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. Abstract

> Siderophores are chelators released by many bacteria to take up iron. In contrast to
3 iron receptors located at the cell surface, released siderophores are at risk of being
« lost to environmental sinks. Here, we asked the question whether the release itself
s is essential for the function of siderophores, which could explain why such a risky
6 strategy is widespread. We developed a reaction-diffusion model to determine the
7 impact of siderophore release on overcoming iron limitation caused by poor solubility
s in aerobic, pH-neutral environments. We found that secretion of siderophores can
o efficiently accelerate iron uptake at low solubility, since secreted siderophores solubi-
10 lize slowly diffusing large iron aggregates to small, quickly diffusing iron-siderophore
11 complexes. At high iron solubility, however, when the iron-siderophore complex is no
12 longer considerably smaller than the iron source itself, siderophore secretion can also
13 slow down iron uptake. In addition, we found that cells can synergistically share their
12 siderophores, depending on their distance and the level of iron aggregation. Overall,
15 our study helps understand why siderophore secretion is so widespread: Even though
16 a large fraction of secreted siderophores is lost, the solubilization of iron through se-
17 creted siderophores can efficiently increase iron uptake, especially if siderophores are

18 produced cooperatively by several cells.
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» Introduction

—

20 Iron is important for bacterial cell growth and reproduction, but iron availability is
21 limited in many environments. One common cause of iron limitation is low concen-
22 trations, such as in the oceans (Boyd & Ellwood, 2010). But iron availability even at
23 higher concentrations can also be poor, due to the physicochemical properties of iron.
22 More specifically, low iron solubility has been described as a widespread cause for iron
25 limitation in aerobic, pH-neutral environments (Braun & Killmann, T999; Kraemer,
26 2004).

27 One of the various strategies bacteria employ to acquire iron is siderophore secre-
26 tion, a widespread and well-studied mechanism (Hider & Kong, 2010). Siderophores
20 are chelators that bacteria release into the environment to bind iron. The resulting
30 iron-siderophore complexes are then again taken up by the bacteria.

31 An important consequence of secretion is that a cell might not recapture and thus
32 benefit from siderophores it produced, due to random diffusion of the siderophore
33 molecules. In dilute, well-mixed environments, the probability of recapturing a sider-
s ophore once it is secreted is low, and a solitary bacterium thus has to produce a large
s number of siderophores in order to achieve sufficient uptake of iron (Vélker & Wolf-
s Gladrow, 1999). Also, released siderophores can be taken up by strains that do not
57 contribute to siderophore production if these express the cognate receptor (De Vos
s et al., 2000; West & Buckling, 2003). This can lead to a public goods dilemma, where
30 nonproducing genotypes can displace bacteria that produce siderophores (Velicer,
w0 PO03).

a1 Bacteria can also acquire iron with alternative mechanisms that avoid the disad-
a2 vantages of secretion. For example, Pseudomonas mendocina can acquire iron upon
a3 direct physical contact with an iron-containing mineral by surface-associated reduc-
s tases (Kuhn et al., 2003). Many bacteria also use outer membrane receptors for the
s uptake of iron bound to exogenous chelators like heme or transferrin (Andrews et al.,
s PO03). Similarly, ferric citrate can be taken up via transporters or porins (Marshall
sz et al., 2009). It has also been suggested that siderophores can stay attached to the
s cell, e.g. in some marine bacteria (Martinez et al., 2003) or at conditions of low cell
a0 density (Scholz & Greenberg, POT3).

50 Despite the existence of such alternative mechanisms that avoid the risk of sider-
51 ophore loss, siderophore secretion is widespread in bacteria (Sandy & Butler, 2009),

s2 and has been described as key for iron uptake in environments with low iron avail-
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53 ability (Miethke & Marahiel, 2007). This suggests that the release of siderophores
ss might be directly beneficial for their function. However, it is less clear what possible
55 benefits might be. In order to identify and quantify these benefits, we developed a
s mathematical model that enables us to compare the efficiency of iron uptake with and
57 without the release of siderophores. We hypothesize that secretion of siderophores is
s especially important at low iron solubility, where diffusing siderophores can help over-
so come diffusion limitation caused by large, slowly moving iron aggregates that form
6o due to poor solubility. Siderophores can solubilize these iron aggregates, generating
61 quickly diffusing iron-siderophore chelates, potentially significantly speeding up iron

62 uptake.

- Results

«« Development of a model to describe varying iron solubility

es As a first step to constructing a model for siderophore-iron interaction, we develop
e a description of the iron distribution at varying solubility. In aerobic, pH neutral
ez environments, the predominant iron species, ferric iron, is poorly soluble. Low iron
es solubility results in the formation of iron aggregates (Kraemer, 2004), and one of the
eo primary reported functions of siderophores is the solubilization of such iron aggre-
70 gates (Vraspir & Butler, 2009). Iron aggregates are polymorphous, containing iron as
7 well as hydroxide or other groups. Over time, and depending on external conditions
2 like pH, the aggregates change in crystal structure and size (Cornell et al., T989;
73 Schwertmann et al., 1999). Here, we simplify this complexity by assuming that iron
7a aggregates are spherical, and we account for varying solubility of iron by adjusting
75 the number of iron ions, k, that comprise an aggregate. Soluble iron corresponds to
76 the smallest iron aggregate, i.e. one iron ion surrounded by water molecules (k = 1).
7z The number of iron ions k& contained in the aggregate, and thus the overall aggregate
78 size, increases with decreasing solubility. We consider iron aggregates from k£ =1 up
7o to k = 102 iron ions, with corresponding radii r ranging from 0.1nm to approx-
g0 imately the size of a cell, 1 um, covering the range of iron aggregate sizes present
g1 in marine environments; in open ocean waters, iron particles radii range from less
g2 than 10nm to 350 nm (von der Heyden et al., P012; Wu et al., 2001). For reasons of
s3 mathematical tractability, we assume a homogeneous distribution of iron aggregates,

sa 1.e. all aggregates have the same k. By varying k, we can then isolate the effect of
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g aggregate size on iron uptake.

s« Low iron solubility strongly decreases the rate of direct iron

s uptake

ss 10 establish a baseline reference for the iron uptake rate, we first consider a single
so cell that relies on secretion-independent uptake by direct physical contact with iron,
o mediated, for example, by cell-attached siderophores or receptors (Fig. 0, top). The
o1 cell can only take up iron it encounters directly; in the absence of any “active” motion,
o2 this can only be mediated by random diffusion. The uptake of iron can thus be
o3 described as a set of diffusing particles in three dimensions with the cell at the origin
o« acting as an absorbing sphere (see Methods).

o5 The likelihood of encounter between a cell and iron depends on the effective diffu-
o6 sion coefficient, which is the sum of the diffusion coefficient of the cell, D, and of the
o7 iron, Dj. The more iron ions are contained in an aggregate (larger k), the larger the
s aggregate and the smaller the diffusion coefficient, Dy, ~ k=3, As a consequence, the
oo likelihood of encounter with the cell is smaller for larger aggregates (see Methods).
100 Since generally D, > Dp, the uptake rate of k-aggregates for a single non-secreting

w1 cell with radius Rp is approximately
O = AmpoRp Dy, (1)

102 Hence, the uptake rate decreases as k~'/3 with increasing aggregate size k. The
103 uptake rate also increases linearly with the background iron concentration, p,. We
104 implemented a maximal uptake rate assuming an upper limit for the transport rate
s of iron across the cell membrane due to physiological or physical constraints (e.g. due
106 t0 a maximum number of transporters; see Methods).

107 We distinguish between two environmental regimes, akin to diffusion-controlled
ws reactions (Calef & Deutch, M983): (1) In a transport-limited (reaction-limited) envi-
100 ronment, iron uptake is limited by the amount of iron that can be processed by the
uo transporters at the cell surface; (2) In a diffusion-limited environment, iron uptake is
11 limited by the transport of iron to the cell surface by diffusion. Since iron aggregation
12 influences the concentration of iron at the cell surface, the level of iron aggregation
13 influences whether the environment is transport- or diffusion-limited at a given iron
us concentration (Fig. Ba).

115 At an iron concentration that is realistic for open ocean waters, py = 0.1 nM, diffu-

5
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Figure 1: Modeling the direct and siderophore-mediated uptake of dissolved and ag-
gregated iron. This figure illustrates two extreme cases of very strong iron aggregation or
complete solubility.a. A cell not secreting siderophores must directly encounter iron particles for
uptake. Due to its size, aggregated iron diffuses more slowly than dissolved iron. Therefore,
at low solubility, which promotes iron aggregation, the cell's iron uptake rate slows down. b.
A siderophore-secreting cell takes up siderophore-bound iron only. Each siderophore must first
chelate an iron ion before the resulting chelate can be taken up by the cell. Since chelates are
larger than dissolved iron, they diffuse slower, making siderophore-mediated iron uptake slower
than direct uptake. When iron is aggregated, though, the diffusion coefficient of chelates is

considerably higher than that of the aggregates. Hence, use of secreted siderophores accelerates
uptake at low iron solubility.
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Figure 2: Effect of iron solubility on direct iron uptake by a single cell. a. Iron aggregation
influences what process iron uptake is limited by. At a high iron concentration and/or if iron is
highly dissolved, uptake of iron is limited by the speed of transport of iron into the cell (transport
limited, orange area). As the aggregation level of iron increases at a given concentration, diffusion
of iron slows down and eventually the iron at the cell surface is completely depleted. In this regime
all iron that arrives at the cell surface is immediately taken up, and the cell is limited by the
amount of iron diffusing to the cell (diffusion limited, black area). At very low iron concentrations,
iron uptake is always limited by diffusion, irrespective of the degree of iron aggregation (red area).
The dotted line highlights the background concentration used for calculations leading to the data
in Figure 2b (0.1 nM). At this concentration, the threshold between the two types of limitation
is at an aggregation level of & = 33. b. The equilibrium iron concentrations as a function of
the distance from the cell, with a background concentration of iron pg = 0.1 nM. At low £, in
the transport-limited regime (k < 33, orange areas), the iron concentration at the cell surface
decreases with increasing aggregation level of iron k, due to increasingly slow diffusion of iron,
but iron is never completely depleted. In the diffusion-limited regime (k > 33, black area), iron is
completely depleted at the cell surface, and thus the steady state concentrations do not depend
on the aggregation level £ anymore. Note that the uptake rate still decreases with increasing
aggregation level, even though an equilibrium concentration is reached.
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ue sion limitation already occurs at aggregation levels of k > 33, i.e. when iron particles
u7  have a diameter larger than only 0.3nm (Fig. Ba). We determined the equilibrium
us distribution of iron aggregates by solving the spherically symmetric diffusion process
us  (see Methods and Vélker & Wolf-Gladrow, 1999). The distribution of particles at
120 steady state (Fig. Bb) illustrates that in the transport-limited regime (k < 33), iron
121 is never completely depleted at the cell surface, even though the iron concentration
122 decreases towards the cell surface. In contrast, in a diffusion-limited regime, iron is
123 completely depleted at the cell surface and only approaches background concentration
124 levels at a distance of over four cell radii. Under these conditions, the required time
125 for a cell to take up sufficient iron to divide can reach up to days, for k& ~ 10%, or
126 weeks, for k ~ 10" — 10'? (at an iron concentration of py = 0.1nM; see Methods).
127 Thus, a main consequence of low iron solubility is that cells can suffer from strong
12g  diffusion limitation, even at high iron concentrations.

120 Transport limitation can be alleviated at the cell membrane, for example through
130 more efficient or more numerous transporters. Diffusion limitation, however, can
131 only be overcome by influencing iron away from the cell. Secreted molecules like
132 siderophores can modify iron sources and alter their transport properties to increase
133 diffusion (Fig. @, bottom). In the following, we will hence quantify the effect of
3¢ siderophore secretion on overcoming diffusion limitation by increasing the diffusion

135 speed of iron.

13 Secreted siderophores can transiently increase the uptake rate

sz Of iron from large aggregates by accelerating diffusion

133 We next investigated whether siderophore secretion could alleviate diffusion limita-
130 tion. In addition to the diffusion of iron, we accounted for free (unbound) siderophores
o that are produced at the cell surface and diffuse away from the cell, as well as the
11 reaction of free siderophores with iron resulting in siderophore-iron complexes outside
12 the cell (Fig. @b). These complexes diffuse freely and can be taken up by the cell upon
13 an encounter. We model these processes using a set of reaction-diffusion equations
s (see Methods). In order to investigate the direct effects of iron uptake mediated by
s secreted iron chelators, we excluded the possibility that cells take up free, unbound
s iron in these calculations.

147 Because siderophore-iron complexes are smaller than most iron aggregates, their

g diffusion coefficients are generally larger. This leads to accelerated diffusion that
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120 could potentially mitigate the limitation caused by the slow movement of large iron
1o aggregates. We find that the effects of secreting siderophores depend both on the
151 size of the iron aggregate and whether the system is still in a transient phase or has
152 already reached steady state. In the presence of highly aggregated iron, siderophore
153 secretion indeed results in a high uptake rate that surpasses that of direct uptake
s« (Fig. B, solid versus dashed lines). However, this increase is only transient: As the
155 cell starts to produce siderophores, these solubilize the large, slowly moving aggregates
156 close to the cell into small, fast-moving iron-siderophore chelates. This leads to an
157 initial increase in the iron uptake rate, within the first seconds under our conditions
1ss (Fig. B). However, the cell rapidly consumes the chelates in its proximity, and is
150 surrounded more and more by unbound siderophores that do not encounter iron
1o particles (Supp. Fig. B1). Therefore, as iron around the cell becomes depleted, the
161 uptake rate begins to slowly decrease towards the equilibrium value: This decrease
12 can take days or months, depending on the iron aggregation level (Fig. B). At eventual
163 equilibrium, the generation of iron-bound siderophores relies on the diffusion of large
16a iron aggregates towards the cell. This results in the formation of a boundary layer
s at a distance R* from the cell, where siderophores chelate unbound iron (see Supp.
s Fig. BI). Because this process is limited by the diffusion of iron to the boundary
167 layer, the cell suffers from diffusion limitation equal to the case of direct iron uptake.
168 Therefore, the equilibrium uptake rate is roughly the same as the direct uptake rate,
160 for large enough siderophore secretion rates or low iron concentrations, Rg > Dgp,/P
o (see Methods, Eq. [3). Overall, siderophore secretion increases the iron uptake rate
i compared to direct uptake, however only during a — potentially long — transient phase.
172 If iron is present in small aggregates, i.e. highly soluble, the equilibrium uptake
173 rate reached via siderophore secretion is mostly far below the direct uptake rate: re-
174 leasing siderophores slows down iron acquisition. In this regime, the fast diffusion
175 limat, the diffusion speed of iron is sufficiently high that the background concentration
76 of iron can be assumed constant (see Methods, Eq. ). Secretion slows down uptake
177 because of two factors: First, siderophores must encounter iron and bind it, introduc-
17s ing an additional step prior to uptake. Second, the diffusion speed of siderophore-iron
170 complexes is lower than that of free iron for £ < 1000, thus reducing the flux of bound
180 iron towards the cell. For small iron aggregates (highly soluble iron), siderophore se-
181 cretion thus actually slows down uptake. Therefore, for a range of k = 33 to k = 1000
12 (at an iron concentration of 0.1 nM), the cell is diffusion-limited, but secretion of si-

183 derophores is not effective at overcoming this limitation.
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Figure 3: Uptake rate for secreter cells. The solid lines show the iron uptake rate for cells
that secrete siderophores at a rate P = 0.045amol/h. The dashed lines in the background
show the corresponding direct uptake rate for reference. The uptake rate initially increases as
the concentration of siderophores builds up. For low aggregation levels (reddish solid lines), the
uptake rate eventually approaches the fast diffusion approximation: the approximation for the
maximum uptake rate using a secretion strategy for small aggregates (bottom of grey box; see
Methods). For large aggregation levels (bluish solid lines), a transient peak in the uptake rate is
reached that is well above direct uptake levels, and the uptake rate only slowly approaches the
equilibrium value (+ symbols). The dark grey area indicates the maximum uptake rate limited
by transport into the cell.

184 To access poorly soluble iron, cells could also, instead of secreting siderophores,
185 increase their own diffusion coefficient by engaging in swimming motility. However,
186 to achieve sufficient iron uptake, the cell would need to swim at a significant speed:
1e7 Already for moderate iron aggregation levels of & > 10°, the cell would need to
188 increase its diffusion coefficient over 100-fold to reach an effect comparable to sider-
189 ophore secretion at a rate of 1amol/s upwards (see Supplementary Information for
1o more detailed discussion). While this is within the range of measured swimming
101 speeds, especially for marine bacteria (Stocker & Seymour, 2012), swimming also
102 implies large metabolic costs (Mitchell, 2002; Taylor & Stocker, 201%), and this is
103 likely exasperated in nutrient poor environments. Our model calculations show that

10a  siderophore secretion is an alternative to active motility.

10
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Figure 4: Uptake time for secreter cells. a. The time required to take up enough iron for
division (‘uptake time') depends on the iron aggregation level and the siderophore production
rate. The black line indicates the uptake time for a cell relying on direct uptake. Aggregation
level and production rate combinations that fall to the left of this line are values where secretion-
based uptake is slower than direct uptake (grey area). Aggregation level and production rate
combinations that fall to the right are conditions where secretion-mediated uptake is faster (white
area). For low iron aggregation levels, a secreter has higher uptake times than a non-secreter,
unless it produces siderophores at a very high rate (> lamol/h). For large iron aggregation
levels, a secreter shortens its uptake time compared to a non-secreter, even for low production
rates (< 0.01amol/h). The full color scale for the production rate is shown in Panel b on the
x-axis. b. Uptake time is influenced by the siderophore production rate. For highly dissolved
iron (more red lines) or very low production rates, this relationship is almost linear. For highly
aggregated iron (more blue lines), the effect is slightly reduced (blue lines not as steep). For low
aggregation levels, or low levels of production for high aggregation levels (not visible), the uptake
time is well approximated by the fast diffusion approximation (dashed line). As the production
rate increases from very low levels, the relationship between production rate and uptake time
flattens out, indicating that an increase in production rate only has a small effect on reducing
the uptake time. As the production rate increases further, the effect on reducing uptake time
becomes stronger again. The flattest range corresponds to where the secretion and direct uptake
strategies result in approximately the same uptake time. The full color scale for the aggregation
level is shown in Panel a on the x-axis.
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s I he effect of siderophore secretion depends on siderophore pro-

ws duction rate and iron aggregation

107 In the previous section we showed that siderophore secretion can transiently speed
18 up iron acquisition. To investigate how these transient effects scale with bacterial
100 growth, we define the ‘uptake time’ as the required time until a cell has acquired
200 enough iron to produce enough biomass to initiate cell division (assuming an iron
200 content of 10% Fe atoms = 1.66 amol per cell (Andrews et al., 2003); Fig. Ba). Note
202 that, if cells are limited by iron only, the uptake time is equal to the inter-division
203 time.

204 The increased iron uptake rate achieved by secretion at low iron solubility, al-
205 though only transient, can significantly shorten the uptake time (Fig. Ba). A non-
206 motile cell relying on direct physical contact has an uptake time of around 15 days
207 for parameters close to the marine environment (iron concentration of py = 0.1 nM;
208 aggregation level of k = 10', i.e. aggregate radius of around 215nm). When a cell
200 starts to secrete siderophores, the uptake time at these conditions is significantly re-
210 duced to a few days or hours, depending on the production rate. Conversely, for low
211 aggregation levels, i.e. highly soluble iron, a secreter cell has a longer uptake time
212 than a cell using direct uptake. The uptake time is strongly influenced by the pro-
213 duction rate of siderophores. Overall, the higher the siderophore production rate, the
214 wider the range of environments in which siderophore secretion speeds up iron ac-
215 quisition compared to direct uptake. At low k£ and low siderophore production rates,
216 the uptake time decreases linearly with the production rate (slope —1 of red line in
27 Fig. @b). Hence, a two-fold increase in the secretion rate of siderophores leads to
213 roughly a two-fold decrease in the uptake time. For large aggregation levels (high k),
210 the uptake time generally decreases close to, but less than linearly with production
220 rate (blue line, Fig. @b). Thus, an increase in production rate still has a positive effect
221 on the uptake time, though the return is diminished. For intermediate aggregation
22 states, the system transitions from having non-zero concentration of unbound iron
223 to a depletion of iron in the close proximity of the cell. In this regime, an increase
22« in production rate has almost no effect on the uptake time (flattening of the lines
25 in Fig. @b). Such parameter combinations of aggregation level and production rate
226 are also where the uptake time of both strategies is roughly similar. The diminished
227 returns in these regimes indicate that the secreter needs to drastically increase its

28 production rate to gain marginal benefits over a direct uptake strategy.

12
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229 The cost of producing such a high number of siderophores is difficult to estimate,
230 since the negative effect of siderophore production on growth, due to resources spent
231 on production instead of cell division, likely depends on environmental parameters
2:2 such as the level of resource limitation (Brockhurst et al., 2008). However, to obtain
233 an estimate of the magnitude and efficiency of siderophore production, we calculated
23¢ how many siderophore molecules need to be produced in order to take up one iron
235 ion (a similar approach to (Volker & Wolf-Gladrow, 1999)). For a low siderophore
236 secretion rate of 0.045amol/h and an aggregation level of k = 10'° a secreter must
237 release around 10 siderophores to take up one iron ion. However, this secretion rate
238 leads to relatively slow uptake with an uptake time of around 15 days at an iron
239 concentration of pyp = 0.1 nM. Faster uptake is achieved through higher siderophore
2a0  secretion rates, though this also implies that more siderophores per iron are secreted:
201 a secretion rate of 4.5 amol/h results in a division time of 45 hours, requiring around
22 120 secreted siderophores per iron taken up at an iron concentration of py = 0.1 nM
23 and for k = 10%.

. Synergistic siderophore production between two neighboring cells

25 can occur over a wide range of parameters

2e6  High siderophore production rates probably require a substantial investment of cel-
247 lular resources. One way to reduce the production effort is cooperative production
2es of siderophores in groups of cells. Siderophore-iron chelates that diffuse from one
220 producer cell might still benefit a producing neighbor cell. Furthermore, if the cells
250 share their siderophores, each cell might have to produce fewer siderophore molecules.
251 The outcome of such interactions is not easily predictable, though, since each cell is
252 both a source of siderophores and also a sink of iron-bound chelates.

253 Siderophore production in a group of cells has been shown to increase the efficiency
254 Of accessing iron-bound siderophores thanks to an accumulation of siderophores in the
25 neighborhood of the cells (Vélker & Wolf-Gladrow, T999). However, these results did
256 not consider the effect of poorly soluble iron aggregates. In our model we observe
257 that, especially in the case of poorly soluble iron, siderophore production affects and
258 alters the environment in a large neighborhood around the cell. Iron-bound sidero-
250 phore chelates build up at distances of several hundred pm (see Supp. Fig. §1), thus
260 potentially allowing for cooperative interactions between cells located at significant

261 distances. Our model indicates that both costs and benefits are influenced by the
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262 solubility of iron: First, at low iron solubility fast uptake from large iron aggregates
263 entails a high siderophore-to-iron expenditure ratio, indicating that an important
264 proportion of siderophores is lost to the producer cell even if no other cell is present.
265 Thus, direct of costs of sharing may be minimal at low solubility. Second, the benefits
266 Of sharing siderophore production with a producing neighbor cell are influenced by
267 the beneficial returns of increasing siderophore production rate (Fig. fb).

268 We investigated a first stage of growth in a group of cells by considering the
260 interactions between two cells. We measured the average number of siderophores
270 produced by a secreter cell per iron taken up during the uptake time. The net effect
on of growing in proximity to another cell depends on how much a cell suffers from
272 competition for iron-bound siderophores compared to how much it benefits from the
273 siderophores produced by its neighbor. If sharing siderophores is synergistic, i.e. more
274 efficient in a group, a cell has to produce fewer siderophores to take up one iron ion
275 when a producing neighbor is present. We first quantified how much a siderophore-
76 secreting cell is negatively influenced by the presence of a second cell by implementing
277 this cell as a iron-siderophore chelate sink (comparable to cheater cells in Griffin et al.,
2rs 2004). We assume that the second cell does not produce siderophores, but still can
27e  take up iron bound to siderophores (but not free iron). We measure the negative effect
20 (Or cost) in terms of how many more siderophores the secreter cell needs to produce on
201 average to take up one iron, relative to a situation where no other cell were present.
22 A value of 1 indicates that the production effort of the producer is not altered by
2g3 the presence of the nonproducing cell, whereas a value of e.g. 2 means that twice as
28« many siderophores need to be produced to take up one iron. We find that, while the
285 degree of iron aggregation does not strongly influence the interaction, the distance
286 between the cells plays a key role (Fig. Be). If the two cells were (hypothetically)
287 at the exact same point in space, then all iron-siderophore chelates that arrive at
288 the cells are shared evenly between the two, and the producing cell needs to produce
20 approximately the double amount of siderophores (only approximately because the
200 Uptake rate is not linear in time, see Fig. Ab). As the distance between the two cells
201 increases, the negative effect on the producer decreases (Fig. Bc). For a secretion rate
202 of 4.5amol/h, the loss of siderophores to the neighboring cell at distances larger than
203 10 pm has a negligible effect on the producing cell (Supp. Fig. B3). At the same time,
204 at these distances, the nonproducing cell is able to take up almost equivalent levels
205 Of iron as the secreting cell (Fig. Bd). Thus, siderophores can efficiently be taken up

206 by the neighboring cell at a very low cost to the producer, because the non-producer
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207 benefits from the siderophores that would likely be lost to the producer anyway. Iron
208 aggregation has a strong influence only in one aspect: The nonproducing cell, even if
200 located at large distances from the producer, can still benefit from the siderophores,
300 however only if iron is aggregated. If iron is highly dissolved, most chelates are
501 produced close to the cell (Supp. Fig. B1) and are rapidly taken up by the producer,
302 such that the nonproducing cell is only able to take up a fraction of the iron relative
303 to the producing cell (Fig. Bd).

304 Since the benefits of siderophore secretion can be shared with neighboring cells
s0s at relatively short distances without additional costs to the producing cell, we next
306 examined how joint secretion may be synergistically beneficial for cells. We measure
307 benefit here as a reduction in the amount of siderophores secreted to achieve uptake
308  of one iron ion. If this value is 1, then there is no net effect of the presence of another
300 cell, and competitive and cooperative effects balance each other. A value larger than
s10 1 indicates that there is a net negative effect due to competition, i.e. cells suffer
s from their neighbors taking up iron-bound siderophores. On the other hand, a value
;12 smaller than 1 means that both cells benefit from the presence of another producer,
s13 because they efficiently share siderophores. As a result, each cell has to secrete fewer
a1 siderophores to take up the same amount of iron. Over a large range of separation
a5 distances (> 10pum for P = 4.5amol/h), cells can share the benefits of secretion
a6 without an additional cost due to competition (blue-green areas in Fig. Be), and
a1z cooperative effects are thus greater than competitive effects. The magnitude of the
a1 synergistic effect, however, depends on the marginal benefit of increased siderophore
310 production rate, i.e. the slope in Fig. @b. For production levels that only result in a
320 small increase in iron uptake, the marginal benefit of an additional producer cell is
s21 small (black areas in Fig. Be), which is the case for iron aggregates of intermediate size.
32 At other conditions, however, there is a strong effect and the amount of siderophores
323 produced for the uptake of 1 iron can be reduced almost twofold.

324 The outcome of social interactions is therefore strongly influenced by the physical
35 properties of iron, in particular the diffusion coefficient. Highly soluble and insoluble
36 iron sources enable synergistic interactions, whereas medium-sized aggregates do not.
327 Overall, we find that at the majority of our conditions, siderophore secretion can lead
328 to synergistic interactions between two neighboring siderophore producing cells. This
39 aids in making the secretion of siderophores a favorable strategy in a wide range of

;30 environments compared to direct uptake (Fig. Bd).
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Figure 5: Effect of two competing cells on each other. a,c,d. Only the secreter produces
siderophores, the non-secreter consumes iron-bound siderophores, but does not contribute to
production. c. The relative increase in the average number of siderophores that need to be
produced to take up one iron, relative to if the secreter was alone, depends on the distance
between the cells. When the two cells are close, the amount of siderophores required increases
almost twofold (orange area). However, when cells are at distances of >30 pum, the secreter does
not need to produce additional siderophores (black area). d. The relative amount of iron acquired
by the non-secreter in the time span the secreter takes up one iron ion is influenced by the cells’
distance. The non-secreter acquires less iron relative to the secreter only for low aggregation
levels and at large distances (purple/yellow area). b,e Both cells produce siderophores. e.
Secreters can increase the uptake rate of a neighboring secreter at no or little additional cost,
provided that the distance between cells is large enough. For low iron aggregation levels, this
reduces the slowdown due to secretion compared to direct uptake (lower blue/green area). For
high aggregation levels, this increases the acceleration of uptake by secreting siderophores. At
intermediate aggregation levels the marginal benefit of producing additional siderophores is small,
though, leading to no benefits or even net costs (black and orange area, respectively).
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= Discussion

332 The ubiquity of bacterial siderophore secretion despite the risk of siderophore loss
;33 and the evolutionary fragility it entails has stimulated a large body of research (Grif-
3¢ fin et al., 2004; Kimmerli & Brown, 2010; Dumas & Kiimmerli, 2012). Here, we
a5 suggest that the release of siderophores is essential for their function, potentially ex-
336 plaining why this uptake strategy is so widespread. We show that low iron solubility,
337 present in many environments, can strongly slow down iron uptake if no siderophores
;38 are released. Secreted siderophores solubilize iron and generate small chelates with
330 significantly increased diffusion speed. However, our results show that secretion of
sa0 siderophores only increases iron acquisition rates when iron aggregates are large, and
a1 is generally not beneficial at high solubility, when aggregates are small.

342 In vertebrate hosts, iron is not aggregated, but solubilized by chelating proteins,
a3 e.g. transferrin or lactoferrin (Baker & Baker, 2005; Gomme et al., 2005). Our results
sas suggest that such environments containing solubilized iron should not be conducive to
a5 siderophore-based iron uptake. However, the chelating host proteins are considerably
a6 larger than siderophores, such that siderophores would still accelerate the diffusion of
a7 iron: Transferrin and lactoferrin have a molar mass of around 79 kilodaltons, whereas
us  the molar mass of siderophores ranges from around 0.1-1.4 kilodaltons (Kiimmerli
sa0 et al., P004). The magnitude of this acceleration will likely be smaller than in en-
30 vironments with poorly soluble iron, potentially explaining why some pathogenic
351 bacteria use receptors for direct uptake of iron-chelate complexes instead of sidero-
32 phores (Braun & Killmann, 1999) and why pathogens can lose siderophore systems
33 during adaptation to the host environment (Andersen et al., 2015; Marvig et al.,
ssa 2014).

355 In our model we have made two assumptions that potentially strongly disfavour
36 a siderophore secretion strategy. First, secreter cells cannot take up iron through
357 direct physical contact. It is likely, however, that siderophore-producing cells are
s able to take up iron that is directly encountered, since bacteria possess several iron
30 uptake systems (Andrews et al., P003; Wandersman & Delepelaire, 2004). In this
360 case, a siderophore producer can take up fast diffusing small iron aggregates as well,
;61 mitigating the negative effects of acquisition slowdown at high iron solubility. Second,
32 we assume that large iron aggregates are immediately taken up by a non-producing cell
363 upon physical encounter. Realistically, cells would need to process the iron aggregates,

364 thus slowing down the direct uptake of large aggregates. By using siderophores, cells
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365 can ‘pre-process’ this iron for fast uptake at a distance from the cell. Since both of
66 these assumptions enhance the benefits of direct uptake we measure in our results,
37 the environments predicted by our model to be conducive to siderophore secretion
368  are likely conservative estimates.

360 Siderophore secretion is often cited as one of the central examples for diffusible
a0 public goods in the study of the evolution of cooperation (Velicer, P003; Griffin et
s al., 2004; Kimmerli et al., 2009; Allen et al., 2013). Secreted molecules, such as
sz siderophores, are at risk of being “stolen” by a cheater genotype that avoids the
373 cost of production, but reaps the benefits. The current consensus is that coopera-
sz tion by means of secreted public goods is stabilized by spatially structured environ-
a5 ments, as this increases the probability of interactions between identical genotypes,
sre  and consequentially decreases the probability of interactions between producers and
sz cheats (Kiimmerli et al., 2009; Nadell et al., 2000; Julou et al., 2003; Allen et al.,
srs 2003). Only few of these studies, however, have considered the process of diffusion
sre - of the public good to the full extent (Vetter et al., T998; Allison, 2005; Folse & Alli-
0 son, 2002; Allen et al., P013; Dobay et al., 2014). More importantly, game-theoretical
ss1  studies mostly model the diffusive public good itself as a carrier of some benefit (Allen
s2 et al., 2013; Dobay et al., 2014). In our study, we consider a more realistic view of
;33 the mechanism of siderophore-based iron uptake. A secreted siderophore per se is
3sa useless to the cell, and any neighbouring cell, until it encounters and chelates iron.
ss A detailed understanding of how the benefit of siderophores, efficient iron uptake,
sss 1s generated, emphasizes the importance of diffusion of siderophores. At low iron
sg7  solubility, secreted siderophores are a means to overcome diffusion limitation, and
38 hence the diffusion away from the producer cell is part of the siderophore’s function.
ss0  Therefore, reduced diffusivity of siderophores (Martinez et al., 2003; Kiimmerli et al.,
s0 P014; Scholz & Greenberg, POTH) can likely stabilize siderophore production in the
s face of the public goods dilemma, but it probably also reduces the efficiency with
302 which siderophores improve iron uptake at low iron solubility.

303 The location of where benefits of siderophores are generated is the result of a com-
304 plex interplay between iron sources and the producer’s location. This is likely to have
305 an effect on the interactions between all types of cells. Therefore, abiotic properties
a6 Of the environment, in this case the diffusivity of iron, can play an important role
307 in social interactions between cells, and need be taken into account when consider-
308 ing cooperative dynamics. The same also applies to other secreted metabolites that

300 interact with large slow substrates, such as chitinases secreted to degrade chitin, or
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a0 other extracellular degrading enzymes (cellulase, exoprotease).

a01 We suggest that when analyzing microbial competition and cooperation it is im-
a2 portant to consider two different length scales: (1) the length of competition, i.e.
a3 the distance between neighboring producers at which they compete for the shared
s Tesource, in this case the iron-bound siderophores; and (2) the length of synergism,
a5 1.e. the distance at which the neighboring producers synergistically utilize the sider-
a6 ophores produced. Our model shows that typically the length scale of competition is
a0z much shorter than the length scale of synergism. This allows neighbouring producer
a8 cells to jointly increase the global siderophore production without paying additional
a0 costs due to competition. Thus, the benefits of siderophore secretion increase with
a0 the number of cells, while the costs per cell stay constant, if the cells are sufficiently
a1 spaced. This could set the basis for successul cooperative interactions in the secretion

a2 of many compounds.
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=~ Methods

2 Direct uptake

a2 In the direct uptake case, iron is taken up when a cell encounters an iron aggregate.
a3 If we assume a spherical cell with radius rz, then the probability that a spherical iron
424 aggregate starting at a distance r from the cell encounters the cell before time ¢ is
a5 just the hitting probability of a random walk (Crank, 1975; Frazier & Alber, 2012),

poalr) = erte (T 20). 2)

a6 with total radius R = rg + rp. and effective diffusion coefficient D = Dg + Dg.. The
w27 diffusion coefficient is, D = kT /67hr, where kp ~ 1.38 x 1072* JK~! is Boltzmann’s

a8 constant, T" = 293 K is ambient temperature, h = 1.003mPa-s is the viscosity of

420 water at ambient temperature, and r is the radius of the spherical particle in meters.
30 By summing the diffusion coefficients to an effective diffusion coefficient, we fix the
an reference frame of the iron particle to the bacterium and subsume the movement of the
432 bacterium into the movement of the iron particle. As a simplification, we assume that
a3z the cell is stationary in space, and thus the effective diffusion coefficient is D ~ Dg..
432 Note that generally iron diffusion is faster than the cell, rg > rg., so that in most
a5 cases D + Dy, = Dp, is an acceptable approximation.

436 The total number of particles that have collided with the bacterium by time t is,
N(t) = / Pea(r) dn(r),
r=R

a7 where dn(r) is the number of particles at a distance r. If the concentration of iron
s is p and the iron particles are equally distributed in space, then dn(r) = p - 47wr? dr.

430 Thus the total number of particles becomes,

" r—R
N(t) =47pR erfc dr.
(£) = dmp [:R (¢4Dt)

a0 We assume that all iron particles are aggregates of size k£ and that the total concen-

a1 tration of iron is pg = k - py, where py is the concentration of particles of size k. The
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a2 number of particles of size k that have collided with the bacterium at time ¢ is,

2R,
N, (t) = t-4dr R Dy [ 1+ ,
k;() Pk T k( m)

ws with Ry = (rg + k'/?rg.) and Dy, = kgT/(67h - k'/3rg.). At best, a bacterium can

aa  completely take up a k-aggregate, such that the total amount of absorbed iron is,

2Ry,
Ii(t) =k Ni(t) =po t - 4R Dy | 1 + ) 3
(0 =k 8(0) = o 05Dy (14 20 ) ®)
a5 Note that the assumption that bacteria can take up complete iron aggregates is equiv-
a6 alent to assuming that the iron is fully dissolved, but that the individual atoms diffuse
a7 with a reduced diffusion coefficient Dy. In this case, the concentration of iron, F(r,t),

ws can be equivalently represented as a spherically symmetrical diffusion process,

OF 10 (, 0F\
o e ( D’“W) =0 @)

ao  with an absorbing boundary at » = Ry, a reservoir at infinity, lim, o F(r,t) = po,
a0 and initial concentration F(r,0) = po. The general equilibrium solution to Eq. @ with
w1 O F(rt) = 0is F(r) = limy_e F(r,t) = py — ¢/r. The constant ¢ is found by the
sz boundary condition at » = Rj. On the one hand we require F'(Ry,t) > 0, and thus
a3 ¢ < Rgpo. On the other hand the iron uptake is limited by the maximal transport

asa rate. The flux across the cell surface is,

DkC
r=Ry Ri ’

J = Dy (aﬁ)

sss and thus the maximal flux for ¢™ = Rypg is J™* = Dypo/ Ry, the same as the
sse  asymptotic limit of Eq. B. We say that the cell is iron-diffusion limited if the maximal

a7 flux is smaller than the maximally possible transport rate, i.e. J™* < « (see Fig. Bb).
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«=s Siderophore-mediated uptake

The iron uptake by a single secreting cell is modelled as a reaction-diffusion process

for free iron, F', unbound siderophores, X, and bound siderophores, Y,

OF

YT Dy V*F — ki F X, (5)

@8—); = DXV2X - /ikFX, (6)
Y

%—t = DyV?Y + k, FX. (7)

When we only consider a single cell, the system is spherically symmetric. Thus the

reaction-diffusion equations become (see also Volker & Wolf-Gladrow, 1999),

OF 10 (,,. OF
o o ( D%) el X, (8)
0X 10 [, 0X
oo ( DXE) — mef X, (9)
oY 10 ([, dY

a0 We assume that the binding affinity is the same for all aggregation levels, kp = kK =
w0 109 M~!s71 and that the diffusion coefficient of free siderophores the same as for iron-
a1 siderophore complexes. Initially, iron is equally distributed in space at a concentration
w2 of F(r,0) = po and there are no siderophores present, X (r,0) = 0. We assume that
a3 the concentration of free and bound siderophores tends to zero far away from the cell,
ase lim, o0 X (r,t) =Y (r,t) = 0, and the concentration of iron is constant far away from
ass  the cell, lim, o, F'(r,t) = po. The uptake rate of iron-siderophore complexes by the

a6 cell is then just equal to the flux of Y at r = Rp,
J = Dx (0,Y(r,t)),—r, »

a7 with a maximal rate of o as in the direct uptake case.
468 To gain some analytical understanding of the equilibrium distributions, we con-

a0 sider some limiting cases of the reaction-diffusion system.

22


https://doi.org/10.1101/093948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/093948; this version posted December 14, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

a0 INo reaction. In absence of any reaction of siderophores with iron, x = 0. In this

ann case the equilibrium solution for the distribution of free siderophores is,

vo- 5B (1),

a2 where P is the excretion rate of siderophores from the cell. Here, R, is the upper

a3 bound of the considered volume. For an open system, R., — oco.

aa Large aggregation. When the level of aggregation is large, then the diffusion
a5 of free iron is much slower than the diffusion of free siderophores. But since the
aze  concentration of siderophores decreases with distance from the cell as a consequence
a7z of the spherical dilution, there exists a boundary at » = R*, where the influx of free
a7s siderophores completely reacts with the influx of free iron.

a79 Let AX = ¢x At and AF = ¢rAt be the amount of X and F' that enters a finite
as0  small volume during time At¢. Then the amount that reacts will be AY = kAFAX.
a1 We are interested in the case where the all iron AF reacts with all siderophores

w2 AX, kAXAF = AF and kEAXAF = AX, and hence, AF = AX, or, |[px(R*)| =
ws |orp(RY)].

a8a Iron diffuses to » = R* from above, and siderophores diffuse to r = R* from
a5 below. Thus for r < R*, the distribution of free siderophores follows Equation ()
s with R, = R*. Equivalently, the distribution of iron for » > R* follows that of freely
a7 diffusing iron, F'(r) = po (1 — R*/r). The fluxes are then,

PR?
¢X (T) = rQB )
488 and,
DppoR
or(r) = — Fgo
r
a0 These are equal at,
PR?
R = DF;. (12)

a0 This defines a boundary at a distance r = R* from the cell. Below this radius there
a1 are enough siderophores to bind all free iron and thus there is no free iron. Above this
a2 radius, all the siderophores have been bound. Hence at equilibrium, siderophore-iron

a3 complexes are only produced at this radius.
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404 The distribution of siderophore-iron complexes above r = R* then is,
PR?
YH(r)=—2L.
(r) Dor
ss Belowr=R* Y (r)=Y* 11—_R}ZB/g*’ where Y* = Y*(R,) = poDr/Dx,
_ D PR
Vo) = poE B R,

Dx PRg — Dppg
a6 Finally, this results in a flux at the cell of,

poDp

Jy = )
Y RB—DFp()/P

(13)

a7 This converges to the maximal direct uptake flux, J = poDp/Rp, for secretion rates
aws P> Dppy.

Fast diffusion. If the diffusion speed of free iron is fast compared to the reaction
speed of siderophores, then the background concentration of free iron can be assumed

constant. The reaction-diffusion equations then become,

X 10 ([, 08X
W_EE(TDXE)_“OX’

ay 10 oY
ot r20r

with kg = kpg. The equilibrium solutions to these equations for boundary conditions
lim, 00 X(r) = lim, oo =0, ¢x(Rp) = —Dx0,X(r = Rg) = P and Y(Rp) = 0 is
(see Volker & Wolf-Gladrow, [999),

PR2 ¢ (r—EB)/L —(r—Rp)/L
X(r) =521 =X

Dx’)“ 1—|—RB/L 1—|—RB/L

PR2 1 — e (r—RB)/L 1 — ¢~ (r=RB)/L
Y(r)==28-"° ‘

Dxr 1+ Rp/L T RL

a0 Here, L = \/Dx /Ky is the characteristic diffusion-reaction length of siderophores with

soo the background iron. The derivative of Y is,

vy PR 1 e~ (r=Ea)/L
or  Dx(1+Rg/L)r \_ r L


https://doi.org/10.1101/093948
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/093948; this version posted December 14, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

so. Hence, as derived in (Volker & Wolf-Gladrow, 1999), the maximum iron uptake rate

502 1S,
PRp
Rp) = ——F—, 14
Ov(Bp) = 7 Ry (14)
sos and the peak in the distribution is at a distance r, where
yeltB/l=y — 1, y=r/L+1 (15)

s« Numerical integration of the partial differential equations

sos  With exception of the single cell direct uptake case, no analytical solutions to the
sos reaction-diffusion equations are available. We therefore numerically integrated the
so7 equations using a finite elements approach implemented in the FEniCS project version
sos 1.6 (Logg et al., P012). The FEniCS software suite uses the variational formulation
soo  of the PDEs on meshes.

s10 Single cell. For the single cell case, we exploited the spherical symmetry and used
s a linear expanding mesh between Rp = 1 pum and R, = 10m, and m = 400 mesh

si2 intervals,
iAT — RB

4
m) , i €[0,m],

Ti:RB—F(ROO—RB)(

s13. where Ar = (Ro — Rp)/m. We solved the PDEs over discrete increasing time steps,
sie with Atg = 107*s and At;,; = 1.2A¢;, with a maximum time step of 1000s (see also

s15 Supplementary Information).

Two cells. In the two cell case, the system only has cylindrical symmetric along

the axis that connects the two cells,

oF 10 oF O*F
o " ror (TDF§> +Prga — R
oxX 10 0X 0?X
5= o (Dxy )+ Dx e,
aY 10 oY %Y
o ror (T“%) T Pxga TR

sis - We generated 2D (z,7)-meshes using the following procedure: We first created a
si7 circular domain of radius p; = 100 um. We then removed two circular ‘cells’, with

sie radius Rp and varying distance d from each other, from the domain. The domain

25
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s10 - was then converted to a mesh using FEniCS with a mesh size of 10, and subsequently
s20 refining all mesh elements within the circle p = p; /2. The mesh was finally expanded
s to a full radius of p,, = 0.1 m, by adding concentric circles of ms = 24 mesh points at
s22 increasing radii p;+1 = p;(1+427/my). Finally, we integrated the 2D reaction-diffusion
523 equations using an increasing time step, Aty = 107%s and At;,; = 1.2A¢;, with a

s« maximum time step of 1000s.
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« Benefits of siderophore release lie in medi-
« ating diffusion limitation at low iron solu-
« bility:
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s A  Variational formulation of the reaction-diffusion

50 problem

es1  We numerically integrate the reaction-diffusion equations for the two cell case using
62 FEnNiCS 1.6.0 (Alnees et al., P01H). In order to solve the time dependent problem, we
e63 use a finite differences approximation for the time dimension, and solve the variational
ssa formulation at each time step using the finite element method. For completeness, we

ees here briefly reiterate the formulation of the time-dependent variational formulation.

sss Variational formulation for the stationary problem. The finite element method
67 uses the weak variational formulation of the system of partial differential equations of
sss the reaction-diffusion system. Briefly, a PDE for the function u(r, z) with cylindrical

sso symmetry defined on (r, z) € € of the form,

0 ou 0%u
—E (TDE> +TD@ = T’f(u>,

e70 is multiplied by a test function v(r, z) and integrated over (2,

—/QV'(TDVu)vdx:/Q'r’fvdw-

enn The left hand side can be integrated by parts, and by forcing v = 0 on the bound-
o2 aries where u is known. The cylindrically symmetrical problem stated in the weak

e73 variational formalism is thus,

/rDVu~Vvdx:/vadx.
Q

Q

e7a Equivalently, for a spherically symmetric problem,

/ r?DVu-Vvdr = / r? fudx.

Q Q

ers  Variational formulation time-dependent problem. Here we use the standard
ers finite difference discretization of the time derivative, such that dyu ~ (u®) —u*=1))/At.

67z The time dependent PDE equation becomes,

ou  uF) — k=1

ou B L (D T
5 Y rf 4+ V- (rDVu'™)
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ere  We then iterate along the finite differences by successively solving the following equa-

e7o tion using finite elements for a known w1,

/ {u®v® £ AtrDVu® . Vo) dr = / {u* D + AtrfFo® dz} da.
Q Q

« B The spatio-temporal effects of siderophore secre-

o1 tion on the distribution of iron in space

ss2 Strong temporal dynamics become visible when quantifying the radial distributions
es3 of iron, siderophores and bound iron over time for aggregates of different sizes in
esa the presence of secreted siderophores (Fig. B1). As soon as the cell begins to secrete
ess siderophores, the iron close to the cell is quickly bound and depleted, and the iron-
sss siderophore complexes are subsequently taken up by the cell with a high probability.
es7 1f iron is soluble (k = 1) then the diffusion speed is maximal and the bound free iron
sss close to the cell is quickly replenished by new iron diffusing towards the cell from a
eso distance. Therefore, the iron concentration close to the cell is roughly the same as
soo the background level (Fig. Blla). New siderophores thus quickly encounter free iron
s1 to bind, which can then be taken up by the cell, resulting in a high concentration of
sz bound iron-siderophore complexes close to the cell (see Methods, Eq. [3). The cell is
03 thus transport- and not diffusion-limited. In this fast diffusion limit the background
s04 concentration of iron is almost constant, and the iron uptake rate is primarily deter-
sos mined by the secretion rate of siderophores (see Methods and Vélker & Wolf-Gladrow,
s0s [1999).

697 At higher aggregation levels, though, fresh iron diffuses towards the cell more
s0s slowly, eventually resulting in a total depletion of free iron close to the cell (Fig. §Ib,c).
s00 At the same time, free siderophores diffuse away from the cell and a ‘hot-spot’ for
700 the formation of bound siderophores builds up at a certain distance from the cell,
701 resulting in a traveling peak in the distribution of bound iron over time (Fig. §lb,c).
702 As bound iron is either taken up by the cell or diffuses away, this peak eventually
703 flattens out over time and moves away from the cell to a final distance R* (dashed
70a lines in Fig. B, see Methods, Eq. [2). The distribution of bound iron thus approaches
705 a lower equilibrium level. Within this boundary, » < R*, the concentration of free
706 iron is zero, i.e. close to the cell all nonchelated iron is completely depleted. At

707 the boundary, r = R*, the influx of free siderophores is perfectly balanced by the
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708 influx of free iron. Thus, beyond the boundary, r > R*, the concentration of free
700 siderophores is zero. Hence, siderophore-iron complexes are only produced on the
70 boundary r = R*. This defines a ‘sphere of influence’, R*, which depends on the
11 degree of iron aggregation. For large k, it can reach up to 1 mm, i.e. secreting cells
712 create a large region where no unchelated, free iron is available. The physicochemical
n13 properties of iron thus play an important role in determining the degree to which
na  bacteria influence and modify their environment when secreting siderophores. In such
715 regions where only siderophore-bound iron is present, other bacteria that are not able

716 to access chelated iron could have competitive disadvantages (Fgaier & Eberl, 2OT0).

«~ C  Comparing the effects of bacterial motility and

- siderophore secretion on iron uptake

70 Increased diffusion. In the first model of contact-dependent iron uptake, the cell
720 was assumed to be nonmotile. Alternatively to secreting siderophores, the cell could
71 also increase its own diffusion coefficient, Dg, and be motile. Potentially, if the cell
722 moves, the chance of iron uptake upon direct encounter could be enhanced. We tested
723 this by including a term for cell motility and measuring iron uptake in a cell relying
72 on direct physical contact with iron sources. The direct uptake rate is approximately
725 constant after a short initial phase and is mostly limited by the diffusion coefficient

726 of the iron aggregates, Dy, rather than the diffusion coefficient of the cell, Dp,
J =~ (DB + Dk)PO/RB-

727 Figure B3 shows the relative increase in the diffusion coefficient the cell would need
78 to achieve in order to equal the uptake rate of the secreter. Already for moderate
70 aggregation levels of > 105, the cell would need to increase its diffusion coefficient
730 over 100-fold for secretion rates of 1amol/s upwards. If we use the expression for

731 diffusion due to motility (Dusenbery, 2009),

2 2,2
v: drzu

Dm = - )
6Dgr 6Dgr
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732 where v is the velocity and v = v/2rp the relative velocity of a sphere with radius

733 rpg, and Dpg is the rotational diffusion coefficient,

kT

- 8whrd,’

Dgr

73¢  then the relative diffusion coefficient is

D 7h \2
=32 —— | 7%u*
Dy (k:BT) i

735 The required relative swimming speed required to gain an 100- or 500-fold increase in
736 the diffusion coefficient would then be u = 2.27lengths/s and 5.07 lengths/s, respec-

737 tively, or a speed of around 5 — 10 um/s.

= D lron uptake competition

739 Once secreted siderophores encounter and bind iron, the chelates must successfully
70 return to cell via diffusion. For a single cell, this process can be modelled by diffusion
71 around a spherical sink. We generally know the probability that a chelate arrives at
722 the cell, i.e. the hitting probability of a small diffusing particle starting at a distance r
743 on a sphere with radius R. In one or two dimensions, p; = 1, but in three dimensions
s p1 &~ R/r. We are interested in the probability that a chelate is ‘stolen’ from a cell
s A by a cell B, i.e. the fraction of trajectories from the initial position O to A that
76 pass through B. We can decompose the probability that the chelate arrives at A into
a7 direct paths, that do not pass through B, and indirect paths, that pass through B,

Pr(0 — A) = Pr(0 — A\B) + Pr(0 — B\A) Pr(B — A).

228 Let p; = R/r =~ Pr(0 — A) be the hitting probability for a particle starting at a large
720 distance r and b = Pr(0 — A\B) be the probability of arriving at A by avoiding a cell
70 B at a distance d (which is approximately the same as arriving at B by avoiding A
71 for r > d). Let ¢ = R/d ~ Pr(B — A) be the hitting probability of A when starting
72 at B (or of B when starting at A). Thus, p; = b(1+¢), and hence b = p; /(1 +¢). The
753 fraction of chelates that would arrive at A by first passing through B is thus,

Pr(0 — B\A)Pr(B — A) c

f2 = Pr(0 — A) T l+c (16)
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75« In three dimensions, for two cells at a distance d, ¢ ~ Rp/d. Thus, for an immediately
75 neighbouring cell, d — Rp, ¢ — 1 and f, = 1/2, such that half of the chelates are
76 stolen by B. However for cells that are sufficiently far apart, d > R and ¢ < 1, such
757 that fo & ¢ and the cell de facto no longer feels the competition of the other cell. In
78 one or two dimensions, however, ¢ = 1 for all distances and hence the competition is

759 always 1 / 2.
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Figure S1: Radial distribution of free iron, free siderophores and iron-siderophore com-
plexes over time. The figure columns correspond to different values of iron aggregation, with
each aggregate containing k iron ions. The intensity of the color indicates the time. The vertical
dashed grey lines show the large-k approximation of the peak iron-siderophore distribution R*
and the shaded areas show the large-k approximation of the equilibrium distributions. At high
k, the free iron close to the cell is bound by secreted siderophores and depleted. For very large
k, the concentration at the cell surface drops to zero. The distribution of free siderophores
quickly approach their equilibrium distribution, which is close to the distribution of siderophores
in absence of iron. As the iron within the boundary R* is slowly depleted, the concentration
of iron-siderophore complexes first increases to high levels, before flattening out to its equilib-
rium distribution, where most new iron-siderophore complexes are produced at a distance R*.
This equilibrium distribution, however, is only reached after a considerable time (> 1 month for
k = 10°). See also Fig. B2 for k = 10%,10%, 101°.
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Figure S2: Radial distribution of free iron, free siderophores and iron-siderophore com-
plexes over time (continued).
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Figure S3: Relative diffusion coefficient required by a cell to achieve an equivalent
increase in iron uptake as siderophore secretion.
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Figure S4: Example mesh used in the 2D numerical integration scheme. The cylindrical
symmetry of two cells can be exploited to only solve the reaction-diffusion equations in two
dimensions. The large length scale differences between cell spacing and siderophore diffusion
require the use of an expanding mesh. A local for r < 0.1 mm was mesh was created and refined
using the mesh generation routines in FEniCS (Alnaes et al., PUT5). For r > 0.1 mm a regular
circular expanding mesh was added to the local mesh.
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Figure S5: The fraction of iron that is stolen by a neighboring cell depends on the
distance between cells. The approximation for the fraction of iron that is stolen by a neighbor
at a distance d (black line) is in excellent agreement with the numerical solutions at different
aggregation levels (colored points). The color scale is the same as in Fig. B.
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