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Plasmids with higher mobility do not carry more genes for extracellular 

proteins. 

We found no difference in the proportion of genes coding for extracellular proteins across the 

three plasmid mobility types when we compared the means of each mobility type of each 

species (MCMCglmm; Table S2, row 12).  

 

We also found no significant difference when: (a) carrying out a regression between the 

proportion of genes coding for extracellular proteins and plasmid ‘mobility’ treated as a 

continuous variable (MCMCglmm; Table S2, row 13); (b) testing for a correlation between the 

proportion of a species’ plasmids which can transfer (are either conjugative or mobilizable) 

and the proportion of plasmid genes coding for extracellular proteins (Fig S8) (MCMCglmm; 

Table S2, rows 18 and 19); (c) testing for a correlation between the proportion of a species’ 

plasmids which can transfer and how overrepresented or underrepresented extracellular 

proteins are on plasmids compared to chromosomes (Fig S9) (MCMCglmm; Table S2, rows 

16 and 17). 

 

As discussed in the previous section, if non-independence is not controlled for, then there is 

the potential for misleading analyses and spurious significant results. This is especially a 

problem with analyses on large datasets. Consequently, it is important to examine biological 

effect sizes, and not just p-values1. For example, when we assumed that all 3522 plasmids, 

were independent data points, we found that 1.8% of conjugative plasmid genes code for 

extracellular proteins, compared to 1.4% of non-mobilizable plasmid genes. This means that 

for every 100 plasmid genes, conjugative plasmids carry less than half an additional 

extracellular protein-coding gene compared to non-mobilizable plasmids. Despite this 

marginal effect, a MCMCglmm model on this data produced significant pMCMC values for 

comparisons of the three plasmid mobility types, even though mobility only explains 1.5% of 

the variation in the proportion of genes coding for extracellular proteins (MCMCglmm; Table 

S2, rows 14 and 15). 

 

We have considered the relative rates of transfer among the three mobility types, where 

conjugative plasmids transfer at faster rates than mobilizable, and mobilizable transfer at faster 

rates than non-mobilizable2. However, the variation in transfer rates within plasmids of the 

same mobility type is likely to be large, and mobilization via mechanisms other than 
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conjugation, such as phage transfer, is possible2–5. Therefore, quantitative estimates of plasmid 

transfer rates would help to address these added complications6, and further examine any 

potential effect of plasmid mobility on the kinds of genes plasmids carry.  

 

Number of environments. 

We used recently published data which assigned bacterial species to living in one or more of 

five broad environments: host, soil, sediment, wastewater and water7–9. Of species in our 

analysis, 36 had been assigned to at least one of these environments. We found no significant 

correlation between the number of environments a species was found in and how likely genes 

coding for extracellular proteins were to be on plasmids (Figure S14) (MCMCglmm; Table S2, 

row 34). We also found no significant correlation when we supplemented the published 

environmental data with information from the literature, so that all species in our dataset were 

included in the analysis (Fig S13a; Supp X) (MCMCglmm; Table S2, row 35). 

 

Garcia-Garcera and Rocha (2020) found that the proportion of a species’ genome which coded 

for extracellular proteins increased with the number of environments a species was found in8. 

This is a slightly different, but related question. When we asked the same question with our 

data, we found a non-significant pattern, but in the same direction: the number of five broad 

environments in which each species was found was positively correlated with the proportion 

of genes coding for extracellular proteins across the genome increased (Fig S15) 

(MCMCglmm; Table S2, row 36). Garcia-Garcera and Rocha analysed data for over 1000 

bacterial species, and so had greater statistical power to obtain a significant result. They also 

used MCMCglmm to control for phylogeny. In addition, this relationship could be relatively 

weak because the five environments are very broad and there is likely to be significant 

variability within these environments.  

 

Core vs accessory genes. 

Bacterial genes are often split up into ‘core’ genes, found in all genomes of a species, and 

‘accessory’ genes, found in only a subset of a species’ genomes10. Species which encounter 

more variable environments are expected to have relatively more accessory genes compared to 

core genes in their genomes11. Consequently, the proportion of each species’ genomes 

composed of ‘core’ genes could be used as a proxy of environmental variability, by assuming 

that species which encounter more variable environments will have a smaller proportion of 
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core genes. We used data from PanX12 to calculate the proportion of each species’ genomes 

which were core. We found no significant correlation between the proportion of each species’ 

genomes which are core genes and the likelihood that genes coding for extracellular proteins 

are on plasmids (Fig S13b) (MCMCglmm; Table S2, row 37).  
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Table S1. Summary of location of genes encoding each subcellular localisation across species.  

For schematic of these localisations see Figure S1. Cytoplasmic, cytoplasmic membrane and extracellular protein values are the mean number per 

genome calculated across all genomes of a species, and then the means across all species. Periplasmic and outer membrane values are the mean 

calculated across only Gram-negative species, while cell wall values are the mean calculated across only Gram-positive species. Percentages are 

out of all genes with a known localisation, except for unknown protein percentages which are of all proteins.  
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Table S2. MCMCglmm analyses 
Note: Unless otherwise stated, we arcsine square root transformed all proportion data. 

 
  

Model description 

 

Sample size 

 

Posterior mean 

95% Credible 

Interval 

 

pMCMC 

R2 value (if 

calculated) 

Location of extracellular proteins within bacterial genomes 

1 Difference in plasmid and chromosome 

extracellular proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 0.004 -0.063 to 0.057 0.87 (NS) Phylogeny = 0.17. 

Number of 

genomes per 

species = 0.47 

2 Ratio of plasmid and chromosome extracellular 

proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 1.017 0.695 to 1.348 N/A (1 is within 95% CI, 

so ratio is not 

significantly different to 

1). 

 

3 Each genome assigned 1 if plasmid > 

chromosome proportion, and 0 if plasmid < 

chromosome proportion. 

Model uses categorical family response 

variable. Assigned value ~ 1. (This asks 

whether more 0s or 1s in the data).  

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 17.82 -69.90 to 128.97 0.558 (NS)  
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4 Difference in plasmid and chromosome 

extracellular proportions ~ 1. Proportion data 

un-transformed before calculating difference. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 0.017 -0.021 to 0.057 0.332 Phylogeny = 0.34. 

Number of 

genomes per 

species = 0.46. 

Location of other protein classes within bacterial genomes 

5 Difference in plasmid and chromosome 

cytoplasmic proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 0.090 -0.008 to 0.209 0.074 (NS)  

6 Difference in plasmid and chromosome 

cytoplasmic membrane proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes -0.129 -0.295 to 0.012 0.088 (NS)  

7 Difference in plasmid and chromosome 

periplasmic proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1027 genomes (only 

Gram-negative 

species) 

-0.048 -0.183 to 0.127 0.482 (NS)  

8 Difference in plasmid and chromosome outer 

membrane proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1027 genomes (only 

Gram-negative 

species) 

-0.075 -0.192 to 0.040 0.158 (NS)  

9 Difference in plasmid and chromosome cell 

wall proportions ~ 1. 

605 genomes (only 

Gram-positive  

species) 

-0.028 -0.120 to 0.052 0.418 (NS)  
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Random effects: phylogeny + number of 

genomes per species. 

10 Difference in plasmid and chromosome 

unknown localisation proportions ~ 1. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes 0.156 0.089 to 0.224 0.002 (**)  

Plasmid mobility and extracellular proteins 

11 Slope value of mean plasmid extracellular 

proportion vs mobility ~ 1.  

Random effect: phylogeny.  

40 slopes (one for 

each species with all 

three plasmid 

mobilities) 

0.006 -0.040 to 0.052 0.73 (NS) Phylogeny =  0.33. 

12 Mean plasmid extracellular proportion ~ 

plasmid mobility. (Mobility as a factor with 

three levels) 

Random effect = phylogeny. 

138 (mean for each 

plasmid mobility, so 

most species (40) 

have three data 

points) 

Conjugative compared to 

non-mobilizable = 0.013.  

Mobilizable compared to 

non-mobilizable = -0.019. 

Conjugative compared to 

non-mobilizable = -0.023 

to 0.055.  

Mobilizable compared to 

non-mobilizable = -0.060 

to 0.016. 

Conjugative compared to 

non-mobilizable = 0.514 

(NS). 

Mobilizable compared to 

non-mobilizable = 0.354 

(NS). 

 

13 Mean plasmid extracellular proportion ~ 

plasmid mobility. (Here, non-mobiilzable = 1, 

mobilizable = 2, conjugative = 3, so mobility is 

numeric and model is a regression).  

 

138 (mean for each 

plasmid mobility, so 

most species (40) 

have three data 

points) 

Intercept = 0.098.  

Slope = 0.006. 

Intercept = 0.001 to 0.183.  

Slope = -0.012 to 0.028. 

Intercept = 0.042 (*) 

Slope = 0.546 (NS) 

 

14 Plasmid extracellular proportion ~ plasmid 

mobility. (Mobility as a factor with three 

levels) 

3522 (one for each 

plasmid with a 

mobility prediction) 

Conjugative compared to 

non-mobilizable = 0.015. 

Conjugative compared to 

non-mobilizable = 0.004 to 

0.026.  

Conjugative compared to 

non-mobilizable = 0.008 

(**). 

Plasmid mobility = 

0.015. 

Phylogeny = 0.13. 
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Random effects = phylogeny + number of 

plasmids per species. 

Mobilizable compared to 

non-mobilizable = -0.033. 

Mobilizable compared to 

non-mobilizable = -0.044 

to -0.023. 

Mobilizable compared to 

non-mobilizable = 

<0.001 (***). 

Number of 

plasmids per 

species = 0.29.  

15 Plasmid extracellular proportion ~ plasmid 

mobility. (Here, non-mobiilzable = 1, 

mobilizable = 2, conjugative = 3, so mobility is 

numeric and model is a regression). 

3522 (one for each 

plasmid with a 

mobility prediction) 

Intercept = 0.102. 

Slope = 0.006. 

Intercept = 0.046 to 0.170. 

Slope = -0.0002 to 0.011.  

Intercept = 0.008 (**) 

Slope = 0.056 (NS). 

 

16 Mean difference in plasmid and chromosome 

extracellular proportions ~ mean proportion of 

plasmids which are conjugative. 

Random effect = phylogeny. 

51 (mean difference 

and conjugative 

proportion for each 

species) 

Intercept = -0.0003. 

Slope = -0.001. 

Intercept = -0.075 to 

0.076. 

Slope = -0.084 to 0.064. 

Intercept = 0.996 (NS). 

Slope = 0.988 (NS). 

 

17 Mean difference in plasmid and chromosome 

extracellular proportions ~ mean proportion of 

plasmids which are conjugative or mobilizable. 

Random effect = phylogeny. 

51 (mean difference 

and conjugative/ 

mobilizable 

proportion for each 

species) 

Intercept = -0.016. 

Slope = 0.017. 

Intercept = -0.125 to 

0.079. 

Slope = -0.076 to 0.101. 

Intercept = 0.78 (NS). 

Slope = 0.668 (NS). 

 

18 Mean plasmid extracellular proportion ~ mean 

proportion of plasmids which are conjugative.  

Random effect = phylogeny. 

51 (mean 

extracellular 

proportion and 

conjugative 

proportion for each 

species) 

Intercept = 0.133.  

Slope = -0.006. 

Intercept = 0.061 to 0.205. 

Slope = -0.087 to 0.065. 

Intercept = 0.008 (**). 

Slope = 0.91 (NS). 

 

19 Mean plasmid extracellular proportion ~ mean 

proportion of plasmids which are conjugative 

or mobilizable.  

51 (mean 

extracellular 

Intercept = 0.109. 

Slope = 0.024. 

Intercept = 0.004 to 0.221. 

Slope = -0.069 to 0.109. 

Intercept = 0.05 (*). 

Slope = 0.578 (NS). 
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Random effect = phylogeny. proportion and 

conjugative/ 

mobilizable 

proportion for each 

species) 

20 Mean difference in non-mobilizable plasmid 

and chromosome extracellular proportions ~ 1. 

Random effect = phylogeny. 

48 (mean difference 

for each species, 3 

species had no 

genomes with a non-

mobilizable 

plasmid(s)) 

0.016  -0.085 to 0.054 0.638 (NS)  

21 Mean difference in conjugative/mobilizable 

plasmid and chromosome extracellular 

proportions ~ 1. 

Random effect = phylogeny. 

48 (mean difference 

for each species, 3 

species had no 

genomes with a 

mobilizable/ 

conjugative 

plasmid(s)) 

-0.041 -0.117 to 0.051 0.292 (NS)  

22 Mean difference in conjugative plasmid and 

chromosome extracellular proportions ~ 1. 

Random effect = phylogeny. 

44 (mean difference 

for each species, 7 

species had no 

genomes with a 

conjugative 

plasmid(s)) 

 

0.004 

 

-0.078 to 0.102 0.924 (NS)  
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Host-range of pathogens 

23 Difference in plasmid and chromosome 

extracellular proportions ~ pathogenicity/host 

range (factor with three levels: non-pathogen, 

narrow host-range pathogen, and broad host-

range pathogen).  

Random effects: phylogeny + number of 

genomes per species. 

701 genomes (all 

genomes from 25 

species) 

Non-pathogen compared to 

broad host-range pathogen 

= -0.161. 

Narrow host-range 

pathogen compared to 

broad host-range pathogen 

= -0.222.  

Non-pathogen compared to 

broad host-range pathogen 

= -0.252 to -0.067.  

Narrow host-range 

pathogen compared to 

broad host-range pathogen 

= -0.322 to -0.123.  

Non-pathogen compared 

to broad host-range 

pathogen = <0.001 (***). 

Narrow host-range 

pathogen compared to 

broad host-range 

pathogen = <0.001 (***) 

Pathogenicity/ host-

range = 0.35. 

Phylogeny = 0.11. 

Number of 

genomes per 

species = 0.28. 

24 Difference in plasmid and chromosome 

extracellular proportions ~ pathogenicity 

(factor with two levels: non-pathogen and 

pathogen).  

Random effects: phylogeny + number of 

genomes per species. 

701 genomes (all 

genomes from 25 

species) 

Pathogen compared to 

non-pathogen = 0.106. 

Pathogen compared to 

non-pathogen = -0.22 to 

0.218. 

Pathogen compared to 

non-pathogen = 0.092 

(NS) 

 

25 Difference in plasmid and chromosome 

extracellular proportions ~ pathogenicity/host-

range (factor with two levels: non-pathogen and 

narrow host-range pathogen).  

 

389 genomes (all 

genomes from 15 

species) 

Non-pathogen compared to 

narrow host-range 

pathogen = 0.031. 

Non-pathogen compared to 

narrow host-range 

pathogen = -0.065 to 

0.127. 

Non-pathogen compared 

to narrow host-range 

pathogen = 0.482 (NS). 

 

Pathogenicity of extracellular proteins 

26 Difference in plasmid and chromosome 

pathogenic extracellular proportions ~ host 

range. Only in broad and narrow host-range 

pathogens.  

474 genomes 

(genomes from 15 

species) 

Narrow host-range 

compared to broad host-

range = -0.209. 

Narrow host-range 

compared to broad host-

range = -0.350 to -0.086. 

Narrow host-range 

compared to broad host-

range = 0.012 (*). 
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Random effects: phylogeny + number of 

genomes per species. 

27 Difference in plasmid and chromosome non-

pathogenic extracellular proportions ~ host-

range. Only in broad and narrow host-range 

pathogens.  

Random effects: phylogeny + number of 

genomes per species. 

474 genomes 

(genomes from 15 

species) 

Narrow host-range 

compared to broad host-

range = -0.034. 

Narrow host-range 

compared to broad host-

range = -0.108 to 0.035. 

Narrow host-range 

compared to broad host-

range = 0.296 (NS). 

 

28 Difference in plasmid and chromosome 

pathogenic extracellular proportions ~ human 

pathogenicity (factor with two levels: human or 

non-human). Only in broad and narrow host-

range pathogens. 

474 genomes 

(genomes from 15 

species) 

Non-human compared to 

human = 0.012. 

Non-human compared to 

human = -0.156 to 0.187. 

Non-human compared to 

human = 0.838 (NS). 

 

29 Difference in plasmid and chromosome non-

pathogenic extracellular proportions ~ human 

pathogenicity. Only in broad and narrow host-

range pathogens. 

474 genomes 

(genomes from 15 

species) 

Non-human compared to 

human = -0.008. 

Non-human compared to 

human = -0.074 to 0.059. 

Non-human compared to 

human = 0.812 (NS). 

 

30 Difference in plasmid and chromosome 

pathogenic extracellular proportions ~ host-

range + human pathogenicity. Only in broad 

and narrow host-range pathogens. 

474 genomes 

(genomes from 15 

species) 

Host-range = -0.212. 

Human pathogenicity  

= -0.021. 

 

Host-range = -0.366 to  

-0.77. 

Human pathogenicity =  

-0.157 to 0.105. 

Host-range = 0.012 (*). 

Human pathogenicity = 

0.740 (NS). 

 

Pathogenic extracellular proteins and plasmid mobility 

31 Slope value of mean plasmid pathogenic 

extracellular proportion vs mobility ~ 1. Only 

7 (a slope for each 

broad host-range 

pathogen species with 

-0.020  -0.224 to 0.185 0.774 (NS)  
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broad host-range pathogens with plasmids of all 

three moiblities). 

Random effect: phylogeny. 

 

plasmids of all three 

mobilities) 

32 Mean plasmid pathogenic extracellular 

proportion ~ plasmid mobility. (Mobility as a 

factor with three levels) All broad host-range 

pathogen species. 

Random effect: phylogeny. 

26 (mean for each 

plasmid mobility; 

seven have 3 data 

points, three have 1 

or 2). 

Mobilizable compared to 

non-mobilizable = 0.0001. 

Conjugative compared to 

non-mobilizable = -0.049. 

Mobilizable compared to 

non-mobilizable = -0.179 

to 0.139. 

Conjugative compared to 

non-mobilizable = -0.212 

to 0.099. 

Mobilizable compared to 

non-mobilizable = 0.974. 

(NS) 

Conjugative compared to 

non-mobilizable = 0.528 

(NS). 

 

33 Mean plasmid pathogenic extracellular 

proportion ~ plasmid mobility. (Mobility as a 

factor with three levels) All narrow host-range 

pathogen species. 

Random effect: phylogeny. 

 

11 (mean for each 

plasmid mobility; two 

have 3 data points, 

three have 1 or 2). 

Mobilizable compared to 

non-mobilizable = 0.003. 

Conjugative compared to 

non-mobilizable = 0.121. 

Mobilizable compared to 

non-mobilizable = -0.128 

to 0.118. 

Conjugative compared to 

non-mobilizable = -0.020 

to 0.260. 

 

Mobilizable compared to 

non-mobilizable = 0.972 

(NS). 

Conjugative compared to 

non-mobilizable = 0.076 

(NS). 

 

Number of five broad environments 

34 Difference in plasmid and chromosome 

extracellular proportions ~ number of 

environments.  

Random effects: phylogeny + number of 

genomes per species. 

1360 genomes (all 

genomes from 36 

species with data on 

number of 

environments) 

Intercept = -0.026. 

Slope = 0.013. 

Intercept = -0.098 to 

0.057. 

Slope = -0.015 to 0.042. 

Intercept = 0.498 (NS). 

Slope = 0.350 (NS). 
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35 Difference in plasmid and chromosome 

extracellular proportions ~ number of 

environments (supplemented with literature).  

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes Intercept = 0.017. 

Slope = -0.006. 

Intercept = -0.055 to 

0.115. 

Slope = -0.036 to 0.016. 

Intercept = 0.562 (NS). 

Slope = 0.492 (NS). 

 

36 Genome extracellular proportion ~ number of 

environments (supplemented with literature).  

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes Intercept = 0.138.  

Slope = 0.001. 

Intercept = 0.102 to 0.181. 

Slope = -0.004 to 0.007. 

Intercept = <0.001 (***). 

Slope = 0.596 (NS). 

 

Core vs accessory genome 

37 Difference in plasmid and chromosome 

extracellular proportion ~ core gene proportion. 

Random effects: phylogeny + number of 

genomes per species. 

1632 genomes Intercept = -0.075. 

Slope = -0.084. 

Intercept = -0.041 to 

0.205. 

Slope = -0.218 to 0.034. 

Intercept = 0.228 (NS). 

Slope = 0.170 (NS). 

 

 
 

Table S3. Measures of Bacterial Lifestyle and Environmental Variability 

Below is a table of literature references used to categorise species’: (i) pathogenicity; (ii) host-range (if pathogenic and not opportunistic/other); 

(iii) presence in five broad environments.  

 
Species  Gram-

stain 

Pathogenicity Host-

range 

Environments (original Garcia-

Garcera & Rocha1 data) 

Environments (supplemented with 

literature) 

Literature 

references 

Acinetobacter baumannii Negative Opportunistic/  other  Water, wastewater, soil,  host Water, wastewater, sediment, soil,  host 2–5 

Acinetobacter pittii Negative Opportunistic/  other   Water, wastewater, sediment, soil,  host 5,6 
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Bacillus anthracis Positive Pathogen Broad Water, soil Water, soil, host 7,8 

Bacillus cereus Positive Opportunistic/ other  Water, wastewater, soil Water, wastewater, soil, host 9,10 

Bacillus subtilis Positive Non-pathogen  Soil, host Soil, host 11,12 

Bacillus thuringiensis Positive Pathogen Broad Water, soil Water, soil, host 13,14 

Bacillus velezensis Positive Non-pathogen   Water, soil, host 15,16 

Buchnera aphidicola Negative Non-pathogen   Host 17 

Campylobacter coli Negative Opportunistic/ other  Host Host 18 

Campylobacter jejuni Negative Opportunistic/ other  Host Host 18 

Chlamydia psittaci Negative Pathogen Broad Host, sediment Host 19,20 

Chlamydia trachomatis Negative Pathogen Narrow Host, sediment Host 21,22 

Citrobacter freundii Negative Opportunistic/ other   Water, wastewater, sediment, soil,  host 23 

Clostridium botulinum Positive Opportunistic/ other  Water, wastewater, sediment, soil,  host Water, wastewater, sediment, soil,  host 24,25 

Enterobacter cloacae Negative Opportunistic/ other  Host Water, wastewater, sediment, soil,  host 26,27 

Enterobacter hormaechei Negative Opportunistic/ other   Water, wastewater, sediment, soil,  host 27,28 

Enterococcus faecalis Positive Opportunistic/ other  Host Host 29 

Enterococcus faecium Positive Opportunistic/ other  Host Host 29 

Escherichia coli Negative Opportunistic/ other  Water, wastewater, soil, host Water, wastewater, soil, host 30,31 

Helicobacter pylori Negative Pathogen Narrow  Host 32,33 

Klebsiella aerogenes Negative Opportunistic/ other  Soil, host Soil, host 27,34 

Klebsiella oxytoca Negative Opportunistic/ other   Water, wastewater, soil, host 35 

Klebsiella pneumoniae Negative Opportunistic/ other  Soil, host Water, wastewater, soil, host 35 

Lactobacillus brevis Positive Non-pathogen  Host Host, wastewater 36,37 

Lactobacillus paracasei Positive Non-pathogen  Host Host, wastewater 37 

Lactobacillus plantarum Positive Non-pathogen  Soil, Host Soil, host, wastewater 37 
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Lactobacillus sakei Positive Non-pathogen  Host Host, wastewater 37 

Lactococcus lactis Positive Opportunistic/ other  Host Host 38,39 

Legionella pneumophila Negative Opportunistic/ other  Water, sediment, soil Water, sediment, soil, host 40,41 

Leuconostoc 

mesenteroides 

Positive Opportunistic/ other  Host Host 42 

Listeria monocytogenes Positive Opportunistic/ other  Wastewater, soil Wastewater, soil, host 43 

Neisseria gonorrhoeae Negative Pathogen Narrow Host Host 44 

Phaeobacter inhibens Negative Opportunistic/ other   Host, water 45 

Piscirickettsia salmonis Negative Pathogen Narrow  Host 46 

Proteus mirabilis Negative Opportunistic/ other  Host Water, wastewater, soil, host 47 

Pseudomonas aeruginosa Negative Opportunistic/ other  Water, wastewater, soil Water, wastewater, sediment, soil, host 48,49 

Pseudomonas syringae Negative Pathogen Broad Water, soil, host Water, soil, host 50–52 

Ralstonia solanacearum Negative Pathogen Broad Water, soil Water, wastewater, soil, host 53,54 

Rhizobium 

leguminosarum 

Negative Non-pathogen  Soil Soil, host 55 

Rhizobium phaseoli Negative Non-pathogen   Soil, host 56 

Salmonella enterica Negative Pathogen Broad Host Host, wastewater 57 

Serratia marcescens Negative Opportunistic/ other   Water, wastewater, sediment, soil, host 58,59 

Sinorhizobium meliloti Negative Non-pathogen  Soil, host Soil, host 60 

Staphylococcus aureus Positive Opportunistic/ other  Sediment, host Host 61,62 

Staphylococcus 

epidermidis 

Positive Opportunistic/ other  Soil, host Host 63 

Vibrio parahaemolyticus Negative Opportunistic/ other   Water, host 64 

Xanthomonas citri Negative Pathogen Narrow Soil, host Soil, host 65–67 
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Xylella fastidiosa Negative Pathogen Broad Water, sediment, soil Water, sediment, soil, host 68 

Yersinia enterocolitica Negative Pathogen Broad  Water, wastewater, soil, host 69,70 

Yersinia pestis Negative Pathogen Broad  Host, soil 71 

Yersinia 

pseudotuberculosis 

Negative Pathogen Broad  Host, soil 72,73 
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Figure S1. Protein subcellular localisations  
Visualisation of all possible subcellular locations predicted by PSORTb. The left panel shows 

a cross-section of a typical Gram-negative bacterium and the right panel shows the equivalent 

for a Gram-positive bacterium. Both kinds of bacteria have an inner membrane, known as the 

‘cytoplasmic membrane’. The main difference is that Gram-positive bacteria are surrounded 

by a thick layer of a molecule called peptidoglycan, while Gram-negative bacteria have a much 

thinner layer of peptidoglycan, and have an additional membrane.  
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Figure S2. Phylogeny of all 51 species in our dataset. 

Based on published 16S RNA maximum likelihood tree67 and supplemented with additional 

published trees from the literature. Class is indicated by colour and corresponding labels.  
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Fig S3. Proportion of proteins predicted as extracellular for plasmids and chromosomes. 

Each species has two proportions: the blue dot is the mean proportion of plasmid proteins 

predicted by PSORTb to be extracellular across all plasmids in that species, while the red dot 

is the mean proportion of plasmid proteins predicted to be extracellular across all chromosomes 
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in that species. It is clear that these proportions vary substantially across species, and this is 

particularly true for plasmids. Proportion data is arcsine square root transformed.  

 

 

 

 

Fig S4. Extracellular proteins are not consistently overrepresented on plasmids of all 

three mobilities (non-mobilizable, mobilizable, conjugative)  

The graphs are identical to Figure 3, but with only certain plasmids included in each. The left-

hand graph shows the difference between chromosome and non-mobilizable plasmid 

proportion of genes encoding extracellular proteins. The middle graph shows the same 

difference but for conjugative and mobilizable plasmids together. The right-hand graph shows 

the difference with only conjugative plasmids. 
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Figure S5. Substantial variation within and between species in the genomic location of 

extracellular proteins. 

The x axis is the % of genomes in each species where the proportion of plasmid proteins 

predicted as extracellular is greater than the proportion of chromosome proteins predicted as 

extracellular. Crucially, this considers only whether plasmid proportion is greater than 

chromosome proportion for each genome, rather than also considering the magnitude of 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Bacillus anthracis
Chlamydia psittaci

Ralstonia solanacearum
Sinorhizobium meliloti

Yersinia pestis
Yersinia pseudotuberculosis

Phaeobacter inhibens
Pseudomonas syringae

Bacillus thuringiensis
Lactococcus lactis

Enterococcus faecalis
Enterococcus faecium
Yersinia enterocolitica

Klebsiella pneumoniae
Clostridium botulinum

Salmonella enterica
Bacillus cereus

Piscirickettsia salmonis
Lactobacillus paracasei

Lactobacillus brevis
Xylella fastidiosa

Bacillus subtilis
Escherichia coli

Staphylococcus epidermidis
Lactobacillus plantarum

Leuconostoc mesenteroides
Listeria monocytogenes

Bacillus velezensis
Vibrio parahaemolyticus
Neisseria gonorrhoeae

Serratia marcescens
Citrobacter freundii

Staphylococcus aureus
Xanthomonas citri

Enterobacter cloacae
Enterobacter hormaechei

Klebsiella aerogenes
Pseudomonas aeruginosa

Klebsiella oxytoca
Lactobacillus sakei

Legionella pneumophila
Campylobacter coli
Rhizobium phaseoli

Campylobacter jejuni
Acinetobacter pittii

Acinetobacter baumannii
Buchnera aphidicola

Chlamydia trachomatis
Helicobacter pylori

Proteus mirabilis
Rhizobium leguminosarum

0 25 50 75 100
% of genomes

Overrepresented on:
●

●

●

plasmid
chromosome
neither



S3 

  26 

difference (Fig 1). Error bars are the 95% Confidence Intervals. Species in blue have >50% of 

genomes where plasmid > chromosome extracellular proportion, meaning extracellular 

proteins are significantly overrepresented on plasmids. Species in red have <50% of genomes 

where plasmid > chromosome extracellular proportion, meaning extracellular proteins are 

significantly overrepresented on chromosomes. Species in grey have a 95% CI which overlaps 

50%, so are extracellular proteins are not significantly overrepresented on either plasmids or 

chromosomes in these species. 

 

 

 

 

Figure S6. Location of all protein classes predicted by PSORTb. 

X axis is the difference in plasmid and chromosome extracellular proportions, as in Figure 1. 

Y axis is all possible subcellular locations predicted by PSORTb. These protein ‘classes’ are 

ordered along the y axis by location within the cell, with proteins increasingly towards the 

outside of cells. Each dot is the posterior mean and 95% Credible Intervals from a 

MCMCglmm42 on this difference across all species for each protein class, accounting for 

phylogeny and sample size. The only proteins significantly overrepresented in either direction 

are unknown proteins, which make up a higher proportion of plasmid proteins in all species we  

analysed. 
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Figure S7. No difference in the mean % of genes coding for extracellular proteins across 

the three mobility types. 

Dots indicate the mean % of genes coding for extracellular proteins of all plasmids of each 

mobility level for each species. All species data points are shown, including those which do 

not carry plasmids of all three mobility levels. Red bars indicate the mean across species for 

each mobility level. 
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Figure S8. No effect of a species’ plasmid mobility and % plasmid genes coding for 

extracellular proteins. 

Dots indicate the mean for each species. The x-axis is the % of a species’ plasmids which are 

conjugative/ mobilizable, and the y-axis indicates the % of a species’ plasmid genes which 

code for extracellular proteins. There is no significant correlation (S3; Table S2, row 19). 
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Figure S9. No effect of a species’ plasmid mobility and the difference in proportion of 

genes coding for extracellular proteins between plasmid and chromosome.  

The x-axis is the % of a species’ plasmids which are conjugative/ mobilizable. The y-axis 

shows the difference in the plasmid and chromosome proportions of genes coding for 

extracellular proteins. Each dot is the mean for all genomes in a species. Species in blue are 

those with genes coding for extracellular proteins overrepresented on plasmids, while species 

in red have genes coding for extracellular proteins overrepresented on chromosomes. 
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Fig S10. No difference in where extracellular proteins are found in pathogens compared 

to non-pathogens.   

The y axis shows the difference in the plasmid and chromosome proportions of genes coding 

for extracellular proteins. Each dot is the mean for all genomes in a species. Species in blue are 

those with genes coding for extracellular proteins overrepresented on plasmids, while species 

in orange have genes coding for extracellular proteins overrepresented on chromosomes. 

Species are categorised as pathogens or non-pathogens; those we could not classify as either 

are shown in the ‘Opportunistic + others” category. The black bars indicate the mean for all 

species in each category. 
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Fig S11. Pathogenic extracellular proteins are not more likely to be carried by higher 

mobility plasmids in broad host-range pathogen species. 

Each panel shows data for one of the 7 broad host-range pathogen species which carried 

plasmids of all three mobilities. Dots in each panel indicate the mean % of genes coding for 

pathogenic extracellular proteins of all plasmids of each mobility level. The blue lines are the 

linear regression of these three points. Overall, there is no consistent trend for genes that code 

for extracellular proteins to be on more mobile plasmids. 
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Figure S12. Pathogenic extracellular proteins are not more likely to be carried by more 

mobile plasmids in both broad and narrow host-range pathogen species 

Dots indicate the mean % of genes coding for extracellular proteins of all plasmids of each 

mobility level for each species. All pathogen species data points are shown, including those 

which do not carry plasmids of all three mobility levels. Red bars indicate the mean across 

species for each mobility level. 
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Fig S13. Additional measures of environmental variability and the location of genes 

coding for extracellular proteins. We used two additional methods to estimate the 

environmental variability encountered by these species. (a) The x-axis shows published data 

on the number of five broad environments each species was recorded in, which we 

supplemented with information from the literature to include all species. (b) The x-axis 

proportion of each species’ genes which are ‘core’ genes, meaning they are found in all 

members of the species. The y-axis in both graphs shows the difference in the proportion of 

genes on plasmids and chromosomes coding for extracellular proteins. Each dot is the mean 

for all genomes in a species. Species in blue are those with extracellular proteins 

overrepresented on plasmids, while species in red are those with extracellular proteins 

overrepresented on chromosomes. For both these measures, we found no significant correlation 

with where extracellular proteins are coded for across species.  
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Figure S14. No significant correlation between the number of five broad environments a 

species is found in and how overrepresented or underrepresented extracellular proteins 

are on plasmids. 

The x-axis shows the original published data of the number of five broad environments a 

species is found in, with 36 of the species in our dataset represented in the dataset. The y-axis 

shows the difference in the proportion of genes on plasmids and chromosomes coding for 

extracellular proteins. Each dot is the mean for all genomes in a species. Species in blue are 

those with extracellular proteins overrepresented on plasmids, while species in red are those 

with extracellular proteins overrepresented on chromosomes. 
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Figure S15. Positive but non-significant correlation between the number of five broad 

environments a species is found in and the proportion of the genome which encodes 

extracellular proteins. 

The x-axis shows the original published data of the number of five broad environments a 

species is found in, with 36 of the species in our dataset represented in the dataset. The y-axis 

shows the proportion of all genes in the genome which code for extracellular proteins. The blue 

line is the linear regression. 
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A THEORETICAL APPRAISAL OF THE “COOPERATION HYPOTHESIS” 
 

BACKGROUND 
 
We construct a theoretical model to address whether social evolution leads to public goods 
genes being over-represented on plasmids (the “cooperation hypothesis”). Previous theory has 
been primarily focused on whether plasmids can give cooperation a short term advantage and 
allow cooperation to invade and spread1-3. A different question is whether plasmids can give 
cooperation a long term advantage and allow cooperation to be maintained (stable)4,5. We 
address the maintenance of cooperation in an explicit population genetic framework, and then 
discuss how this relates to previous theory1-6. 
 
There are two possible ways in which the cooperation hypothesis could take effect. Satisfaction 
of either of these possibilities would result in there being an over-representation of cooperative 
genes (including public goods genes) on plasmids. 
• Possibility 1: Cooperative traits are favoured over a greater range of biological scenarios 

(regions of parameter space) when they are encoded on plasmids rather than chromosomes.  
• Possibility 2: In biological scenarios where a given trait “X” is favoured, the trait is more 

likely to be encoded on a plasmid, rather than a chromosome, when the trait “X” is 
cooperative (e.g. a public good). 

 
To reiterate, for the cooperation hypothesis to work, it could be the case that plasmids increase 
the region of parameter space where cooperation is favoured – in other words, it could be the 
case that plasmids facilitate the evolution of cooperation. This is our Possibility 1. 
Alternatively, it could be the case that plasmids do not affect whether cooperation is favoured. 
Instead, cooperative genes could simply have a tendency to move onto plasmids whenever they 
arise (with this tendency being absent or less extreme for non-cooperative genes). This is our 
Possibility 2. We address both of these possibilities in our theoretical model. 
 
We build on a model by Mc Ginty et al. (2013)2. In their model, a cooperative plasmid is 
introduced into a population of plasmid-free non-cooperators (defectors), and the cooperative 
plasmid spreads to fixation. The purpose of this model was to show that the cooperative 
plasmid spreads due to its effect on relatedness (social evolution), as well as infectivity (generic 
plasmid transfer). This model remains a clear and useful demonstration of how the cooperation 
hypothesis takes effect. However, the model by Mc Ginty et al. (2013) only showed that a 
cooperative plasmid could gain a short-term advantage, allowing it to invade and spread 
through a population of plasmid-free hosts. It did not address whether the cooperative plasmid 
is maintained (stable) in the evolutionary long term. We extend their model to now ask whether 
the cooperation hypothesis should be expected to work in general.  
 
We extend Mc Ginty et al. (2013)’s model by allowing a wider range of possible genetic 
architectures. Mc Ginty et al. (2013) only allowed there to be two types of individual 
(genotypes): plasmid-free defectors, and individuals bearing the cooperative plasmid. We 
generalise this scenario, to allow the possibility for: (i) non-cooperative (cheat) plasmids; (ii) 
chromosomal (rather than plasmid) cooperation. This enables us to ask whether plasmid-
encoded cooperation is evolutionarily stable in the long term (i.e. stable against cheater 
plasmids, and against chromosomal cooperation). In turn, this allows us to examine the validity 
of our Possibilities 1 & 2.  
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MODEL 
 
Possible genotypes 
We track evolutionary dynamics at two loci: one plasmid locus, and one chromosomal locus. 
Individuals are haploid. We use the notation ab to denote the genotype of a given focal 
individual. At the chromosomal locus, an individual has either a ‘cooperate’ (a=2) or ‘defect’ 
(i.e. ‘do not cooperate’ / ‘cheat’; a=1) allele. At the plasmid locus, an individual has either a 
‘cooperate’ plasmid (b=2), a ‘defect’ (‘do not cooperate’ / ‘cheat’) plasmid (b=1), or no 
plasmid (b=0). This leads to 6 possible genotypes: 10,11,12,20,21,22. The frequency of a given 
genotype (ab), at the start of a given generation, is given by !"#. The frequency of a given 
genotype at the end of a given generation is given by 	!"#% . 
 
We note that ‘cooperation’ here means public goods production, and ‘defection’ here means 
no public goods production. We assume that ‘cooperation’ exhibits full dominance over 
‘defection’, which means that, regardless of whether cooperation is encoded on a plasmid, or 
a chromosome, or both, it will lead to the same phenotype at the individual level. In other 
words, genotypes 12, 20, 21 and 22 are all producers of the public good. 
 
 
Lifecycle assumptions 
The lifecycle is the same as Mc Ginty et al. (2013), which we recount as follows. See Mc Ginty 
et al. (2013) for more information on the biological rationale behind the lifecycle assumptions. 
We assume an infinite population of bacteria living on an infinite number of patches (infinite 
island model). Generations are non-overlapping, and comprise the following steps, which are 
listed in chronological order:  

• Each patch is colonised by N independent founder cells sampled from an infinite pool 
of founders.  

• Founders reproduce clonally, with perfect vertical transmission of genotypes between 
parent and offspring cells (no mutation; no plasmid segregation). Clonal reproduction 
continues until there are very large numbers of individuals in each patch.  

• Individuals pair up with someone random on their patch (individuals on a patch are 
shuffled randomly into pairs), and if one individual has a plasmid and the other 
individual doesn’t, the plasmid is transferred with probability β.  

• Individuals with a cooperation allele encode a public good, at cost CG, which generates 
a benefit B that is shared between all members of the patch. Individuals bearing a 
plasmid (either cooperative or defective) suffer a cost of plasmid carriage CC. 

• Individuals survive according to their fitness, which is determined by the costs and 
benefits of public goods and the cost of plasmid carriage.  

• Individuals disperse to form an infinite pool of potential founders.  
 
 
Recursions (high-level) 
Based on our lifecycle assumptions, we obtain the following recursions, which describe how 
each genotype changes in population frequency across a generation. We are taking an 
individual-based approach to these recursions, writing them in terms of individual-level costs 
and benefits (in this way, our formulation deviates from Mc Ginty et al. (2013)): 
 



S4 

 38 

!&&% = (!&& )
1
+
,1 + .{&&}1 − 34 − 356

+
+ − 1
+

7!&&,1 +.{&&,&&}1 − 34 − 356 + !&9,1 + .{&&,&9}1 − 34 − 356

+ !&:(1 + <),1+ .{&&,&:}1 − 34 − 356 + !9&,1 +.{&&,9&}1 − 34 − 356

+ !99,1 +.{&&,99}1 − 34 − 356 + !9:,1 + .{&&,9:}1 − 34 − 356>?

+ 	<
+ − 1
+

!&:!9&,1 +.{&:,9&}1 − 34 − 356@/B			 

 

!&9% = (!&9 )
1
+
,1 + .{&9}1 − 34 − 356

+
+ − 1
+

7!&&,1 +.{&9,&&}1 − 34 − 356 + !&9,1 + .{&9,&9}1 − 34 − 356

+ !&:(1 + <),1+ .{&9,&:}1 − 34 − 356 + !9&,1 +.{&9,9&}1 − 34 − 356

+ !99,1 +.{&9,99}1 − 34 − 356 + !9:,1 + .{&9,9:}1 − 34 − 356>?

+ <
+ − 1
+

!&:!99,1 +.{&:,99}1 − 34 − 356@/B			 

 

!&:% = (!&: )
1
+
,1 + .{&:}1 − 346

+
+ − 1
+

7!&&(1 − <),1+ .{&:,&&}1 − 346

+ !&9(1 − <),1+ .{&:,&9}1 − 346 + !&:,1 +.{&:,&:}1 − 346
+ !9&(1 − <),1+ .{&:,9&}1 − 346 + !99(1 − <),1 +.{&:,99}1 − 346

+ !9:,1 +.{&:,9:}1 − 346>?@/B			 

 

!9&% = (!9& )
1
+
,1 + .{9&}1 − 34 − 356

+
+ − 1
+

7!&&,1 +.{9&,&&}1 − 34 − 356 + !&9,1 + .{9&,&9}1 − 34 − 356

+ !&:,1 +.{9&,&:}1 − 34 − 356 + !9&,1 + .{9&,9&}1 − 34 − 356

+ !99,1 +.{9&,99}1 − 34 − 356 + !9:(1 + <),1 +.{9&,9:}1 − 34 − 356>?

+ <
+ − 1
+

!&&!9:,1 +.{&&,9:}1 − 34 − 356@/B			 

 



S4 

 39 

	!99% = (!99 )
1
+
,1 + .{99}1 − 356

+
+ − 1
+

7!&&,1 +.{99,&&}1 − 356 + !&9,1 + .{99,&9}1 − 356

+ !&:,1 +.{99,&:}1 − 356 + !9&,1 + .{99,9&}1 − 356

+ !99,1 +.{99,99}1 − 356 + !9:(1 + <),1 +.{99,9:}1 − 356>?

+ <
+ − 1
+

!&9!9:,1 +.{9:,&9}1 − 356@ /B			 

 

	!9:% = (!9: )
1
+
,1 + .{9:}16

+
+ − 1
+

7!&&(1 − <),1+ .{9:,&&}16 + !&9(1 − <),1 +.{9:,&9}16

+ !&:,1 +.{9:,&:}16 + !9&(1 − <),1 + .{9:,9&}16

+ !99(1 − <),1+ .{9:,99}16 + !9:,1 +.{9:,9:}16>?@/B,			 

 
where W denotes mean population fitness, and is given by: 
 

B = 1+ C!&: + !&9 + !&& + !9& + (!&& + !9&)!9:<
+ − 1
+

D (1 − 34)

− )(!99 + !9& + !&9 + !&&) C1 + <
+ − 1
+

(!9: + !&:)D?35, 

 
and where mA gives the expected proportion of the patch who are cooperators (either plasmid 
or chromosomal). The subscript A denotes a set. Specifically, A denotes the set of “known 
genotypes”. The patch cooperator frequency (mA) varies depending on the genotype of the focal 
individual, and who the focal individual pairs up with in the plasmid transmission lifecycle 
stage, as we will now explain with a few examples. 
 
As a first example, if the focal individual has a given genotype ab, and it pairs up with an 
individual who has descended from the same founder cell as itself (this occurs with probability 
1/N), then we can be sure that one of the original founder cells had the genotype ab (and gave 
rise to both the focal individual and its partner), but we cannot be sure about the identities of 
the remaining N-1 founder cells. The patch cooperator frequency varies depending on the 
genotypes of the founder cells that gave rise to the patch. Therefore, in this scenario, given that 
we only know the identity of one founder cell, ab, we write the patch cooperator frequency as 
m{ab} (we derive m{ab} explicitly in terms of model parameters in the next section). 
 
As a second example, if the focal individual has a given genotype ab, and it pairs up with an 
individual who has descended from a different founder cell to itself (this occurs with 
probability (N-1)/N), who has the genotype cd, then we can be sure that one of the original 
founder cells had the genotype ab (and gave rise to the focal individual), and one of the other 
founder cells had the genotype cd (and gave rise to the focal individual’s partner). We cannot 
be sure about the identities of the remaining N-2 founder cells. This leads to patch cooperator 
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frequency of m{ab,cd} (we derive m{ab,cd} explicitly in terms of model parameters in the next 
section). 
 
Our mean fitness expression (B) makes intuitive sense. It is simply given by: post-
transmission cooperator frequency 7!&: + !&9 + !&& + !9& + (!&& + !9&)!9:<

EF9
E
> 

multiplied by the net payoff to cooperation (1 − 34), added to the post-transmission plasmid 
frequency C(!99 + !9& + !&9 + !&&) 71 + <

EF9
E
(!9: + !&:)>D multiplied by the cost of 

plasmid carriage (35), added to the baseline fitness (1). 
 
We will now explain the !&&%  recursion in detail. The logic here can be used to develop the other 
recursions, mutatis mutandis. The overall logic behind the recursion is that it is a sum of all the 
different “ways” (probabilities) in which type-22 individuals may enter the next generation. 
Firstly, we focus on individuals who are derived from a founder cell who had the genotype 22. 
Owing to vertical inheritance from the founder cell, these individuals also have the genotype 
22. These individuals comprise the proportion !&& of the population, and this gives rise to the 
first number (multiplier) on the RHS of our !&&%  recursion: !&&.  
 
A fraction of these individuals, given by 1/N, pair up with an individual who has descended 
from the same founder cell as itself (and therefore also has the 22 genotype), and as a result, 
no plasmid transfer occurs. This gives rise to the second number (multiplier) of 1/N. The third 
number (multiplier) is 1 +.{&&}1 − 34 − 35 , and this is the (absolute) fitness of the 
individuals in question. Here, GHH

E
1 gives the amount of help received by the individuals in 

question, and 34  and 35  give the costs incurred by the individuals in question due to, 
respectively, their production of public goods and their plasmid carriage.  
 
Dividing absolute fitness by relative fitness gives us !&&

9
E
,1 + .{&&}1 − 34 − 356/B, which 

is the proportion of the individuals in question who survive to become a 22-genotype founder 
cell in the next generation. This is one “way” in which type-22 individuals may enter the next 
generation – it is the first term on the RHS of our !&&%  recursion.  
 
Now, we focus on individuals who are derived from a founder cell who had the genotype 22 
(proportion !&& of the population), and who pair up with an individual who has descended from 
a different founder cell as itself (occurs with probability (N-1)/N). Of these individuals, a 
proportion of them, given by !&&, are paired up with an individual who has the 22 genotype, 
and as a result, no plasmid transfer occurs. These individuals have a relative fitness of 
,1 + .{&&,&&}1 − 34 − 356/B. Combining these multipliers gives the next term on the RHS 
of our !&&%  recursion: !&&

EF9
E
,1 + .{&&,&&}1 − 34 − 356/B.    

 
Next, we remain focused on individuals who are derived from a founder cell who had the 
genotype 22 (proportion !&& of the population), and who pair up with an individual who has 
descended from a different founder cell as itself (occurs with probability (N-1)/N). Of these 
individuals, a proportion of them, given by !&9, are paired up with an individual who has the 
21 genotype, and as a result, no plasmid transfer occurs. These individuals have a relative 
fitness of ,1 + .{&&,&9}1 − 34 − 356/B. Combining these multipliers gives the next term on 
the RHS of our !&&%  recursion: !&&

EF9
E
,1 +.{&&,&9}1 − 34 − 356/B.    

 



S4 

 41 

Next, we remain focused on individuals who are derived from a founder cell who had the 
genotype 22 (proportion !&& of the population), and who pair up with an individual who has 
descended from a different founder cell as itself (occurs with probability (N-1)/N). Of these 
individuals, a proportion of them, given by !&:, are paired up with an individual who has the 
20 genotype (i.e. cooperative but lacks a plasmid). Of these individuals, a proportion of them, 
given by <, transfer their plasmid to their plasmid-free partner, establishing new 22-genotype 
individuals by horizontal transfer. This leads to the 1 + < multiplier. The relative fitness of the 
22-genotype individuals involved in the 22 & 20 pairs is given by ,1 +.{&&,&:}1 − 34 − 356/
B. Combining these multipliers gives the next term on the RHS of our !&&%  recursion: 
!&&

EF9
E
(1 + <),1 +.{&&,&:}1 − 34 − 356/B. 

 
The next three terms are arrived at through similar reasoning to the previous three, so we don’t 
go over these explicitly. This takes us to our final term. To explain this term, we need to focus 
on pairings in the population that are between type-20 and type-12 individuals. Such pairings 
comprise a fraction EF9

E
!&:!9& of all parings in the population. In a proportion < of these 

pairings, a plasmid is transferred from the type-12 individual to the type-20 individual, to create 
a type-22 individual. The relative fitness of the resulting type-22 individuals is 
,1 + .{&:,9&}1 − 34 − 356/B. Combining these multipliers gives < EF9

E
!&:!9&,1 +

.{&:,9&}1 − 34 − 356/B, which is the final “way” in which type-22 individuals may enter the 
next generation – it is the final term on the RHS of our !&&%  recursion. 
 
 
Deriving mA explicitly  
We now derive the patch cooperator frequency, mA, explicitly in terms of model parameters. 
The patch cooperator frequency varies depending on what we ‘know’ about the genotypes of 
founder cells. From the perspective of a given focal individual, who has descended from an ab 
founder cell, we know (trivially) the identity of one of the cells who founded the patch – 
specifically, we know that one founder cell had the genotype ab. If our focal individual pairs 
up with another individual who has descended from the same founder cell as itself, we gain no 
further information about the identities of the N founder cells. In this case, there are N-1 
‘unknown’ founder cells.  
 
However, if our focal cell pairs up with an individual who has descended from a different 
founder cell to itself (and has genotype cd, which may or may not be the same as ab), we gain 
further information about the identities of the N founder cells. Specifically, in this case, there 
are two ‘known’ founder cells, which are type-ab and type-cd, and N-2 ‘unknown’ founder 
cells.  
 
Therefore, in a given scenario, there are either N-1 unknown founder cells (1 known), or N-2 
unknown founder cells (2 known). The task now is to calculate, for each scenario, the 
(expected) genotypes of the ‘unknown’ founder cells. Then, using this information about the 
genotypes of the founder cells, we can calculate, for each scenario, the resulting (expected) 
patch cooperator frequency. 
 
To reiterate, we take A as the set of known founder cells. Therefore, to take an arbitrary 
example, for a focal individual who has descended from a type-20 founder cell, and who pairs 
with an individual who has descended from a type-12 founder cell, our set A would equal 
{20,12}.    
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0, 

 
We now let i be the number of chromosomal cooperators (genotypes 20 & 21) in the set of 
known founder genotypes (A). We let j be the number of plasmid cooperators (genotypes 22 & 
12) in the set of known founder genotypes (A). We let k be the number of plasmid-free defectors 
(genotype 10) in the set of known founder genotypes (A). We let l be the number of double-
locus-defectors (genotype 11) in the set of known founder genotypes (A). We let I = J + K +
L + M be the total number of known founders, meaning there are + −I unknown founders. 
 
Now, we let NO(P&:, P&9, P&&, P9:, P99, P9&) denote the probability that, in addition to our set 
(A) of I ‘known’ individuals, a patch is founded by exactly P&: type-20 individuals, P&9 type-
21 individuals, P&& type-22 individuals, P9: type-10 individuals, P99 type-11 individuals, and 
P9& type-12 individuals. We can then write this probability NO(P&:, P&9, P&&, P9:, P99, P9&) as 
the probability mass function of a multinomial random variable, as follows: 
 
NO(P&:, P&9, P&&, P9:, P99, P9&) 
 
 = Pr	(+&: = P&:, +&9 = P&9, +&& = P&&, +&: = P&:, +&9 = P&9, +&& = P&&) 
 
        =

S
O!

UHV!UHW!UHH!UWV!UWW!UWH!
!&:
UHV!&9

UHW!&&
UHH!9:

UWV!99
UWW!9&

UWH, if	n&: + P&9 + P&& + P9: + P99 + P9& = I,

0,																											otherwise.
 

 
We condition this on the numbers of the various types of ‘known’ founders, and divide through 
by N. This gives us an expression for the patch cooperator frequency (dividing though by N 
ensures that cooperator frequency is given relative to patch size, i.e. as a proportion of the 
patch): 
 

.c =
1
+

d d d d d d NO(P&:, P&9, P&&, P9:, P99, P9&) CJ + K + P&: + P&9

EFO

UHHe:

EFO

UHWe:

EFO

UHVe:

EFO

UWHe:

EFO

UWWe:

EFO

UWVe:

+ P&& + P9& + <(P9: + L)
K + P&& + P9&

+
D. 

 
We can write this in terms of expectations and covariances as: 
 

.c =
1
+
(J + K +

KL<
+

+
K<
+
f[+9:] + f[+9&] C1 +

L<
+
D

+
<
+
(Cov(+9:, +9&) + f[+9:]f[+9&]) + f[+&:] + f[+&9]

+ f[+&&] C1 +
L<
+
D +

<
+
(Cov(+9:, +&&) + f[+9:]f[+&&])@. 

 
We can evaluate this using f[+9:] = !9:(+ − I),	f[+9&] = !9&(+ − I),	f[+&:] = !&:(+ −
I),	f[+&9] = !&9(+ − I),	f[+&&] = !&&(+ − I),	Cov(+9:, +9&) = −(+ −
I)!9:!9&,	Cov(+9:,+&&) = −(+ − I)!9:!&&. We obtain: 
 

.c =
k
+&, 
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where  
 
k = +(J + K) + <KL

+ (I − +) 7<!9:,−K + !9&(I − + + 1) + !&&(I − + + 1)6

+ !9&,−(<L + +)6 − !&&(<L + +) − +(!&: + !&9)>. 
 
And with this, we have a general-form expression, which we can use to obtain the specific mA 
terms in the above recursions. To obtain the specific mA term for a given set A, we simply 
substitute in the i,j and k values associated with the set. For instance, for the set {20,11}, we 
have i=1,j=0,k=0,l=1, which leads to the following patch cooperator frequency: 
 

.{&:,99} =
k|me9,ne:,oe:,pe9	

+&  
 

=
(+ − 2)(!9&(<(+ − 3)!9: + +) + !&&(<(+ − 3)!9: + +) + +(!&: + !&9)) + +

+& . 
 
We note that, in the special case where only the 10 genotype (chromosomal defection) and the 
12 genotype (plasmid-mediated cooperation) are present in the population, such that !9: +
!9& = 1, !99 = 0, !&: = 0, !&9 = 0, !&& = 0, our recursions simplify to the recursion given in 
Mc Ginty et al. (2013)2. In this special case, the results presented in Mc Ginty et al. (2013) are 
recovered. 
 
Solving the model 
Having written out our recursions and derived our mA terms, we can now solve the model, to 
see what genotypes evolve. To do so, we assume that, initially, cooperation is absent from the 
population, and there are no plasmids. We then introduce the remaining five genotypes from 
rarity. To be specific, we take the following initial genotype frequencies: !9: = 0.999, !99 =
0.0002,!9& = 0.0002, !&: = 0.0002,!&9 = 0.0002, !&& = 0.0002. We then track the 
evolutionary process, by numerically iterating our recursions over successive generations. We 
continue tracking evolution until genotype frequencies stop changing, at which point, an 
evolutionary equilibrium has been reached.  
 
We use an asterisk to denote the genotype frequencies that arise at equilibrium, as follows: 
!9:∗ , !99∗ , !9&∗ , !&:∗ , !&9∗ , !&&∗ . We are primarily interested in the equilibrium frequency of the 
cooperation allele, and the equilibrium frequency of plasmids. These are given, respectively, 
by !9&∗ + !&:∗ +	!&9∗ , +!&&∗ , and 	!99∗ , +!9&∗ +	!&9∗ ,+!&&∗ . We record the equilibrium cooperator 
and plasmid frequencies for a range of different parameter values (i.e. for different 
+,<, 1, 35, 34). We summarise these results in Supp. Fig. 16a (equilibrium cooperator 
frequency) and 16b (equilibrium plasmid frequency) below. 
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Supplementary Figure 16. Equilibrium genotype frequencies. The equilibrium frequency of (part a) 
cooperators and (part b) plasmids is plotted, for different parameter values (+ and <). In part a, we see 
that cooperation evolves whenever u

E
> 34  (to the left of the black dotted line). In part b, we see that: 

(cooperative) plasmids are maintained whenever < > 5w
(9xuF5yF5w)

z{W
z

 (above the purple dotted line and 

to the left of the black dotted line); (defective) plasmids evolve whenever < > 5w
(9F5w)

z{W
z

 (above the red 

dotted line and to the right of the black dotted line), and also evolve in a small region of parameter space 
outside of this area (slightly down and right from the intersection of the dotted red and black lines). 
These numerical results assumed that: 1 = 	1.435, 34 = 0.1, 35 = 0.2. 
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RESULTS 
 
We use our results presented in Supp. Figures 16a & 16b to examine the validity of the 
cooperation hypothesis as an explanation for why public goods genes are sometimes over-
represented on plasmids. As we explained in the Background section above, there are two 
possible ways in which the cooperation hypothesis could take effect. We evaluate the validity 
of these possibilities in turn. 
 
 
Evaluating the validity of Possibility 1 
 
Possibility 1: Cooperative traits are favoured over a greater range of biological scenarios 
(regions of parameter space) when they are encoded on plasmids rather than chromosomes. 
 
We find that cooperation is maintained (either on a plasmid or the chromosome) whenever u

E
>

34 , and defection evolves otherwise (Supp. Fig. 16a). To interpret this condition, note that, in 
our model, relatedness (genetic similarity) is 9

E
 when defined at chromosomal loci (i.e. not 

horizontally transferred loci). Conversely, relatedness at plasmid loci may deviate from 9
E

 due 
to horizontal gene transfer. Explicit derivations of relatedness are given in Mc Ginty et al. 
(2013). 
 
Our condition 7u

E
> 34> is therefore a version of Hamilton’s Rule7, with relatedness measured 

at chromosomal rather than plasmid loci. This tells us that it is chromosomal relatedness that 
matters for the evolutionary maintenance of cooperation; not plasmid relatedness. The reason 
for this is that, in the evolutionary long term, plasmids will either be at fixation in the population 
(if favoured), or absent from the population (if disfavoured). If plasmids are at fixation, there 
are no plasmid-free hosts to infect, and if plasmids are absent, there are no plasmid-bearing 
donors. Therefore, in both cases, there is no horizontal gene transfer at evolutionary 
equilibrium, which means that relatedness at plasmid loci converges towards 9

E
 (chromosomal 

relatedness; see Mc Ginty et al. (2013) for the mathematical proof of this of this convergence). 
 
This result tells us that, when public goods can be encoded on plasmids, public goods 
production (cooperation) is stable in exactly the same region of parameter space as when public 
goods are encoded on the chromosome. In other words, in the evolutionary long term, plasmids 
do not facilitate the evolution of cooperation. Therefore, we can rule out Possibility 1 as false. 
 
 
Evaluating the validity of Possibility 2 
 
Possibility 2: In biological scenarios where a given trait “X” is favoured, the trait is more 
likely to be encoded on a plasmid, rather than a chromosome, when the trait “X” is cooperative 
(e.g. a public good). 
 
We undertake analytical invasion analyses to obtain algebraic conditions for when plasmids 
can invade (Additional Derivation 1 & 2). We find that, in general, when these plasmid 
invasion criteria are satisfied, meaning the plasmid invades, the plasmid continues to increase 
in frequency from rarity, and persists stably. In other words, our plasmid invasion criteria also 
serve as good approximations for plasmid stability criteria.  
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We find that, in the region of parameter space where cooperation evolves 7u

E
> 34>, 

(cooperative) plasmids are stable whenever < > 5w
(9xuF5yF5w)

z{W
z

.  In the region of parameter 

space where defection evolves 7u
E
< 34>, (defective) plasmids are stable whenever < >

5w
(9F5w)

z{W
z

. Furthermore, we find that defective plasmids are also stable in a small region of 

parameter space outside of < > 5w
(9F5w)

z{W
z

, as can be seen in Supp. Fig. 16b by the “green” 

region just below and right of the intersection of the dotted red and black lines. We can use 
these stability criteria to examine the validity of Possibility 2. 
 
In evaluating Possibility 2, we are essentially asking whether cooperative plasmids are more 
likely to be stably maintained than non-cooperative plasmids at a given point in parameter 
space (i.e. for a given set of +,<, 1, 35, 34). To address this, we need to compare our results 
against a “control” scenario where cooperative plasmids are unavailable. This control scenario 
corresponds to us setting !9& = 0, !&& = 0, !9: = 0.999,!99 = 0003̇, !&9 = 0003̇, !&: =
0003̇ as our initial genotype frequencies. 
 
In our control scenario, chromosomal cooperation evolves in the same region of parameter 
space as our test scenario (i.e. when u

E
> 34). Furthermore, we find that, in our control scenario, 

our non-cooperative plasmid is stable in approximately the same region of parameter space that 
our cooperative plasmid was stable in our test scenario. Specifically, in our control scenario, 
our non-cooperative plasmid is stable whenever < > 5w

(9F5w)
z{W
z

 & u
E
< 34  are simultaneously 

satisfied, and whenever < > 5w
(9xuF5yF5w)

z{W
z

 & u
E
> 34  are simultaneously satisfied (in the 

control case, we find that our plasmid invasion criteria correspond exactly to plasmid stability 
criteria). 
 
Why is it that plasmids invade and persist more easily (i.e. over a greater range of parameter 
space) when their hosts are selected to cooperate? The reason is that, if individuals are selected 
to be cooperative, their fitness at equilibrium is higher than it would be if individuals were 
selected to be non-cooperative (it is equal to 1 + 1 − 34  rather than 1). A higher baseline host 
fitness means that, from a gene’s perspective, there is more to be gained from horizontal 
transfer, which means that the cost of plasmid carriage (35) is more worth paying (condition 
for plasmid stability becomes more permissive). 
 
To see this, imagine you are a gene trying to propagate yourself through a population. Is it best 
to position yourself on a chromosome, with no chance of horizontal transfer, or a plasmid, with 
a cost of plasmid carriage? Well, if the plasmid-free hosts in the population have low fitness, 
there is not much point in transferring yourself horizontally, because the hosts you infect are 
unlikely to pass you on again. Therefore, you should choose to reside on the chromosome and 
save yourself the cost of plasmid carriage. However, if the plasmid-free hosts in the population 
have high fitness, you should choose to pay the cost of plasmid carriage in order to transmit 
yourself horizontally, because the hosts that you infect have a good chance of passing you on 
again! 
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The key upshot of this, though, is that cooperative plasmids are no more likely to be stable than 
non-cooperative plasmids at evolutionary equilibrium. The reason for this is essentially that, 
when cooperation is favoured 7u

E
> 34>, non-cooperators (cheaters) are purged from the 

population, meaning that, at equilibrium, everyone is a cooperator. This means that there is no 
risk of being cheated. Therefore the advantage of coding cooperative traits on plasmids – which 
is that relatedness can be increased, which reduces one’s risk of being cheated – is dissipated, 
and tends to zero at equilibrium.  
 
Therefore, cooperative genes are not more likely than non-cooperative genes to be transferred 
to plasmids. We can rule out Possibility 2 as false. 
 
 
Caveats 
In conclusion, we find that the “cooperation hypothesis” does not provide a generally 
applicable explanation for why public goods genes are over-represented on plasmids. However, 
there are two caveats here which are important to note.  
 
The first caveat impinges on the distinction between the emergence and the maintenance 
(evolutionary stability) of cooperation. We have shown that plasmids do not extend the range 
of parameter space over which cooperation is maintained (i.e. evolutionarily stable). However, 
plasmids can extend the range of parameter space over which cooperation (transiently) 
emerges. Specifically, in cases where defection ultimately evolves 7u

E
< 34>, a cooperative 

plasmid may nevertheless: (i) invade; and (ii) gain a transient selective advantage over cheat 
plasmids, by ratcheting up relatedness.  

• A cooperative plasmid will invade if the following condition is satisfied: < >
E(√EÅÇuxE(ÉÑxÉÖF9)HF&uxE(ÉÑxÉÖF9))

&u(EF9)
 (derived in Additional Derivation 3). This region 

of parameter space is marked out in Supp. Fig. 17a.  
• If a cooperative plasmid has invaded, it will have a (transient) selective advantage over 

cheat plasmids if the following condition is satisfied: 9
E

(Ex(EF9)Ü)H

EHx(EF9)Ü^&	
1 > 34  (derived 

in Additional Derivation 4). This leads to the dynamics illustrated in Supp. Fig. 17b.  
 
The second caveat is that, we have only derived results for one lifecycle, which is a version of 
the “haystack” model, commonly used in models of social evolution8,9. Models of this type are 
generally regarded as being biologically natural. That is – even though they make certain 
assumptions (like infinite population size) that mean they will never be replicated exactly in 
nature, these models are nevertheless likely to generate conclusions that hold qualitatively in 
most biological populations. However – this does not mean that the cooperation hypothesis 
never holds. It only indicates that the cooperation hypothesis is unlikely to hold in general.  
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Supplementary Figure 17. Plasmids facilitate the invasion but not the maintenance of 
cooperation. In part (a), we show that, even when defection evolves at equilibrium (i.e. when 
B/N<CG), the cooperation plasmid may invade, leading transiently to cooperation before it is 
outcompeted by defection. Cooperation transiently emerges in the region above the black 

dotted line representing < = E(√EÅÇuxE(ÉÑxÉÖF9)HF&uxE(ÉÑxÉÖF9))
&u(EF9)

 (derived in Additional 
Derivation 3). In part (b), we plot the result of a single trail where cooperation invades on a 
plasmid and gains an initial advantage over cheat plasmids, before ultimately being 
destabilised. The yellow line is the 10 genotype; blue line = 12; red line = 11; the remaining 
genotypes 21, 20, 22 remain at rarity throughout the run, so are not plotted. To generate the 
plots in (a) and (b), we assumed the following parameter values: (a & b) 1 = 	1.435,34 =
0.1, 35 = 0.2; (b) β = 0.5, N = 16.  
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Relation to previous theory 
Some previous theoretical treatments of the “cooperation hypothesis” did not allow a cheat 
(non-cooperative) plasmid to arise1-3. These analyses address the question of whether plasmids 
can facilitate the short-term evolution, or emergence, of cooperation. In the evolutionary long 
term, cooperative plasmids may be destabilised by cheat (non-cooperative) plasmids. 
Therefore, by failing to consider cheat plasmids, these studies do not address the different 
question of whether plasmids facilitate the long-term stability, or maintenance, of cooperation, 
in competition with cheat plasmids. 
 
One notable previous theoretical treatment of the cooperation hypothesis did allow a cheat 
(non-cooperative) plasmids to arise4. This study therefore considers the evolutionary 
maintenance of plasmid-mediated cooperation. However, that model assumed a ‘meta-
population’ lifecycle, where sub-populations are genetically homogenous, and gene flow 
between sub-populations does not occur. This means that competition within patches was not 
explicitly modelled. The upshot of this is that: (i) their results may not necessarily apply in 
more realistic (biologically natural) lifecycles; (ii) their theoretical conclusions could not be 
given in terms of (social) evolutionary forces like relatedness. Nevertheless, they found that 
plasmid-mediated cooperation is not stable outside of the parameter space where chromosomal 
cooperation is stable. We recover this key result in an explicit population genetic framework. 
 
One theoretical treatment5 (reproduced in this review6) did not consider cheat (non-
cooperative) plasmids directly, but nevertheless can be said to have addressed the long term 
maintenance of plasmid-mediated cooperation. This treatment examined how relatedness at the 
plasmid locus changes over time. They found that, in the evolutionary long term (i.e. at 
equilibrium), relatedness at plasmid loci may be higher than relatedness at chromosomal loci. 
This would mean that cooperative plasmids retain their advantage over cheat plasmids, even at 
equilibrium. This would mean that plasmids do indeed facilitate the maintenance of 
cooperation.  
 
However, these results are based on the assumption that horizontal plasmid transfer is 
unaffected by the population frequency of plasmids. It is more reasonable to assume that 
horizontal plasmid transmission is influenced by the population frequency of the plasmid. To 
see this, consider that, if a plasmid is at fixation in a population, or absent from a population, 
there will be effectively no horizontal plasmid transfer. Consequently, plasmid frequency does 
matter. When plasmid transmission is modelled as a function of plasmid frequency, which is 
the approach taken here, and in Mc Ginty et al. (2013), we see that relatedness at plasmid loci 
converges to relatedness at chromosomal loci in the evolutionary long term. 
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ADDITIONAL DERIVATIONS 
 
1) Invasion of a defector plasmid against non-cooperative hosts. 
A defector plasmid (11) invades against a population of plasmid-free defector hosts (10) 
when the leading eigenvalue of the following matrix, evaluated at !9:∗ = 1, !99∗ = 0, !9&∗ = 0,
!&:∗ = 0, !&9∗ = 0, !&&∗ = 0, is greater than one: 

⎝

⎜
⎛
é!9:%

é!9:

é!9:%

é!99
é!99%

é!9:

é!99%

é!99⎠

⎟
⎞

.

 

This occurs when < > 5w
(9F5w)

z{W
z

 (red dotted line in Supp. Fig. 16b). 

 
2) Invasion of a cooperator plasmid against cooperative hosts. 
A cooperative plasmid (22) invades against a population of plasmid-free cooperative hosts 
(20) when the leading eigenvalue of the following matrix, evaluated at !9:∗ = 0, !99∗ =
0, !9&∗ = 0, !&:∗ = 1, !&9∗ = 0, !&&∗ = 0, is greater than one: 

⎝

⎜
⎛
é!&:%

é!&:

é!&:%

é!&&
é!&&%

é!&:

é!&&%

é!&&⎠

⎟
⎞

.

 

This occurs when < > 5w
(9xuF5yF5w)

z{W
z

 (purple dotted line in Supp. Fig. 16b). 

 
3) Invasion of a cooperator plasmid against non-cooperative hosts. 
A cooperative plasmid (12) invades against a population of plasmid-free cooperative hosts 
(10) when the leading eigenvalue of the following matrix, evaluated at !9:∗ = 1, !99∗ =
0, !9&∗ = 0, !&:∗ = 0, !&9∗ = 0, !&&∗ = 0, is greater than one: 

⎝

⎜
⎛
é!9:%

é!9:

é!9:%

é!9&
é!9&%

é!9:

é!9&%

é!9&⎠

⎟
⎞

.

 

This occurs when < > E(√EÅÇuxE(ÉÑxÉÖF9)HF&uxE(ÉÑxÉÖF9))
&u(EF9)

 (Supp. Fig. 17a). 
 
 
4) Region of parameter space where a cooperator plasmid has a (transient) selective 

advantage over a cheat plasmid (i.e. a selective advantage whilst plasmids are rare). 
When plasmids are rare, relatedness at the plasmid locus is given by íì"îïñp"óGmò =
9
E

(Ex(EF9)Ü)H

EHx(EF9)Ü^&	
. This equation is given in Section (e) of Mc Ginty et al. (2013), and we direct 

readers to Mc Ginty et al. (2013) for its full derivation. Whilst plasmids are rare, the 
cooperative plasmid has a selective advantage over cheat plasmids whenever 
íì"îïñp"óGmò1 > 34 is satisfied. This condition can be written explicitly in terms of model 
parameters as: 9

E

(Ex(EF9)Ü)H

EHx(EF9)Ü^&	
1 > 34 . 
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