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ABSTRACT 

Kinship and the evolution of altruism in social amoebae 

and 

A model for the evolution of kin-limited interactions 

by 

Owen Michael Gilbert 

For decades, social amoebae have served as a model supporting broader 

theories of social behavior. Owing to their peculiar aggregative life cycle, it 

has seemed reasonable altruism in social amoebae is possible because of 

adaptive mechanisms of kin discrimination, and kin discrimination evolves 

to maintain this altruistic behavior. Nonetheless, these hypotheses have not 

withstood critical tests in social amoebae or other organisms. As a result, 

general theories of social evolution have rested on a few abstract theoretical 

assumptions. 

I here use social amoebae as a model system to examine these 

assumptions through empirical study. First, I focus on the natural context of 

social evolution in the social amoeba Dictyostelium discoideum. I establish 

D. discoideum occurs frequently in a state of clonality during the social stage 



and that obligate cheaters (non-altruists) are not present in nature (Chapter 

1). I then show that kin discrimination in D. discoideum has only a weak 

effect on genetic relatedness in the social stage (Chapter 2). Upon this 

finding, I propose a hypothesis that kin recognition evolves in response to 

facultative rather than obligate cheating (Chapter 2). I generalize this 

argument in Chapter 3, where I propose a new "selfish genome" model of 

kin recognition. This model is unique in that it accounts for the effects of 

genome-wide relatedness between individuals on one another's fitness. This 

model explains the adaptive basis of kin recognition-a trait thought to be 

crucial for major evolutionary transitions. 

I also describe two additional studies of social amoebae. In the first, I 

report on the finding of a large clonal patch of a social amoebae. This is the 

first example of such a phenomenon in a microorganisms (Chapter 4). In the 

second, compare two forms of migration and development in social amoebae 

(Chapter 5). This study shows social amoebae can be studied in a similar 

way to animals, with a focus on the multicellular phenotype. I argue the 

production of stalk during migration is an example of altruistic behavior. 
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Chapter 1. High relatedness maintains multicellular cooperation in a 

social amoeba by controlling cheater mutants 
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1.1 Abstract 

The control of cheating is important for understanding major transitions in 

evolution, from the simplest genes to the most complex societies. 

Cooperative systems can be ruined if cheaters that lower group productivity 

are able to spread. Kin selection theory predicts that high genetic 

relatedness can limit cheating, because separation of cheaters and 

cooperators limits opportunities to cheat and promotes selection against low

fitness groups of cheaters. Here we confirm this prediction for the social 

amoeba Dictyostelium discoideum; relatedness in natural wild groups is so 

high that socially destructive cheaters should not spread. We illustrate in the 

laboratory setting how high relatedness can control a cheating mutant that 

would destroy cooperation at low relatedness. Finally, we demonstrate that, 

as predicted, mutant cheaters do not normally harm cooperation in a natural 

population. Our findings show how altruism is preserved from the 

disruptive effects of such mutant cheaters and how exceptionally high 

relatedness among cells is important in promoting the cooperation that 

underlies multicellular development. 



3 

1.2 Introduction 

Cooperation is a hallmark of major transitions in biological 

complexity: from molecules to genes, from genes to chromosomes, from 

primitive cells to complex cells, from cells to multicellular organisms, and 

from multicellular organisms to societies (Buss 1987; Maynard Smith& 

Szathmary 1995; Michod 1999). Cooperative groups are vulnerable, 

however, to exploitation by cheaters, which are individuals that have access 

to group benefits without contributing their fair share (Buss 1987; Maynard 

Smith& Szathmary 1995; Michod 1999). Among cells and individuals, high 

relatedness is thought to aid in selection against cheaters (Grosberg& 

Strathmann 1998; Maynard Smith 1989; Queller 2000). High relatedness 

means that cheaters and cooperators will tend to be in different groups, 

which both limits opportunities for cheaters to exploit cooperators and 

exposes any group-level defects of cheaters to selection. Curiously, although 

such control is central to selfish-gene theory, tests at the genetic level have 

been limited by the kinds of information available. In large organisms, 

relatedness is often estimated, but cheater genes are unknown. In 

microorganisms, cheater genes can be found (Ennis et at. 2000; Fiegna et at. 

2006; Greig& Travisano 2004; Griffin et at. 2004; Kerr et at. 2002; 



Travisano& Velicer 2004; Vulic& Kolter 2001), but little is known about 

relatedness in natural social groups. 

4 

The life cycle of social amoebae presents a challenge to the 

importance of relatedness in promoting selection against cheaters, and an 

opportunity to test it. When the normally solitary amoebae are starved of 

their bacterial food source, they gather into a multicellular aggregate that 

forms a fruiting body. Here, about 25% of cells altruistically die, forming a 

stalk that holds up the remaining cells, differentiated as spores, for dispersal 

(Bonner 1967; Gadagkar& Bonner 1994; Kessin 2001; Raper 1984). Thus, 

unlike more familiar organisms that develop from one cell, development 

begins by aggregation of many dispersed cells. Different clones can mix and 

cheat each other (Fortunato et ai. 2003a; Strassmann et ai. 2000b), for 

example by avoiding contributing to the sterile stalk (Ennis et ai. 2000). 

Models (Brannstrom& Dieckmann 2005; Hudson et ai. 2002; Matapurkar& 

Watve 1997), experiments (Buss 1982; Ennis et ai. 2000; Filosa 1962), and 

a natural observation (Buss 1982), suggest that cooperative fruiting body 

formation can be threatened by the spread of mutant cheaters that harm 

group productivity. It is not known whether such cheaters are controlled by 

either by high relatedness or by alternative forms of cheater control (Foster 

et ai. 2004; Travisano& Velicer 2004). 
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The best known social amoeba, Dictyostelium discoideum, is a 

model organism that, unusually, allows both estimation of relatedness in the 

field and the study of cheater mutants. Relatedness of vegetative D. 

discoideum cells naturally co-occurring in very small soil samples (0.2 g) 

has been estimated as 0.52 (Fortunato et at. 2003b) , but relatedness in actual 

fruiting bodies has not been estimated. In this study, we measure relatedness 

of actual fruiting bodies from nature, and make a general prediction of how 

cheaters that incur a large group cost (i.e. socially disruptive) should be 

controlled. To explicitly demonstrate control by relatedness, we then 

examine one cheater mutant in the laboratory, showing that it devastates 

cooperation at low relatedness, but does not spread at high relatedness. 

Finally, we test the prediction that such mutants should not be successful at 

disrupting cooperation in a natural population. 

1.3 Materials and methods 

1.3.1 Natural isolation 

D. discoideum is common in the soil of deciduous hardwood forests like that 

at Mountain Lake Biological Station (University of Virginia, Charlottesville, 

VA). Dung is a suitable substrate for fruiting (Raper 1984), and D. 

discoideum often survives gut passage in many animals (Huss 1989; 
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Stevenson& Landolt 1992; Suthers 1985). D. discoideum requires a high 

density to fruit (Raper 1984) and dung provides sufficient bacteria to reach 

such densities. We predicted that dung would be an ideal location to find 

chimera formation for two reasons: (i) spores have been found at high 

density in dung from animals that roam relatively large territories and thus 

may ingest multiple genotypes (Fortunato et al. 2003b; Stevenson& Landolt 

1992) and (U) frequent visitation of dung by various insects such as flies 

may disperse clones to the location. 

We collected two deer scat pellets from each of 50 piles in both 

October 2004 and October 2005 samples, and each of 150 piles in June 

2005. We lifted each pellet with an entomological pin and placed it 

carefully on a 2% agar/water plate and transported indoors, where it was 

incubated at room temperature. We collected individual fruiting bodies with 

entomological pins or forceps and placed either directly into chelex 

(Fortunato et al. 2003 a) , for genotyping whole-fruiting bodies, or into water, 

for clonal isolation. 

We also searched for fruiting bodies in nature using portable, lighted 

dissecting microscopes. We looked in leaf litter and under rocks and logs, 

where fruiting bodies might be preserved. On several occasions from 2003 

to 2004, we also took soil and incubated this soil in the lab. We added either 
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water or concentrated K. aerogenes to these soil samples using a sprayer. In 

October 2005, we took a 25-m soil transect and collected dung on the same 

day twice (n = 25 for each). We took dung pellet-sized soil cores using a 

l.5-cm diameter plastic tube. We punched a hole out of a non-nutrient agar 

dish using a syringe plunger tube, and we placed the soil core or dung pellet 

in the tube. 

1.3.2 Relatedness estimates 

We extracted DNA directly from fruiting bodies (for whole fruiting 

body isolations) or from slugs and fruiting bodies (for clonal isolations), and 

three highly polymorphic microsatellite loci were amplified by PCR 

(Fortunato et al. 2003a). Rare alleles could be missed in the whole-fruiting 

body method (because of insufficient DNA) but this would only slightly 

underestimate relatedness because of due to their rarity. In the clonal 

isolations, however, there is no bias because the probability of being 

detected is equal to the frequency. 

We analyzed DNA with an ABI 3100 Genetic Analyzer, Genescan, 

and Genotyper software (Applied Biosystems, Foster City, CA). We binned 

allele sizes in intervals of -- 3 bp by minimizing the variance from the 

centers of the bins. Based on allele frequencies (Table 1), the probability 



that two random clones would share alleles at all three loci independently 

was 0.005. We treated different isolates as being the same clone if they 

shared their alleles at all three loci and as different if they differed at one or 

more. 
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We used two methods to assess relatedness. First, we genotyped 88 

fruiting bodies from 25 deer dung piles in October 2004. For each, we 

genotyped the entire fruiting body at three highly polymorphic microsatellite 

loci (Fortunato et al. 2003a; Fortunato et al. 2003b) that can distinguish over 

99% of clones (Table 1). Two assumptions allowed us to estimate a 

minimum relatedness from the genotyping of whole fruiting bodies (Table 

2). First, because individual genotypes could not be inferred when a fruiting 

body showed multiple alleles at multiple loci, we assumed the maximum 

number of genotypes possible. Second, because we could not quantify the 

genotypes, we assumed that they were at equal frequencies. Both of these 

assumptions decrease the estimate of relatedness, so our estimate is 

conservati ve. 



Table 1 

ict 13 
lIele size Frequenc 

ict 19 

226 
223 
214 
211 
208 
205 
202 
187 
181 
119 

lIele size Frequenc 
190 0.003 
186 0.07 
183 0.021 
177 0.25 
174 0.01 
171 0.00 
161 0.46 
158 0.025 
142 0.028 

ict25 
lie Ie size Frequenc 

277 0.013 
274 0.015 
271 0.013 
267 0.008 
264 0.09 
261 0.093 
258 0.085 
249 0.027 
246 0.013 
243 0.071 
230 0.053 
227 0.051 

9 
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199 0.025 
196 0.067 
183 0.01 
177 0.17 
174 0.09 
171 0.013 
168 0.017 

Table 1. Allele frequencies for Diet13 CAT, Diet19 AAC, and Diet25 

AAC. The probability that two random clones share an allele at a particular 

locus is the sum of squares of allele frequencies. The probability across loci 

is the product of the sum of squares, in this case 0.005. 

To measure relatedness more directly, we genotyped 1,039 spores 

(13.85 ± SD 4.87 spores per fruiting body) from 75 additional fruiting 

bodies from various locations and times of year. For clonal genotyping, we 

grew spores clonally by diluting fruiting bodies 0.1 M EDTA and plating at 

a density of 5-50 spores per plate on SM agar (Sussman 1966), with 

Klebsiella aerogenes as a bacterial food source. 14 of these fruiting bodies 

were from the dung piles sampled for whole fruiting body genotyping. This 

contributed 27 out of the 75 fruiting bodies for this method. In all for the 

clonal genotyping, there were 46 deer dung piles sampled, one salamander 
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dung pile, and three other locations in the leaf litter. We estimated 

relatedness within fruiting bodies from spore genotypes by using 

Relatedness 5.08 (http://www.gsoftnet.us/GSoft.html). weighting fruiting 

bodies equally and jackknifing over fruiting bodies. 

Table 2 

# Fruiting Assumed 
Bodies # Clones Proportions Relatedness 

68 1 1 1 
12 2 1:1 0.500 
3 3 1:1:1 0.330 
1 4 1:1:1:1 0.250 
4 6 1:1:1:1:1:1 0.167 

A verage=O .863 

Table 2. Estimate of minimum relatedness for the whole fruiting body 

genotyping. We assumed each clones was at equal proportions to the other 

clones and the maximum number of clones was estimated as the product of 

the number of bands across the three loci. 

1.3.3 Relatedness and selection against cheaters 

We first asked if any costly cheater can spread given a certain fraction c of 

fruiting bodies contain only one clone. The advantage of a rare cheater 
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relative to wild type is [ c (1- k) 0.75 + (1 - c)] /0.75> 1, where k is the 

cost when clonal. The 0.75 denominator is the fitness of cells in wild type 

fruiting bodies, which have a 25% chance of dying in stalk. The numerator 

is cheater cell fitness averaged over a fraction c in clonal cheater fruiting 

bodies that lose k units of fitness, and 1- c in chimeras, where they avoid the 

stalk and have fitness 1. 

We next assessed the fitness advantage of a real cheater,jbxA-, 

relative to wild type at various frequencies. Six treatments were prepared: 

(i) 100% AX3, (ii) 95% AX3: 5% jbxA-, (iii) 75% AX3: 25% jbxA-, (iv) 

50% AX3: 50% jbxA-, (v) 25% AX3: 75% jbxA-, and (vi) 100% jbxA-. 

Strains were maintained in liquid medium (Foster et at. 2004). The 

complete mix experiment was performed twice at different times. We 

harvested cells of the two strains by centrifugation, washed them twice with 

water and resuspended them in Pad Dilution Fluid (PDF) buffer (Sussman 

1987). We added 1.25x107 cells of each treatment to a nitrocellulose filter in 

125 ml of PDF (1 x 108 cells ml-1), and total PDF on the filter pad and dish 

was made up to 2 ml. Two nitrocellulose filters were prepared for each 

frequency ofjbxA-Filters were on top of damp paper filter pads, inside Petri 

dishes (60 x15mm) and placed in a plastic, humid box (35 cm x 14 cm x 

13.3 cm) in the dark at 22°C for development. 
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To establish the frequency ofjbxA- in mixtures, we plated out cells 

clonally and tested each clone for resistance to the toxin blasticidin (jbxA

was engineered to be blasticidin resistant) (Ennis et at. 2000). These tests 

were done at three times: (i) before adding to filters (0 hours) (ii) just before 

aggregation (6 hours), and (iii) after development and fruiting (48 hours). 

For the latter two times, we harvested cells and spores, respectively, from 

each nitrocellulose filter, by placing the filter in a 50 ml Falcon tube with 5 

ml ofKK2 (16.5 mM KH2P04 and, 3.8 mM K2HP04) and then removing 

cells or spores by centrifugation. We counted cells or spores with a 

hemocytometer to estimate total spore production, and we added 

approximately 50 cells or spores to each SM plate (Raper 1984) with 

Klebsiella aerogenes as a food source (10 plates per treatment). For the 48-

h hour time point, we added detergent (0.1 % Nonidet P-NP40) to filters to 

lyse cells and leave only spores for clonal plating. Four days after clonal 

plating, we assessed blasticidin resistance by putting a few cells from 

individual plaques into HL5 with 5 mg ml-1 blasticidin (G418) in 96 well 

tissue culture plates (192 plaques per treatment). We examined these after 1 

week and cells that grew were counted asjbxA-. This allowed us to assess 

the cheating advantage. There were no significant differences in the 



frequency of jbxA - in cells at 0 and 6 hours, so these data were combined 

(Fisher's exact test, P> 0.1 for all treatments). 
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To demonstrate that jbxA - beats wild type because of a cheating 

advantage during development rather than because of differences in growth 

during the vegetative stage, we compared growth rates ofAX3 andjbxA- in 

liquid medium (Foster et al. 2004) over 10 different days. Each strain was 

maintained in its own flask at an initial density of 0.5 x 106 cells per ml, and 

after approximately 24 hours, we assessed the growth rate of both strains. 

We also tested whetherjbxA- fails on dung as it does on agar. We 

grew jbxA-and wild type AX3 in liquid medium (Foster et al. 2004). We 

put down aliquots of 100 ml (5 X 106 cells) on 5 autoclaved dung pellets for 

each. We took samples from fruiting structures, examined these samples 

under a microscope, froze the samples to kill any live cells, and plated out 

the samples on SM agar at high and low dilution. 

1.3.4 Test for cheater mutants in nature 

To test whether jbxA- is detectable under normal field collection 

conditions, we grew it on hay infusion agar (Raper 1984) at low density, as 

is the case in typical field collection, and it did not produce normal 

dictyostelid aggregation patterns at 64 h (Fig. 1), or fruiting structures with 
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spores after 121 h (Fig. 1). Rather, it resembles a normal soil (non-social) 

amoeba. To search for cheaters, we therefore collected actual wild fruiting 

bodies and clonally isolated spores from these fruiting bodies. We included 

spores from the 75 fruiting bodies clonally plated for genotyping, as well as 

an additional 12 fruiting bodies raised in situ on deer dung and 8 raised by 

adding concentrated bacteria to soil samples collected from Mountain Lake 

Biological Station in November 2003 . 

Figure 1 



Fig. 1. Photographs of clonal isolations on hay infusion agar at 64 hours. 

(A) Wild type. (B)jbxA-. (C) Wild type close-up. (D)jbxA- close-up. 

1.4 Results 

1.4.1 Natural isolation 

16 

Natural dictyostelid fruiting bodies have been reported on dung 

(Filosa 1962; Raper 1984), and we found them primarily, but not 

exclusively, on dung of whitetail deer (Fig. 2A,B). We found that incubation 

of dung often resulted in D. discoideum fruiting body formation. In the 

October samples, fruiting bodies typically appeared within six days, either 

fruiting directly on the dung or migrating onto the agar. This method 

yielded naturally constituted fruiting bodies before they could be dispersed. 

Sometimes arthropods hatched from the dung, died, and then fruiting bodies 

grew on the decaying animal (Fig. 2 C,D). This occurred most often in the 

June sample when dung arthropods were very abundant, delaying fruiting 

body formation. 



Figure 2 

Fig. 2. Photographs of Dictyostelium discoideum fruiting body formation 

following dung collections. (A) Culmination of wild amoebae in situ on 

dung into a slug. (B) Fruiting of wild fruiting body on dung. (C) Fruiting 

body formation on dead fly hatched from dung. (D) Fruiting body on dead 

maggot hatched from dung. 

We also found fruiting bodies directly in nature. By examining 

salamander dung where D. discoideum has been found to reach high 

17 
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densities (Stevenson& Landolt 1992), we found 6 D. discoideum fruiting 

bodies in October 2004 under a rock on a salamander dung pellet (Fig. 3A, 

B). The pellet weighed::::: 1I100th of a gram and was::::: 4 mm in length. All 

fruiting bodies were clonal (14.3 ± SD 7.4 spores genotyped per fruiting 

body, 3 genotypes, 2 fruiting bodies each). All fruiting bodies were very 

small; the dilutions and clearings produced showed that each fruiting body 

had between 30 and 750 spores. We also found 2 fruiting bodies in October 

2004 in separate locations in the leaf litter, one large by itself (18 spores 

genotyped from fruiting body with 6 ' 104 spores), and another small (16 

spores genotyped). We found no wild fruiting bodies in June 2005 and only 

one small fruiting body in October 2005 in a small crevice under a rock (Fig. 

3C,D). We genotyped 17 spores from this fruiting body and found they 

were all the same clone. 

The data showed that in 14 of 21 dung pellets taken using the whole 

fruiting body method in October 2004, in which multiple fruiting bodies 

were genotyped, multiple clones were found. This can be compared to the 

situation in soil in which clones often co-occur in the same soil samples, as 

was found in 19 of 26 soil samples in a previous study (Fortunato et al. 

2003b). Although a smaller area was sampled in that study, all of the 



19 

amoeba were genotyped and they were not at high enough density to form 

fruiting bodies (Fortunato et ai. 2003b). Additionally, in the dung samples 

only a few fruiting bodies were genotyped from the many typically available 

on each dung pellet. Therefore, in comparison to soil, we cannot conclude 

that dung is less clonally diverse. 

Figure 3 

Fig. 3. Photographs of locations of fruiting bodies in nature. (A) Location 

where D. discoideum was found under a rock on salamander dung. (B) One 
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of these fruiting bodies on the dung. (C) Location where aD. discoideum 

was found under a log on soil. (D) The D. discoideum fruiting body, which 

we genotyped and found evidence of only one clone. 

The foil pans full to which we added concentrated bacteria yielded 8 

fruiting bodies. We genotyped 22.5 ± SD 8.9 spores per fruiting body and 

found that each fruiting body yielded spores of only one genotype (data from 

the bacterial additions were not included in the relatedness calculation). We 

found no fruiting bodies in the pans without bacteria. In our soil core 

transect, 15 of the 25 dung samples yielded D. discoideum fruiting bodies. 

In total, the dung yielded 72 D. discoideum fruiting bodies with mean 4,132 

± 9,383 SD spores per fruiting body, for a total of 3.0 ' 105 spores, in 

contrast to zero for the soil (Fig. 4). We found a single patch of D. 

giganteum fruiting bodies in one of the cores (Fig. 4B). We found D. 

giganteum and many other species of Dictyostelium on dung samples from 

the transect. 



Figure 4 

Fig. 4. Soil cores versus dung collection in October 2005. (A) Soil core 

placed in non nutrient agar. (B) A patch of D. giganteum fruiting bodies 

from a soil core. (C) Dung pellet placed in a core of non nutrient agar. (D) 

D. discoideum fruiting body from dung pellet. 
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1.4.2 Relatedness Estimates 

For the 88 fruiting bodies from 25 deer dung piles in October 2004 , 

68 fruiting bodies (77%) always showed single bands expected of clonal 

fruiting bodies and 20 (23%) showed multiple bands (Fig. 5A). This yields a 

minimum relatedness of 0.86 (assuming clones in chimeras are equally 

represented; see Methods). For the 75 additional fruiting bodies from 

various locations and times of year that were clonally plated, 69 fruiting 

bodies (92%) showed only 1 clone, whereas 6 (8%) were chimeric for 2-3 

clones (Fig. 5B). Relatedness within chimeric fruiting bodies was 0.684 ± 

SE 0.086 and within all fruiting bodies was 0.975 ± SE 0.012. 
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(A) Entire fruiting body genotyped at once. (B) Individual spores genotyped. 

Bold font numbers represent the number of fruiting bodies and non-bold 

numbers represent the number of spores. Smaller pie charts correspond to 

the 6 chimeras with individual spores genotyped; numbers represent number 

of spores for each different clone isolated from each fruiting body. 
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1.4.3 Relatedness and selection against cheaters 

Our calculations based on frequency of clonality and clonal fitness 

costs shows that with high fraction of clonal fruiting bodies, selection acts 

more efficiently against cheaters with a certain costly defect (Fig. 6). Given 

our data, the model predicts that no stalk-avoiding cheater that has a high 

cost when alone should spread. Fig. 6 shows that this level of relatedness 

should be sufficient to control all costly cheaters that gain by avoiding the 

stalk. 
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made of 25% stalk. The advantage of a rare cheater relative to wild type is [c 

(1- k) 0.75 + (1 - c)] /0.75. The 0 .75 denominator is the fitness of cells in 

wild-type fruiting bodies, which have a 25% chance of dying in stalk. The 

numerator is cheater cell fitness averaged over a fraction c in clonal cheater 

fruiting bodies that lose k units of fitness, and 1 - c in chimeras, where they 

avoid the stalk and have fitness 1. The bands represent 95% confidence 



intervals (binomial distribution) for cheater fitness based on our two 

estimates of the percent of clonal fruiting bodies. The cheater will spread 

only at a relative fitness greater than 1 (speckled grey region labeled 

"cheat"), which means the clonal cost cannot exceed 0.166 (labeled point). 
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To demonstrate that high relatedness allows selection against 

cheating, we investigated the mutantjbxA-(also known as chtA-) , a knockout 

of an F-box protein involved in degradation of a developmentally important 

phosphodiesterase (Ennis et ai. 2000; Ennis et ai. 2003; Mohanty et ai. 

2001; Nelson et ai. 2000). FbxA- is ideal because it cheats in chimeras, but 

on its own it is developmentally deficient and produces few or no spores 

(Ennis et ai. 2000), so its spread through the population would be 

devastating. 

First, we ask how damaging this cheater mutant would be at 

sufficiently low relatedness. A cheater cell's relatedness to groupmates is r 

= (Py- p) / (1- p) where Py is the frequency of the cheater allele in its group 

and p is the population frequency (Queller& Goodnight 1989). When r = 0, 

Py = p: groups are thoroughly mixed and each group has the population 

frequency of the allele. FbxA- beats wild type at all mixture frequencies 

(Fig. 7A, and see ref. 7), which means that in a very low relatedness 
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population,jbxA- will always win and will spread at least to the highest 

frequency tested (0.75). To confirm thatjbxA- beats wild type because of 

due to a social cheating rather than because of due to differences in growth 

during the vegetative stage, we compared growth rates of each strain on its 

own and found no significant difference in their growth (paired t test: n = 10, 

t = -1.03, P = 0.330). 
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Fig. 7. Fitness of jbxA- knockout relative to wild type at different 

frequencies. (A) Cheating advantage ofjbxA- measured as the ratio of the 

percentage ofjbxA- in final spores to its initial percentage in the cell stage of 

development (Fisher's exact test versus no change, two replicates: ** P < 

0.005, *** P < 0.001 for each test, n at least 1,152 plaques for each test). 

(B) Group productivity (total spore production) declines as a function of the 

percentage ofjbxA- in fruiting bodies (Spearman's rank correlation on mean 

values. rs =1, n = 6, P < 0.01). Photos show fruiting bodies from each 

mixture. (C) Estimate ofjbxA- fitness as its cheating advantage times its 

group productivity. When fitness is < 1,jbxA- will not gain an advantage. 

The line crosses at r = 0.25. 

In addition, we measured how damaging the increase would be; jbxA

results in fewer and more poorly developed fruiting bodies, and, therefore, 

much lower spore production (Fig. 7B). How can the mutant spread despite 

this effect? At zero relatedness, all groups have the same genetic 

composition, so there is no opportunity for group differences in spore 

production to counter the within-group advantage of the cheater. Thus, at 

very low relatednessjbxA- is a severe threat; it will spread and, as it does so, 

it will greatly reduce normal cooperative fruiting and spore production. 
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We now use the same data in a different way to ask what is the 

highest relatedness that would allow jbxA- to invade the population. At high 

levels of relatedness, cheaters will encounter themselves at high frequency 

within the group, and the within-group advantage of the cheater can be 

counteracted by the between-group cost. At invasion, when the cheater is 

rare, it must be more successful than wild type in pure wild-type groups. In 

Figure 7C we plot the fitness ofjbxA- in the tested mixtures, relative to the 

fitness of wild type fruiting alone, taking both the advantage of cheating 

(Fig. 7A) and the lowered productivity (Fig. 7B) into account. Finally, we 

note that at invasion when the population frequency of the cheater p is near 

zero, r = (Py - p) / (1 - p) = Py- Thus, at invasion, relatedness equals the 

frequency of cheaters in the group. Figure 7C shows that the mutant has 

lower fitness and cannot invade when it is in chimeric mixtures at greater 

than 0.25 relatedness (Fig. 7C). High relatedness should prevent invasion of 

this potentially damaging cheater. 

The size of the cheating advantage we found is consistent with 

avoidance of stalk, but an earlier study (Ennis et at. 2000) found a stronger 

cheating advantage ofjbxA-. CouldjbxA-spread with this larger advantage? 

Considering the group cost that we found, invasion would still be prevented 

at the observed level of relatedness (Fig. 8). This control depends largely 



upon the complete fitness cost in clonaljbxA- fruiting bodies, which we 

confirmed also occurs on the natural substrate of dung (Fig. 9). 
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For AX3, 4 pellets produced fruiting structures containing spores. No 

spores had been produced by jbxA-. ForjbxA-, only 1 of the pellets 

produced visible fruiting structures, which contained no spores. We 

observed no spores, and no growth had occurred after 14 days. 
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Fig. 8. Fitness ofjbxA- using cheating data from an earlier study (3). Axes 

for (A) and (B) are the same as those plotted in Fig. IA and Fig. Ie, 

respectively. (A) FbxA- increased between the cells and the spore stage by 

an average factor of 5.75 (0.0335 relatedness), 2.2 (0.2235 relatedness), and 
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1.85 (0.4255 relatedness). Beyond the last measured point, we 

conservatively assume the cheating ability does not decline further until 

initial frequency 0.5405, at which pointjbxA- constitutes all of the spores. 

After this point, additionaljbxA- yield no morejbxA- spores, so the per 

capita advantage ofjbxA- cells must decline (thin line). (B) The fitness of 

jbxA- is calculated for five levels of relatedness (as in Fig. Ie) by 

multiplying the cheating advantage (part A) by the group productivity (Fig. 

1B). From left to right, this yields a fitness of 5.06 (0.05 relatedness), 1.67 

(0.25 relatedness), 1.14 (0.50 relatedness), 0.70 (0.75 relatedness), and 0 (1 

relatedness) respectively. The line drops below 1 at r = 0.6, so when r> 0.6, 

jbxA-Ioses to wildtype. 
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Wild type AX3 

Fig. 9. The jbxA- mutant fails on both lab and natural substrates. Fruiting 
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body phenotypes of wild-type AX3 (A and C) andjbxA- (B and D) on dung 

(A and B) and SM agar (C and D). Arrows point to mature fruiting bodies 

for AX3 and failed fruiting bodies for jbxA -. Measure bar corresponds to 1.5 

mm for agar photos and 3 mm for dung photos. 
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1.4.4 Test for cheater mutants in nature 

Of 3,316 spores germinated (34.9 ± SD 54.6 spores per fruiting body) 

from 95 wild fruiting bodies, all produced a robust wild type pattern of 

development (Fig. 10). This suggests that jbxA- and other costly cheaters are 

not commonly cheating altruists in this population. 

Figure 10 

Fig. 10. Photographs of clonal isolations showing a robust developmental 

pattern that was typical in all isolates. (A) Whole plate. (B) Subset of same 

plate. (C) and (D) Close-ups of clonal isolations in another plate. 
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1.5 Discussion 

It is increasingly recognized that many microorganisms are social and 

can cheat (Ennis et al. 2000; Fiegna et al. 2006; Greig& Travisano 2004; 

Griffin et al. 2004; Kerr et al. 2002; Travisano& Velicer 2004; Vulic& 

Kolter 2001), but there have been no estimates of relatedness from natural 

populations at the scale relevant to natural selection against cheating. Here, 

we have shown that relatedness in cooperative groups of D. discoideum is 

very high, higher even than in most eusocial insect colonies (Crozier& 

Pamilo 1996). It is not clear what maintains high relatedness in D. 

discoideum. As in most eusocial insects, kin discrimination might be 

important, and indeed, in the related D. purpureum, when different isolates 

are mixed together, they prefer to form fruiting bodies with kin (Mehdiabadi 

et al. 2006). Nonetheless, previous work has shown for D. discoideum that 

genetically different clones mix in the lab (Strassmann et al. 2000a). An 

alternative explanation for high relatedness is that D. discoideum may grow 

in isolated clonal patches in this natural population. Future work will need 

to test these hypotheses. 

This high probability of fruiting alone in D. discoideum is predicted to 

allow selection against most cheaters that gain an advantage by refusing to 

become stalk cells (Fig. 6). The only exceptions are cheaters with little or 



no cost when fruiting alone, that is, those least likely to compromise the 

cooperative system. Cheaters that harm group productivity, those most 

likely to destroy cooperation if they spread, should be selected against. 
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Using the socially disruptive cheaterjbxA-, we confirm this prediction 

in a laboratory setting. Like cheating strains of Myxococcus xanthus 

(Velicer et at. 2000), a prokaryote with a similar life cycle,jbxA-imposes a 

clear group cost. The spread of such cheaters can sometimes devastate 

cooperation, even to the point of causing extinction (Fiegna& Velicer 2003). 

Our data show thatjbxA- is a severe threat to cooperation in low-relatedness 

populations and, that it could invade and pose some threat to populations 

with relatedness up to 0.25, but that the high relatedness observed in the wild 

should keep it from invading, assumingjbxA- behaves similarly in the field. 

Indeed, the high relatedness should prevent the spread of any strongly 

socially destructive mutant. As expected, we did not find any such cheaters 

in fruiting bodies in the natural population, suggesting that they are absent or 

very rare. Strictly speaking, some could be present but unsuccessful at 

getting into fruiting bodies, but that would still mean that they are not 

successfully cheating or threatening cooperation. 

Another D. discoideum mutant, dimA-, shows both similarities and 

differences tojbxA-. dimA-is a social defector that ignores the signal to 
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become sterile stalk (33). dimA- is a net loser, regardless of relatedness, 

because of a pleiotropic effect that occurs late in development which 

disallows cheating (24). Cheating by jbxA- also carries a negative 

pleiotropic effect (lowered total spore production), but this effect is weak 

enough at low relatedness to allow cheating to succeed. High relatedness is 

what allows selection to operate strongly againstjbxA-. An alternative 

hypothesis is that negative pleiotropic effects in the vegetative stage, which 

would be independent of relatedness, could contribute to selection against 

jbxA-. However, vegetative pleiotropic effects are not important because our 

growth rate experiments show no significant differences in growth between 

the two strains. This is not surprising, because the functionaljbxA gene, like 

about 25% of D. discoideum genes, is expressed primarily during 

development (Van Driessche et at. 2002), with no transcript detected during 

the vegetative stage (Ennis et at. 2000). 

Our study suggests that the extreme altruism of D. discoideum persists 

in the face of cheating because high relatedness allows selection to remove 

all cheaters that would severely undermine group cooperation. We therefore 

confirm a principle that is thought to be widely important in other less 

tractable cooperative systems. High relatedness prevails both among the 

cells of multicellular plants and animals and among the individuals of social 



insect colonies, and the consequent ability to control cheater mutants may 

explain persistence and success of those cooperative entities. 
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2.1 Abstract 

A major challenge for social theory is to explain the importance of kin 

discrimination for the evolution of altruism. One way to assess the 

importance of kin discrimination is to test its effects on increasing 

relatedness within groups. The social amoeba Dictyostelium discoideum 

aggregates to form a fruiting body composed of dead stalk and live spores. 

Previous studies of a natural population showed small soil samples typically 

have more than one clone, but actual fruiting bodies typically contain only 

one clone. To test whether kin-discriminatory segregation accounts for this 

discrepancy, we mixed co-occurring clones using a relatedness level found 

in small soil samples. We found relatedness in fruiting bodies here was 

lower than found in the natural population, most fruiting bodies were 

chimeric, and the amount of relatedness increase caused by kin 

discrimination was small. Nonetheless, we found a significant level of 

relatedness increase compared to controls. These findings suggest 

relatedness is generated by passive means of population structure and kin 

discrimination is not central to the maintenance of altruism relative to 

obligate cheating. We discuss several alternative mechanisms that may 

generate relatedness and facultative cheating as a potential selective pressure 

for kin discrimination. 
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2.2 Introduction 

High genetic relatedness within groups coincided with major transitions in 

evolution (Maynard Smith& Szathmary 1995). High relatedness within 

groups is thought to arise in one of two ways: by passive mechanisms of 

dispersal and viscosity or by active kin discrimination (West et al. 2007). 

The single-celled bottleneck of multicellular organisms (Grosberg& 

Strathmann 1998; Maynard Smith& Szathmary 1995) and the single

individual, once-mated queen bottleneck of eusocial Hymenoptera are 

examples of passive mechanisms that facilitated high relatedness within 

groups (Boomsma 2009; Hughes et al. 2008). Fusion compatibility systems 

of multicellular organisms that fuse somatic tissue (Buss 1982; Grosberg 

1988) and colony compatibility systems of mobile eusocial insects 

(Crozier& Dix 1979; Ratnieks 1991), in contrast, are examples of behaviors 

that actively enforce high relatedness within groups. 

Active kin discrimination may work to either maintain or generate 

relatedness. In organisms with unitary social development (Queller 2000), 

relatedness is initially generated by the dispersal of one or a few individuals 

followed social group formation and behaviors that maintain colony 

distinctness (Buss 1982; Crozier& Dix 1979; Grosberg 1988; Ratnieks 
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1991). This form of kin discrimination is viewed in eusocial insects 

(Ratnieks 1991), marine invertebrates (Grosberg 1988) and fungi (Saupe 

2000). Kin discrimination also occurs, however, in organisms that form 

social groups by aggregation, such as many mammals and birds (Cornwallis 

et al. 2009), anuran amphibian tadpoles and fish (Blaustein& Waldman 

1992; Ward& Hart 2003), sea anemones (Grosberg 1988) and social 

amoebae (Buss 1982; Mehdiabadi et al. 2006; Ostrowski et al. 2008). In 

these organisms, kin discrimination helps generate relatedness by 

segregating individuals into distinct kin-groups. 

Mechanisms of kin discrimination generating or maintaining 

relatedness within groups have been studied extensively (Blaustein& 

Waldman 1992; Crozier& Dix 1979; Grosberg 1988; Ostrowski et al. 2008; 

Ratnieks 1991), but it generally remains unclear what effect kin 

discrimination has on increasing relatedness within groups. Manipulative 

experiments show kin discrimination can segregate individuals (Blaustein& 

Waldman 1992; Flowers et al. 2010; Grosberg 1988; Mehdiabadi et al. 

2006). Whether this kin discrimination produces high relatedness under 

natural conditions of population structure, however, has not yet been 

investigated. 
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We studied the social amoeba Dictyostelium discoideum because data 

is available on natural population structure before and after social group 

formation. Studies of a natural population of D. discoideum near Mountain 

Lake, VA showed relatedness among independently living amoebae in small 

soil samples (::::: 0.20 g) was 0.52 ± 0.01 on average (Fortunato et al. 2003). 

In contrast, relatedness in natural social groups (fruiting bodies) was 0.86-

0.99 and 77-92% of fruiting bodies contained only one clone (Gilbert et al. 

2007). These data suggest relatedness may increase by as much as 0.50 

because of segregation behaviors during development. 

Previous studies of D. discoideum showed (i) co-occurring clones 

typically form chimeras (Fortunato et al. 2003; Strassmann et al. 2000) (ii) 

clones from different geographic regions can segregate (Flowers et al. 2010; 

Ostrowski et al. 2008) and (iii) variation in segregation among 

geographically distinct clones correlates to regions of two cell adhesion 

genes (Benabentos et al. 2009). In addition, a study of clones from 

Mountain Lake, V A showed evidence of segregation in 3 of 3 chimeric 

mixtures (Flowers et al. 2010). The overall effect of kin discrimination on 

relatedness among co-occurring clones, however, has not been assessed. 

We tested the role of kin discrimination in producing relatedness in D. 

discoideum under natural conditions. We studied pairs of clones from this 
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Mountain Lake, VA population taken from the same or different soil 

samples (Fig. O. We mixed clones from the same soil samples (Fortunato et 

al. 2003) because co-occurring clones are likely to encounter each other in 

nature. We also used clones from different soil samples because mobile 

animals pass spores through their guts (Gilbert et al. 2007; Raper 1984). We 

allowed slugs to migrate not just on agar but also through soil, a substrate of 

natural viscosity that can be conducive for segregation of different clones 

(Queller et al. 2003). We mixed clones equally, yielding a relatedness of ~ 

0.5 initially, similar to that found in small soil samples (Fortunato et al. 

2003). 

We asked whether proportion of clonal fruiting bodies and relatedness 

was as high as found in nature. We assessed the total magnitude of 

relatedness increase that results from variance between fruiting bodies-an 

estimate for the effects of kin-discriminatory segregation. We also asked 

whether relatedness between clones helps explain variation in kin 

discrimination, i.e. if clones that are more highly related segregate less than 

those that are more distinct. 
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Figure 1 

10 4 10 8 3 5 6 3 

Fig. 1. Pairs of clones used in this study. Clones were initially obtained 

from 2 transects taken at Bald Knob, V A «Fortunato et al. 2003) and 

Fortunato, unpubl. data), labeled Tl and T2. (A) Millimeter-scale mixes 

were clones from within the same soda-straw soil sample, which were 

separated by no more than ,..,20 mm (Fortunato et al. 2003). (B) Meter-scale 

mixes were clones found meters apart. Numbers above or below sample 

names refer to the number of meters that separated the clones. 

2.3 Materials and Methods 

2.3.1 Choice of clones 

Clones were collected by plunging 6-mm diameter soda straws into soil 

along two 25-m transects (Fortunato et al. 2003b and Fortunato, unpubl. 

data), a subset of which are used here (Fig. 1). We picked pairs of clones 

from the same 6-mm scale soil samples distinguishable using 1 of these 3 



microsatellite loci: Dietl3, Diet 19 or Diet 25. We used a minimum 16 bp 

difference to prevent overlap of stutter bands. We kept the difference as 

close to 16 bp as possible (Table 82). We used these same clones to 

construct mixes of clones from different soil samples, found meters apart 

(Fig. 1). 

2.3.2 Experimental design 
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We collected soil from the first'" 1 inch underneath leaf litter at Mountain 

Lake, VA. We kept the soil in ziploc bags in a 5° C refrigerator. Before 

each experiment, we sieved soil through a 3-mm course wire mesh. We 

autoclaved and dried the soil at 37° C for 24 hours. Immediately prior to the 

experiment, we weighed the dry soil and added sterile water to bring 

moisture content to 60%. This high moisture content ensured sufficient 

humidity for fruiting after several days of incubation. 

Prior to each experiment, we grew clones from freezer stocks and 

collected spores 3 days after fruiting. We counted spores with a 

hemocytometer and made 105 spore / J..tL spore solutions for each clone. We 

mixed 150 J.LL of this solution with 150 J.LL of a concentrated bacterial 

solution (18M plate (Gilbert et al. 2007) of Klebsiella aerogenes in 1 mL 

H20). We then mixed 125 ~ of this spore/bacteria solution of one clone 
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with the same amount for the other clone, and deposited 200 ~ (107 spores) 

of this chimeric solution into a 50 mL beaker containing 35 mL of sterile 

buffered agar (1.98 g KH2P04 , 0.35 g Na2HP04 , 20 g agar per L ddH20). 

We allowed this solution to dry on the agar for 3 hours in a sterile 

laminar flow hood. We then added 8 g of soil, yielding::::: 1.5 cm depth. To 

maintain humidity in the beakers while also allowing some air flow, we 

stretched a small sheet of parafilm across the mouth of the beaker and 

punched 3 holes in the sheet. To provide directional light, we wrapped the 

beakers with foil around the sides and bottom. We then placed the beakers 

in a 25 0 C incubator. 

After 6 days incubation, we unwrapped the beakers. We haphazardly 

collected sori of 16 fruiting bodies at the surface of the soil from each beaker 

with sewing pins. We placed the head of the pin in 25 J.LL of a 5% chelex 

solution in a 96-well plate. We shook the plates on a New Brunswick 

Scientific C 1 Platform Shaker at 40 RPM for 10 minutes to disperse the 

spores from the pinheads, and then removed the pins. 

We repeated the experiment in whole on 3 different days, each time 

using clones raised from freezer stocks anew. On the second day, we also 

performed the entire experiment without adding soil to the beakers. We 
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genotyped fruiting bodies using an established protocol (Gilbert et al. 2007) 

and recorded peak heights of each clone. 

2.3.3 Measurement of relatedness increases 

We estimated the proportion of clones in a mix by taking the ratio of 

microsatellite peak heights (see supplementary material). We calculated 

average relatedness of fruiting bodies within a mix as 

n 

L (p; + (1- p;») 
R = -",-' ----- (1) 

n 

Where Pi is the proportion of the first clone in the ith sorus and (1- Pi) 

is the proportion of the second clone in the ith sorus. This calculation 

assumes different clones are unrelated. Within the ith sorus, Pi of the time a 

spore is the first clone and it is related to Pi of the other spores by 1 and the 

remainder by 0, while (1- pJ of the time a spore is the second clone and is 

related to (1- pJ of the spores by 1 and the remainder by O. A more 

complex calculation that took into account relatedness between clones 

yielded a similar result (data not shown). 
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The component of relatedness caused by increase of one clone relative 

to the other during the experiment was calculated as: 

(2) 

or the relatedness increase that would occur in the absence of segregation, 

relative to a much larger population of other clones. 

The component of relatedness caused by segregation within the mix 

was calculated as: 

(3) 

Where R is the average relatedness in the mix (Eq. (1», Rd is the 

component resulting from the increase of one clone relative to the other (Eq. 

(2», and 0.50 is the starting relatedness among spores. Rs ' which we refer to 

as relatedness increased caused by segregation, reflects variance between 

fruiting bodies within the mix. 



2.3.4 Testing for an effect of relatedness between clones on the 

extent of segregation 
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We genotyped each clone for 16 variable polymorphic microsatellite loci 

representative of all 6 D. discoideum chromosomes (Table Sl). We scored 

peak locations using GENOTYPER (Applied Biosystems) software. We 

calculated pairwise symmetric relatedness using Relatedness version 5.0.8 

(http://www.gsoftnet.us/GSoft.html). weighting loci equally and jackknifing 

across loci (Queller& Goodnight 1989). We used the clones in the transect 

as the reference population for comparing allele frequencies (Table S2). 

2.3.5 Statistical analyses 

We performed all statistical analysis in JMP v. 7.0.2. We used a one-tailed 

t-test to compare fraction clonal and relatedness to that found in nature 

because the latter were lower estimates (choice of test did not affect P 

value). To test for a correlation between relatedness between clones and the 

amount of segregation, we performed a two-way Analysis of Covariance 

(ANCOV A) model with day and soil sample (same or different) as nominal 

factors and relatedness as a covariate. Three replicates were excluded either 

because no fruiting bodies were found or only one clone was present (QS2 x 

QS183 on day 1, QS181 x QS179 on day 2, and QS186 x QS194 on day 3; 



yielding N = 51). The dependent variable was Box-Cox transformed Rsp' 

where Rsp is Rs of possible: 

(4) 
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Using Rsp rather than Rs as the dependent variable removes Rd as an 

explanatory effect and thus allows for a simpler two-way rather than three

way ANCOVA (Rs varies with Rd but Rsp does not). Box-Cox transformed 

Rsp was distributed in a way that was not significantly different from normal 

(Shapiro-Wilks W = 0.98, P = 0.51). Using Rsp rather than Rsas the 

dependent variable did not affect the significance of the results. 

2.4 Results 

Out of 1047 fruiting bodies genotyped from 3 experimental days (14.6 ± 

0.25 SE fbs genotyped per mix), 264 (25.2%) exhibited a single 

microsatellite peak characteristic of a clonal fruiting body and 783 (74.8%) 

exhibited 2 peaks characteristic of a chimeric fruiting body (D. discoideum 

is haploid) . Averaging across the 3 experimental days, we found 27.1 ± 

0.05% of fruiting bodies per mix were uniclonal and relatedness within 

fruiting bodies was 0.73 ± 0.02. The proportion of uniclonal fruiting bodies 
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was significantly less than the lower estimate of 77% from the natural 

population (one-tailed t-test, N = 18, P = 0.0001; Fig 2A). Likewise, the 

average relatedness within fruiting bodies was significantly less than the 

lower estimate of 0.86 from the natural population (one-tailed t-test, N = 18, 

P < 0.0001; Fig. 2B). 

Figure 2 
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Fig. 2. Proportion of clonal fruiting bodies and relatedness within fruiting 

bodies. Relatedness started at 0.50 among spores because of equal mixture 

(**P < 0.001). 

Although the relatedness increase was small, we did find a significant 

increase in relatedness caused by segregation (Rs) compared to controls. We 

found a median Rs for the experimental mixes of 0.049 (quartiles 0.03,0.09) 
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compared 0.001 for the control mixes (quartiles 0.0004,0.003). The 

medians of the distributions were significantly different (Wilcoxon text, N = 

18, Z = 5.1, P < 0.0001), showing some segregation did occur in the 

experimental mixes (Fig. 3). 
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Fig. 3. Relatedness increase caused by segregation (Rs) in experimental 

mixes and controls (**P < 0.001). 

There was no significant effect of relatedness between clones, 

experimental day, or whether clones were from the same soil sample on the 

amount of relatedness increase caused by segregation of possible (two-way 
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ANCOVA, N = 51, R square = 0.12; see Table 1 and Fig. 4). There was 

likewise no statistical difference between the trials with or without soil on 

the second day in the proportions of uniclonal fruiting bodies (Wilcoxon 

test, S = 495, N = 18, p = 0.18) or relatedness increase caused by 

segregation (Wilcoxon test, S = 310.5, N =18, P = 0.49). 

Figure 4 
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Figure 4. Relatedness increase caused by segregation of possible (Rsp) 

against the pairwise relatedness values between clones (table S3). Bars give 

standard errors of the 3 experimental replicates. 



Table 1 

Source 
Day 
Relatedness 
Soil sample 
Error 

df 
2 
1 
1 
46 

F 
0.2376 
1.5139 
3.6069 

p 
0.7895 
0.2248 
0.0638 

Table 1. Variation in relatedness increase of possible is not explained by 

day, relatedness between clones or whether clones were from the same soil 

samples. 

2.5 Discussion 

62 

Kin-discriminatory segregation alone did not produce a relatedness increase 

capable of explaining the discrepancy between relatedness in soil and 

fruiting bodies in the natural population (Fig. 2). Relatedness between 

clones furthermore did not predict the amount of segregation (Table 1 and 

Fig. 4). Nonetheless, some segregation between co-occurring clones did 

occur (Fig. 3). These results raise the question of why a polymorphic 

recognition system exists (Benabentos et al. 2009) despite weak effects of 

segregation on relatedness and what accounts for high relatedness if not kin-

discriminatory segregation. 

Our results showed a significant relatedness increase caused by 

segregation (Rs) compared to controls (Fig. 3). The fact amoebae grew up 
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with non-clonemates suggests this discrimination ability is innate rather than 

learned-supporting the hypothesis of a genetic recognition mechanism 

(Benabentos et al. 2009). This raises the question, however, why a genetic 

recognition mechanism would be maintained. One possible answer relates 

to our finding of both chimeric and uniclonal slugs within a particular mix. 

Producing a small fraction of uniclonal slugs could be favorable if not all 

mixes result in net benefits of chimerism. For example, reductions of stalk 

size (Buttery et al. 2009) or migration ability (Foster et al. 2002) in chimera 

vary with the uniclonal combination, whereas benefits of increased slug size 

tend to hold across mixes (Foster et al. 2002). If the cost of chimerism 

outweighed the benefits in some mixes, producing a fraction of uniclonal 

slugs could be favorable. 

This raises the question, however, of why Dictyostelium purpureum 

exhibits much greater segregation at higher density. In D. purpureum, 

relatedness increase caused by segregation was 0.23 (calculated from [17]) 

compared to the 0.05 found here for D. discoideum. One possible 

explanation is a greater costs of chimerism in D. purpureum. Development 

is more flexible in stalk-migrating species such as D. purpureum (Raper 

1984), suggesting these species have a greater potential for differences in 
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stalk size in chimera. A greater costs of chimerism in D. purpureum would 

exert a stronger selective pressure for more precise segregation. 

The finding segregation has a small effect on relatedness in D. 

discoideum has another implication (Fig. 3). A number of models assume 

genetic kin recognition evolves to maintain altruistic behavior relative to 

obligate cheating (reviewed in (Rousset& Roze 2007». Our findings 

suggest this model does not apply to D. discoideum because segregation has 

only a small effect on relatedness. Rather, it seems more plausible kin 

recognition evolves in response to facultative cheating mentioned above 

(Buttery et al. 2009; Foster et al. 2002). This would explain kin recognition 

in species where the effect of segregation on relatedness is large [17] and 

where it is not (Fig. 2) and it would be consistent with a dearth of obligate 

cheaters in nature (Gilbert et al. 2007). 

We did not find a correlation between relatedness and segregation in 

D. discoideum (Table 1 and Fig. 4), whereas a previous study found a 

correlation between genetic distance and segregation (Ostrowski et al. 

2008). A possible explanation for this discrepancy is we here used clones 

from the same geographic area. There was therefore no role of allopatric 

evolutionary divergence. In addition, we had only 3 pairs of clones with 

statistically significant positive relatedness in our sample (see supporting 
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information (SI) Table S3). Thus only 3 pairs of clones were more likely 

than average to share variable recognition genes. In contrast, clones from 

different geographic regions are expected to diverge with increasing 

geographic and genetic distance, which produces a correlation in the absence 

of positive relatedness (Ostrowski et at. 2008). 

If segregation has only a small effect on relatedness in D. discoideum, 

then the question arises of what explains the discrepancy in relatedness 

between soil samples (Fortunato et at. 2003) and fruiting bodies (Gilbert et 

at. 2007). The most obvious factor to explain this relatedness is passive, 

microscale population structure. This population structure might arise in 

several ways. First, it could be resources are patchy and the first clone to 

utilize a resource will rapidly expand in population size. The finding of a 

large clonal patch in an abnormal habitat (Gilbert et at. 2009) and the 

occasional finding of patches of uniclonal fruiting bodies in more typical 

habitats (Gilbert et at. 2007) is consistent with this hypothesis. Second, 

differences in growth rate based on environment could lead to some clones 

becoming over-represented during vegetative growth. Extended vegetative 

competition has been shown to repeatedly decrease local-scale genetic 

diversity in laboratory populations (Saxer et at. 2010). Third, random 

spatial segregation could result in the formation of uniclonal areas as 
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populations grow before fruiting (Nadell et ai. 2010). Finally, there could be 

within-6-mm-scale population structure among independently living 

amoebae (Buss 1982; Fortunato et ai. 2003) that would lead to clonal patch 

formation even without patchy resources, habitat preferences, or random 

spatial segregation. 

In conclusion, our study shows D. discoideum exhibits evidence of kin 

discrimination under natural conditions, consistent with the action of an 

innate recognition mechanism. However, we found kin-discriminatory 

segregation in D. discoideum yielded only a small effect on relatedness. 

These findings suggest passive means of population structure are most 

important for maintaining high relatedness in D. discoideum, and that high 

relatedness and altruism would be maintained even without kin 

discrimination. These findings suggest a polymorphic recognition system 

found in D. discoideum is more likely to evolve in response to facultative 

rather than obligate cheating. 
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2.7 Supplementary methods 

2.7.1 Control for effects of PCR bias on frequency of clonal 

fruiting bodies 
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As a control to assess the sensitivity of this measurement, we tested 

whether our PCR method was capable of detecting rare clones within 

fruiting bodies. We created mixes of spores at known proportions: 5:95, 

10:90,25:75,50:50, 75:25, 90: 10, and 95:5 at concentration of 1.2 X 103 

spores per ~L, approximating the size of a 3.0 X 104 spore fruiting body in 

25 J1L. We genotyped 4 replicates of each solution for each of the 18 mixes 

(N= 504). 

Our control showed both clones were detected for all replicates in all 

mixes except for mix QS181 x QS182, which had the greatest PCR bias of 

any mix (Fig. SI). In that mix, the clone with longer allele, which is more 

difficult to detect, was detectable in 114 replicates at 5 % frequency and 4/4 

replicates at 10 % frequency. 
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Figure SI 
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Figure Sl (cont.) 
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Fig. Sl. Control mixes. Proportions observed compared to known 

proportions (actual) of clones with shorter alleles, listed first. The number in 

the upper left hand comer of each plot is the root mean square error (RMSE) 

of the points fitted to the red line y = x, which reflects the amount of PCR 

bias in the mix. The number in the lower right-hand comer is the Rs 

observed in the 50:50 mix. 
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2.7.2 Control for PCR bias on relatedness increase estimates 

It is possible peR bias could affect the measurement of the relatedness 

increase due to variance between fruiting bodies (Rs) if it reduced the spread 

of points observed (Fig. S2). If peR bias did affect observed segregation, 

however, a correlation between the amount of peR bias in a mix and Rs 

should be observed. To test for a correlation between peR bias and Rs ' we 

estimated the amount of peR bias in a mix by calculating the root mean 

square error (RMSE) of observed data points fit to a line observed = 

expected in the control mixes (Fig. SI). peR bias was not a significant 

predictor of Rs in a linear regression of the experimental mixes (N = 18, R 

square= 0.038, P = 0.44; Fig. S3). 

2.7.3 Control for the effects of soil 

We found there was no statistical difference between the trials with or 

without soil in the proportions of clonal fruiting bodies found (Wilcoxon 

test, S = 495, N = 18, P = 0.18) or in the relatedness increase caused by 

segregation (Wilcoxon test, S = 310.5, N =18, P = 0.49). 
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Fig. S2. peR bias can potentially reduce spread of points. (A) Moderate 
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peR bias, reflected by the root mean square error (RMSE) of the blue line fit 

to the red, does not affect spread of points of 50:50 mixes. (B) High peR 

bias reduces spread of points. 
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Figure S3 
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Fig. S3. peR bias (RMSE) was not a significant predictor of variance 

between fruiting bodies in a linear regression (R square= 0.038, P = 0.44). 
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Table SI 

Locus No. of S· (b) Annealing Chromo Forward and reverse primers (5'-3') repeats lze p temp. CC) no. 

Diet398aAAT 31 157 50.5 CAAAAATATCATCAATTTCAATTCCA 
TGGAGTGATTCAATTATTGGTAAA 

Diet404AAT 29 242 53.2 CAACTGAAGCCCCATTCATT 
TGGATCATATTGTTGTGGTTGG 

Diet25AAC 27 210 49.0 AGAGCCACTCATTATCTATTCC 
CACAACCACTATCACTAGAAACTG 

Diet505e AAT 28 228 54.4 2 TTCATCAACAACAATCTCAACAA 
TTGGTGGTGATGTTTCAGGT 

Diet506e AAT 34 248 54.2 2 AAACCAGCCAATACTGGATCA 
CCAACACCCATTACAGCAAC 

Diet51JAAT 30 217 51.1 3 TTGGAGTCACTATCGGAATCA 
CATTTTTGCATCCATCTCCA 

Diet513e .TAA 30 201 53.1 3 CCTGTTGCACCAGAGGCTAT 
TTGGTTATTGTTTGGCTGGTT 

Diet518AAT 31 400 54.3 3 CAAGCCACAAAAGAAACAATTT 
ACAACACCATTAATCCACTCTGT 

Diet604AAT 28 247 51.2 4 CGGGTGATATTGCACTTTTG 
TTTCGAATACATTGCGTTCC 

Diet13.CAT 18 157 49.0 4 CCCCTTTTTACTTTTTGCAC 
CCAACAAACTATAACCACCTCATC 

Diet19AAC 14 173 48.0 4 GCTTGATTTGCCAATAGTTC 
TCAAAACCTGATCCATTACC 

Diet406aAAT 37 250 48.2 5 AAAATCTTGTTGTTCAGTCGTAGG 
TTGTTTATTAATTTGCATCGATTT 

Diet414'.TTA 30 230 54.1 5 TGGGAAAAATGTTTCAAAATGA 
TTCTTTTTGTAGGTCCCCTTCTT 

Diet414a'.TTA 28 215 49.9 5 TTGGACATTCTCTAAATGTAAATG 
TTCACAATTCATTCAAAAACCAA 

Diet417AAT 32 248 55.6 6 TTCAATTTGGGAAAAAGCAGA 
ATCTTTCTTGGCCTGCTGTG 

Diet418.TTA 30 228 53.6 6 TCTCTTAAATTTATTTCATATCCTGCT 
CCGTCAAAGAGTTTCAGATGG 

Table S1. Microsatellite primers used in genotyping. Number of repeats 

and product sizes are for the initial sequence. 
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Table S2 

Allele size (base pairs) 
Chromo 1 2 3 
Locus Dict25 Dict398a Dict404 Dict505e Dict506e Dict511 Dict513e Dict5l8 

QS179 258.73 209.99 262.27 193.77 262.78 305.14 220.13 459.01 
QS12 261.76 215.97 234.86 190.74 336.87 221.68 193.17 379.51 

QS180 190.53 297.86 257.39 193.91 263.69 305.08 193.22 459.02 
QS15 258.67 209.90 234.95 190.93 332.75 221.77 220.23 367.04 

QS191 265.12 182.57 233.08 191.18 334.21 216.87 208.41 367.44 
QS181 236.86 218.91 256.34 200.03 265.71 228.96 177.78 394.67 
QS182 177.27 255.87 277.21 187.67 265.71 225.87 217.29 366.85 
QS183 264.71 182.61 231.66 190.01 333.82 216.66 208.34 367.05 

0 QS2 180.84 260.25 187.71 281.70 265.72 208.30 -§ QS195 268.00 210.05 262.35 190.89 332.93 224.88 220.06 379.43 
0 QSI84 177.26 179.59 262.35 187.76 290.87 209.71 208.43 388.57 

QS186 224.10 209.98 256.34 190.95 332.87 210.73 220.22 373.13 
QS185 268.05 185.65 256.39 200.03 338.87 209.74 220.16 373.28 
QS187 258.61 210.02 257.37 190.83 333.73 210.61 220.28 373.23 
QS188 264.63 182.56 257.36 190.87 333.83 215.69 208.31 367.06 
QS190 177.84 179.83 262.25 187.53 290.78 210.65 208.38 388.47 
QS189 264.58 185.67 256.37 190.83 333.86 216.67 208.37 367.11 
QS150 264.54 182.51 231.92 334.08 191.01 216.83 208.21 367.06 
QS194 261.63 209.91 257.43 334.14 189.87 221.92 220.14 373.21 

# alleles 9 9 6 6 9 8 6 7 

Chromo 4 5 6 
Locus Dict13 Dietl 9 Dict604 Dict4l4a' Dict414' Dict406a Dict417 Dict4l8 

QS179 207.15 177.15 300.87 254.38 331.72 245.40 258.60 217.01 
QS12 210.12 161.29 300.86 244.33 300.89 318.38 258.57 284.16 

QS180 207.08 177.09 253.38 330.68 245.36 273.50 216.99 
QS15 207.21 161.02 303.96 244.36 359.12 318.41 258.66 285.10 

QS191 214.59 161.78 283.16 254.72 246.54 281.61 267.72 279.42 
QS181 167.10 158.03 273.74 232.89 299.89 257.47 367.65 202.04 
QS182 207.11 177.27 303.92 244.33 328.55 305.79 252.44 284.15 
QS183 216.Ql 161.23 282.76 253.54 246.29 281.61 267.48 278.08 

0 QS2 167.09 158.13 271.71 241.31 296.80 257.64 258.50 208.10 -~ QS195 207.09 161.05 301.89 244.36 267.37 302.94 258.64 285.16 
0 

QSI84 210.13 183.13 231.98 238.34 281.70 273.52 217.05 0 
QS186 167.05 170.23 291.82 244.28 355.97 239.27 258.63 285.17 
QS185 164.01 161.17 291.79 253.49 270.53 239.33 252.54 285.19 
QSI87 167.Q7 161.13 291.79 244.31 356.08 239.31 258.57 293.32 
QS188 212.96 161.14 283.76 254.33 246.32 282.67 267.54 279.04 
QS190 210.05 183.41 231.88 238.31 282.63 273.42 217.04 
QS189 215.95 161.07 282.77 254.38 246.31 281.65 267.50 278.03 
QS150 215.97 161.10 282.68 253.49 246.28 281.52 267.48 278.06 
QSI94 167.13 161.17 291.76 253.46 246.29 239.17 252.51 284.22 

# alleles 7 6 6 4 11 7 5 6 

Table S2. Microsatellite profiles for each clone. Chromosome, locus, and 

number of alleles are given. 
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Table 83 

Mix R R 95% CI Primer Alleles Diff. RMSE 
QS195_QS184 -0.203 0.093 Dietl9 161,183 22 0.114 
QSI5_QSI80 -0.198 0.089 Dietl 9 161,177 16 0.026 
QS2_QSI88 -0.194 0.078 Diet13 167,213 46 0.101 
QS181_QS179 -0.184 0.027 Diet25 237,259 22 0.051 
QS2_QSI83 -0.182 0.078 Diet13 167,216 49 0.100 
QS185_QS189 -0.150 0.111 Dietl3 164,216 46 0.199 
QS189_QS190 -0.148 0.107 Dietl 9 161,183 22 0.049 
QS 183_QS 190 -0.135 0.104 Diet19 161,183 22 0.085 
QS191_QS180 -0.114 0.080 Dietl 9 161,177 16 0.038 
QS150_QS184 -0.109 0.099 Dietl9 161,183 22 0.100 
QS18CQS182 -0.086 0.078 Diet13 167,207 40 0.255 
QS187_QS188 -0.057 0.130 Dietl3 167,213 46 0.071 
QS 12_QS 179 -0.020 0.125 Diet19 161,177 16 0.031 
QS 194_QS 150 0.074 0.159 Dietl3 167,216 49 0.164 
QSI5_QSI82 0.131 0.139 Dietl 9 161,177 16 0.049 
QS 187_QS 195 0.229 0.152 Diet13 167,207 40 0.070 
QS186_QS185 0.248 0.161 Diet25 224,268 44 0.099 

QS186 QS194 0.341 0.157 Diet25 224,262 38 0.111 

Table 83. Mix information. Clones with smaller microsatellite allele 

are given first. Relatedness estimates and 95% confidence intervals for 

each pair of clones are given. Diff. refers to the allele difference in 

microsatellites used to measure proportions and RMSE (root mean 

square error) is the estimate of actual PCR bias in the mix (Fig. S2). 
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3.1 Abtract 

"Selfish gene" models of social evolution predict organisms will recognize 

and cooperate with non-kin who share a single gene. To explain why many 

organisms recognize and limit interactions to kin, I here propose a "selfish 

genome" model of kin recognition. By allowing for the effects of genome

wide relatedness among interactants on one another's fitness, this novel 

approach shows why individuals recognize kin. Individuals benefit by 

recognizing not just any individual sharing an allele, but only those sharing 

an allele by common descent. Only those individuals will be more likely 

than average to share uncorrelated traits that cue differential treatment (help 

and harm) and differential interaction (interact or not). The way natural 

selection favors this kin recognition ability is by favoring individuals with 

rare alleles. Thus organisms recognize kin because kin are more likely to 

cooperate and less likely to conflict than non-kin: a result of share genetics, 

environment, and prior history of selection to favor kin. 
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3.2 Introduction 

In a population of mostly unrelated individuals, there is often the potential to 

cooperate with members of the same species, gaining access to additional 

resources, better shelters, increased reproductive efficiency, and predator 

defense (Alexander 1974; Clutton-Brock 2009; Dugatkin 1997). 

Consequently, one might expect individuals to cooperate with non-kin who 

share a gene for cooperation rather than kin alone (Hamilton 1975; Wilson& 

Holldobler 2005). But instead, organisms often restrict interactions to kin 

based on polymorphic recognition traits (Buss 1982; Fletcher& Michener 

1987; Grosberg 1988; Hamilton 1964; Hepper 1991). For example, many 

marine invertebrates, fungi, and plasmodial slime molds discriminately 

reject cells from their multicellular groups differing in histocompatibility 

genes (Betterley& Collins 1984; Buss 1982; Grosberg 1988; Rosengarten& 

Nicotra 2011). A number of aquatic and terrestrial vertebrates, social 

amoebae, social insects, and unicellular fungi restrict cooperation to those 

sharing major histocompatibility genes (Manning et al. 1992; Rajakaruna et 

al. 2006; Villinger& Waldman 2008), cell adhesion genes (Benabentos et al. 

2009; Smukalla et al. 2008), vocal traits (Hepper 1991), or colony odors 

(Fletcher& Michener 1987; Hepper 1991). In some cases, these genetic 

recognition traits reach "hypervariable" levels, i.e. 100 + alleles in a 
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population (Grosberg 1988). With such high variability, interactions are 

limited to close kin who share genome-wide relatedness, rather than non-kin 

who share a single gene (Grafen 1990). 

Why do many organisms recognize and limit social interactions to 

kin, reducing the total fraction of the population that can be cooperated 

with? 

The accepted explanation is organisms recognize kin for the inclusive 

fitness benefits of nepotism (Fletcher& Michener 1987; Grafen 1990; 

Hamilton 1964). The difficulty with this explanation is in the maintenance 

of polymorphism of a variable cue used for kin recognition (Crozier 1986; 

Grosberg& Quinn 1988; Lehmann et ai. 2009). When individuals 

preferentially help or avoid harming those sharing a variable cue gene, 

common cue alleles are favored for increasing the fraction of the population 

with which an organisms can cooperate (Riolo et ai. 2001) or avoid conflict 

(Crozier 1986; Grosberg& Quinn 1988; Lehmann et ai. 2009). Thus it is 

predicted polymorphisms should erode, resulting in cooperation among non

kin (Crozier 1986; Grosberg& Quinn 1988; Lehmann et ai. 2009; Riolo et 

ai.2001). 

To explain cooperation among kin, it is argued cue polymorphisms 

must be maintained by alternative selective pressures (Crozier 1986; 
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Grosberg& Quinn 1988; Lehmann et at. 2009). In some organisms for 

which alternative balancing selective pressures have been identified, 

however, these selective pressures have been ruled out (Grosberg& Hart 

2000). The prediction of conventional selfish-gene models of kin 

recognition therefore yields a paradox: polymorphisms required for kin 

recognition appear to evolve adaptively (Benabentos et at. 2009; Betterley& 

Collins 1984; Buss 1982; Fletcher& Michener 1987; Grosberg 1988; 

Grosberg& Hart 2000; Hamilton 1964; Hepper 1991; Manning et at. 1992; 

Rajakaruna et at. 2006; Rosengarten& Nicotra 2011; Smukalla et at. 2008; 

Villinger& Waldman 2008), but theory predicts the opposite (Crozier 1986; 

Grosberg& Quinn 1988; Lehmann et at. 2009). 

There are two ways to resolve a paradox, and understanding the 

approach taken requires attention to the definition of a paradox. A paradox 

can be defined as an apparently self-contradictory conclusions deduced from 

acceptable premises ("paradox." 2011. In Merriam-Webster Online 

Dictionary. Retrieved 20 April, 2011, from http://www .merriam

webster.com/dictionary/paradox. See defs. 2b and 2c.). One way to resolve 

a paradox, therefore, is to expose a flaw in the premises that yielded the 

paradox. Authors argued the selective pressure imposed by obligate types, 

such as meek types or cheaters, was ignored by models of kin recognition 
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(Elgar& Crozier 1989; Grafen 1990; Roberts& Sherratt 2002). Thus, 

alternative models assume obligate types exist (Rousset& Roze 2007). 

These models show obligate types can select for polymorphism, but the 

selective pressure imposed is not evolutionarily stable (Rousset& Roze 

2007). Invariably, the evolution of polymorphism leads to the spread of 

discriminatory types, and selection again for common cue alleles (Rousset& 

Roze 2007). 

Rather than expose a flaw in the premises of former models by 

assuming the existence of obligate types (Elgar& Crozier 1989; Grafen 

1990; Roberts& Sherratt 2002), I here show why the conclusions reached by 

former models are not self-contradictory. In contrast to previous models, I 

here account for the effects of interactions among individuals sharing 

genome-wide relatedness on one another's fitness. I refer to this model as a 

"selfish genome" model of kin recognition to distinguish it from prior 

"selfish gene" models that focused on a single behavior or gene (Crozier 

1986; Grafen 1990; Grosberg& Quinn 1988; Lehmann et al. 2009; 

Rousset& Roze 2007). 

The selfish genome model is a historical model, in the sense its 

assumptions are based on a set of conditions that depend on prior 

evolutionary history. Thus, for example, it is assumed organisms have 
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evolved to take advantage of whatever cues are available to differentially 

treat conspecifics in a manner that benefits inclusive fitness (Hamilton 

1964). Thus kin are more likely than average to share environmental or 

genetic traits that cue differential treatment. This is important, as will be 

seen below, for explaining the adaptive evolution of polymorphism used for 

kin recognition. 

The selfish genome model allows for two forms of behavior in 

response to cues: differential treatment and differential interaction (Fig. 1). 

Differential treatment determines how organisms help or harm others given 

interactions occur. Differential interaction determines whether organisms 

have the potential to help or harm each other via whether or not they 

interact. The selfish genome model takes a focus on the evolution of 

differential interaction, assuming differential treatment exists. In contrast, 

former models focused either on differential treatment (Crozier 1986; 

Rousset& Roze 2007) or differential interaction (Buss 1982; Grafen 1990), 

but did not allow the possibility for both traits and separate cue genes in the 

same model. 
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Fig. 1. Differential treatment versus differential interaction. (A) With 

differential treatment, individuals help like and harm non-like. (B) With 

differential interaction, individuals avoid non-like or attract to like. 

3.3 Model 

There are two relevant forms of differential interaction behavior 

possible: avoidance-of-non-like behavior (Fig. 2) and attraction-of-likes 
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behavior (Fig. S 1). I here focus on avoidance-of-non-like behavior because 

this behavior can facilitate differential interaction at both low and high 

density (Fig. 2). This focus also allows the simplifying assumption of a set 

encounter rate. 
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Figure 2 
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Fig. 2. A voidance-of-non-like behavior mediates differential interaction at 

both low and high density. In the low-densty condition, an individual has 

only one encounter. In the high-density condition, avoiding a first 

interaction leads to a new encounter. With low density, encountering a like 

individual leads to an interaction (A) and encountering a non-like individual 

leads to the interaction being avoided (B). With high density, encountering 

a like individual leads to an interaction (C) while encountering a non-like 

individual leads to a new encounter (D). 
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I formulate two models. The first asks how fitness of an individual 

varies with the frequency of its interaction cue allele. A finding of negative 

frequency-dependent selection suggests polymorphism will be favored 

(Grosberg 1988). The second model examines the stability of the selective 

pressure for polymorphism (see supplement for details). 

Key assumptions of both models are: 

1) A life cycle where unlinked genes assort independently and the 

only kin encountered are clonemates (Fig. 3). 

2) Differential treatment behavior is fixed (Fig. 1). The treatment cue 

is environmental (e.g. a spatial location of environmentally-determined 

phenotype) or a single haploid locus. 

3) Individuals may avoid interactions based on the treatment cue or a 

separate genetic cue (termed the "interaction" cue). 

4) Clonemates share both cues but the cues are otherwise uncorrelated 

(this assumes that each clone is a negligible fraction of the overall 

population) . 
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Figure 3 
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Fig. 3. Life cycle. Individuals clonally reproduce during a viscous stage, 

encountering clonemates with probability K and non-kin with probability 1 -

K . During the dispersal stage, individuals mate if) and disperse randomly. 

A game theoretical analysis was formulated with the following 

assumptions: 

1) There are five alternative behavioral strategies: (i) Avoid none (ii) 

Avoid on treatment cue (iii) Avoid on interaction cue (iv) A void on both 

cues and (v) Avoid all. These strategies are denoted N T, I, D and A, 

respectively. 
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2) A parameter <5 reflects the usefulness of the treatment cue for 

avoiding interactions (0 :s <5 :s 1). For example, an odor may be detectable in 

close proximity and useful for differential treatment, but it may not be 

detectable at a distance. Thus, when <5 = 1, the cue (odor) is not very 

detectable at a distance, and useless for avoiding interactions. On the other 

hand, when <5 = 0, use of the odor to avoid interactions allows interactions to 

be completely avoided. 

(3) The "interaction cue" is perfectly useful for avoiding interactions 

(equivalent to <5 = 0). 

3.4 Results 

Three major and novel results emerging from the model show why 

organisms recognize kin: 

1) Under the low-density condition when I is fixed, possession of rare 

interaction cue alleles is favorable if the benefits of avoiding conflict with 

non-kin, P.j C, outweigh the costs of avoiding cooperation with non-kin, P'i 

B, given some encounters with non-kin (see Table 1 for definition of 

notation). A similar result is found when D is fixed (table S3). This 

suggests kin recognition can evolve for avoiding conflict with non-kin. 



Table 1 

Density Condition 
Low P j C > P. j B 
High Pj C + K B + (1 - K) Pjj C > P.j B + (1 - K) Pjj 

Ref. 
Eq. (1) 

Eq. (2) 

Table 1. Conditions for the fitness of an individual to be negatively 

proportional to the frequency of its interaction cue allele for low and high 
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density. For table entries, C is the net cost of conflict, B is the net benefit of 

cooperation (table S 1), Pi is the chance of sharing the interaction cue (Pi = 1 

- Pj ), and POi is the chance of sharing the treatment cue (Poi = 1 - P). Note 

that Pjj = Pj * POj and Pji = Pj * POi 0 These conditions require also that K < 1, 

where K is the probability of kin encounter. 

2) Under the high-density condition when I is fixed, possession of a 

rare interaction cue allele is favorable if the benefit of avoiding conflict with 

non-kin on the first encounter, Poj C, plus the benefits of cooperating with 

kin and avoiding conflict with non-kin on the second encounter, K B + (1 -

K) (Pjj C), outweighs the cost of avoiding cooperation with non-kin on the 

first encounter, Pji B, plus the cost of avoiding cooperation with non-kin on 

the second encounter, (1 - K) (Pji B), given some encounters with non-kin 
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(Table 1). Thus kin recognition can evolve for promoting cooperation with 

kin as well as for avoiding conflict with non-kin under high density. 

3) Low variability of the treatment cue can select for polymorphism of 

the interaction cue. For example, the condition P.j C> P'i B can be restated 

as C / B > 1 / (v - 1), where v is the number of treatment cue types in the 

population at equal frequency (1 / v = P). Thus polymorphism can be 

favored if v = 2 and C > B. 

Thus, although differential treatment selects against polymorphism of 

its own cue locus (Crozier 1986; Grosberg 1988; Lehmann et at. 2009; 

Rousset& Roze 2007), this is not self-contradictory. Even a low level of 

variability of a treatment cue can provide the form of selection necessay for 

extremely high polymorphism of a separate interaction cue locus (Grosberg 

1988). 

To give a biological example, consider a situation where organisms 

cooperate or conflict based on a trait detectable in close proximity, such as 

an odor or visual cue (Hepper 1991). If there are two such cue types at equal 

frequency in the population (v = 2), possession of a rare allele of a separate 

gene coding for trait detectable at a distance, such as a loud cry (Beecher 

1988; Hepper 1991), would be favorable if C > B. Possession of a rare allele 

is favorable because it allows individuals to limit social interactions to kin. 
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Two major and novel results emerging from the model show the 

importance of kinship for the evolution of kin recognition and the possibility 

for its gradual evolution: 

1) The selective pressure given by the differential interaction behavior 

was found to depend on kinship. The ESS analysis (SOM text) showed 

where P.j C> P'i B, which is the requirement for cue polymorphism under 

low density (Eq. (1)), I can be stable versus A only with kin encounters (Eq. 

(S8); table S4). Specifically, the I strategy permits interactions with 

individuals who share the interaction cue, which is beneficial only if those 

individuals are also more likely than average to share the treatment cue. 

Because the two cues are uncorrelated, the only way for this advantage to 

arise is through kinship. 

2) The I strategy can be stable only when the treatment cue is not 

useful for avoiding interactions (0 = 1). The D strategy, however, can be 

favored when the treatment cue is neither useful nor useless for avoiding 

interactions (0 < 0 < 1). Thus, a T strategy can evolve first and only later be 

invaded by D (Eq. (S14)). D furthermore can select for polymorphism when 

fixed (table S3 and fig. Sl). This suggests kin discrimination can evolve 

through a gradual process, with the diversification of polymorphism as the 

final step (Fig. 4). 
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are fixed, assuming low density. Columns show the probability of encounter 

type (indicated by height of column), outcome of encounters with relation to 

cue type (shade), including clonemate encounters (clone) or non-clonemate 

encounters with same (i or .i) or different U or oj) cue types (interaction cue 

listed first). Pie charts summarize the total outcome of encounters for each 

population-level condition. The dashed line gives the genome-wide 

relatedness among interactants. The figure assumes B = C, K = 0.50, v = 3, 
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and & = 4/5. Panel (C) assumes x = 2, where x is the number of interaction 

cue alleles at equal frequency in the population. Panel (D) assumes x = 00. 

See tables S5 and S6 and Eq. (S7) for calculations. 

3.5 Discussion 

The selfish genome model makes specific and testable predictions not found 

under former theories: 

1) Selection for polymorphism of an interaction cue can originate in 

response to an environmental or low-variability genetic treatment cue. 

In social insects, variability of colony odor cues ultimately depends on 

spatial location of nest as a variable treatment cue-an assumption implicit 

in former models (Ratnieks 1991b). Realizing this implicit assumption 

draws a link to multicellular organisms, where diversity of genes involved 

with allorejection (Grosberg 1988) may ultimately depend on less-variable 

genes used for differential treatment by cells within the organism. 

2) Differential harm provides a general selective pressure for 

differential interaction and interaction cue polymorphism. 

Differential harm has been found to be widespread in nature. 

Differential harm has often been predicted to be a selective pressure for 

differential interaction and kin recognition based on empirical data showing 
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the existence of both forms of behavior in the same species (Buss 1990; 

Fletcher& Michener 1987; Hepper 1991; Rajakaruna et al. 2006). The 

selfish genome model unites theories of differential harm to show how this 

behavior exerts a general selective pressure for kin recognition (SOM text). 

3) Differential help can select for polymorphism under high density 

but not low density (Table 1). 

Species of swallows living in high-density colonies exhibit distinctive 

vocal cues used for differential interaction (mother-offspring reunion), 

whereas their non-colonial counterparts exhibit much less distinctive vocal 

cues (Beecher 1988). 

4) Where the treatment cue is neither useful nor useless for 

avoiding interactions, the kin discrimination system may evolve gradually 

and through transitional states and organisms will use both cues for 

differential interaction. 

Colonial ascidians have evolved to discriminately reject conspecifics 

at earlier stages of fusion (Cohen et al. 1998). This prevents fusion of blood 

vessels and resulting costs of blood chimerism (Buss 1982; Laird et al. 

2005). When unrelated colonies sharing major histocompatibility genes 

fuse, they often later reject while suffering costs of chimerism (Rinkevich& 

Weissman 1989). This suggests the retention of the ability to differentially 
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interact based on blood-borne factors (Cohen et ai. 1998). 

6) Where the treatment cue is perfectly useful for avoiding 

interactions, organisms should use this cue alone for differential interaction. 

Colonies of the tunicate Botryllus schiosseri discriminately overgrow 

others based on identity ofthejUhc gene (Grosberg& Quinn 1988). By 

settling preferentially with those sharing anjUhc allele (Grosberg 1988), 

larvae avoid overgrowth conflict later in life with those not sharing anjUhc 

allele. Because differential interaction at a particular level will will help 

remove selection against polymorphism imposed by conflict (table S3), 

larval settlement behavior may allow differential interaction at the cell level 

to more efficiently select for polymorphism (Grosberg& Quinn 1988). 

7) Many behaviors formerly viewed as differential treatment are 

actually differential interaction. 

Behaviors such as discriminatory rejection in marine invertebrates, 

differential segregation in social amoebae, and associating with kin within 

larger mixed colonies (Benabentos et ai. 2009; Fletcher& Michener 1987; 

Hepper 1991; Rousset& Roze 2007) are actually differential interaction 

behaviors that evolve in response to differential treatment. 

Finally, the selfish genome model suggests four ways kin recognition 

is important for explaining cooperation and conflict: 
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1) The evolution of differential interaction and kin recognition may 

reduce expressed levels of conflict (Eq. (1) and Fig. 4). Under high density 

condition, kin recognition can increase expressed levels of cooperation (Eq. 

(2)). 

2) Altered expressed levels of social behavior may lead to higher 

population densities, and a situation where relatedness from passive 

population structure is lower. Thus the existence of kin recognition may 

help maintain cooperation where it would otherwise be lost. 

3) The evolution of higher relatedness could help favor the evolution 

of cooperation with higher costs and benefits than initially present. 

4) The evolution of higher genome-wide relatedness among 

interactants (Fig. 4) may be important for the evolution of complex 

cooperation involving many genes. 

5) The selective pressure for polymorphism here, given by differential 

interaction, was shown to be evolutionarily stable. Increased polymorphism 

of the interaction cue increased rather than decreased stability (table S4). 

Thus whereas selfish gene models predict kin recognition and cooperation is 

unstable (Rousset& Roze 2007), the selfish genome model predicts these 

traits are evolutionarily stable. 
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In summary, selfish genome theory provides a new and positive 

agenda for research in social evolution. Under this novel approach, the 

inherent self contradictions of former theory disappear, disparate theoretical 

frameworks and empirical findings are unified, and new avenues of research 

are found. 
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3.7 Supplementary Methods 

3.7.1 Life cycle 

I assume a haploid species of infinite population size, with random mating 

and random dispersal of sexually-reproduced propagules. Following 

dispersal, sexually-reproduced propagules settle and reproduce clonally. 

Offspring then hold to a certain area, where they encounter clonemates with 

probability K and non-clonemates with probability 1 - K (Fig. 3). The life 

cycle ends as it began (non-clonemates are also assumed to be non-relatives 

because the chance of two relatives dispersing near each other is 

approximately zero in an infinite population). 

As discussed in the main text, treatment cues can be environment or 

genetic and the interaction cue is assumed to be genetic. Environmental 

cues are shared with clonemates because they are from the same location. 

Barring mutation from the dispersal stage, genetic cues are also shared with 

clonemates. A particular cue allele or type is shared with non-clonemates 

with probability equal to the frequency of the allele or type in the 

population. 

A parameter c5 reflects the usefulness of the treatment cue for avoiding 

interactions. Explicitly, c5 is the proportion of an interaction that occurs 

when one individual attempts to avoid the interaction using the treatment cue 



(O::s 0 ::s 1). When both individuals avoid an interaction based on the 

treatment cue, 02 of the interaction occurs (the avoidance effect is 

multiplicative). 

3.7.2 Calculation of form of selection 
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Fitness of an individual is calculated based on 2 factors: 1) the payoffs to 

encounters with individuals of self or not-self cue type and 2) the probability 

each type of encounter will occur. See table Sl for values and shaded rows 

in table S2 for payoffs to encounters when particular behaviors are fixed. 
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Table SI 

Payoff to: Help Harm 

Recipient b -b -c R H 

Actor -c bR - cT - cA 

Average 
fitness change: (b - c) /2 (cT + cA+ cH) / 2 

Term: B -c 

Table S1. Net fitness changes in a pairwise interaction where each 

individual is either an actor or a recipient of social behavior. The net fitness 

change for cooperation and conflict (B and C) are calculated as the fitness 

effect of an interaction averaged across actors and recipients. For help, b is 

the average benefit of help to a recipient and C is the average cost of help to 

an actor. For harm, bR is the average resource transferred from recipient to 

actor, CH is the average cost of being aggressed for the recipient, cT is the 

average cost to transfer a resource for the actor, and C A is the average cost to 

aggress another for the actor. See table S8 for a payoff matrix for a two-

recipient interaction. 
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Table S2 

Encountered Payoff Encountered cue type: 
behavioral type: to: U ij ji jj clone 

II l+B l+B l+B 
Tii 1 + B 1- 0 C 1+B 1- 0 C 1 + B 

N Iii 1 + B 1- C 1 1 1 + B 
DU 1 + B 1- 0 C 1 1 + B 
Aii 1 1 1 1 
Nii 1 + B 1- 0 C 1 + B 1- 0 C 1 + B 
Tii l+B 1- 02 C l+B 1- 02 C l+B 

T Iii 1 + B 1- 0 C 1 1 1 + B 
Dii 1 + B 1- 02 C 1 + B 
Aii 1 1 1 
Nii 1 + B 1- C 1 + B 
Tii 1+B 1- 0 C 1 1 1 + B 

I Iii l+B 1- C 1 1 l+B 
Dii 1 + B 1- 0 C 1 + B 
AU 1 1 1 
Nii 1 + B 1- 0 C 1 1 + B 
Tii 1 + B 1- 0 2 C 1 1 + B 

D 1+B 1 - 0 C 1 1 1 + B 
l+B 1- (52 C I 1 l+B 

Aii 1 1 1 
Nii 1 1 1 + B 
Tii 1 1 1 +B 

A Iii 1 1 1 1 + B 
Dii 1 1 1 1 1 + B 
Aii 1 1 1 1 1 

Probability oj encounter (1- K) P ii (1- K) P ji (1- K) P ij (1- K) Pjj K 

Table S2. The fitness payoffs to particular encounters for individuals with 

behavioral type N (avoid none), T (avoid on treatment cue), I (avoid on 

interaction cue), D (avoid on both cues), and A (avoid all), and cue types ii in 

encounters with N, T, I, D, or A behavioral type of same (i or 'i) or different 

(j or -j) cue types. For cue types, the interaction cue is listed first, followed 

by the treatment cue. For table entries, B is the net benefit of cooperation, C 
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is net cost of conflict, 0 is the fraction of an interaction that occurs when one 

individual attempts to avoid the interaction based on the treatment cue, and 

02 is the fraction of an interaction that occurs when both individuals attempt 

to avoid the interaction based on the treatment cue. When either individual 

avoids the interaction based on the "interaction" cue, the interaction is 

completely avoided. All encounters are with "encountered behavioral type" 

except for clonemate encounters ("clone"), which are with the behavioral 

type gaining the payoff. 

3.7.3 Example of calculation for selection on cue gene 

Here I examine selection acting on a cue gene when I is fixed. Calculating 

from the third shaded row of table 82 (I fixed), the expected fitness of an 

individual is 

W = (1 - K) [Pii (1 + B) + Pij (1 - C) + Pji (1) + Pjj (1)] + K (1 + B) 

(81) 

Because p .. + p .. = p. and p .. + p .. = p., this reduces to II IJ 1 JI JJ J 

(82) 



Substituting (1- P) for Pj , with rearrangement, yields 

w = - Pi (1 - K) (P.j C - P'i B) + 1 + KB 

The fitness of an individual is therefore negatively proportional to the 

frequency of its interaction cue allele if P.j C > P'i B (Eq. (1». 
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(S3) 

For the condition of high density, avoiding a first interaction results in 1 new 

encounter. In that case, Eq. (S2) becomes 

(S4) 

Where R stands for a new encounter. Substituting the right hand side of Eq. 

(S3), for R, 

and (1 - P) for Pj , with rearrangement yields 

w = - Pi (1 - K) [Poj C + KB + (1 - K) Pjj C - Poi B - (1 - K) Pji B) ] - [(l B + 

2KB+ 1 
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(S5) 

The fitness of an individual is therefore negatively proportional to the 

frequency of its interaction cue allele if p.j C + KB + (1 - K) Pjj C > p.i B + 

(1- K) PjiB and K < 1 (Eq. (2». 

3.7.4 Evolutionary stability of selective pressure for polymorphism 

To calculate whether a particular behavioral strategy X is an evolutionarily 

stable strategy immune to invasion, I compare its fitness to the fitness of 

alternative behavioral strategies. I calculate the expected fitness payoff to a 

behavioral type X played against Y, E (X, Y), as the sum of fitness payoffs to 

X for each category of encounter Yof all possible cue types, weighted by the 

probability those encounters will occur (see table S2 a listing of payoffs). 

Using the standard definition of an evolutionary stable strategy (ESS), X is 

an ESS versus Yif either (1) E(X, X) > E(Y, X) or (2) when E(X, X) = E(Y, 

X), then E(X, Y) > E(Y, Y) (Maynard-Smith 1982). I refer to conditions (1) 

and (2) in table S2. Note that table S2 is arranged differently than a standard 

payoff matrix (Grosberg& Quinn 1989; Maynard-Smith 1982), as the 

behavior played against (encountered behavioral type) is listed as rows in the 



first column rather than separate columns. This reduces the required 26 

columns into 6 columns. 
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I assume the payoff is to an individual's genotype, which allows for 

benefits to clonemates. Indirect payoff are not limited to the individuals in 

the interaction (Grafen 1979). For simplicity, I assume cue types are equally 

frequent (Ratnieks 1991a). 

3.7.5 Example of calculation for ESS condition 

Here I calculate the stability of I versus N. Table S2 shows E (/, l) = E (N, l). 

The condition E (/, N) > E (N, N) will hold if 

If K < 1, this reduces to P jj C > P ji B. Thus I will be stable versus N 

according to the second condition if Eq. (S6) is met. 

(S6) 

3.7.6 Calculation of genome-wide relatedness among interactants 

The proportion of interactions with clonemates, k, is 

k = K / (1 - a) (S7) 



Where a is the proportion of potential interactions (base on proportion of 

encounters) avoided by differential interaction behavior. Differential 

interaction behavior can change the value of a, thus altering the total 

proportion of interactions with kin (k). a can be calculated based on the 

rules of differential interaction described in the main text (table S5). 

Because kin are related by 1 and non-clonemates are related by 0, r = k, 

where r is genome-wide relatedness among interactants. 

3.8 Suppplementary Discussion 

3.8.1 Summary of results of ESS analysis 
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Table S4 states the ESS conditions for differential interaction behaviors I, D 

and T against alternative strategies. In brief summary, 1 can be stable versus 

Nand T for avoiding conflict with non-kin. Stability against T requires the 

treatment cue itself is not useful for avoiding interactions (<5 = 1). When P.j 

C> P'i B, which is the requirement for polymorphism to evolve (Eq. (1»,1 

can be stable versus A for allowing cooperation with kin. Increased 

polymorphism of the interaction cue increases the stability of 1 (Eq. (S8». D 

is favored for many of the same reasons as 1 and is stable even when 0 < <5 < 

1 because D also carries out the T behavior. T can be stable versus N and A 
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when (0 < 1), and given conditions similar to what is required for D to be 

stable (Eqs. (SI2) and (SI5». This suggests T can evolve first and be 

invaded by D when a new cue or ability to perceive a cue becomes available 

(Eq. SI4). This could occur, for example, with a change in the environment 

that allows a cue to be perceived, the evolution of a better sensory ability, or 

the origin of a trait that did not previously exist. Finally, T can be stable 

versus I and D when the treatment cue is perfectly useful for avoiding 

interactions (0 = 0). 
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Table S4 

Putative ESS °e~nent ESS Condition Ref. Note Condo 
N PjjC>Pji B Eq. (S6) a 2 

I T same Eq. S6 when 0 = I Eq. (S6) b 2 
D cannot be ESS c 
A KB > (1-K)(PijC-Pii B)* Eq. (S8) d 
N Pij (0 - 02) C > 0 Eq. (S9) e I 

D 
T Pjj 02 C - Pji B > 0 Eq. (SlO) f 2 
I same as Eq. S9 Eq. (S9) g I 
A K B > (1- K) (Pij 02C - P ii B)* Eq. (Sll) h 
N P.j (0 - 02) C > 0 Eq. (SI2) 

T I Pji B + P ij (0 - 0 2) C> Pjj 02 C Eq. (S13) j 
D Pji B - P jj 02 C > 0 Eq. (SI4) k 
A K B > (1 - K) ( P.j 0 2 C - P'i B)* Eq. (SIS) I 

Table S4. Results of ESS analysis. Putative ESS is the strategy played 

against except when the ESS is calculated according to the second condition 

(indicated by column labeled "Cond." and see SOM text). All conditions 

require K < 1 except those marked with *. Notes: (a) Requires Pj > O. (b) 

Requires Pj > 0 and 0 = 1. (c) If 0 = 1, I has same fitness as D. (d) If P.j C 

> P.i B, stability requires K B > 0 and lower Pi (higher Pj ) favors stability. 

(e) D gains advantage of avoiding ij interactions, which are not reciprocally 

avoided by N. (0 Requires Pj > O. (g) This result is found because E (/ ,D) 

= E (N ,D) (table S2). (b) If 02 P.j C> p.i B, stability requires K B > 0 and 

lower Pi (higher Pj ) favors stability. (i) Similar to Eq. (S9). (j) Favored by 
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higher p.i and B (k) When 02 = 0 and Pji B > 0, stable versus D. (I) Similar 

to Eq. (Sll). 

3.8.2 Discussion of model assumptions 

3.8.2.1 One-recipient interactions 

Table S2 refers to the terms derived in table S 1, where there is a single actor 

and a single recipient in each pairwise interaction. It is also possible, 

however, for each individual to be both an actor and a recipient at the same 

time. In that case, the net fitness change for cooperation would be B2 = b2-

C2 and for conflict would be C2 = - c2T - C2A - c2H , where the "2" in the 

subscript indicates these values for a two-recipient interaction (table S8). 

Substituting B2 for B and C2 for C into table S2 yield an identical payoff 

matrix for the corresponding terms. Thus, the model results would be the 

same for two-recipient interactions. 

3.8.2.2 Differential interaction by "avoidance of non-like" 

The model here did not consider attraction-of-likes behavior (Fig. S 1). 

Considering attraction-of-likes behavior under high density might be 

important for explaining increased efficiency of segregation (Fig. 2). 
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Figure SI 

A X B X 
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Fig. SI. Attraction-of-likes behavior mediates differential interaction only at 

high density. In the low-densty condition, an individual has only one 

encounter. In the high-density condition, avoiding a first interaction leads to 

a new encounter. With low density, encountering a like individual (A) or a 

non-like individual (B) leads to an interaction. With high density, 

encountering a like individual leads to an interaction (C) while non-like 

individuals may be avoided in favor of attraction toward likes (D). This 

assumes that individuals are capable of attraction only in relatively close 

proximity. 
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3.8.3 Discussion of model limitations 

3.8.3.1 Encounters with other classes of kin 

The model assumed the viscous stage of the life cycle involves clonal 

reproduction and sexually-reproduced progeny are dispersed randomly. As 

a result of these assumptions, clonemates were the only class of kin 

encountered with appreciable frequency. However, some clonally 

reproducing organisms have limited dispersal of sexually-reproduced 

propagules (Grosberg 1987; Grosberg 1988), and many organisms have a 

viscous stage that involves sexual reproduction (Hamilton 1964). In those 

cases, encounters with other classes of kin are a normal occurrence. 

Accounting for other classes of kin could help explain altered acceptance 

thresholds (Sherman et at. 1997), such as the difference in allele-sharing and 

genotype-sharing recognition found in marine invertebrates (Grosberg 

1988). The model here could be extended to this means. For example, the 

payoff matrices could be extended to include various classes of kin 

encountered with probabilities Kj each, which share cues and behaviors with 

probability rj above random. If an inclusive fitness approach were taken to 

assigning payoffs, fitness payoffs would go to an individual's direct fitness 

and classes of individuals related by rj each. 
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3.8.3.2 Other fitness effects of interactions 

The model considered fitness effects only from differential treatment based 

on cues (Fig. 1A). There are also many other costs and benefits of 

interactions that do not rely on differential treatment. As an example, 

parasite transmission is a cost of interaction that can potentially select for 

polymorphism (Aanen et al. 2008; Paoletti& Saupe 2009). Likewise, 

automatic benefits of interacting with conspecifics such as predator dilution 

and increased feeding efficiency (Clutton-Brock 2009; Hamilton 1971) 

might help explain why a differential interaction behavior could be 

maintained even where differential help is absent (i.e. against an "avoid all" 

strategy). 

3.8.3.3 Innate recognition abilities 

The model assumed a novel interaction cue allele can immediately facilitate 

differential interaction. This assumption is expected to hold in organisms 

that have an ability to compare their own cue type to others. Such 

"phenotype matching" can be facilitated where individuals learn phenotypes 

from self or close kin early in life (Hepper 1991; Lacy& Sherman 1983). It 

is also possible, however, for the ability to perceive cues to be innate. In 

that case, an organism must have a genetically-encoded perception 



116 

component that matches its own cue component. For differential interaction 

to be facilitated by a novel cue allele in that case, a complementary 

modification of the perception component would be required. This might 

occur if a single gene coded for both functions (Queller et at. 2003) and a 

single mutation allowed both modifications. Alternatively, two closely 

linked genes could encode separate functions (Benabentos et at. 2009). In 

that case, two mutations would be required before the linked gene complex 

would facilitate differential interaction. Thus it might be expected 

polymorphisms would accumulate more slowly. 

3.8.4 Relation to prior theory 

3.8.4.1 Inclusive fitness theory 

The selfish genome model showed symmetric costs of conflict are a 

dominant selective pressure for polymorphism, and inclusive fitness theory 

shows why this behavior is likely to be widespread in nature. The first cost 

identified here (table Sl) is the cost of a transfer of a physical resource (cT) 

likely to arise with discriminatory selfish behaviors (Fletcher& Michener 

1987; Hamilton 1964), or where organisms gain an inclusive fitness benefit 

by robbing from non-kin and giving to kin (Ratnieks 1991b). The cost of 

being harmed (cH) and the cost of aggression (C A) are likely to apply where 
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there is no physical transfer of resource, for example where organisms gain 

territory by discriminatory aggression (Grosberg& Quinn 1988, 1989) or 

where organisms favor kin by aggressing unrelated neighbors (Lehmann et 

at. 2009). Discriminatory harm is expected in cooperative species that 

procure larger resource stores (Fletcher& Michener 1987), allowing a 

greater benefit to harming behavior (Lehmann et at. 2009). Thus the finding 

of kin recognition in cooperative species does not neccesarily imply 

differential help as the dominant selective pressure. 

Nonetheless, differential help can also exert a selective pressure for 

polymorphism under high density. As many cooperative species reach much 

higher population densities (Wilson 1975), differential help can complement 

differential harm as a selective pressure. The requirement for differential 

help to select for polymorphism, other than high density, is an average 

benefit to cooperation, B, which is the case if b > c (table Sl) or b2 > C2 

(table S8). Since cooperation is expected to evolve only when these 

conditions are met (West et at. 2007), it is expected a selective pressure for 

polymorphism will often be found. 

Any differential treatment behavior that exploits the benefits of 

cooperation (via differential harm or help), can be referred to as "facultative 

cheating (Strassmann et at. 2000)." Behaviors such as down-regulation of 
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altruistic behavior in chimera (Buttery et al. 2009) and robbery of brood 

(Ratnieks 1991b) are examples of facultative cheating. Facultative cheating 

is thus likely to be a widespread selective pressure for differential interaction 

and kin recognition. However, it is important to note differential treatment 

is more general than facultative cheating. For example, behaviors such as 

discriminatory cannibalism in anuran amphibian tadpoles and aggression 

over territory in sea anemones are not cheating behaviors (Grosberg& Quinn 

1989; Pfennig 1999). 

3.8.4.1 Multilevel theory 

The major link between a model of differential interaction and a model of 

fusion compatibility is that differential interaction at one level, via attraction 

of like or repulsion of non-like (Fig. 2), is expected to lead to segregation of 

groups (Couzin et al. 2002). Thus, what is fusion compatibility at a higher 

level is differential interaction at a lower level. The primary advantage to 

focusing on differential interaction is the link to differential treatment at the 

same level (Fig. 1). A secondary advantage is the application to both group 

fusion compatibility (e.g. of multicellular organisms (Buss 1982» and 

segregation-type behaviors of individuals that live in mixed aggregations 

(Blaustein& Waldman 1992). 
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The selfish genome model resolves three primary difficulties of prior 

multilevel theory. First, fonner models predicted relatedness-dependent 

costs of fusion should exist, but could not explain the origin of these costs 

(Aanen et al. 2008). The selfish genome model identified differential 

treatment based on cues as the origin of relatedness-dependent costs of 

interactions (table Sl and S8). Thus, fusion between clonemates is 

beneficial because clonemate share treatment cues, and fusion between non

clonemates can be costly because non-clonemates may differ in treatment 

cues (Eqs. (1) and (2». Second, the selfish genome model removed the 

inherent conceptual problem of prior theory, of why fusion would ever occur 

if it were costly (Grosberg& Quinn 1988). The game-theoretic model here 

showed a behavior that discriminately avoids interaction can be favored 

versus an "avoid all" strategy given kin encounters (Eqs. S9 and S12 and see 

main text). This translates to discriminatory fusion being favorable versus 

never fusing. 

Third, the selfish genome model identified measureable parameters. 

The C tenn can be measured as the per-capita cost of fusion with an 

individual differing in a treatment cue, whereas B can be measured as the 

per-capita benefit of fusion with an individual sharing the treatment cue. 

Within fused marine invertebrates colonies, for example, sharing a treatment 



cue may lead to somatic instead of germline differentiation (Buss 1982; 

Laird et ai. 2005), while not sharing a treatment cue may lead to noxious 

instead of normal behavior (Buss 1990; Rinkevich& Weissman 1989). It 

would furthermore be possible to estimate treatment cue polymorphism 

based on these phenotypes (Grosberg 1988). 

3.8.4.2 Acceptance threshold theory 
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The results of the model here can be interpreted in the light of acceptance 

threshold theory, which predicts natural selection will act to balance forms 

of recognition error (Sherman et ai. 1997). The differential interaction 

system detailed here can be seen as balancing two forms of recognition 

error: avoidance error, or avoiding those sharing the treatment cue, and 

acceptance error, or accepting those differing in the treatment cue (Sherman 

et ai. 1997). The model showed where the treatment cue gene is perfectly 

useful for avoiding interactions (<5 = 0), avoiding interactions based on the 

treatment cue alone minimizes avoidance error, or avoiding those sharing the 

treatment cue (Eqs. (SI4) and (SIS». Where the treatment cue gene is less 

useful for avoiding interactions (0 < <5 s 1), using a separate cue for 

differential interaction will help minimize acceptance error, or accepting 

those differing in the treatment cue (inequalities (S8) and (S 11». Once 
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differential interaction based on a separate cue is fixed (Fig. 4C), possession 

of a rare interaction cue allele is favorable also because it minimizes 

acceptance error, or accepting those differing in the treatment cue. 

Ultimately, the evolution of polymorphism of the interaction cue gene 

allows minimization of acceptance error across the population (Fig. 4C-4D). 

Thus, although prior acceptance threshold theory suggested that switching 

cues could have this effect (Sherman et al. 1997), as demonstrated here in 

Fig. 4B-4C, the evolution of the cue can have a similar effect (Fig. 4C-4D). 

3.8.4.3 Game theory 

The famous "bourgeois" strategy, where an individual defends its own 

territory but respects ownership (playing "hawk" when an owner and "dove" 

when an intruder (Maynard-Smith 1982)), is an ESS even when "ownership" 

does not correlate with competitive ability (Maynard-Smith 1982). This 

suggests organisms may use an arbitrary cue to settle conflicts, analagous to 

a flip of a coin (Maynard-Smith 1982). While in practice, ownership is not 

typically an arbitrary cue (e.g. (Kemp& Wiklund 2004)), the selfish genome 

model showed how arbitrary cues can be used in other contexts. In 

particular, the model predicted polymorphism of cue loci used for 

differential interaction will evolve adaptively only when an arbitrary cue is 
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used Use of a reliable cue of strength to avoid interactions would not likely 

select for polymorphism. Organisms would benefit by being stronger, and 

this selective pressure would likely overwhelm any selection to be weaker 

for the sole purpose of avoiding conflict. In contrast, when the treatment cue 

is used for differential interaction, polymorphism is not favored (table S3). 

The finding polymorphism evolves in the absence of alternative balancing 

selective pressures (Grosberg& Hart 2000) supports the hypothesis that an 

arbitrary cue is used (i.e. arbitrary with respect to competitive ability). 
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Table S3 

Behavior fixed Cue F.D. Condition Note 
N fixed T + B+C>O a 
T fixed T + B + 62 C> 0 b 
I fixed I P-jC> P·i B c 
Dfixed I P .j 62 C > P ·i B d 

Table S3. Condition for frequency-dependent selection when N, T, lor D 

are fixed under low density (shaded rows of table S2). T refers to the 

treatment cue and I refers to the interaction cue. F.D. refers to the form of 

frequency-dependent selection: (+) refers to positive frequency-dependent 

selection; (-) refers to negative frequency-dependent selection. Notes: (a) 

This is a recovery of Crozier's paradox, which states differential treatment 

will select against polymorphism of its own cue locus (Aanen et al. 2008; 

Crozier 1986; Rousset& Roze 2007). (b) With differential interaction based 

on the treatment cue, lower values of <5 can help remove selection against 

polymorphism imposed by conflict (Grosberg and Quinn (Grosberg& Quinn 

1989) found a similar result when their <5 = 1 [equal to <5 = 0 here]). (c) This 

is Eq. 1 of main text. (d) The form of selection when D is fixed therefore 
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depends on 02
, the variability of the treatment cue (which determines P'i and 

P), C, and B (Fig. S2). 
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Figure S2 
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Fig. S2. The minimum C / B ratio required for rare alleles of an interaction 

cue to be favorable when D (avoid on both cues) is fixed, as a function of the 

variabili ty of the treatment cue (v) and the usefulness of the treatment cue 

for avoiding interactions (l52
). The minimum C / B ratio is less than 1.0 for a 

large region of parameter space (flattened blue area), which suggests that 

high variability of the treatment (v) cue or low l52 are not required for 
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polymorphism to be favored. The inequality used is C / B > 1 / 02 (v - 1), 

which is derived from the inequality P.j 0
2 C > P'i B (table S3) by replacing 

P.j with 1 - P' i and P' i with l/v. 

3.8.5 Miscellaneous objections 

3.8.5.1 The model is false because interactions are nearly 

always asymmetric with respect to competitive ability 

A cue of competitive ability could provide information of the probability of 

gaining more of the benefits of help (cheating), or avoiding costs of harm 

(dominating), for a one or two-recipient pairwise interaction (tables Sl and 

S8). Thus, it may be asked, why organisms do not use a cue of competitive 

ability to avoid interactions. The first reason is a cue of competitive ability 

may not exist or be readily perceptible. There is no evidence that a marine 

invertebrate colony can use a cue of competitive ability to avoid fusion, or 

that an ant colony can "size up" its opponent neighbor prior to brood raiding 

conflicts. Furthermore, there are other contexts where cues of competitive 

ability exist but are not likely to be used for differential interaction, for 

example where possession of a resource correlates with size or strength. In 

species with parental care, for example, there is a strong asymmetry between 

those in possession of resources (parents) and those not (offspring), however 



it is those in possession of resources who are stronger. Hence avoiding 

interactions with stronger offspring, for example, would unlikely to carry 

any selective advantage. 
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It may be asked, however, whether a cue of competitive ability would 

be used to avoid interactions if one were available and a possible benefit 

could be attained. Consider an extreme case where each pairwise interaction 

involves one stronger and one weaker individual and the stronger individual 

cheats or dominates the weaker individual. In such a case, a strategy that 

avoids based on a cue of competitive ability might seemingly be favored, 

since it would avoid being dominated or cheated by stronger individuals. 

When played against itself (i.e. when fixed), however, there would always 

be one weaker individual that avoids the interaction in any particular 

interaction. Thus the strategy would yield exactly the same payof matrix as 

the A strategy (i.e. when A is the encountered type, table S2), and would be 

invasible for the same reason. Any other strategy (with the exception of A) 

would be able to invade given sufficient benefits of cooperation with kin 

(table S2). 

It should be noted the assumptions interactions are nearly always 

asymmetric is not based on a balanced assessment of empirical facts but 

rather stems from the historical focus on "ownership" as a cue (Maynard-
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Smith 1982). While ownership often correlates with competitive ability 

(Hardy 1998; Kemp& Wiklund 2004; Maynard-Smith 1982), we are here 

not referring to ownership as a cue. In fact, many organisms to which the 

model applies do not respect ownership at all, but rather discriminately harm 

their neighbors based on cues of relatedness - intruding, raiding, usurping, 

and cannibalizing (Buss 1990; Fletcher& Michener 1987; Gamboa 2004; 

Pfennig 1997, 1999). The question is why the cue used for harming 

behavior is not used for differential interaction (Eqs. (S6) and (SI0». 

3.8.5.2 Incorporating a cost of discrimination machinery 

would nullify the model 

Including a cost term of differential interaction or possession of cues would 

show that where costs are very high, differential interaction and kin 

recognition would not evolve. 

Thus, I will here give a bit of evidence for why costs are not high. The 

ability to attack and sting non-colonymates in eusocial hymenoptera, used 

for nest defense behavior, is also important for catching prey and defending 

against predators (Gamboa 2004; Michener 2007). Hydrocarbons used for 

colony compatibility in social insects are also central for normal social 

communication (Howard& Blomquist 2005). Genes used for differential 
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cell adhesion in social amoebae (Benabentos et al. 2009) are also important 

for multicellular development (Abedin& King 2010). The immunological 

machinery used for allorejection in marine invertebrates, including the 

behaviors and cues used, are also likely to be involved in parasite defense 

(Khalturin& Bosch 2007). Perhaps some cases will be found where an extra 

cost is required to maintain these traits. Given these traits yield benefits in 

avoiding conflict or promoting cooperation, however, this will not be 

peculiar. 

3.8.5.3 Differential treatment would not be maintained if 

differential interaction evolves 

The model here did not address the stability of the differential treatment 

behavior itself. With great specificity of a differential interaction system, it 

is possible differential treatment behavior would be lost as a result of an 

absence of variability in relatedness among interactants (Cornwallis et al. 

2009). There are two primary reasons, however, why variability in 

relatedness would be maintained in most natural circumstances. First, in real 

populations there will be a finite number of interaction cue alleles, and thus 

a non-zero possibility that random members of the population share the 

interaction cue by chance (in contrast to infinite polymorphism depicted in 
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Fig 4C). Thus there would be some interactions with non-clonemates. 

Second, there is also the possibility for encounters with non-clonemate kin, 

in the case that some sexually-reproduced propagules disperse a limited 

distance (Hamilton 1987). Kin would be more likely to share interaction 

cues and so could permit interactions even with highly-specific forms of 

recognition that prevent interactions with non-kin, such as genotype-sharing 

recognition (Grosberg 1988). Given an individual its genes to differentially 

treat clonemates and non-clonemate kin, a selective pressure for differential 

treatment could be maintained through interactions with kin of various 

de grees of relatedness. 

3.8.5.4 The model would not apply to nest defense behaviors 

Two objections can be raised with respect to application of this model to 

nest defense behaviors. First, it may be argued that the differential 

interaction behavior assumed here is different than a nest defense behavior. 

In particular, a behavior that defends a nest will not give up the ability to 

harm others. In contrast, the ESS analysis above assumed a behavior that 

avoids the reciprocal effects of conflict, including asymmetric benefits (table 

S 1). This is relevant to a segregation-type behavior that results in separation 

of individuals, such as segregation of fused colonies or aggregated 
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individuals (Buss 1982; Grosberg 1988). Thus, it would be predicted that a 

nest defense behavior would evolve more easily than a segregation-type 

behavior assumed here. Although such a behavior would evolve more 

easily, when a fixed it would exert the same selective effect for 

polymorphism. By possessing a rare cue allele used for nest defense an 

individual would both be more able to defend its own nest and more often 

rejected from other nests. Thus selection would accord to the symmetric 

fitness effects of conflict or cooperation as is the case for a segregation-type 

behavior (table Sl). 

The second possible objection is that nest defense behaviors found in 

social insects depend on metric cues, such as blended colony odors 

(Crozier& Dix 1979). In contrast, the model here assumed a discrete genetic 

cue was used for differential interaction. Thus the question may be raised 

whether negative frequency-dependent selection would select for 

polymorphism in the case of a metric cues. A former model that invoked 

negative frequency-dependent selection on loci encoding colony odor cues 

showed that it will (Ratnieks 1991b), yielding a result similar to that found 

for discrete cues (Grosberg& Quinn 1988). Thus, in explaining the origin of 

negative frequency-dependent selection the model here is applicable to 

ei ther case. 
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3.8.5.5 The model does not explain kin recognition because it 

assumes kin recognition exists a priori 

While it is true a low-level of variability of a treatment cue and interaction 

cue must exist beforehand (table S4), the model showed only a low level of 

polymorphism of such cues is required. Such low levels of polymorphism 

can be explained by common selective pressures, such as a variable 

environment (Grosberg 1988). Importantly, the selfish genome model 

explains the origin of a selective pressure of a high degree of polymorphism 

In particular cases, the degree to which polymorphisms will accumulate 

must depend on various factors, including the strength of selection (imposed 

by B and C), the mutation rate, and the population size (8). . 
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Table S5 

Population Probability of encounter with respect to outcome --------------------------------------------condition: Cooperate Conflict Avoid (a) 

Nfixed K + (1-K) P'i (1- K) P j 0 

T fixed K + (1 - K) P'i (1 - K) 02 P-j (1 - K) (1 - 02)P .j 
D fixed K + (1 - K) P ii (1 - K) 02 P ij (1 - K) [P j + (1 - 02)P ij ] 

Table S5. The probability of encounters that lead to cooperation, conflict, 

or avoidance of interactions when N (avoid none), T (avoid on treatment 

cue), or D (avoid on both cues) are fixed. If it is assumed x is the number of 

interaction cue types in the population at equal frequency and v is the 

number of treatment cue types in the population at equal frequency, then P j = 

1 / x and P.j = 1 / v (where Pj = 1 - P j and P.j = 1 - P.). 



134 

Table S6 

Panel of Population Probability of encounter with respect to outcome 
Fig. 4 condition: Cooperate Conflict Avoid (a) Relatedness (r) 

A N fixed 0.67 0 .33 0.00 0.50 
B T fixed 0.67 0 .27 0.07 0.54 
C D fixed 0.58 0.13 0.28 0.70 
D D fixed 0.50 0.00 0.50 1.00 

Table S6. The probability of encounters that lead to cooperation, conflict, 

or avoidance of interactions when N (avoid none), T (avoid on treatment 

cue), or D (avoid on both cues) are fixed for the parameter values of Fig. 4. 

(Fig. 4 assumes B = C, K = 0.50, v = 3, and &= 4/5; Fig. 4C assumes x = 2; 

Fig. 4D assumes x = (0). Relatedness is calculated as r = K / (1 - a), which 

is Eq. (S7). 



Table S7 

Symbol Definition 
b Benefit of help to the recipient 

C Cost of help to the actor 

B Net benefit of cooperation 

CA Cost of aggressing another 

CH Cost of being aggressed 

CT Cost of transferring resource 

b R Benefit of gaining resource 

C Net cost of conflict 

K Proportion of encounters with clonemates 

v Number of treatment cue types in the population at 
equal frequency 

x Number of interaction cue alleles in the population 
at equal frequency 

Pi Probability a random member of the population 
shares the interaction cue 

P j Probability a random member of the population 
does not share the interaction cue 

P·i Probability a random member of the population 
shares the treatment cue 

P j Probability a random member of the population 
does not share the treatment cue 

<3 Fraction of an interaction that occurs when 1 
individual in a pairwise encounter attempts to 
avoid the interaction based on the treatment cue 

02 Fraction of an interaction that occurs when both 
individuals in a pairwise encounter attemps to 
avoid the interaction based on the treatment cue 

a Proportion of total possible interactions avoided 
by differential interaction behavior 

k Proportion of interactions with clonemates 

r Relatedness among interactants 

Table S7. List of notation. 
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Table S8 

Payoff to: Help Harm 

Individual 1 b
2 

- c
2 - b

2R
- C

2H 
+ b

2R 
- C

2T
- C

2A 

Individual 2 b
2 

- c
2 

b
2R 

- C
2T

- C
2A 

- b
2R

- C
2H 

Average 
fitness change: b

2 
- c2 

(C2T + C2A + C2H) 

Term: B2 -c 2 

Table S8. Net fitness changes in a pairwise interaction when each 

individual is both an actor and a recipient of social behavior (i.e. a two-

recipient interaction). The net fitness change for cooperation and conflict 

(B2 and C2) are calculated as the fitness effect of an interaction averaged 

across individuals in the interaction. For help, b2 is the average benefit of 

help to a recipient and C2 is the average cost of help to an actor. For harm, 

b2R is the average resource transferred from recipient to actor, C2H is the 

average cost of being aggressed for the recipient, C2T is the average cost to 

transfer a resource for the actor, and C2A is the average cost to aggress 

another for the actor, where the 2 in the subscript refers to these values for a 

two-recipient interaction. 
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4.1 Abstract 

Studies of genetic population structures of clonally reproducing macro

organisms have revealed large areas where only one clone is found. These 

areas, referred to as clonal patches, have not been shown to occur in free

living microbes until now. In free-living microbes, high genetic diversity at 

local scales is usually maintained by high rates of dispersal. We report, 

however, a highly dense, 12-meter clonal patch of the social amoeba 

Dictyostelium discoideum in a cattle pasture located in a Texas Gulf Coast 

prairie. We confirm the presence of only one clone by the analysis of 65 

samples and amplification of 10 polymorphic microsatellite loci. Samplings 

of additional cattle pastures nearby showed higher clonal diversity, but with 

a density of D. discoideum isolates lower than in the clonal patch. These 

findings show that high rates of microbial dispersal do not always produce 

genetic diversity at local scales, contrary to the findings of previous studies. 

The existence of clonal patches may be particularly important for microbial 

social evolution. 
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4.2 Introduction 

Very little is known about the spatial population genetic structure of 

free-living microbial species. Studies of eukaryotic microbial populations 

have focused primarily upon identifying broader-scale taxonomic 

composition and distributions (Finlay 2002; Finlay& Fenchel 2004; Martiny 

et al. 2006), in some cases with reference to spatial scales of measurement 

(Green& Bohannan 2006). Relatively less focus has been placed upon 

establishing within-species genetic population structure (Mes 2008; Weisse 

2002). Assessing within-species spatial genetic population structure, 

however, is crucial for the application of population genetic theory to 

evolutionary questions (Templeton 2006), and microbial species have 

emerged as important model systems for evolutionary biology (Elena& 

Lenski 2003; Maclean 2005; Queller et al. 2003). Of particular importance 

to social evolution is the spatial scale of genetic diversity, where less 

diversity at more local scales can help promote altruism and cooperation 

(Queller et al. 2003; West et al. 2007). 

Within-species population structure may be difficult to ascertain 

because of a lack of clear species boundaries for many microbes (Achtman& 

Wagner 2008), which leads to a greater focus being placed upon community 

composition (Dinsdale et al. 2008; Giovannoni& Stingl 2005). Population 
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genetics theory suggests that intraspecific diversity should be substantial in 

microorganisms, due to large effective population sizes and maintenance of 

nearly-neutral genetic diversity against random drift (Mes 2008). Although 

there is debate as to whether dispersal is ubiquitous, microbes should have 

relatively high rates of dispersal due to large population sizes (Finlay 2002). 

As a result, high diversity should arise commonly at local scales. This 

prediction is supported by the finding of high clonal diversity in both aquatic 

protists in small ponds and lakes (Barth et al. 2006; Barth et al. 2008; Landis 

1986; Mollenbeck 1999; Rynearson& Armbrust 2005; Zhang et al. 2006), 

and in terrestrial microbial species studied at microscales (Fortunato et al. 

2003b; Vos& Velicer 2006). By contrast, only a few studies have shown 

low within-species genetic diversity at local scales (Kusch 1998; Kusch& 

Heckmann 1996; Landis 1986), and none have yet reported the existence of 

a large clonal patch. 

Clonal patches have been found quite frequently in clonally 

reproducing macro-organisms, such as sea anemones, aspen trees, and 

parthogenetic lizards (Sebens& Thome 1985; Wolf et al. 2000). Clonal 

patches are loosely defined as large areas, typically on the scale of tens to 

hundred of meters or larger, where only one clonal genotype is found, but 

where many individuals exist (Beatty et al. 2008; Sebens& Thome 1985; 
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Wolf et al. 2000). These clonal patches are thought to result from the 

occasional dispersal of only one clone to a site, or from competition between 

clones and competitive exclusion (Sebens& Thome 1985). Dispersal of 

only one clone to a site is thought to be more likely where a species is scarce 

(Beatty et al. 2008). Support for the single-clone dispersal hypothesis 

comes from studies on the sea anemone Haliplanella luciea and the one

sided wintergreen Orthilia secunda, which form large clonal patches on the 

edge of their ranges (Beatty et al. 2008; Shick& Lamb 1977). If clonal 

patches were more likely to form on the edge of a microbial species' range, 

this could influence the evolution of social behaviors in these organisms. 

Microbial species exhibit a unique form of sociality that arises from 

aggregation of many cells (Grosberg& Strathmann 2007; Queller et al. 

2003). This form of sociality can lead to competition between different 

clones and the evolution of cheating behaviors (Ennis et al. 2000; Fiegna& 

Velicer 2003; Santorelli et al. 2008; Strassmann et al. 2000). In these 

organisms, the formation of clonal patches would be predicted to favor 

altruistic cooperation via kin selection (Gilbert et al. 2007; Grosberg& 

Strathmann 2007). One of the best-known cooperative microbes is the 

social amoeba Dictyostelium discoideum. In the life cycle of this species, 

about 25 % of the aggregating cells altruistically die to form a stalk, holding 
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the others aloft as fertile spores (Raper 1984). Cheating is common in mixes 

of wild clones, when clones produce more than their fair share of spores in 

mixed-genotype fruiting bodies (chimeras) (Strassmann et al. 2000). 

Furthermore, cheating is easily generated by mutations in the laboratory, 

suggesting that the trait is selectable in nature (Santorelli et al. 2008). 

Studies of natural population structure have shown that natural fruiting 

bodies are typically clonal, which can account for the maintenance of 

altruism (Gilbert et al. 2007). However selection may still favor some 

cheaters, especially facultative cheaters that do not pay too high a cost when 

clonal (Gilbert et al. 2007; Santorelli et al. 2008; Strassmann et al. 2000). 

Theory furthermore suggests that the existence of cheating selects for 

mechanisms of cheater control (Foster 2010; Travisano& Velicer 2004). If 

clonal patches occurred in some areas but not in others, then this could lead 

to a geographical mosaic in which cheating and control of cheating is more 

strongly selected in some areas than others. 

In light of the potential importance of clonal patches for the evolution 

of social behavior in microbes, we here test for the existence of clonal 

patches in the social amoebae D. discoideum. We predict that large clonal 

patches may be most likely to occur where a single clone can potentially 

dominate a large area, such as where one or more of these three criteria are 
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met: (1) ephemerally favorable conditions (2) abundant resources and (3) 

potential for colonization by dispersal of a single clone. The cattle pastures 

of the Houston area seem likely to meet all three of these criteria for D. 

discoideum. 

The ephemerality criterion is fulfilled because D. discoideum is 

reported most commonly in closed forests, less commonly in open forests, 

and almost never in open habitats (Cavender& Raper 1965b; Sutherland& 

Raper 1978; Suthers 1985). This may be a result of its preference for moist 

soils (Cavender& Raper 1965b). Leaf litter as found in forests can help 

maintain moist conditions within the soil, a condition that may help explain 

the occurrence of D. discoideum in these areas. Nonetheless, moisture 

conditions even in open areas may sometimes allow for D. discoideum 

growth (Suthers 1985). Thus it is possible that favorable moisture 

conditions could allow for growth of D. discoideum in Texas cattle pastures, 

even though these conditions may arise only ephemerally when compared to 

forested areas. 

The abundant resource criterion is fulfilled by the copious amounts of 

dung in cattle pastures, which could provide the necessary resource for 

growth (Raper 1984). The occurrence of dung in this habitat could be 

crucial for providing a resource for growth, as the leaf detritus within which 
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D. discoideum typically occurs is absent in these areas (Raper 1984; 

Swanson et al. 1999). Dung has been long known to be a preferred habitat 

of social amoebae, where they were first isolated in fruiting body form, 

which implies high densities (Raper 1984). Two studies have shown D. 

discoideum to occur particularly commonly in dung, even relative to other 

social amoebae (Stevenson& Landolt 1992; Suthers 1985), and we have 

found D. discoideum to be particularly abundant in deer dung at Mountain 

Lake Biological Station (MLBS), VA (Gilbert et al. 2007). 

The patch initiation by a single spore criterion is more likely to be 

fulfilled at the edge of the species' range than in the center where the species 

is more abundant. Lower density increases the probability of dispersal of 

only one clone to a site (Beatty et al. 2008; Sebens& Thome 1985; Shick& 

Lamb 1977). D. discoideum is most abundant above 1000-m elevation 

(Cavender 1980; Landolt& Stephenson 1990; Landolt et al. 2006), whereas 

the elevation around the Houston area ranges from about 10 to 25 meters. 

Sampling of a pine-oak forest near Huntsville, TX (about 100 km from 

Houston), produced a frequency of isolation of D. discoideum of 20% 

(Cavender& Raper 1965c). This can be contrasted with samples taken using 

the same methods that yielded frequencies of isolation of 83% between 

1150-m and 1450-m elevation in the Southern Appalachians (Cavender 
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1980), and 70% at Bald Knob, VA at 1243-m elevation (Landolt& 

Stephenson 1986), where a study on genetic diversity was conducted 

(Fortunato et at. 2003b). Thus although D. discoideum can be found in the 

forested areas in the immediate vicinity (0. M. Gilbert & J. E. Strassmann, 

unpublished observations), evidence suggests an overall scarcity of D. 

discoideum relative to more central-range locations, and hence a higher 

chance for dispersal of only a single clone. 

4.3 Materials and methods 

4.3.1 Sampling protocol 

On 4 June 2004, we collected soil and dung samples from a cattle 

pasture we named Houston Brazoria Pasture (HBP) (Fig. 1 and Table 1). On 

the first day of sampling, we plunged a 6-mm diameter soda straw about 2 

cm into whatever substrate existed at each meter along a 60-m transect-line, 

and placed the straw sample into a 1.5 mL eppendorftube. In addition, we 

intentionally sampled five cow dung patties from separate locations in the 

pasture in the same manner. We transported all samples back to the 

laboratory. That same day, we expunged the soil from each straw into its 

eppendorf tube (about 115 g) and added 1 mL of KK2 ddH20 to the tube 

(Fortunato et at. 2003b). We gently thumped these tubes to disperse any 
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amoebae or spores without harm (Kuserk et al. 1977). We then added 114 of 

the sample in the tube plus 500 ~L of a heavy bacterial slurry of Klebsiella 

aerogenes to each of four hay-infusion agar plates per straw sample leading 

to 1120 g per plate (Fortunato et al. 2003b). We examined plates each day 

thereafter for clearings produced by the feeding amoebae (Cavender& Raper 

1965a). In total, there were 240 plates from the 60 m transect, and 20 plates 

from five samples of dung from this site. 
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Figure 1 
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Fig. 1. Map of the 18 sample locations in the Houston area; D. discoideum 

was isolated in locations with the name indicated. The origin of the graph is 

the center of Houston, coordinates 29°45'46.99" N, 95°21'46.95" W, with 

positive Y being North and positive X being East. To allow for 2-D plot on a 

metric standard, we converted all polar coordinates to universal transverse 

Mercator (UTM) coordinates. Units are in kilometers. 
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Table 1. 

Date Location Latitude Longitude #S #1 #D Species 
06/04/04 HBP 29° 25' 32.1240" 95° 25' 25.5360" - 60 5 DD 
06/10/04 HBP 29° 25' 32.1240" 95° 25' 25.5360" - - 15 DD 
06116/04 288P 29° 21' 7.4880" 95° 25' 50.0880" 60 - 15 DD 
06/16/04 288H 29° 24' 38.0520" 95° 25' 42.3480" 50 - - -
06/16/04 288P-Hl 29° 22' 45.1560" 95° 25' 50.3400" 40 - 10 -
06116/04 288M 29° 22' 55.7760" 95° 25' 30.6120" 50 - - PV 
07/22/04 AP 29° 27' 3.6000" 95° 18' 27.1800" 9 - 20 DD 
07/22/04 WDP 29° 24' 39.3480" 95° 11' 54.1320" - - 40 -
07/27/04 TP 30° 8' 0.0600" 95° 40' 31.7639" - - 15 DG,DP,PP 
07/28/04 BAP-1 30° 3' 48.7800" 95° 46' 53.7961" - - 20 -
07/28/04 BP-2 30° 3' 44.8920" 95° 47' 55.0319" - - 20 -
07/28/04 BP-1 30° 2' 3.7680" 95° 47' 53.1959" - - 20 -
07/28/04 BAP-2 30° 2' 13 .7040" 95° 46' 27.2281 " - - 20 DD,DG 
07/30/04 521P 29° 18' 34.1280" 95° 26' 48.9480" - - 20 -
07/30/04 1462P 29° 20' 52.3320" 95° 34' 42.7440" - - 20 -
07/30/04 762P 29° 22' 58.1160" 95° 38' 32.7840" - - 35 -
08/04/04 HBP 29° 25' 32.1240" 95° 25' 25.5360" - - 10 -
08/04/04 HBP 29° 25' 39.57" 95° 25' 31.78" 30 - 10 -
08/04/04 HBP1 29° 25' 26.8680" 95° 25' 53.8320" 30 - 10 -
08/04/04 HBP2 29° 27' 12.9960" 95° 25' 53.8320" 30 - 10 -
08/21/04 eLP 29° 15' 28.78" 95° 38' 10.33" - - 12 -
04/13/07 HBP 29° 25' 32.1240" 95° 25' 25.5360" - - 15 -

Table 1. Description of collections including date, location, and number of 

samples taken either as indiscriminate (I) samples along a transect, separate 

straw samples of soil (S), or separate cow dung patties (D), as well as the 

species isolated. Species names are DD for Dictyostelium discoideum; DO, 

Dictyostelium giganteum; DP, Dictyostelium purpureum; PV, 

Polysphondylium violaceum; and PP, Polysphondylium pallidum. If the 

name of the location contains P, then it was a cattle pasture where dung was 

present. Only two non-pasture areas were sampled (288H and 288M). 
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When we discovered unprecedented numbers of isolates growing on 

our plates, we went back to HBP to sample again. We sampled dung at HBP 

on 10 June 2004, plating samples at densities of 1120 (as before) and 11200 g 

substrate per plate (Table 1). Under this protocol, we plated slightly more 

than one quarter of each straw sample. On 16 June, 8.3 km to the south of 

HBP at 288P, we took two 30 m soil transects and sampled 15 dung piles 

along these transects (one every 2 m). We then took 19 new samples at 

various locations, including five at or near HBP, with varying number of 

samples taken in the various pastures (Fig. 1 and Table 1). 

4.3.2 Moisture conditions 

At the time of sampling of HBP, the climate was moderate and about 

three weeks before the sampling, from 11 May to 17 May, almost 18 cm of 

rain fell. In the 3 days immediately before collecting the sample, 1.4 cm of 

rain fell in the area as measured in the nearby town of Alvin [(National 

Oceanic and Atmospheric Administration (NOAA) data center)]. 

Furthermore, between the first and second sampling of HBP, there were 

nearly 8 cm of rain; 6 cm of that rain came in the 2 days preceding the 

second sampling ofHBP on 10 June, and we observed standing water along 
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the edges of HBP. There was 1.3 cm of rain between the sampling of HBP 

and 288P, and we measured the moisture content of the soil and dung 

samples at 288P by weighing the weight and dry weight of the samples 

(which was possible because we did not plate the whole sample). There 

were increasingly dry conditions as the summer progressed: the total rainfall 

in July was half that of June (15.3 cm vs. 30.6 cm). 

4.3.3 Competition assay between the HBP clone and other clones 

After finding a single clone dominating HBP, we set up a simple 

experiment as a check on our assay of clonal presence, and to test the 

hypothesis that the HBP clone has unusual competitive abilities that could 

have made it abundant. We raised the HBP clone with each of three other 

clones found in a nearby pasture (clones 288P-7a, 288P-8a, and 288P-8b) 

under the plating conditions identical to our original isolations, with K. 

aerogenes on hay infusion plates and 0.05 g of sterilized dung from HBP. 

Three different numbers of spores per plate were used: 102, 103, and 104 

spores total, including both clones, with three replicates of each (N = 27 

total). We genotyped the resulting fruiting bodies to test for the presence of 

the other clones after 5 days. We distinguished the HBP clone from the 

288P-8a clone by alleles 268 and 210, respectively, at locus Diet 13; from 
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the 288P-8b clone by alleles 264 and 184 at locus Diet 25; and from clone 

288-8a by alleles 264 and 179 at locus Diet 25. We also counted the number 

of clearings produced on the third day, which allowed us to estimate the 

maximum number of discernible clearings on a hay agar plate under the 

plating conditions used. This was important for attaining a minimum 

estimate of the densities present. 

4.3.4 Microsatellite analysis 

Once fruiting bodies had grown, we harvested spores from fruiting 

bodies from all areas of the plate. We did this for the field collections as 

well as the laboratory competition assay. From each plate, we placed spores 

in a single tube and genotyped according to an established protocol 

(Fortunato et ai. 2003a). For the field collections, we amplified 11 

microsatellite loci, using five primers which were used in a previous study 

and which have been shown to be highly variable (Fortunato et ai. 2003b) , 

and six additional loci (Table 2), five of which are shown to be variable here 

in this study (Table 3). This bulk genotyping allowed us to identify the 

alleles present in the plate. 
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Table 2 

Locus No. of Size (bp) Annealing Forward and reverse primers (5'-3') repeats temp. (OC) 
14431 AAC 65 194 47 CCACAACTTCAACAAACCC 

CAACACTTTATCGGATGATTG 
15200 CAT 42 126 56 CACTTGCTTCTTCTGCTTCATATTC 

TTCATCGATGGTGGTGTTATACC 
15715AAC 50 149 57 TTTGTTTACCAATATCAACACC 

TACAATATCACATGCAAATCC 
15945 AAC 77 231 49 AACCAGAAGATTTTATGGATG 

AGATTCTTTTGATGCTTCAAC 
16020AAC 74 221 50 GGTCAAAAATAGAATATACAAATG 

CATATCTTTAATTGATTTCGTTG 
16325AAG 57 171 54 TTCCACCATCTTTATCTCCAAC 

CACTCTTTGTATCATCATCGTCATC 

Table 2. Microsatellite primers used in genotyping that have not been 

previously published. Number of repeats and product size are for the initial 

sequence. 

4.4 Results 

4.4.1 A 12-meter clonal patch of Dictyostelium discoideum 

On the third day after plating the first sample from HBP, we found the 

plates were clearing completely of bacteria and we found that they contained 

hundreds of Dictyostelium discoideum slugs. In all, 45 plates from 12 m of 

the transect, and all 20 plates from five different dung samples, yielded 

plates teaming with D. discoideum. The genotype data showed that all 
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plates were isogenic across loci (Table 3). The rapid clearing of these plates, 

without the typically observed separate clearings due to growth from single 

cells, suggested that the soil samples we plated contained an unusually high 

density of D. diseoideum amoebae and/or spores. 

Table 3 

Primer HBP 288P AP BAP-2 
14431 AAC 198 198,207 198,203 198 
15200 CAT 126 126, 129 126, 129 126 
15715 AAC 114 114 114 114 
15945 AAC 231 231,263 231,263 231 
16020AAC 216 121,150,166,193,199,213 202,213 213 
16325 AAG 170 170 167, 170 170 
Diet5 AAC 256 280 - -
Diet13 CAT 268 205,207,210 205,211 205 

161, 177, 
Diet19 AAC 161 161, 177 184 161 
Diet23 AAC 158 141 158 158 
Diet25 AAC 264 179,184,256,264 173,256 256 

Table 3. Alleles recovered at each site, as the total of all alleles found in the 

various samples. 

We found no evidence for competitive exclusion of other clones by 

the HBP clone. We found that in the mixes of the HBP clones with clone 

288P-7a and clone 288P-8b, both clones were recovered in all nine plates for 
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each. In the mix of clone 288P-8a with the HBP clone, only the clone 288P-

8a was recovered in all nine plates , so the HBP clone was actually less 

competitive here. We also found that 60 clearings, but no more, can be 

easily distinguished on the hay agar plates under the plating conditions used. 

Here, a distinct clearing is an indication of a single spore or amoeba. This 

would correspond to at least 1200 per gram of wet soil or dung due to a 1/20 

dilution (Fig. 2). 
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Fig.2. Density estimates per gram of soil for the HB pasture, 288 pasture, 

BA-2 pasture, and A pastures that yielded D. discoideum isolates. The 
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number above each bar gives the number of alleles found at the most 

polyallelic locus in the plate, which is the minimum number of clones in the 

plate (assuming they are haploid). Black indicates the presence of more than 

one clone in the samples from that location and grey indicates the existence 

of only one clone. The samples were taken at different times and there could 

have been factors other than genetic diversity (such as rain) that could have 

affected densities (see methods and discussion). 

4.4.2 Genetic diversity of D. discoideum in nearby pastures 

Tallies of the 20 individual plates from 288P with D. discoideum 

showed that, on average, there were at least 2.4 clones per plate, because 

there were on average at least 2.4 alleles at the most polyallelic locus per 

plate (Fig. 2). This estimate assumes the clones are haploid, which most 

clones are even though diploid strains can very rarely be found (Raper 

1984). Assessment of individual plates showed that there were at least 10 

clones present in the entire sample, although potentially many more. 

The clone from HBP was not found at 288P, as five of its loci were 

absent at 288P (Table 2) . We found D. discoideum in two dung samples 

taken at AP, 11.5 km to the east of HBP (Fig. 1 and Table 1), yielding at least 

five genotypes. We also found one D. discoideum clone in two plates taken 
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from a single dung sample at BAP-2, 75 kIn to the northwest of the first site 

yielding one genotype (Table 3). 

4.4.3 Ephemerally favorable conditions and occurrence in cattle 

dung 

We found that out of a total of 299 soil samples, 342 dung samples, 

and 60 indiscriminate samples from 18 locations, 40 samples produced D. 

discoideum, a frequency of isolation (Cavender& Raper 1965b) of 5.7 %. 

We found several other species of social amoebae, but all were even scarcer 

than D. discoideum (Table 1). Isolation frequencies were far greater at the 

beginning of the study than near the end, and densities also diminished as 

time progressed. In our first sample at HBP, we found D. discoideum in 

12/60 soil samples and 5/5 dung samples, with a density of 1200+ per gram 

(N = 17). The next week, we found D. discoideum in 5/15 dung samples at 

HBP with a mean density of 44 ± 7.4 S. E. per gram (N = 5). The following 

week, in mid June, we found D. discoideum in 20/60 soil samples and 0/15 

dung samples at 288P with a mean density of75 ± 6.9 S. E. per gram (N = 

20). At 288P, the soil samples for which we obtained moisture 

measurements showed a mean moisture content of 0.49 ± 0.03 SE (N = 46) 

while the dung samples had a mean moisture content of 0.77 ± 0.02 S. E. (N 
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= 15). The overall frequency of isolation in cattle pasture in these early 

samples was 20% in soil (N = 100), 20% in the indiscriminate samples (N = 

60), and 22% in dung (N = 45), which can be contrasted to samples during 

July and August, in which out of a total of 99 soil samples and 302 dung 

samples from 17 other cattle pastures, only 3 dung samples produced D. 

discoideum, yielding a frequency of isolation of 1 % in dung and 0% in soil. 

Finally, the sampling of HBP in spring 2007 produced no D. discoideum 

isolates (Table 1). 

4.5 Discussion 

These findings are, to our knowledge, the first reported instance of a 

large clonal patch of a free-living microbe found in nature. Clonal patches 

of 10m or larger have been shown in a number of macro-organisms (Beatty 

et ai. 2008; Sebens& Thome 1985), but studies of microorganisms have all 

found genetic diversity at local scales (Barth et ai. 2006; Barth et ai. 2008; 

Fortunato et ai. 2003b; Kusch 1998; Kusch& Heckmann 1996; Landis 1986; 

Mollenbeck 1999; Rynearson& Armbrust 2005; Vos& Velicer 2006; Zhang 

et ai. 2006). Conversely, this study provides convincing evidence of a large 

clonal patch. Our laboratory competition assay showed that if multiple 

clones had been present in our samples, they should have been detected. Out 
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of 65 samples, not one showed a single alternative allele at any of the 10 

loci, while many other alleles showed up in other samples. This finding is of 

particular importance because it suggests the potential for geographical 

mosaics of population structure and thus differential selection for cheating 

behaviors, which could be important for understanding microbial social 

evolution (Gilbert et at. 2007; Queller et at. 2003; West et at. 2007). 

Clonality is particularly significant in social organisms, as genetic 

uniformity favors selection for cooperative traits. Recent work has shown 

that sociality is unexpectedly common in microbes, with cooperation, 

cheating, and defenses against cheating (Foster 2010; Travisano& Velicer 

2004; West et at. 2007). Dictyostelium is a particularly interesting case, 

with its formation of multicellular fruiting bodies and suicidal altruism 

(Queller et at. 2003). Mosaics of variable population structure could cause 

variable selection pressures and adaptive differentiation, as has been 

proposed for macroorganisms (Thompson 2005). It would be predicted, for 

example, that rates of turnover for facultative cheating genes should be 

lower, and cheater mutants should be less likely to spread, in areas where 

clonal patch formation is more likely to occur (Gilbert et at. 2007; Santorelli . 

et at. 2008). As a consequence, selection for recognition (Mehdiabadi et at. 
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(Travisano& Velicer 2004) would be predicted to decline. 
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Whether it is truly possible that a selective mosaic could give rise to 

genetic differentiation in social adaptations in microbes, however, depends 

on several factors. First, it may depend on how common clonal patches are, 

and whether they are found only at the edge of a species' range or in 

marginal habitats throughout the range. Second, it may depend on whether 

ephemeral clonal patches are simply sinks that do not impact the rest of the 

population. Finally, differentiation will depend on the extent of gene flow 

among populations (Templeton 2006). A study of genetic population 

structure in D. discoideum has indeed demonstrated significant Fst over 

scales of hundreds of km (MH 2004), suggesting differentiation in adaptive 

traits may be possible. In addition, a recent study has demonstrated that 

clones of D. discoideum from different geographical regions will sort from 

each other, suggesting the possibility of genetic population structure or 

differential adaptation to ecological conditions between these regions 

(Ostrowski et at. 2008). Such population differentiation has also recently 

been found in the social bacterium Myxococcus xanthus, an organism with 

similar cooperative traits (Vos& Velicer 2008). 
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Our data not only provided evidence of a clonal patch, it also helped 

to confirm our predictive framework. We suggested that a large clonal patch 

is most likely to occur where three conditions are met: ephemerally 

favorable conditions, abundant resources, and potential for colonization by 

dispersal of only a single clone. Regarding the first, we confirmed that only 

some pastures contained D. discoideum and that a pasture rich in D. 

discoideum at one time could lack it at other times, a pattern that may be due 

to varying moisture conditions. Regarding the second of the predictive 

criteria, we confirmed the prediction that D. discoideum would exploit a 

preferred resource of dung within the cattle pastures. Upon the first 

sampling of HBP, we found D. discoideum in all dung samples and recorded 

extremely high densities therein. Overall, we found D. discoideum in cattle 

dung in three different pastures. We also suggest that substantial rains 

between the samples may have washed amoebae from dung into the soil 

below, which would explain both the drop in density in dung at HBP and the 

finding of D. discoideum only in soil at 288P. Consistent with this idea, we 

did not find D. discoideum in the two nearby areas lacking dung on the same 

day we sampled 288P (Table 1), and we found a high moisture content of 

samples at 288P. Thus our findings are consistent with previous 

observations of dung as a preferred resource in more central-range locations 
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(Gilbert et al. 2007; Stephenson& Landolt 1992), and suggest that dung may 

have provided the necessary resource for population expansion. 

Finally, our laboratory competition assay argues in favor of the 

possibility of dispersal of only a single clone. The alternative hypothesis is 

that the HBP clone was competitively superior (Sebens& Thome 1985): 

however, it did not possess an abnormally high rate of spore germination, 

vegetative growth, or competitive abilities in the social stage. This raises the 

question, however, of how a single clone could dominate such a large area in 

the absence of long-term growth and competitive exclusion. One possibility 

is that an insect such as a fly initially dispersed a single clone to the field. 

This single clone could be further spread by other insects, including fire ants 

(Solenopsis invicta), which were common in the pastures, or by the cows as 

they walked through the pastures. 

Our findings can furthermore be compared to two studies of 

macroorganisms documenting similar effects (Beatty et al. 2008; Shick& 

Lamb 1977). In the first, a study of the sea anemone Haliplanella luciea 

showed that clonal patches arose on the edge of the species' range (Shick& 

Lamb 1977). A particularly large clonal patch was found to be of high 

density (4000 individuals / m2), and clonal patches were subject to high rates 

of extinction, presumably due to low ecological tolerances of a single clone 
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(Shick& Lamb 1977). This can be compared to the results here, which 

showed high densities of a single clone of D. discoideum, and which showed 

a decrease in population size in one week. Similarly, a study of the one

sided wintergreen Orthilla secunda also showed clonal patches on the edge 

of the species' range. O. secunda was less abundant in Ireland where it 

occurred in open scarpland as compared to its closed-canopy forest habitat in 

Scotland and Sweden (Beatty et al. 2008). Although O. secunda typically 

exhibited high genetic diversity in forested habitats, in Ireland it formed 

clonal patches, some of which were larger than 10 meters across (Beatty et 

al.2008). Dictyostelium discoideum is also less suited for open habitats 

relative to closed forests (Cavender& Raper 1965b; Sutherland& Raper 

1978), which may help explain why a clonal patch is more likely to form in 

these areas. Such comparisons between microbes and macroorganisms are 

increasingly being made, as shown by studies reporting isolation-by-distance 

effects and geographical limitations in microbes (Smith et al. 2008; Vos& 

Velicer 2008). 

This study therefore raises the intriguing question of whether genetic 

population structure mosaics exist for microbial species, and therefore 

whether selective mosaics for cheating behaviors exist in microorganisms. 

One approach to answering this question would be to employ more extensive 
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genotype sampling, followed by a hypothesis test on the occurrence of 

cheating. Alternatively, cheating behaviors could be tested for first, 

followed by more extensive sampling of population structure to confirm the 

validity of the predictive framework. In either case, it is likely that 

additional natural studies of social microbes will continue to complement the 

genetic and evolutionary laboratory studies of these organisms. 
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5.1 Abstract 

The social amoeba Dictyostelium discoideum is well known for its altruistic 

behavior. Cells of this species die to produce a stalk during construction of a 

fruiting body, which holds other cells aloft as fertile spores. Most species of 

social amoebae including Dictyostelium giganteum also produce a stalk as 

the multicellular slug migrates prior to construction of the fruiting body. We 

hypothesize that cell death during migration in these species is an example 

of altruism. In order to be altruism, cell death must be helpful to others. In 

support of this hypothesis, we show that D. giganteum can traverse gaps that 

D. discoideum cannot traverse alone. We also show that D. giganteum can 

exploit bacteria in its path because it constantly sheds live cells, and that D. 

discoideum can use the stalks of D. giganteum to traverse gaps or for 

fruiting. These findings suggest that death during migration is an example 

of altruism. 
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5.2 Introduction 

Social amoebae are unicellular, bacterivorous soil organisms that during 

times of starvation will aggregate to form a multicellular fruiting body 

(Bonner 2009; Raper 1984). Most species also produce a slug that can 

migrate across or through natural substrates following gradients of light, heat 

or gas (Bonner& Lamont 2005; Castillo et al. 2005; Raper 1984). In 

response to environmental stimuli such as increased light or a drop in 

humidity, the slug will cease migration and begin to form into a vertical 

fruiting body (Raper 1984). The construction of a fruiting body in most 

species involves differentiation of some cells to produce a stalk, helping lift 

other cells above the substrate as spores (Raper 1984; Schaap et al. 2006). 

In the social amoeba Dictyostelium discoideum, slugs migrate freely, and 

cells do not die to produce stalk until the end of migration (Raper 1984). In 

the majority of species of social amoebae that migrate, however, the slugs 

produce a dead stalk as they move (Raper 1984; Schaap et al. 2006). 

A question relevant to studies of social evolution is whether dying to 

form stalk during migration is an example of altruism. Altruism is a 

behavior that helps others at a cost to oneself. Dying to form stalk is 

obviously costly to the cells in the stalk, but is it helpful to others? A 

hypothesis to explain the benefit of a stalked migration is that it allows cells 
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in the slugs to traverse small gaps that may often occur in soil and leaf litter 

(Bonner 1982). 

To test the hypothesis of altruism, we compared two large and robust 

species from the same phylogenetic group, the stalked-migrating 

Dictyostelium giganteum and the stalkless-migrating D. discoideum (Schaap 

et al. 2006). To experimentally isolate the effect of stalked migration on 

traversing gaps, we used a simple obstacle: a 3-mm wide gap (Fig. 1G) that 

is likely to present a challenge to a slug that is a maximum of about 3 mm in 

length (Raper 1984). We did not use soil or leaf litter because the 

complexity of these substrates introduces the possibility of performance 

effects other than gap crossing ability. Different species exhibit different 

migration patterns or speeds of migration under the same experiment 

conditions (Bonner& Lamont 2005; Dormann et al. 1997). 

We manipulated spatial arrangements of clones of D. giganteum and 

D. discoideum to assess the gap-crossing performance of the two species 

(Fig. lA-C). We also used time lapse video to observe whether D. 

discoideum can use the stalks of D. giganteum to traverse gaps. We finally 

tested whether D. giganteum can utilize bacterial resources during migration 

and following gap traversal, which is relevant to the benefits conveyed by 

gap traversal. 
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Figure 1 

D Dictyostelium discoideum 
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Fig. 1. Experimental treatments and predictions. Sun emblem represents 

light source direction. Spatial configurations: (A) D. giganteum next to D. 

discoideum (B) D. giganteum in front of D. discoideum (C) D. giganteum 

behind D. discoideum. Predictions: (D) D. discoideum will be unable to 

traverse the gap when next to D. giganteum, (E) D. giganteum will traverse 

the gap in any configuration, and (F) D. discoideum use the stalks of D. 



giganteum when behind or in front of D. giganteum. (G) The 3-mm wide 

gap. (H) Test for live cells behind migrating D. giganteum slugs on 

bacteria-free plates. See text for details. 

5.3 Materials and Methods 

5.3.1 Common methods and comparison of gap-crossing 

performance 
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We used 3 clones of D. discoideum, QSI7, QSll, and QS4, and 3 clones of 

D. giganteum, QSgi25, Qsgi26 and QSgi27 (All clones are deposited at the 

Dictybase stock center, www.dictybase.org.). The D. discoideum clones 

were isolated from soil at Mountain Lake Biological station and genotyped 

using 5 microsatellite loci (Fortunato et al. 2003). The 3 D. giganteum 

clones were each isolated from different locations> 13 km apart: 2 from 

locations northwest of Houston, and one from Houston's Memorial park. 

To construct gaps, we poured 35 mL of buffered agar into a 10-cm 

diameter plastic petri dish (1.98 g KH2P04, 0.35 g NazHP04' 20 g agar per L 

ddH20). Using a razor, we cut a section out of the agar from the middle of 

the plate 3-mm wide at the top and II-mm wide at the base, and we placed 1 

mL of mineral oil into the gap (Fig. IG). For each clone on a plate, we 
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deposited a 75 III elongated oval strip of the spore and bacteria mix parallel 

to the gap (5.0 X 106 Dictyostelium spores and 1/30 plate of Klebsiella 

aerogenes bacteria grown on 35 mL SM agar (Sussman 1966) for 4 days, 

about 5-mm from the gap (Fig. lA-C). After depositing spore/bacteria 

solutions, we allowed plates dry open in a laminar flow hood for 2 hours. 

The treatments are as follows: we placed D. giganteum next to D. 

discoideum (Fig. 1A), in front of D. discoideum (Fig. 1B) or behind D. 

discoideum (Fig. 1C). We perfonned 3 replicates of each of the 9 possible 

combinations of clones for each spatial arrangement (Fig. 1 and Table 1; 81 

plates total). We wrapped the plates with aluminum foil and made a 1-mm 

diameter hole in the foil allowing directional light. We stacked these plates 

45-90 cm from a 100-watt incandescent light bulb with the holes facing the 

light source. 
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Table 1 

Day (cm) Clone pair Trtmt. 

QS4& QSgi27 A,B 
1 (90) QSll & QSgi26 A,B 

QS 17 & QSgi25 A,B 
QS4& QSgi25 A,B 
QS4& QSgi26 A,B 

2 (45) QSll & QSgi25 A,B 
QSll & QSgi27 A,B 
QS17 & QSgi26 A,B 
QS17 & QSgi27 A,B 

3 (45) All combinations C 

Table 1. Summary of clone pairs and treatments on each day. 

Treatments A-C correspond to Fig. 1 A-C. The first column shows the 

experimental day and distance from light source in cm. We 

performed 3 replicates of each treatment / clone pair combination (81 

plates total). Clones labeled"gi" are D. giganteum. 

After 6 days of incubating the plates, we unwrapped the plates and 

counted the number of fruiting bodies to have traversed the gap and to have 

fruited on stalks of the other species. We counted the number of D. 

giganteum slugs to have traversed the gap by distinguishing the number of 

stalks bridging the gap. We counted D. discoideum slugs, distinguishing 

them by the unique characteristics of D. discoideum fruiting bodies. These 
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characteristics include a larger basal disk and tapered stalk (Raper 1984). 

We also deposited each D. discoideum clone in the presence or absence of 4 

strands of 0.08-mm diameter Climax 8X nylon line bridging the gap (Climax 

Systems, Cortland, NY), with 2 replicate plates for each clone. 

To view migration under conditions of Fig. 1B, we deposited QS11 

behind QSgi26. We placed the plate with the lid removed in a plastic petri 

dish bag. We sealed the bag around the objective of a Nikon SMZ-1500 

stereoscopic microscope using masking tape. We placed a fiber optic light 

guide powered by a Ml-150 illuminator at 114 power 1.5 M from the plate, 

facing the plate, in an otherwise completely dark room. We took 1 

photograph every minute with a Photometrics coolsnap cf digital camera. 

We then created a video using these photographs (Video [1]). 

5.3.2 Exploitation of bacterial resources by Dictyostelium 

giganteum 

Dictyostelium discoideum is able to utilize bacterial resources during 

migration (Kuzdzal-Fick et al. 2007), but it is unknown whether stalked 

migrating species can do so. If a stalked migrating species were able to 

utilize resources following traversal of a gap, however, this might offer an 

advantage to a stalked migration in addition to that conveyed to spores. We 
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therefore asked whether live cells capable of utilizing bacterial resources are 

left behind D. giganteum slugs. We deposited spore and bacteria solutions 

of D. giganteum on buffered agar plates (recipe given above) free of bacteria 

with a directional light source. We used a razor to cut out 5 section of agar 

(25-100 mm2) and stalk trails from 1-2 mm behind migrating slugs (Fig. 

1H). We collected 5 sections of agar with at least 1 stalk each for each clone 

on 3 different days (N = 45). We also cut out 2 sections of agar from areas 

of each plate where slugs had not migrated on the second and third days (N 

= 12). We transferred each piece of agar to a separate plate and covered the 

surface of the agar with 25 pI of the K. aerogenes solution. We also placed 

a drop of the bacterial solution on a separate plate each day (N = 9). We 

incubated each plate at 22° C for 10 days and then examined the plates for 

D. giganteum growth. 

We also took time-lapse videos of each D. giganteum clone traversing 

a gap and bacterial strip. We placed a Sony DCR HC36 digital camcorder 

supported by a miniature tripod inside a cardboard box above a petri plate. 

We sealed the box except for a 2-mm wide hole facing a 100 watt 

incandescent light bulb, 45 cm from the box. We positioned clones initially 

on the side of the gap opposite the light source and bacterial strip. We set 

the camcorder on night vision mode with infrared light deactivated and 
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linked the camera to an Apple iBook running BTV carbon pro (Ben 

Software). We set the program to take 1 photograph per minute by 

averaging 30 frames of interlaced video. We took videos of each clone. We 

edited one video using iMovie HD 6.0.4 (Apple Computer) to highlight the 

different stages of migration (Video [2]). 

5.4 Results 

5.4.1 Gap-crossing performance 

Using JMP v. 7.0.2, we performed a 3-way analysis of variance with species, 

placement relative to other species (in front of, next to, or behind), species x 

placement interaction and clone nested within species as factors. We 

averaged the 3 replicate plates for each clone pair / treatment combination 

and Box-Cox transformed the data to normalize residuals. The distribution 

of residuals was not significantly different from normal (Shapiro-Wilks W = 

0.98, P = 0.53). We found a significant effect of species, placement, and 

species x placement interaction but no effect of clone within species (Whole 

model R square = 0.81,N= 54 [N= 27 per species] and Table 2). We 

therefore tested the null hypothesis that the number of D. discoideum 

fruiting bodies to traverse the gap was no greater than the number of D. 

giganteum fruiting bodies to traverse the gap using a one-tailed t-test and the 
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clone as the replicate. We rejected the null hypothesis in all spatial 

arrangements (next to other species: P = 0.002, behind other species: P 

0.004, in front of other species: P = 0.03, N = 3 clones each, dJ. =2; Fig. 2). 

Figure 2 

* 
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Figure 2. Species-specific performance under different spatial configuration 

relati ve to the other species. One asterisk indicates P < 0.05 and two 

asterisks indicates P < 0.01 for a one-tailed t-test. See text for details. 
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Table 2 

Source dJ. SS F Ratio P 

Species 1 5121.9 147.4 <.0001 
Placement 2 738.6 10.6 0.0002 
Species x placement 2 612.0 8.8 0.0006 
Clone (species) 4 114.2 0.8 0.5186 
Error 44 1528.8 

Table 2. Degree of variation of number of fruiting bodies to traverse 

the gap explained by species, placement of clones relative to other 

species and species x placement interaction. These factors were fixed 

effects in the ANOV A model of Box-Cox transformed data. Clone 

(species) was a nested effect and was not significant. 

An objection might be raised that some of the treatments were 

performed on different days (Table 1). This would be problematic if there 

was a bias toward rejection of the null hypothesis (type I error). The test of 

"in front of other species" required comparing D. giganteum in front on days 

1 and 2 to when D. discoideum was in front on day 3. The plates were closer 

to the light source on day 1, which would favor D. giganteum and possibly 

type I error. The other tests are not biased toward type I error in this way, 

however, and the finding that the null hypothesis is rejected for the treatment 



"behind other species" when the bias is toward lack of rejection (type II 

error) is strong evidence that D. giganteum outperforms D. discoideum in 

any spatial configuration. 
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In the experiment with monofilament line, we found significantly 

more D. discoideum fruiting bodies on the light side of the gap when in the 

presence of 4 strands of the line than in the absence of the line (mean 7.5 ± 

2.0 per plate in the presence of line; 0 in the absence of line; P = 0.03, N = 3, 

one-tailed t-test). 

Our results suggest that D. discoideum slugs use the stalks of D. 

giganteum for traversing gaps, and our time lapse video confirms this (Video 

[1]). The beginning of the video shows D. giganteum slugs creating a bridge 

across the gap, followed by D. discoideum climbing on the D. giganteum 

stalks. The video shows clearly that D. discoideum slugs, identified by their 

stalkless migration following gap traversal, use the D. giganteum stalks 

rather than some other means of traversing the gap. 



Video 1 

Video 1. Still photograph from a video ( available online) showing D. 

discoideum slugs using the stalks of D. giganteum to cross a gap. Clones 

used are QS11 and QSgi26. Video is 24 minutes per second. 
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5.4.2 Exploitation of bacterial resources by Dictyostelium giganteum 

We found that amoebae consumed bacteria in 45/45 sections of agar from 

behind migrating slugs. The controls showed that 1112 sections of agar from 

areas of the plate without stalks yielded growth of amoebae and 0/9 of the 

drops of bacterial solution placed on separate plates yielded D. giganteum 

growth. Our time-lapse videos showed each D. giganteum clone traversed 

the gap and consumed bacteria on the opposite side. In one video, only a 



single D. giganteum slug traversed the gap in one of the replicate plates 

(clone QSgi27). The video shows bacteria being cleared in line with the 

path taken by a single slug (Video [2]). 

Video 2 
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Video 2. Still photograph from a video (available online) showing the ability 

of a single D. giganteum slug (clone QSgi27) to exploit new resource from 

gap traversal. Note that bacteria are cleared in line with the path of the slug. 

Video is 116 hours from first frame to last. 
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5.5 Discussion 

We found that a stalked migrating species, D. giganteum, can traverse a 3-

mm wide gap that a stalkless-migrating species, D. discoideum, cannot 

traverse alone (Fig. 3). This finding suggests that dying to produce stalk is a 

form of altruism because it can be beneficial to those that survive to form 

spores. We also found that D. giganteum slugs can exploit bacteria 

following gap traversal, illustrated by the crossing of a gap by a single slug 

(Video [2]). We show the ability of D. giganteum to utilize bacterial 

resources is explainable as a result of constant shedding of live cells: live 

cells were always found behind migrating slugs, but not in other areas of the 

plates. This shows that cell death during migration can be beneficial not 

only to cells that form spores, but also to those that may disperse to new 

resources during migration of a slug. 
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Figure 3 

Figure 3. Photographs of an experimental trial of QS 11 and QS gi26. (A) 

D. giganteum can traverse a 3-mm wide gaps that D. discoideum cannot 

traverse alone (gaps are 3 mm at beginning of experiment; slight drying of 

agar widened gaps). (B) D. discoideum can traverse gaps when it is 
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positioned behind D. giganteum, which allows it to use the stalks of D. 

giganteum. Photograph inserts show D. discoideum slugs and fruiting 

bodies after traversing the gap (left), and fruiting bodies attached to stalks of 

D. giganteum bridging the gap (right). 

We also found that interactions of D. discoideum with a stalked

migrating species can allow gap traversal where no such behavior would 

otherwise be possible. We found that the stalkless-migrating D. discoideum 

can traverse a gap when positioned behind or in front of D. giganteum (Fig. 

2). We confirmed this with a time lapse video (Video [1]), which shows that 

D. discoideum uses the stalks of D. giganteum to traverse a gap. We also 

found that D. discoideum can use the stalks of D. giganteum for fruiting, as 

shown by the significant number of D. discoideum fruiting bodies on D. 

giganteum stalks (Fig. 2; photo insert in Fig. 3B). Finally, we found that D. 

discoideum is able to traverse the gap in the presence of several strands of 

thin-diameter line, suggesting stalks of fungi or thin roots might also be used 

for traversing gaps. 

An interesting question raised by our findings is why this altruistic 

behavior evolved and why it is maintained in many species and not others. 

The stalked migration is not found in the most primitive forms of social 
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amoebae which do not migrate, the acrasids (Raper 1984). The stalked 

migration is also not found in D. discoideum and Dictyostelium 

polycephalum, which secondarily lost the trait independently (Schaap et al. 

2006). One hypothesis to explain why a stalked migration was lost in these 

two species is that they are able to traverse gaps without a stalked migration. 

For example, D. polycephalum forms very long and sinew-like slugs, which 

are able to climb on stalks of fungi (Raper, 1984, p. 331), and which might 

be able to reach across gaps. On the other hand, we found here that D. 

discoideum can use the stalks of other species, which allows for gap 

traversal (Video [1]). In nature, D. discoideum is often found in animal 

feces, which are replete with nutrients and bacteria that allow growth of 

many species of social amoebae, fungi and plants (Gilbert et al. 2007; Raper 

1984; Stephenson& Landolt 1992; Suthers 1985). Many social amoebae, 

fungi, and plants are phototactic like D. discoideum (Jekely 2009; Raper 

1984). We have observed D. discoideum climbing on the structures of other 

species while migrating from dung pellets toward a light source (Gilbert, 

per.obs.). 

Our findings also suggest a unique type of interspecific interaction. In 

other social species where one species takes advantage of the altruistic acts 

of another, the interaction is typically parasitic. Slave-making ants, for 
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example, necessarily rob the workforce of another species (Buschinger 

2009). Species of transmissible cancers rob the benefit of somatic cell 

differentiation before killing or harming their hosts (McCallum 2008; 

Rebbeck et al. 2009). In contrast, D. discoideum can use the stalks of D. 

giganteum to traverse gaps without harming D. giganteum. The D. 

giganteum stalks bridging gaps do not appear to be useful to D. giganteum 

after the slugs have traversed the gap and continued migrating (e.g. Fig. IE 

and Fig. 3A). 

We here showed that cell death during migration can be an altruistic 

behavior that benefits others. This behavior can be beneficial by aiding in 

dispersal across gaps and in the exploitation of new resources by other cells. 

These benefits of altruism may, under the right circumstances, be gained by 

species that do not exhibit a stalked migration by using the stalks of other 

specIes. 
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