number of mother 

colonies in each tube that were broken by the premature hatching of the daughter 

colonies. 

 

RESULTS 

Cell Density ρC Calculations 

To check for cell density differences within and between species, I measured the mean 

germ and somatic cell density for C. reinhardtii, G. pectorale, and V. carteri using 

Percoll density gradients. I measured the mean radii and densities of cells 1, 5, and 13 

hours after unicells or colonies hatched (Table B1). Using MLR I found that as cells 

grew, their density on average increased 0.006 g/cm3 per micron of cell radius (s.e. 0.001, 

p<0.0001). The density of the V. carteri germ cell ρG was on average 0.013 g/cm3 less 

than the density of the other cell types measured (s.e. 0.01 , p<0.0001). The increase in 

density as a function of cell radius was lower for V. carteri germ cells compared to the 

other cell types measured (cell radius and V. carteri germ cell interaction = -0.004 s.e. 
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0.002, p = 0.0298). There was no significant difference in cell density between C. 

reinhardtii, G. pectorale, and V. carteri somatic cells (model intercept = 1.03 s.e. 0.003, 

p<0.0001; n = 22, r2=0.89).  

Table B1. Density and cell radius measurements for C. reinhardtii, G. pectorale, and V. carteri 
as they develop and grow. LH = light hours after hatching. 
 C. reinhardtii G. pectorale V. carteri  G V. carteri  S 
LH ρC  s.e. r s.e. ρC s.e. r s.e. ρC s.e. r s.e. ρC s.e. rS s.e.
1 1.047 0.003 3.52 0.19 1.046 0.002 3.75 0.10 1.017 0.003 25.49 0.10 1.043 0.001 4.48 0.01
5 1.043 0.003 4.12 0.05 1.050 0.003 4.24 0.15 1.018 0.001 29.54 0.75 . . . . 

13 1.058 0.005 5.71 0.30 1.061 <0.001 5.90 0.41 1.044 0.002 34.78 0.06 1.058 0.002 5.27 0.09
 

In summary, cell density increases as cells increase in size, and the densities of C. 

reinhardtii, G. pectorale, and V. carteri somatic cells do not differ significantly, but the 

density of large V. carteri germ cells is significantly lower than that of the other cell 

types. Therefore, colonies with large germ cells might have lower average cell 

densities [ ](1 )C V G Vs s Sρ ρ ρ= − + , where ρS is the average cell density of soma, and sV the 

proportion of somatic cell volume. For example, if I insert in this equation the cell 

densities calculated for the two cell types in V. carteri just after hatching (Table B1), and 

the sV calculated using the data measured for V. carteri colonies grown at 1000fc just 

after hatching, I find that in V.carteri ρC is lower than in C. reinhardtii and G. pectorale 

(sV = 0.47, ρC = 1.029). When V. carteri germ cells reach the division phase, the 

difference in cell density between soma and germ is not so pronounced (last 

measurement, Table B1). 
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Size and Flagellar Length 

I measured the average flagellated cell radius rF and the flagellar length of C. reinhardtii 

and V. carteri somatic cells when they just hatched and 8 hours later. The initial 

measured rF was on average 0.73 (s.e. 0.19) µm larger for V. carteri somatic cells (n = 

20, p = 0.001, t-Test), but eight hours later this rF was on average 0.59 (s.e. 0.27) µm 

smaller than the radius of C. reinhardtii cells (n = 20, p = 0.0375, t-Test). In contrast, 

there was no significant difference in initial flagellar size between the two cell types, but 

eight hours later, the flagella of V. carteri somatic cells were 7.51 µm (s.e. 0.63) longer 

compared to the flagella of C. reinhardtii (n = 20, p = 0.001, t-Test; Table B2). 

Thus, the length of the flagella increased on average 3.75 µm (s.e. 0.39) per µm of 

rF, but the flagella of V. carteri somatic cells grew more as the radius increased  as 

compared to C. reinhardtii (MLR analysis; interaction between rF and V. carteri = 5.19 

s.e. 0.77; n = 40, r2 = 0.78). Both species invest in flagellar length as they increase in size, 

but in proportion, C. reinhardtii cells invest more in growth since they need to reproduce, 

whereas the sterile V. carteri somatic cells invest more in motility. High-speed imaging 

of the V. carteri flagella showed that flagellar beating rates were on average 22 Hz (s.e. 

0.41) when colonies just hatched and 20 Hz (s.e. 0.41) 8 hours later (n = 11). 

 
Table B2. Flagellar length and cell radius measurements for C. reinhardtii and V. 
carteri as they develop and grow. rF = radius of flagellated cells. 
  rF (µm) Flagellar Length (µm) 

Species initial  s.e. final s.e. initial s.e. final s.e. 
C. reindhartii 3.94 0.14 6.39 0.19 8.76 0.61 11.76 0.46 

V. carteri 4.66 0.13 5.80 0.18 9.81 0.58 19.27 0.44 
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Induced Hatching 

I decided to test whether changing the growing conditions of the synchronized colonies 

would induce their early hatching. Synchronized V. carteri colonies with fully formed 

daughter colonies inside were randomly placed in four treatments: bubbling with light, 

bubbling without light, non-bubbling with light, and non-bubbling without light. 

Bubbling with light is the same treatment for synchronizing colonies in which fully 

formed daughter colonies would hatch the following day. Five hours later I found that 7.4 

(s.e. = 1.32) out of the 10 mother colonies that were placed in the dark were empty due to 

the early hatching of their daughter colonies. Non-bubbling by itself did not induce 

hatching. There was no significant difference between the two replicated experiments 

(MLR analysis, n = 16, r2 = 0.69). 

When placed in the dark, with or without bubbling, most daughter colonies hatched 

earlier than they would have if left undisturbed in ideal conditions. Daughter colonies left 

in the light with or without bubbling were still in the mother colonies 5 hours later. The 

ECM of the mother colonies was still very stable, looking like an empty sphere with 

holes at the spots that had been occupied by the daughter colonies. In contrast, when 

daughter colonies naturally hatched the following day, the ECM of the mother colony 

broke apart. Colonies that were induced to hatch were smaller and had faster swimming 

speeds than the synchronized colonies that hatched naturally the next day (average Vup = 

319 µm/sec, Appendix A; n = 10, N = 2302 s.e. 203, NR = 14.9 s.e. 0.4, NS/NR ratio = 153 

s.e. 11.4). 
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APPENDIX C: ANALYSIS OF R AND ∆M AS COLONIES DEVELOP 

The slopes of the regressions in Figure 4A of the main text are analyzed as a function of 

N. When colonies develop, since N remains fixed, R increases due to the increase in cell 

size (ā) and accumulation of ECM (A). ∆M increases due to the increase in cell mass (ū). 

The cell concentration per unit area C 

∝ R-2 as colonies develop, since C = 

Nq/4πR2, but q and N remain fixed.  

When plotting Log dR/dt versus 

Log N, simple linear regression yields 

dR/dt ∝ N 0.42 (Figure C1). When 

multiple linear regression analysis 

(MLR) is used, the exponent becomes 

0.49 (s.e. 0.05). There is some 

evidence that colonies grown under a 

lower light intensity (FC600, p = 0 .15) 

and D4 colonies (p = 0.06) have on 

average a lower dR/dt than the other 

colony forms. No significant variation is explained due to mutant forms, other 

developmental programs, and V. rousseletii (Table C1, n = 11, r2 = 0.94). When plotting 

Figure C1. dR/dt and d∆M/dt as a function of N. 
Mutants are shown but not used in the analysis.

Table C1. Models selected from the MLR analysis including mutants and developmental 
modes.  

[ / ] 4.77 0.49 [ ] 0.28 4 0.17 600Log dR dt Log N D FC= − + − −  
[ / ] 11.43 1.02 [ ] 0.61 4Log d M dt Log N D∆ = − + −  
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Log d∆M/dt versus Log N, simple linear regression yields d∆M/dt ∝ N 0.90 (Figure C1). 

When MLR analysis is used, the exponent increases to 1.02 (s.e. 0.04). D4 colonies have 

on average a lower d∆M/dt than the other colony forms. No significant variation is 

explained due to mutant forms, other developmental programs, and V. rousseletii (Table 

C1, n = 11, r2 = 0.99). 
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