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The evolution of siderophore production as a competitive 1 

trait 2 

 3 

Abstract 4 

Microbes have the potential to be highly cooperative organisms. The archetype of microbial 5 

cooperation is often considered to be the secretion of siderophores, molecules scavenging 6 

iron, where cooperation is threatened by “cheater” genotypes that use siderophores without 7 

making them. Here we show that this view neglects a key piece of biology: siderophores are 8 

imported by specific receptors that constrain their use by competing strains. We study the 9 

effect of this specificity in an eco-evolutionary model, in which we vary siderophore sharing 10 

between strains, and compare fully shared siderophores with private siderophores. Privatising 11 

siderophores fundamentally alters their evolution. Rather than a canonical cooperative good, 12 

siderophores become a competitive trait used to pillage iron from other strains. We also study 13 

the physiological regulation of siderophores using in-silico long-term evolution. While shared 14 

siderophores evolve to be downregulated in the presence of a competitor, as expected for a 15 

cooperative trait, privatised siderophores evolve to be upregulated. We evaluate these 16 

predictions using published data suggesting that some siderophores are upregulated in 17 

response to competition akin to competitive traits like antibiotics. While siderophores can act 18 

as a cooperative good for single genotypes, therefore, we argue that their role in competition 19 

is fundamental to understanding their biology. 20 

 21 

 22 

 23 

  24 
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\body 25 

Main text 26 

Iron limits the growth of many microorganisms making it a key determinant of evolutionary 27 

fitness and ecological competition. To cope with iron limitation, microbes secrete 28 

siderophores into the environment (Ratledge and Dover 2000; Chakraborty et al. 2013). 29 

These molecules chelate insoluble iron and allow it to be taken up via siderophore receptors 30 

(Wandersman and Delepelaire 2004). Cells of one genotype (strain) have matching 31 

siderophores and siderophore receptors such that the siderophores produced by a cell are 32 

shared with other cells of the same strain (Griffin et al. 2004). Because siderophores can also 33 

carry metabolic costs (Griffin et al. 2004), siderophores have been identified as a microbial 34 

public good (West et al. 2006, 2007; Nadell et al. 2009), with the key corollary that a non-35 

producer (“cheater”) mutant may outcompete a producer by using its siderophores without 36 

paying the production cost (Griffin et al. 2004; Ross‐Gillespie et al. 2007; Brown et al. 2009).  37 

While it is clear that siderophores have the potential to act as public goods between 38 

cells of a single genotype, this perspective lacks a key piece of siderophore biology. The 39 

different strains and species that commonly meet in natural communities possess a large 40 

diversity of both siderophores and siderophore receptors (Miethke and Marahiel 2007; Hider 41 

and Kong 2010) and many receptors bind siderophores in a highly specific manner (Braun 42 

2001; Hantke 2001). Experiments have shown that this specificity can greatly limit 43 

siderophore cross-feeding between competing strains (Joshi et al. 2006; Khan et al. 2006). 44 

Siderophores may then act as public goods within a strain but they can be private goods 45 

between different strains (Joshi et al. 2006). This privatisation is further amplified when 46 

bacteria grow in clonal patches, which is common in many environments (Mitri et al. 2015; 47 

Stacy et al. 2015), because limited diffusion then means that siderophores tend to remain 48 
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close to the strain that released them (Nadell et al. 2010; Julou et al. 2013; Kümmerli et al. 49 

2014; Oliveira et al. 2014). 50 

How does siderophore privatisation affect its social role and the evolution of 51 

siderophore production? To answer these questions, we developed a new eco-evolutionary 52 

model of siderophore production. Our theory is centred upon an explicit mechanistic model 53 

of siderophore-scavenging (Fgaier and Eberl 2010; Lee et al. 2016), which we extend to 54 

allow different levels of inter-strain sharing of siderophores. When siderophores are private, 55 

or partially private, we find they evolve as an exploitative strategy that functions to steal iron 56 

from competitors. Moreover, our model predicts that privatisation leads to a major shift in the 57 

regulation of siderophore production. While public siderophores are downregulated in the 58 

presence of competitors, partly privatised siderophores evolve to be upregulated. We use 59 

published data to test between these two regulatory responses and argue that the role of 60 

siderophores in ecological competition is fundamental to both their evolution and regulation. 61 

 62 

Materials and Methods 63 

Model Overview  64 

Our goal is to understand how siderophore privatisation affects the evolution of siderophore 65 

production and regulation. The core of our approach is based upon the biochemical 66 

mechanisms of iron scavenging via siderophores, a well-studied process that includes 67 

secretion of siderophore molecules, their binding to iron and subsequent formation of 68 

siderophore-iron complexes, the uptake of these complexes via siderophore receptors, and the 69 

loss of siderophores through diffusion (Winkelmann et al. 1987; Winkelmann 1991; Andrews 70 

et al. 2003). All of these processes affect the evolutionary costs and benefits of siderophore 71 

production (Kümmerli et al. 2009a, 2014; Lee et al. 2016) and we model the processes 72 

explicitly using ordinary differential equations (ODEs). While this leads to relatively large 73 
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systems of equations, this allows us to make full use of the detailed experimental work on 74 

siderophore production (Boukhalfa and Crumbliss 2002; Mey et al. 2004; Hider and Kong 75 

2010). In addition, as we will show, the relative complexity that comes with this realism does 76 

not prevent us from extracting clear and testable predictions from our model. We embed the 77 

model within an implicit meta-population framework (Cremer et al. 2012; Oliveira et al. 78 

2014), where we study sets of strains that grow, interact and compete over iron in local 79 

patches before dispersing and seeding new patches. With this, we can study the evolutionary 80 

fate of strains that differ in their siderophore production as a function of the ecology and, 81 

importantly, the level of privatisation of siderophores that limits their use to a single strain. 82 

 83 

Local dynamics 84 

We study strains that migrate to and interact in a focal patch, which could represent for 85 

example a small neighbourhood within a structured community, or a host organism. Most 86 

theory to date has focussed on the interaction between producers and non-producers (West 87 

and Buckling 2003; Eberl and Collinson 2009; Inglis et al. 2011). However, in our model all 88 

strains have the potential to produce siderophores, although they may evolve not to produce 89 

any. We study selection on the investment into siderophore production (f), which can take 90 

any value in the range [0, 1], where 0 corresponds to non-production of siderophores. The 91 

number of different strains that interact in a single patch is given by n (n = 1, 2, 3, …). This 92 

number determines the strength of ecological competition in the patch: when a single strain 93 

seeds a patch (n = 1) there is no competition between genotypes; when two or more strains 94 

seed a patch, there is inter-strain competition for iron; and this competition increases with the 95 

number of competing strains. 96 

Each strain in the focal patch is a distinct genotype that originates from the external 97 

ecological landscape. While bacterial genotypes have the potential to produce multiple 98 
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siderophores at the same time (Cornelis et al. 1989; Carson et al. 1994; Cornelis 2010; 99 

Dumas et al. 2013), we follow previous models (West and Buckling 2003; Lee et al. 2012) 100 

and assume that each strain can produce at most one siderophore. Each strain expresses also 101 

the cognate receptor for its siderophore but may also take up siderophores produced by other 102 

strains, either because its receptor has affinity for other siderophores (Crowley et al. 1991) or 103 

because it co-expresses multiple siderophore receptors (Cornelis and Matthijs 2002; Cornelis 104 

and Bodilis 2009). We make this between-strain sharing a tuneable parameter (s  [0, 1]) of 105 

our model, where s = 0 means that only the producer strain benefits and s = 1 means that all 106 

strains benefit equally. 107 

 108 

 109 

 110 

Figure 1 | A schematic view of siderophore scavenging divided into its key component processes. 111 

Iron scavenging begins with the secretion of siderophores by cells with a specified level of investment 112 

and yield. Siderophores (half-circles) then bind the environmental iron (red dots on yellow shapes, 113 

representing for example other iron chelators), that is present in the patch according to its reflux rate 114 

(α) and its concentration in the external environment (I0). Siderophores and iron form complexes 115 

according to the siderophore affinity γ. Siderophores can also ‘steal’ or strip away iron from existing 116 

complexes at a rate that depends on the iron exchange parameter ρ. Finally, different strains compete 117 

for the uptake of siderophore-iron complexes according to the extent to which siderophores are shared 118 

between strains (s). For clarity, each process is shown separately in this cartoon, but in our model, all 119 

processes occur continuously in one well-mixed patch. 120 
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Siderophores are secreted molecules and iron scavenging occurs outside the cells through 121 

several processes. For clarity, we capture scavenging as four key processes, which we 122 

incorporate into our model to occur simultaneously (Figure 1):  123 

1) Siderophore secretion: we assume the production of siderophores to be metabolically 124 

costly (Griffin et al. 2004) and to depend on the level of energy invested (f), which is 125 

traded-off against the energy allocated to growth (Lee et al. 2016). The total amount of 126 

energy available to the cells depends on the uptake of a non-limiting nutrient (N) which is 127 

not considered explicitly in the model. 128 

2) Binding iron: Excreted siderophores bind the environmental iron with a certain affinity 129 

(ɣ), thereby making this iron unavailable for other siderophores (Boukhalfa and 130 

Crumbliss 2002; Hider and Kong 2010).   131 

3) Stealing iron: Siderophores can strip away iron from other siderophore-iron complexes 132 

with rate 𝜌. The extent of this exchange will depend on the quantity and the affinity of the 133 

siderophore that is stealing the iron and the quantity of iron-complexes by other 134 

siderophores (Kraemer 2004; Khan et al. 2006).   135 

4) Cellular uptake: Cells take up their own type of siderophore-iron complexes via 136 

siderophore receptors. And strains may, as discussed above, also be able to uptake 137 

siderophores from other strains (Joshi et al. 2006; Khan et al. 2006). For simplicity, we do 138 

not explicitly model siderophore diversity and receptor affinities, but we capture the 139 

between-strain sharing through a single parameter s (s  [0,1]), which gives the fraction 140 

of a siderophore concentration that can be used by strains other than the producer strain. 141 

We also assume that cells carry a limited amount of siderophore receptors, giving a 142 

saturating siderophore uptake response. Siderophore sharing may also be affected by 143 

spatial arrangement of the different bacterial strains (Nadell et al. 2010; Julou et al. 2013; 144 
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Kümmerli et al. 2014). While there is the potential to extend our model to capture such 145 

effects explicitly, we decide to focus here on a well-mixed case.  146 

 147 

We can then capture the dynamics of siderophore scavenging within a single patch for a 148 

single-strain (n = 1) by the ODE system 149 

 150 

 151 

{
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 (1) 

 152 

 153 

 154 

where C(t) is the cell density of the focal strain, S(t) is the concentration of its siderophores, 155 

P(t) is the concentration of iron-siderophore complex, and I(t) is the concentration of 156 

available iron at time t. We model cellular metabolism such that cellular growth relies both 157 

on iron and on other sources of energy, such as carbohydrates, lipids or protein. Iron is often 158 

limiting due to low concentrations of its soluble form (Wandersman and Delepelaire 2004), 159 

and we assume that other energy sources are abundant. From these assumptions, we show in 160 

the Supplementary Materials and Methods how we can go from a form where non-iron 161 

nutrients are explicitly captured to Equation (1) where these nutrients are captured implicitly. 162 

We also assume that the production of siderophores does not require significant iron, which is 163 

consistent with their chemistry (Hider and Kong 2010).  164 
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 165 

Cells proliferate with a rate that depends on a maximum growth rate µ, the investment of 166 

energy into cell growth, and the iron available per cell. The available iron depends on the 167 

uptake of iron-siderophore complex (P) and iron-uptake through siderophore-independent 168 

mechanisms (ε) (Wandersman and Delepelaire 2004). Cells invest a fraction 1 - f of their 169 

energy into building up cell biomass, and we assume here the presence of an abundant energy 170 

source that is captured in β of the Monod function with saturation constant K (see 171 

Supplementary Materials and Methods). The acquisition of iron through uptake of 172 

siderophore-iron complexes also follows a Monod function with constant KP. Cells die at a 173 

constant per capita rate dC. The free siderophore concentration S(t) changes over time due to 174 

cellular siderophore production, which is proportional to the amount of energy that the cells 175 

invest into siderophore production (f) and to the siderophore production yield (v). We assume 176 

that the siderophores are instantaneously recycled from iron-siderophore complexes: the rate 177 

of siderophore recycling is equal to the rate of iron-siderophore complex uptake. And 178 

siderophores are lost from the system through diffusion (dS).  179 

Our model follows chemostat dynamics with a constant input of iron as well as loss of 180 

siderophores and siderophore-iron complexes. The external concentration of iron is I0, and 181 

there is a reflux of iron into the patch at reflux rate a. The concentration of iron-bound 182 

siderophores changes over time due to the formation of such complexes (at a rate γ, that 183 

represents the affinity of siderophore for iron), due to the uptake by cells, and due to loss 184 

(dP). Finally, the concentration of available iron follows chemostat dynamics with a reflux of 185 

external iron and depletion through the formation of iron-siderophore complexes.  186 

When multiple strains interact in a patch (n > 1) we extend the number of equations 187 

accordingly. We illustrate this here with the extended system for two strains, to demonstrate 188 

the implementation of between-strain sharing of siderophores and well as of ligand exchange: 189 
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 190 

 191 
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 (2) 

 192 

 193 

 194 

We assume that siderophores can strip away iron from other iron-siderophore complexes, 195 

according to the reactions S1 + P2 → S2 + P1 and S2 + P1 → S1 + P2, which proceed with 196 

mutual rate constant ρ. Importantly, the siderophore produced by a bacterial strain can to 197 

some extent also be used by other strains. The sharing parameter s determines how much a 198 

siderophore can be used by the other strains that did not produce this siderophore. The 199 

number of strains (n) gives the strength of ecological competition that is intensified with 200 

increasing number of strains.  201 

 202 

We assume that the chemical properties of siderophores (amount of sharing, affinity, loss, 203 

yield) are identical for all interacting strains. In reality, siderophores can differ in their 204 
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chemical properties (Cornelis and Matthijs 2002), but with this assumption we can study the 205 

isolated effect of siderophore privatisation on its evolution. Diversity in the other properties 206 

such as affinity and yield will have additional effects on siderophore evolution. 207 

To solve the system of ODEs we impose initial conditions (C(t=0) = 1, S(t=0) = 0, P(t=0) = 208 

0, I(t=0) = I0) and we use the finite difference method with constant grid spacing and implicit 209 

Euler stepping with constant time steps to solve the equations numerically using the standard 210 

ODE solver from GSL (Gnu Standard Library) in C++. We summarize the biological 211 

significance and default values of the parameters used in our model in the Supplementary 212 

Table 1 in Supplementary Materials and Methods. 213 

 214 

Physiological regulation of siderophores 215 

Our first models studied strains that invest a fixed proportion of their resources into 216 

siderophores. We next study the evolution of regulated siderophore production. We replace 217 

the fixed investment f by a sigmoid, quasi-step function that represents a simple sensory 218 

trigger function that responds to a signal x, give through  219 

 220 

 221 

𝑓 = 𝑓𝑏𝑎𝑠 +
(𝑓𝑎𝑐𝑡 − 𝑓𝑏𝑎𝑠)

(1 + 𝑒𝑥𝑝(100(𝑥 − 𝑇)))
, (3) 

 222 

 223 

 224 

Under this functional form, f approximately takes the ‘activated’ value fact when the signal x 225 

is above the threshold T, and the ‘basal’ value fbas otherwise. We consider three possible 226 

sources of information for the regulation of siderophores for a focal strain i. The first is 227 
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intracellular iron concentration, which is known to strongly regulate siderophore production 228 

in some species (Schmitt and Holmes 1991; Ratledge and Dover 2000; Rodriguez et al. 2002; 229 

Chakraborty et al. 2013), which will be proportional to the iron-siderophore complexes that a 230 

focal strain i can use, given as [(1 − 𝑠)𝑃𝑖 + 𝑠∑ 𝑃𝑗]
𝑛
𝑗=1 . The second source of information is 231 

clonemate density (Ci), which can be detected by quorum sensing or another product specific 232 

to the focal strain (Stintzi et al. 1998; Lewenza et al. 1999; Mok et al. 2003). Finally, we 233 

consider competitor cell density ((∑ 𝐶𝑗
𝑛
𝑗=1 − 𝐶𝑖), which can be detected by any compound 234 

that is specific to the competitor. This detection might include non-self quorum sensing 235 

autoinducers but also sensing the damage from antibiotics or bacteriocins of the competing 236 

strain (competition sensing, Cornforth & Foster 2013).  237 

 238 

In our optimising algorithm, the three parameters that define the shape of the trigger function 239 

(fact, fbas, and T) will initially be selected at random and be the same for all strains, and then 240 

we interactively test the invasion of a new strategy with either of the parameters changed. 241 

Note that while we use the term ‘activated’ for above threshold, the strains are free to evolve 242 

either an increase or decrease in the production of siderophores upon activation. 243 

 244 

Meta-population dynamics 245 

We embed our model of local competition between strains within a meta-population to study 246 

how different strategies evolve over time. Our meta-population model is based on previously 247 

published work and assumes an infinite number of local patches that are linked through the 248 

dynamics of a simple microbial life-cycle (Cremer et al. 2012; Oliveira et al. 2014): 249 

1) Seeding: An empty patch is seeded with a certain number n of different strains with 250 

initially small density (Ci(0) = 1). The strategy for each strain is determined according to 251 

the frequency of the strategies in the entire meta-population.  252 
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2) Competition: Strains grow and interact within each patch of the meta-population 253 

according to the local dynamics model given in equation (1) and (2). Interactions are 254 

simulated for a fixed amount of time (that can be then varied as a parameter). 255 

3) Mixing: Cells from all patches disperse and mix, leading to a new seeding episode.  256 

We then assess the evolutionary fate of new strategies that appear in the meta-population. To 257 

do this, we use invasion analysis, which is based upon the logic of evolutionary game theory 258 

(Maynard Smith 1982). When it can be used, invasion analysis is a powerful way to study co-259 

evolving strategies that allows one to avoid explicitly modelling each step in a life-cycle 260 

(Nowak and Sigmund 2004). Specifically, to follow the evolution of new siderophore 261 

production strategies, we study how a rare mutant or immigrant with the new strategy 262 

performs in a meta-population where all other strains perform another strategy. We can then 263 

ask whether this immigrant will successfully invade the resident strategy population, or 264 

instead go extinct. 265 

We calculate invasion ability from the fitness of the new mutant strain (winv) and the 266 

fitness of the resident strategy (wres). The fitness of the invader, since it is rare, is determined 267 

by its local competition with other strains that have the resident strategy, winv = w(finv|fres). 268 

The fitness of the resident strategy, which is very common and will therefore nearly always 269 

meet itself–is determined by local competition with strains with this strategy so that wres = 270 

w(fres|fres). If strains in the local patch do not meet any other strain (n = 1), then the resident 271 

and migrant strategy’s fitnesses are determined by their autonomous growth, following a 272 

single set of ODEs (Eq. 2). We define the fitness of a strain as its cell density at the end of a 273 

competition phase, which is after a fixed amount of competition time tend. We then compute 274 

the invasion index for an invading strategy as defined by Mitri et al. (2011),  275 

 276 

 277 
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𝐼𝑖𝑛𝑣 =
𝑤𝑖𝑛𝑣

𝑤𝑟𝑒𝑠
=

𝑤(𝑓𝑖𝑛𝑣∨𝑓𝑟𝑒𝑠)

𝑤(𝑓𝑟𝑒𝑠∨𝑓𝑟𝑒𝑠)
. (5) 

 278 

 279 

 280 

When the invasion index of a new strategy is larger than one (Iinv > 1) the migrant strategy 281 

will increase its meta-population frequency from its initial appearance to the next mixing 282 

step. When the strategy’s invasion index is smaller than one (Iinv < 1), it will go extinct. An 283 

important nuance of evolutionary invasion analysis is that a strategy’s evolutionary success is 284 

not determined solely by its local competitive success: a migrant strategy that wins in a local 285 

patch against the resident strategy could still go extinct from the meta-population if the 286 

fitness of the resident strategy is high (Iinv < 1). For example, a really aggressive strategy 287 

might win locally but harm itself so much in the process that it cannot outcompete the other 288 

patches in the meta population (Hauert et al. 2002).  289 

We use the invasion index to follow the evolution of siderophore production and find 290 

optimal strategies. A successfully invading strategy will become the new resident strategy. 291 

This will occur repeatedly until we find a evolutionarily stable strategy (ESS, Maynard Smith 292 

1982), which cannot itself be replaced by other strategies. Specifically, the ESS is a strategy 293 

that, if adopted by the entire population, cannot be invaded by any other strategy. We find 294 

ESSs by following the gradual evolution of strategies as they compete with others that are 295 

different to themselves. We test invading strategies that are locally-similar as well as 296 

strategies from the full range of possible strategies. By combining local and global searches 297 

in this way, we identify strategies that are evolutionarily stable in the face of a vast range of 298 

possible competing strategies. While multiple ESS are theoretically possible in game theory, 299 

we always found a unique ESS for each analysis.  300 
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Results 301 

Overview  302 

We can use our eco-evolutionary model to study how siderophore production evolves across 303 

different scenarios and, in particular, in response to siderophore privatisation. This allows us 304 

to test a range of ecologies where differing number of strains meet and compete for resources 305 

and we can vary the extent to which the different strains can share each other’s siderophores. 306 

We use this to identify the evolutionarily stable investment into siderophore production for 307 

each situation. We then study the physiological regulation of siderophore production and find 308 

that the regulatory strategies that evolve also depend strongly on how much siderophores are 309 

shared. Specifically, with siderophore privatisation our model predicts that production should 310 

increase when strains encounter competitors.  311 

 312 

Privatisation strongly affects the evolution of siderophore production  313 

Evolutionary studies typically treat siderophores as a canonical public good that benefits all 314 

cells in an environment equally, where non-producers (cheaters) can thrive in the presence of 315 

siderophore producers (Griffin et al. 2004; West et al. 2006, 2007; Ross‐Gillespie et al. 2007; 316 

Brown et al. 2009; Nadell et al. 2009). The potential for one genotype to exploit another, 317 

however, rests upon strains mixing such that non-producers have access to the siderophore 318 

producers. As such, a key prediction of the standard social evolution model of siderophores is 319 

that the evolution of production will decrease with an increasing number of strains mixing in 320 

local competition (Harrison et al. 2008). In social evolution terminology, the investment into 321 

cooperation will evolve to decrease under conditions of decreased relatedness (Hamilton 322 

1964; Frank 1998).  323 

 We compare the evolutionarily stable siderophore production in the absence of 324 

competitors (n = 1, Figure 2, black diamond) and in the presence of increasing numbers of 325 
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competitor strains. When siderophores are entirely shared (s = 1) and their benefit returns to 326 

the producer as much as to other cells, we recapitulate the classic social evolution prediction 327 

that optimal investment into siderophores decreases for higher numbers of competing strains 328 

in a patch (Figure 2, green dots). We then ask how this relationship is affected by the limited 329 

siderophore sharing between genotypes (s < 1). 330 

 331 

 332 

 333 

 334 

 335 

Figure 2 | The effect of competition and siderophore sharing on siderophore production. Using 336 

an adaptive dynamics frame work we find evolutionarily stable level of siderophore production for 337 

different levels of competition and siderophore sharing. We plot the optimal investment into 338 

siderophores (f*) against different numbers of competitors (n) per local competition. In the absence of 339 

competition between strains, where siderophore sharing does not occur, the optimal investment into 340 

siderophore production is shown by the large black diamond on the far left. The effect of added 341 

competition on investment (f*) is qualitatively different for different levels of between-strain sharing 342 

of siderophores. When the number of competing strains increases, the production of an entirely shared 343 

siderophore is reduced (blue diamonds), while the production of a private siderophore is increased 344 
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(red diamonds). At intermediate levels of sharing siderophore production first increases and then 345 

decreases with increasing competition (purple and green dots). 346 

 347 

 348 

 349 

The privatisation of siderophores fundamentally changes the effects of strain mixing on 350 

production. When siderophores are private to the producer strain, increasing the intensity of 351 

competition between strains (increasing n) results in an increase in siderophore production 352 

(Figure 2). When siderophores are partly private and partly public, we see that the effect of 353 

increasing competition has elements of both the purely public and private evolutionary 354 

responses. Importantly, for relatively low levels of strain mixing, which may often be 355 

common due to spatial structuring in communities (Hallatschek et al. 2007; Oliveira et al. 356 

2014; Mitri et al. 2015; Nadell et al. 2016), the effect of increasing competition is to increase 357 

siderophore investment (Figure 2). Siderophores are evolving as competitive traits.  358 

Even though siderophores are still a public good with respect to the cells of a single 359 

genotype, therefore, privatisation shifts them to behaving as a mechanism of exploitative 360 

competition, which is used to deplete and steal the iron of competitors.  361 

 362 

The effects of privatisation are robust for a wide range of conditions 363 

We have shown that privatisation can have strong effects on the evolution of siderophore 364 

production. In particular, privatisation means that siderophores evolve as a competitive rather 365 

than a cooperative trait, with investment increasing under conditions of high strain mixing 366 

(low relatedness). How robust is this effect? Our model contains a number of parameters that 367 

can be used to study how key ecological and biological factors influence the evolution of 368 

siderophore production. We performed sweeps of these parameters and studied in each case 369 

how strain mixing affects the evolved level of siderophore production (Figure 3). 370 

 371 
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 372 
 373 
Figure 3 | Wide-ranging parameter sweeps show consistent effects of privatisation on 374 

siderophore evolution. We study the effect of iron concentration, siderophore yield, and seeding cell 375 

density on ESS production of siderophores. We plot the optimal siderophore investment with and 376 

without competition (n = 2, n = 1, respectively) over a range of external iron concentrations (a-c), and 377 

over a range of siderophore production yields (d-f), and over a range of seeding cell densities (g-i). 378 

We find that when siderophores are fully shared between strains (s = 1), adding local competition 379 

always decreases the evolutionarily stable level of siderophore production (a,d,g; blue line below 380 

black line). By contrast, for entirely private siderophores (s = 0), the production level increases (c,f,i; 381 

blue line above black line). Under intermediate sharing (s = 0.5) we observe regions of both decreased 382 

and increased siderophore production (b,e,h; crossings of blue and black line). When siderophores are 383 

mainly powerless to exploit the environment (high iron, low production yield and/or cell density) the 384 

cross-feeding effect dominates and production is reduced with strain mixing. But when siderophores 385 

become effective (low iron, high production yield and/or cell density) then their exploitative potential 386 

means that strains increase production in strain mixes.  387 

  388 

  389 
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Our model is relatively complex in that it combines a dynamic model of local competitions 390 

between strains, with global competition in a meta-population and search algorithms that 391 

identify the evolutionarily stable strategy for each set of parameters. The predicted effects of 392 

parameters on siderophore production are in some cases also relatively complex, with regions 393 

where the ESS level of production decreases before increasing again (Figure 3). Nevertheless, 394 

we observe clear and consistent effects of strain mixing on production level. When 395 

siderophores are fully public (s = 1), introducing local competition between strains (increased 396 

mixing) always decreases the evolutionarily stable level of siderophore production (Figure 3; 397 

blue line below black line).  398 

By contrast, with no sharing of siderophore between strains (s = 0), the investment 399 

level increases with adding a competitor (Figure 3; blue line above black line). For some 400 

parameters, this decrease is minor, particularly when siderophore production becomes 401 

minimal (low production yield or seeding cell density) or when iron is abundant, because 402 

under these conditions siderophores have little effect on competitors and are produced 403 

similarly to the single strain case. However, critically, for private siderophores we never see a 404 

decrease, and for public siderophores, we never see an increase in production when we move 405 

from the clonal group to the mixed-genotype group (Figure 3).  406 

Conditions of intermediate sharing (s = 0.5) are again intermediate in their behaviour 407 

and we see that, dependent on parameters, for all three parameters strain mixing can drive an 408 

increase or decrease in the evolutionarily stable level of siderophore production. Essentially, 409 

in conditions where siderophores are powerless to exploit competitors (high iron, low 410 

production yield and/or cell density) the effect of cross-feeding siderophore dominates and, 411 

hence, its production is reduced with strain mixing. But when siderophores are efficient (low 412 

iron, high production yield and/or cell density) the benefit from exploiting can overcome the 413 
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effect of cross-feeding (Figure 3; crossing of black and blue line) so that production is 414 

increased in strain mixes.  415 

In summary, privatisation has strong and consistent effects on the evolution of 416 

siderophore production that are robust for a wide range of ecological and biological 417 

conditions.  418 

 419 

Privatisation is critical to the evolution of siderophore regulation 420 

As is typical of previous theoretical work on siderophore evolution (West and Buckling 2003; 421 

Lee et al. 2012, 2016), we have so far treated siderophore production as a constitutive trait 422 

where each cell invests a fixed proportion of its resources (f) into siderophores. However, in 423 

reality siderophores are often strongly regulated in response to environmental conditions 424 

(Harrison et al. 2008; Kümmerli et al. 2009b). We therefore extend our model to consider 425 

regulation of siderophore production and evolution of this regulation. We study regulation 426 

based on three sources of information in the environment, which are known to affect bacterial 427 

regulatory networks for multiple traits: iron concentration (Ratledge and Dover 2000; 428 

Wandersman and Delepelaire 2004), density of clone mate cells (e.g. quorum-sensing) 429 

(Waters and Bassler 2005), and density of competitor cells (Abrudan et al. 2015)  (e.g. 430 

competition sensing (Cornforth and Foster 2013)) (Methods). For each type of sensing, we 431 

can then follow the evolution of strategies as before and identify the evolutionarily stable 432 

strategies of regulation (Methods, Figure 4).  433 

 434 

 435 

  436 
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 437 

 438 
Figure 4 | The evolution of physiological siderophore regulation. We evolve the sensing function 439 
for siderophore production in pairwise competitions (n = 2) using the evolutionary algorithm outlined 440 
in Supplementary Methods and Results. We study three cases that each capture a different source of 441 
information: intracellular iron, own cell density and competitor cell density. The plots show the 442 
evolved response in siderophore production as a function of the sensed signal, as a mean from 30 runs 443 
of the simulation. The grey area shows the standard deviation. Siderophores evolve to be upregulated 444 
at low iron, independent of the shareability (a,b), consistent with siderophores being most valuable 445 
when iron is low. Siderophores evolve to be upregulated for high quorum (c,d) consistent with their 446 
efficiency being highest at high cell density. However, when siderophores are regulated based upon 447 
the density of competing cells, they are downregulated when siderophores are shared (s = 1) and 448 
upregulated when siderophores are private (s = 0) (e,f). The bottom two plots show illustrative time-449 
plots from the evolutionary algorithm, showing how the initial, and the activated siderophore 450 
investment (g) and the activation threshold (h) evolve in 30 realisations of the algorithm. The 451 
examples shown are for the evolution of quorum sensing and s = 0.  452 
 453 
 454 
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Siderophore regulation in response to iron level and own cell density evolve in a consistent 455 

way, irrespective of the degree of privatisation. The responses evolve such that low iron and 456 

high quorum both favour the release of siderophore. There is a clear post-hoc logic to these 457 

forms of regulation. Most simply, siderophores are most valuable when iron is low and our 458 

predicted regulation is well supported by empirical work that shows that in a number of 459 

different species siderophore production can be strongly upregulated by low iron (Schmitt 460 

and Holmes 1991; Ratledge and Dover 2000; Rodriguez et al. 2002; Chakraborty et al. 2013). 461 

The quorum-based regulation recapitulates the typical interpretation of the evolutionary 462 

function of quorum sensing. Quorum sensing allows a group of cells to only release a 463 

secreted product once the cell density of the focal strain is high enough to generate and 464 

receive an effective concentration of the product (Schluter et al. 2016). Consistent with this 465 

prediction, there is evidence that siderophore production increases at high cell density for a 466 

number of species (Stintzi et al. 1998; Lewenza et al. 1999; Mok et al. 2003).  467 

When we allow cells to evolve siderophore regulation based upon the density of 468 

competing cells, we see a different pattern. Now, whether cells upregulate or downregulate 469 

production depends upon whether siderophores are public or private (Figure 4e, f). The 470 

evolution of the regulation of public siderophores leads to a response where production is 471 

down regulated in response to increased numbers of the competing strain. This is because 472 

under these conditions, increased competition means that there is a greater threat of 473 

siderophore piracy from the competitors and so downregulation benefits the focal strain. 474 

When siderophores are privatised, we predict the opposite pattern. Now, siderophores 475 

respond as expected for a competitive trait, such as the release of an antibiotic that kills 476 

another strain (Cornforth and Foster 2013), with secretion upregulated in response to the 477 

presence of the competing strain. 478 



22  

Our predictions on the evolution of siderophore regulation are well supported by 479 

known regulatory responses to iron level (Schmitt and Holmes 1991; Ratledge and Dover 480 

2000; Rodriguez et al. 2002; Chakraborty et al. 2013) and quorum sensing (Stintzi et al. 481 

1998; Lewenza et al. 1999; Mok et al. 2003). However, we see the same predictions for 482 

private and public siderophores so the data are unable to distinguish between the two models. 483 

By contrast, the predicted regulation based upon the level of competition with other strains 484 

changes depending on whether siderophores are private or public. This latter form of 485 

regulation, therefore, lends itself to testing the importance of privatisation for the evolution of 486 

siderophore use.  487 

Does siderophore production, therefore, increase or decrease upon strain mixing? 488 

Empirical work suggests that siderophore production typically increases in the presence of 489 

unrelated strains and species. Specifically, co-culture experiments between P. aeruginosa 490 

with Staphylococcus aureus found that P. aeruginosa makes more siderophores in the 491 

presence of S. aureus (Harrison et al. 2008). More recently, Traxler et al. (2013) placed 492 

colonies of Streptomyces species either alone, or next to a colony of a different species. When 493 

next to a foreign colony, the Streptomyces strain increased secretion of a number of 494 

siderophores (Traxler et al. 2013). Caution is required as the underlying mechanisms driving 495 

the upregulation of siderophore production is not yet clear and the responses may be driven 496 

by multiple factors, including iron limitation. Nevertheless, the data in both cases are most 497 

consistent with the upregulation of siderophores upon competition with other species, not the 498 

downregulation expected for a public good.  499 

  500 
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Discussion 501 

Siderophores have emerged as a powerful model system to understand microbial sociality 502 

(Griffin et al. 2004; Ross‐Gillespie et al. 2007; Buckling and Brockhurst 2008; Kümmerli et 503 

al. 2009a; Ross-Gillespie et al. 2009; Luján et al. 2015). In mixed cultures with a wildtype 504 

producer strain, siderophore null mutants (cheaters) can thrive and outcompete the wildtype, 505 

which is consistent with the idea that siderophores act as canonical public goods in microbial 506 

communities. This view was recently emphasised in discussions of “black queen” evolution 507 

(Oliveira et al. 2014; Morris 2015). Microbes may commonly lose genes, including those for 508 

siderophores, when they can be complemented by other strains and species in their diverse 509 

communities (Cordero et al. 2012; Andersen et al. 2015). However, it is also clear that the 510 

siderophores of one strain are often not fully shared with other strains, because of the use of 511 

specific receptors to import siderophore (Joshi et al. 2006; Khan et al. 2006; Lee et al. 2012), 512 

and limited diffusion (Nadell et al. 2010; Julou et al. 2013; Kümmerli et al. 2014).  513 

Here we have shown how limited siderophore sharing between strains has 514 

fundamental effects on their ecology and evolution, which are missed in the traditional public 515 

goods model. With privatisation, strains that face a lot of competition from other genotypes 516 

are expected to evolve to increase their investment in siderophores (Figure 2), rather than the 517 

decrease expected from a public good. We also find that the effects of privatisation are 518 

mirrored in the evolution of siderophore regulation. When siderophores are fully shared, our 519 

model predicts that cells will evolve to downregulate production when competing strains are 520 

detected. By contrast, when siderophores are privatised, regulation evolves to increased 521 

siderophore production in the presence of competing strains: siderophores then function as a 522 

way to compete with other genotypes (Figure 4); in particular, they become mediators of 523 

exploitative competition (Hibbing et al. 2010).  524 
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The existing data on siderophore regulation suggests that it is upregulated in the 525 

presence of other strains, consistent with it being used in competition (Harrison et al. 2008; 526 

Traxler et al. 2013). More generally, there is growing evidence that bacteria are capable of 527 

regulating a wide range of traits based upon the presence of different strains. Competing 528 

genotypes can be detected by quorum sensing autoinducers or other molecules released into 529 

the environment (Keller and Surette 2006; Cornforth and Foster 2013; LeRoux et al. 2015). 530 

Another way to achieve detection is via competition sensing, in particular via stress responses 531 

that detect the cell damage caused by the toxins of competing strains (Basler and Mekalanos 532 

2012; Cornforth and Foster 2013). The discussion of competitive responses has so far focused 533 

on bacterial warfare and the upregulation of toxins and type VI secretion systems in response 534 

to ecological competition. However, siderophores are another potential way to compete with 535 

other genotypes, as is biofilm formation, which was also recently found to be upregulated in 536 

response to competition (Oliveira et al. 2015).  537 

Siderophores can function as a public good in clonal populations. This effect may 538 

dominate eco-evolutionary dynamics whenever competition is primarily between cells with a 539 

recent common ancestor, as may occur in chronic diseases like cystic fibrosis (Andersen et al. 540 

2015). However, the ecology of many bacterial species centres upon competition in diverse 541 

communities, where strain-specific siderophores limit between genotype sharing (Joshi et al. 542 

2006; Khan et al. 2006). We have shown that these conditions strongly affect how 543 

siderophores function in nature. Siderophores are no longer a simple public good. Instead, 544 

siderophores become a competitive phenotype that, like antibiotics, is upregulated in order to 545 

overcome other strains.  546 

 547 

  548 
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Supplementary Methods and Results 720 

In this supplementary material, we describe how we obtain the local strain dynamics given 721 

through equation (1) in the main text. 722 

 723 

Explicit interaction dynamics that lead to equation 1 724 

Starting from the assumptions described in the Methods section, we explicitly model the 725 

dynamics of siderophore scavenging within a single patch for a single-strain (n = 1) by the 726 

ODE system ($1) 727 

 728 

 729 

{
 
 
 
 

 
 
 
 𝑑𝐶

𝑑𝑡
= 𝜇 (

(1 − 𝑓)𝑁
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(

𝑃
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𝑑𝐼

𝑑𝑡
= 𝑎(𝐼0– 𝐼)– 𝛾𝑆𝐼 − 𝜖𝐶𝐼,

 ($1) 

 730 

 731 

 732 

where C(t) is the biomass of the focal strain, S(t) is the concentration of its siderophores, P(t) 733 

is the concentration of iron-siderophore complex, and I(t) is the concentration of available 734 

iron at time t. As stated previously, our model follows chemostat dynamics with a constant 735 

input of iron as well as loss of cells, siderophores and complexes. The external concentration 736 

of iron is I0, and there is a reflux of iron into the patch at reflux rate a. The dynamics of the 737 

focal strain biomass are due to two processes: cell death, which proceeds with a constant per 738 

capita rate dC; and cell proliferation, whose rate depends on a maximum growth rate µ, a non-739 
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limited and therefore constant nutrient (N), the available iron-siderophore complex (P) and 740 

iron uptake through siderophore-independent mechanisms (ε). In this first equation, we 741 

explicitly model the presence of nutrient N that represents the cells’ source of energy. Cells 742 

invest a fraction 1 - f of their energy into biomass accumulation and the conversion of 743 

nutrient into biomass is given by a saturating Monod function with saturation constant K. The 744 

acquisition of iron through uptake of siderophore-iron complexes also follows a Monod 745 

function with constant KP. The free siderophore concentration S changes over time due to 746 

cellular siderophore production, which is proportional to the fraction of non-limited nutrients 747 

that the cells allocate to siderophore production (f N) and to the siderophore production yield 748 

(V). Siderophores are recycled from iron-siderophore complexes and are lost from the system 749 

through diffusion (dS). The concentration of iron-bound siderophores changes over time due 750 

to the formation of such complexes (at a rate γ, that represents the affinity of siderophore for 751 

iron), on the uptake by cells, and on a loss term with loss parameter dP. Finally, the 752 

concentration of available iron follows a chemostat dynamics with a reflux of external iron 753 

and depletion through the formation of iron-siderophore complexes. As the level of non-754 

limited nutrient N is constant, we can reduce the system by introducing the parameter 𝛽 =
𝐾

𝑁
. 755 

To simplify the expression and  we rename the corrected siderophore production yield 𝑣 =756 

𝑉 𝑁 = 𝑉 
𝐾

𝛽
, yielding equation 1 of the main text. 757 

758 
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 759 

Parameter Biological significance Default 

value 

𝑣 siderophore production yield 5 

𝑑𝑆 free siderophore loss 0.5 

𝑑𝐶 cell mortality 0.2 

𝑑𝑃 iron-siderophore complex loss 0.5 

𝐼0 external iron concentration  10 

𝑎 external iron reflux rate 0.2 

𝜇 cell maximum growth rate 0.8 

𝛽 normalized nutrient saturation constant: 𝛽 =
𝐾

𝑁
 

with K the saturation constant of the Monod 

function for nutrient-dependent growth and N the 

constant nutrient level 

1 

𝜌  between-siderophore iron exchange rate 0 

𝜖 siderophore-independent iron capture rate 0 

𝐾𝑃 Monod saturating constant for the uptake of iron-

siderophore complexes 

1 

𝛾 siderophore-iron binding affinity 5 

Supplementary Table 1 | Biological significance and default values of the parameters used 760 

in the model 761 
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