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The ecological and evolutionary dynamics of populations are
shaped by the strategies they use to produce and use resources.
However, our understanding of the interplay between the
genetic, behavioral, and environmental factors driving these
strategies is limited. Here, we report on a Caenorhabditis elegans-
Escherichia coli (worm-bacteria) experimental system in which
the worm-foraging behavior leads to a redistribution of the
bacterial food source, resulting in a growth advantage for both
organisms, similar to that achieved via farming. We show exper-
imentally and theoretically that the increased resource growth
represents a public good that can benefit all other consumers,
regardless of whether or not they are producers. Mutant worms
that cannot farm bacteria benefit from farming by other worms
in direct proportion to the fraction of farmers in the worm pop-
ulation. The farming behavior can therefore be exploited if it
is associated with either energetic or survival costs. However,
when the individuals compete for resources with their own type,
these costs can result in an increased population density. Alto-
gether, our findings reveal a previously unrecognized mechanism
of public good production resulting from the foraging behavior of
C. elegans, which has important population-level consequences.
This powerful system may provide broad insight into exploration-
exploitation tradeoffs, the resultant ecoevolutionary dynamics,
and the underlying genetic and neurobehavioral driving forces of
multispecies interactions.
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he fitness of an organism is affected by its strategies to pro-
duce, explore, and exploit resources (1, 2). These strategies
are influenced, in large part, by interdependencies among organ-
isms, such as competition, predation (3, 4), mutualism (5-7), or
the production of public good resources (8-10). Despite the wide
prevalence of such interactions in nature as well as numerous
theoretical and empirical studies, we are still limited in our mech-
anistic understanding of the interplay between different survival
strategies, the resultant evolutionary dynamics and the underly-
ing genetic, neurobehavioral, and ecological driving forces. In
this pursuit, model systems in the laboratory have served as a
useful bridge between the complexity of nature and the simpli-
fications inherent in theoretical investigations. Such model sys-
tems have predominantly been either microbial (11, 12) or higher
organisms, such as primates and humans (13-16). Microbial sys-
tems are very convenient due to their genetic tractability and
short generation times but are limited in the space of behavioral
traits they exhibit. At the other extreme, higher organisms exhibit
rich neurobehavioral and genetic traits, but they are difficult to
experimentally manipulate and generation times are very long.
Recently, organisms such as the nematode worm Caenorhab-
ditis elegans and the fruit fly Drosophila melanogaster have been
increasingly used in evolutionary and behavioral studies (17-19).
These organisms demonstrate complex behavior and yet retain
experimental tractability due to their extensive development as
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model systems in neurobiology and genetics. The C. elegans
worms, in particular, are amenable to experimental tracking of
large populations and multiple generations at high resolution
(20-23), which has made them one of the most widely used model
organisms in behavioral, genetic, and neurobiological studies.
The ecological and evolutionary backgrounds of C. elegans,
however, have remained unclear for a long time, and only
recently have insights into the organism’s natural habitat begun
to be uncovered. Contrary to the common perception that it is
a soil nematode, C. elegans is primarily a colonizer of microbe-
rich habitats including decaying organic matter where resources
are finite and are quickly depleted (24, 25). C. elegans popu-
lations are characterized by a rich set of ecological dynamics:
(f) a boom and bust population dynamics due to ephemeral
resources (26), self-fertilization (27), and dauer developmental
stages (28); (i) dispersal and migration by various means (26);
(#if) competition (26, 29, 30); and even (iv) host—microbe inter-
actions (24, 25, 30, 31). Such a lifestyle is naturally tied with the
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movement patterns of the worms through the complex environ-
ments where they dwell. In the laboratory, the foraging strate-
gies of C. elegans, which are a key determinant of their fitness,
are influenced both by the distribution and quality of resources
(32) and by the presence of competitors (33), whether they
are of the same or different genotypes, a scenario that likely
results from local genetic diversity induced by worm movement
(25). Therefore, C. elegans is an ideal model organism to study
the interplay between ecology (resource distribution, inter and
intraspecies interactions) and behavior (e.g., foraging strategies,
public goods production) and to explore the genetic and neural
circuits responsible for integrating ecological information. How-
ever, the potential for exploring these areas using C. elegans pop-
ulations remains largely untapped.

Here, we use the C. elegans—bacteria (E. coli) system to study
the emergent population dynamics of each species. C. elegans
feed on bacteria and persistently forage for new bacterial food
sources. Using both experimental and theoretical approaches, we
uncover a relationship between foraging and a hitherto unrecog-
nized mechanism of public goods production. This production of
public goods leads to a long-term fitness advantage for both the
worms and the bacteria, but one that can easily be exploited by
nonproducing types.

Results and Discussion

Our experimental setup comprises a homogeneous surface con-
taining nutrients for bacterial (E. coli) growth; C. elegans can
dwell and feed on the growing bacteria or they can forage about
the surface by crawling, their predominant form of motility. At
the start of an experiment, an individual N2 (laboratory “wild

type”) worm is placed near a circular patch of bacteria growing
at the center of a nutrient agar-filled Petri dish. As the experi-
ment progresses, new bacterial colonies appear, both as discrete
new patches or as continuous trails leading away from the initial
patch (Fig. 14). Because the bacterial strain we use is nonmotile,
the worm’s movement within and outside of the initial patch of
bacteria (34, 35) is responsible for redistributing the bacterial
resource.

In our experiment, the entire homogeneous agar surface is
available for the worms to explore. Worms that have been feed-
ing on fluorescent bacteria reveal two mechanisms for the for-
mation of new bacterial colonies. Bacterial food is propelled
through the worm digestive system, and undigested material is
excreted (36). Thus, while locomoting, worms may defecate undi-
gested bacteria as illustrated in Fig. 1B (also see Movie S1),
which can eventually grow into larger bacterial colonies. A sec-
ond and much more prevalent source of bacterial dispersal arises
from adhesion of the bacteria to the surface of the worm body.
When the worm moves out of a dense bacterial colony, some
bacteria hitchhike on the worm’s surface and are sloughed off
through fluid entrainment as the worm crawls around its arena
(Fig. 1C; also see Movie S2); these bacteria then also grow into
colonies. Redistributed colonies represent a new food resource,
which can be revisited and used by the worms (Fig. 1D). The
dynamics are not unique to flat Petri-dish surfaces but also occur
in native environments such as rotting fruit (Fig. 1E) and 3D
porous soil (Fig. 1F).

Farming of Bacteria by the C. elegans Worms. The bacterial redis-
tribution has consequences for the population dynamics of both

Fig. 1.

Redistribution and growth of E. coli bacteria due to locomotion of C. elegans. (A) Trails and patches of bacteria are found away from an initial

circular patch (red dashed circle) of bacterial inoculation in which a single worm is placed. The image is taken 4 d after seeding of a bacterial patch with
a worm. The bacterial redistribution is due to two main mechanisms: defecation of ingested bacteria (white arrow points to red “feces”) by the worm (B)
and entrainment of the bacteria (red) in the wake of the locomoting worm (white arrow shows direction of motion) (C). (D) Worms revisit and colonize
the redistributed, growing bacterial patches. Worms disperse bacteria in natural settings such as rotting fruit (E) and soil-like porous medium (F). Arrows
indicate initial chunk of worms and bacteria. (Scale bars: A, E, and F, 1 cm; B-D, 500 um.)
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bacteria and worms, which we explore via experiments and math-
ematical modeling. We first sought to examine how the popu-
lation dynamics are impacted when we limit the ability of the
worms to redistribute bacteria. We take advantage of the genetic
tractability of this system by using worms with a mutation in
the srf-3 gene, which causes altered body surface properties that
reduce surface adhesion by bacteria (37, 38). The exploratory
behavior of srf-3 mutants is comparable to that of the N2 worms
(SI Appendix, Fig. S1), but they do not cause significant bacte-
rial dispersal (Fig. 24). By dispersing bacteria from a single large
patch into several smaller patches, N2 worms decrease the den-
sity of the bacterial colonies. Smaller, less dense patches of bac-
teria grow faster than large, denser patches due to an increased
availability of local nutrients on the agar surface (SI Appendix,
Fig. S2). Thus, bacterial dispersal by N2 worms, but not by the
srf-3 mutant, results in an increase in the overall population
growth rate of the bacteria (Fig. 2B). This difference in their abil-
ity to disperse their bacterial resource has a significant impact on
worm population dynamics; under identical initial conditions, the
N2 population grew larger than that of the srf-3 worms (Fig. 2C;
brood sizes of both worm types are comparable as shown in S/
Appendix, Fig. S3).

This behavior appears to reflect a type of “bacterial farm-
ing,” whereby the consumer (worm) benefits from increasing its
food resource (bacteria) by facilitating the bacteria’s access to
a third resource, the agar nutrients. To test this idea, we asked
whether increasing the Petri dish size—and thus increasing the
local availability of agar nutrients—would increase worm pro-
liferation. Keeping the size of the initial bacterial seed colony
constant and with saturated concentrations of bacterial nutri-
ents in the agar (SI Appendix, Fig. S4), increasing dish size up
to a critical radius of 7.5 cm had little effect on the srf-3 popula-
tion, while having a dramatic positive effect—more than twofold
increase with the available exploration area—on the N2 popula-

120 h

>

N2

N
=
>
~
N
>

™

T

(7))
=) —
2 © N2(R=45cm) «:c 25
[=) H- sr-3(R=4.5¢cm) -
<) X
> 15 =2
2 c
] 0
& T 15 I
3 2
8 o 1
9 o5 Q
8 £
©
Q. S 05

60 80 100 120 3
time (hours) 0 N2 srf-3

Fig. 2. Farming confers a population growth advantage. (A) N2 worms
redistribute bacteria, whereas srf-3 mutants do not. (Scale bar: 1 cm.) (B)
Bacterial density on plates (R = 4.5 cm) with N2 (blue circles, n = 4) and srf-3
(red squares, n = 4). (C) The population sizes of N2 worms and the mutant
type srf-3 worms 144 h after the start of the experiment for the same initial
conditions.
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tion (Fig. 3). This difference between N2 and srf-3 worms occurs
despite the fact that both worm types engage in similar space
exploration strategies (SI Appendix, Fig. S1). Moreover, upon
artificial dispersal of bacteria into multiple patches, both worms
are found to exhibit a similar up-regulation of their reproduc-
tion in response to the increased food availability (Fig. 34, Inset).
These results suggest that the N2 behavior seen in Fig. 3 does
indeed represent a type of farming. Beyond the critical plate size,
although N2 populations remained larger than srf-3 ones, both
srf-3 and N2 population sizes decreased with plate size, which
may reflect a decreased birth rate associated with long-distance
exploration.

Mathematical Model. To understand the farming behavior, we
constructed a theoretical model that allowed us to test the pro-
posed farming mechanism but also to explore further scenar-
ios of interest and make testable predictions. To retain the sim-
plicity and versatility of the model, we sacrificed complex and
little-understood details related to spatial movement, such as
the use of memory, and instead captured the relevant qualita-
tive behavior implicitly via physically and experimentally moti-
vated assumptions. The model consists of age-structured, spa-
tially implicit ordinary differential equations that capture the
population dynamics of the worms and the impact of their for-
aging behaviors on bacterial dynamics (the text in SI Appendix
and SI Appendix, Figs. S5-S9). Because the feeding and farming
behaviors of the worms affect the area and density of bacteria
in ways that cannot be captured by the total number of bacte-
ria alone, we characterize the bacteria via their spatial distribu-
tion (captured by area, Ap) and via their density p, assumed to
be homogeneous but time-dependent. In the absence of worms,
both area and density grow logistically. The worm population is
age-structured into four stages: eggs, sexually immature, mature,
and infertile worms. Eggs hatch at a fixed rate to become imma-
ture worms, which then progress through the three stages of
their adult life cycle at a rate proportional to the amount of
bacteria consumed. As the bacteria get depleted, their density
decreases, whereas their area is preserved, an assumption sup-
ported visually by experiments (Fig. 24). Worms feed according
to a Holling’s type II form, F'(Ag, p, R), featuring an encounter
rate between worms and bacteria. To capture this behavior in a
spatially implicit way we let the encounter rate, ¥)(Ag, R), be a
function of bacterial area and plate radius, R: the more bacteria
relative to the size of the plate, the higher the encounter rate:

cy(As, R)pAs

F(Aij7R):1+C'l/)(AB,R)pAB7 [1]
—mR?
¥(Ap, R) = exp oAs ) 2]

The parameter c controls how quickly the feeding rate
increases in response to increased bacteria, whereas the parame-
ter o controls how quickly the encounter rate declines with plate
size. In reality, the encounter rate between worms and bacteria
depends on a range of C. elegans characteristics, including their
exploration—exploitation strategies, foraging behavior, and mem-
ory. In our simplified model, we propose the phenomenological
form above for ¢(Ap, R) to capture the experimental observa-
tion that the mean feeding/reproductive rate decreases with large
plate sizes (Fig. 3).

Farmers increase the spatial distribution of the bacteria, thus
simultaneously decreasing its density. The rate of bacterial
spreading is proportional to the amount of free space on the
plate, the density of the bacteria, and the encounter rate:

S(B,R) = sih(Ap, R)p(nR* — Ap). [3]
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size is increased.

Nonfarmers do not spread bacteria and, hence, s =0. We are
able to derive experimentally the majority of our parameters
(the text in SI Appendix and SI Appendix, Table S1). The only
free parameters pertain to the worm spatial feeding behavior (¢
and o) and, in the case of the farmer, the spreading behavior, s.
Despite its simplicity and low-dimensionality, our model robustly
recapitulates qualitatively (with fourfold quantitative difference)
the complex population dynamics of the worms and bacteria
(Fig. 3, SI Appendix, Figs. S5-S6, and Movies S3 and S4). A
further simplified version of this model that ignores the age
structure of the worm population also recapitulates the dynam-
ics qualitatively, showing the robustness of our physically moti-
vated assumptions, but does so at the expense of having more
free parameters and a worse quantitative fit (see ST Appendix and
Movie S5 for details).

Redistributed Bacteria Is a Potentially Costly Public Good. Despite
the inability of s7f-3 worms to farm, if a mixed population includes
N2 worms that farm and therefore increase the bacterial resource,
all worms may be able to take advantage of it. To experimentally
test this hypothesis, we competed mixed populations containing
both worm types, starting with varying initial ratios of farmer
(N2) to nonfarmer (srf-3). We found that both phenotypes equally
share the farming-increased resource, and the benefits scale lin-
early with the proportion of farmers (Fig. 44). This result shows
that the farming of bacteria by N2 worms is a public good and
that on agar plates there is no significant spatial clustering that
would cause the public good to be mostly shared with kin. Given
the small difference in the benefit gained by the farming and non-
farming populations, this public good appears to be generated
with negligible additional metabolic cost to the farmers.
Although we are unable to detect significant fitness costs
incurred by N2 farmers compared with the srf-3 nonfarmers,
costs associated with public goods production are likely to occur
in nature and can strongly impact the evolutionary dynamics
of mixed populations of producers and nonproducers. In our
system, there are at least two ways in which costs may arise.
First, although prolonged exposure to E. coli does not appear
to be harmful for the worms, other types of bacteria commonly
found in nature are highly pathogenic to the worm (37, 38).
Consequently, bacterial entrainment arising from worm sticki-
ness could increase this pathogenicity, whereas the nonstickiness
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of the srf-3 worms could confer resistance to pathogenic bacte-
ria (37, 38). Second, metabolic costs associated with foraging are
known to occur and mutants adopting different foraging strate-
gies will necessarily incur different costs.

We use our mathematical model to explore the public good
production and the effects of possible costs on the worm popu-
lation dynamics. If there is no cost to farming, farmers and non-
farmers perform equally well in mixed cultures, consistent with
our experimental findings (Fig. 4 A-C). However, we find sig-
nificant difference in performance in two competition scenar-
ios: between farmers and nonfarmers when the farmers pay
an increased mortality cost due to bacterial pathogenicity (sce-
nario 1) and between two farmers with different foraging behav-
iors (scenario 2); a more efficient forager that can find bacteria
quickly but at a higher cost to its reproduction and a slower for-
ager that incurs a lower reproductive cost. As expected, in sce-
nario 1, we find that farmers that pay a mortality cost are worse
off, whereas nonfarmers are better off (Fig. 4D and SI Appendix,
Fig. S10). In scenario 2, depending on the magnitude of the cost,
better-foraging farmers can perform worse in competition with
the poorer foragers (SI Appendix, Figs. S11 and S12). These out-
comes may change however in a spatially structured environment
where worm movement is limited (e.g., soil), and the public good
is mainly available to related individuals (6, 39). Interestingly,
we found that when the composition of the population is homo-
geneous (i.e., comprising only a single phenotype), farmers that
pay a cost either to mortality (Fig. 4E) or to reproduction (S/
Appendix, Figs. S10 and S12) reach higher population densities
than farmers that pay lower or no cost. This counterintuitive
result stems from the fact that increased worm mortality or low-
ered worm reproduction can reduce the pressure on the bacterial
resource and in turn lead to higher worm growth in the long term.
Thus, although a cost makes farmers vulnerable to exploitation
in mixed cultures, it leads to higher population densities if inter-
actions are clonal, which reinforces the importance of spatially
structured environments with limited dispersal in shaping C. ele-
gans behavior.

Conclusions

We have shown that C. elegans worms engage in a primitive
form of farming of the bacterial resource that they feed on.
The farming is brought about by the redistribution of bacteria

Thutupalli et al.
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by foraging worms, resulting in an increased amount of bacte- role of farming in driving and shaping the evolutionary dynam-
ria, which can be exploited by nonproducers. This form of pub- ics of foraging. In addition, the microbial populations on which
lic goods production, which may be incidental to the foraging the worms feed are redistributed through the ecological land-
behavior of the worms, is qualitatively different from situations  scape, which affects the composition of microbial communities
in which the good production is associated only with the explicit  and their relationships and interactions. Altogether, these effects
metabolic cost of chemical synthesis of the good, a mechanism  will shape the local microbial and worm ecologies in ways that
often at play in microbial systems (6, 8-10), which lack complex  significantly affect their dynamics. Although further investiga-
behaviors. In contrast, the mechanism of public goods pro- tionsare needed to determine the impact of such dynamics in the
duction that we describe here could be associated with neu-  wild, this incidental dropping of “resource seeds” is remarkably
robehavioral traits, such as exploration—exploitation strategies  similar to the early stages of human agriculture during which “...
(18, 19, 29, 40-42) or the use of spatial memory (42, 43), in addi-  people who gathered [wheat] grains carried them back to their
tion to potential metabolic costs associated with carrying the bac-  temporary campsites for processing...some of them inevitably
teria (37, 38). Moreover, C. elegans also appear to be capable fell on the way to the campsite and were lost. Over time, more
of dispersing Dictyostelium discoideum spores (44), another food and more wheat grew along favorite human trails and near
source; given that D. discoideum themselves farm bacteria (7), campsites” (52).
we anticipate a rich set of multitrophic level dynamics and niche
pgrtitioning to emerge in multispecies interactions involv.ing the Materials and Methods
kind of effects that we have uncovered here. More specifically,
thesc? previously upobserved effects of worm-foraglng behavior (srf-3 (yj10)) (mutant type) were obtained from the Caenorhabditis Genet-
are llkf:ly to have SIgnlﬁcant.consequences for exper}mental work ics Center (CGC) and maintained on standard nematode growth medium
involving C. elegans populations; even the most routine aspects of  (ygwm) plates supplemented with ampicillin and seeded with OP50-GFP
worm maintenance in the laboratory are likely to be affected by £ coli (GFP plasmid pFVP25.1 with ampicillin resistance) also obtained
these dynamics. from the CGC. For competition experiments, CPB089 (Pdao5:dao5:GFP), with
The dynamics in our system have a striking similarity to a  the same brood size as N2 worms, generated in house by CRISPR tech-
range of Spreading processes in nature such as the dispersal of nology, was used as a substitute. For all experiments, 20 uL of bacteria
seeds or the carrying of commensal infectious agents by mobile ~ at ODsoo =2.0 per worm were seeded on NGM plates of the appropri-
vectors (14, 45, 46). Empirical data in these cases are limited, ate size. Worms were age-synchronized by _bleachmg and |nd|V|.duaI .Iar-
and even when available, the data are observational rather than val stage 4 (L4) worms were placed onto dishes of the appropriate size.
. . . Brood size was quantified by counting the number of embryos laid in
experimental. Moreover, in pI‘(?CGSSGS Sl.wh as the dispersal of 24-h intervals by age-synchronized worms on standard NGM plates, at which
seeds (46), the benefit to the disperser likely occurs on a much  iime worms were moved to a fresh dish. ODggo shown in Fig. 2 was measured
longer time scale compared with the benefit accrued by the dis-  ysing a NanoDrop (Thermoscientific) by washing each plate with the same
persed. In contrast, the impact of the bacterial redistribution  volume of M9 buffer.
reported here occurs on a fast time scale, with effects similar to
those of farming in other organisms (7, 47—51)- This characteris- Imaging. To image entire Petri dish surfaces such as in Fig. 1A, we used a
tic allows for experimental and theoretical investigations into the  desktop flatbed scanner (Epson V700) custom-fitted with a blue light LED

C. elegans Strains and Culture. N2 Bristol (laboratory wild type) and AT10
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strip to excite fluorescence emission in the OP50-GFP E. coli and a corre-
sponding photographic emission filter (Kodak) to record the image.

Flow Cytometry. Individual plates were carefully washed with M9 buffer and
inspected to collect all worms. Worm samples were washed to remove bacte-
ria and then transferred to a Complex Object Parametric Analyzer and Sorter
Biosort (Union Biometrica) sample cup at a dilution of approximately one
nematode per microliter in M9 buffer. To distinguish N2 and mutant worms,
fluorescent gates were determined by running fluorescent worms and non-
fluorescent worms separately. All data are shown as means FOB1 SEM.
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Movie S1. Defecation of fluorescently (GFP) labeled colloidal particles (1 um in diameter) by an N2 C. elegans worm. The worm was transferred onto a
lawn of nonfluorescent bacteria (E. coli, OP50) after feeding on bacteria seeded with fluorescent beads. The movie was captured at 10 frames per second
(fps) and played back in real time. The length of the worm is about 1 mm.

Movie S1

Movie S2. Entrainment of fluorescently (GFP) labeled colloidal particles (1 um in diameter) due to the locomotion of N2 C. elegans worm. The movie was
captured at 10 fps and played back in real time. The length of the worm is about 1 mm.

Movie S2
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Movie S3. A graphical illustration of the sensitivity of the worm count in the age-structured spatially implicit model, discussed in Results and Discussion and
in SI Appendix, 2.2 Spatially Implicit Model, to varying the three free parameters in the model. The parameter ¢, the saturation rate of the Hollings type Il
functional response (S/ Appendix, Eq. S.3), is varied over a 15-fold increase, from ¢ =5 x 10 " toc=7.5x10""2cells~"'. The parameter o, which controls how
the worms' foraging efficiency changes with plates size (S/ Appendix, Eq. $.4), is varied over a 20-fold increase, from o = 100 to o = 2,000 cm?. The parameter

s, the rate at which bacteria is spread by farmers (S/ Appendix, Eq. S.5), is varied over a 300-fold increase, froms=7 x 10 " tos=2.1 x 10" 8 min~'em~2.
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Movie S4. A graphical illustration of the sensitivity of the bacterial dynamics in the age-structured spatially implicit model, discussed in Results and Discussion
and in S/ Appendix, 2.2 Spatially Implicit Model, to varying the three free parameters in the model. The experimentally measured time to collapse of the
bacterial population on the R = 2-cm plate, t = 144 h, is plotted as the vertical dashed black line. The parameter ¢, the saturation rate of the Holling's type Il
functional response (S/ Appendix, Eq. S.3), is varied over a 15-fold increase, from ¢ =5 x 10 " toc=75x10""2cells~"'. The parameter o, which controls how
the worms' foraging efficiency changes with plate size (S/ Appendix, Eq. S.4), is varied over a 20-fold increase, from o = 100 to o = 2,000 cm?. The parameter

s, the rate at which bacteria is spread by farmers (S/ Appendix, Eq. S.5), is varied over a 300-fold increase, froms=7 x 10 " tos=2.1 x 108 min~'em~2.

Movie S4
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Movie S5. A simple spatially implicit model, featuring a single class of worm and five free parameters, is described in SI Appendix, 2.1 Spatially Implicit
Model. The worm count predicted by this model is taken at t = 144 h, the same time at which the worm count was experimentally measured. This timing
corresponds to the bacterial population being driven to collapse by the C. elegans population on the smallest plate (R = 2 cm). This movie shows the sensitivity
of the model’s predicted worm count to varying its five free parameters. The parameter a, the maximum rate at which worms can consume bacteria, is varied
over a 20-fold increase, from a = 1 to a = 20 cells/min. The parameter ¢, the worm reproductive rate, is varied from ¢ = 3.5 x 10 3toe=55x 103 min~".
The parameter ¢, the saturation rate of the Hollings type Il functional response (S/ Appendix, Eq. S.3), is varied over a fivefold increase, from c=5 x 1070
to c=2.5 x 10~ cells~". The parameter &, which controls how the worms’ foraging efficiency changes with plates size (S/ Appendix, Eq. S.4), is varied over
a fourfold increase, from o = 500 to o = 2,000 cm?. The parameter s, the rate at which bacteria is spread by farmers (S/ Appendix, Eq. S.5), is varied over a
15-fold increase, froms=1x 10" tos=1.5 x 107" min~"em 2.
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B C .
0.18 10°
0.16 2
g 10 0.8t
0.14 E -
£ 10’ S
0.12 2 =
15 0 o 0.6f
0.1 & 10 -
1 -
=)
0.08 3107 put
50 =
0.06 g 2
Z102 S
0.04 c o
g -—
0.02 s10°
-4

0 0
0 10 20 30 40 50 o 10 20 30 40 50 1903 01 1 10
end-end distance (mm) end-end distance (mm) time lag (seconds)

N2 srf-3

Figure S1: A. Trajectory analysis of farmer/wild type worms (blue data, n = 400 tracks)
and non-farmer/srf-3 mutant (red data, n = 400 tracks) showing the distribution of end-
end distances of multiple trajectories obtained by tracking 10 worms on a bacteria-free agar
surface of each type over a period of 4 hours. B. The mean squared displacements for the
trajectories shown in panel A. Red curves represent the non-farmer/srf-3 worm data and
the blue curves represent the farmer/wild type worm data. This is on time scales shorter
than the reproduction time of the worms. Data for 20 trajectores is shown. C. Fraction of
worms by genotype that have moved off the patch of bacteria. 20 independent experiments,
totaling ~2000 worms.
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Figure S2: Bacteria distributed in smaller patches grow faster than when compared to the
same experiment with one big patch.
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Figure S3: A. Mean brood size (progeny per worm life time) for each genotype (n = 10 for
each genotype). These measurements were made in a controlled setting where farming was
inhibited by covering the entire plate with a uniform bacterial lawn. B. Eggs laid over time
for each genotype. C Worm population sizes as shown in main text Fig. 2C normalized by
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Figure S4: Bacterial growth on petri dishes of different sizes. Optical density (ODggo) of
bacteria washed off after 48 hours from plates of different diameters with the same initial
bacterial seed (n = 4 for each time point).



2 Theoretical modeling

We develop a spatially implicit model of C. elegans and their bacterial farming behav-
ior. Because very little is known about the worm spatial behavior and the wide gamut of
exploitation-exploration strategies employed, the model encapsulates these ideas phenomeno-
logically based on physically- and experimentally-grounded assumptions. Therefore, we do
not expect quantitative agreement with the data; rather we aim for qualitative agreement
in the context of a simple enough, but physically and biologically-grounded, model that can
allow us to test our proposed farming mechanism but also to explore different scenarios and
make testable predictions.

Bacteria. Because the feeding and farming behaviors of the worms will be assumed (see
below) to affect the area and density of bacteria in ways that can not be captured by the
total number of bacteria alone, our model describes the bacteria in terms of its area Ap and
density, p, instead of using only the total number, B. Of course, the number is determined
by these quantities as B = pAg. The bacterial growth dynamics in the absence of worms is

given by
dAB . AB
. C 9ads (1%—32)’ (5-1)
dp p
a . IeP (1 Kp>‘ (S.2)

Here R is the plate radius. The logistic growth captures the experimentally observed behavior
that less-dense patches grow faster than dense patches. Parameters g4, g, and K, are fitted
to experimental measurements of the bacterial growth (see Table S1).

Worms. Worms feed on bacteria to grow and reproduce. The worm feeding rate is depen-
dent on the number of bacteria available, the spatial distribution of the bacteria (character-
ized here by Apg) and the total plate area, 7 R%. For simplicity of notation we will write it
as F'(Ap, p, R) to denote that it depends on bacterial and plate characteristics. We describe
it via a Holling’s type II function, which is a natural ecological assumption

. C‘I/(AB,R>,0AB

with a modified attack/encounter rate

U(Ap, R) = exp (—:Z) . (S.4)

The parameter ¢ controls the rate of increase of the feeding rate with the amount of bacteria
available. Our choice of W (Ap, R) is phenomenological but could be experimentally fitted
from the analysis of worm movement. Under the assumption that the encounter rate de-
creases with large plate size or low available bacteria, we choose ¥ (Apg, R) to be the modified
Gaussian function above. The parameter o controls how quickly (and at what plate radius



relative to bacterial area) the worm-bacteria encounter rate drops off as the plate radius
Increases.

Although this constitutes a reasonable choice in the absence of additional mechanistic
information on worm space-use, it is important to note that this choice will make quantitative
agreement between theory and data unlikely. For instance, on large plates it is likely that
memory plays a role in restricting the movement of the worms from the bacteria-rich center
of the plate, so that the encounter might not decrease as quickly at large plate sizes as this
functional form suggests. Similarly, at early times, the spatial distribution of the initial worm
and its progeny on the plate are likely to matter: while it may be true that the encounter
rate decreases with plate size for an average worm hatching at some random position on
the plate, this is likely untrue for the first worm that is placed initially in the bacteria-rich
center of the plate. In turn, the progeny of this first worm may be laid close to the central
bacteria patch and also experience a non-average encounter rate. While at longer times
over the course of the experiment these spatial correlations may become muted (as eggs are
laid further from the center of the plate), our spatially implicit model will fail to capture
these early time spatial effects, which could cause quantitative though as we will show not
qualitative differences between the theoretical and experimental long time behavior of the
near-exponentially growing worm population.

Effect of worms on bacteria: Feeding. The number of bacteria decrease proportional
to the worm feeding rate; however, we need to make some assumptions about how the worm
feeding may affect the spatial distribution and density of the bacteria. We assume that the
area is preserved, but the density is decreased. Essentially this assumes that the bacteria
maintains some of the spatial distribution from its growth phase, but becomes ever more
diffuse or ‘patchy’.

Effect of worms on bacteria: Farming. We expect that the farming behavior will
increase the area of the bacteria, decrease the density, but preserve the total amount of
bacteria. We introduce a spreading function and we assume that the rate of spreading is
proportional to the encounter rate W(Ag, R), and to the amount of free space on the plate
(spreading the bacteria is impossible if there is no free space); furthermore, we assume that
it increases linearly with the density of the bacteria (worms are less likely to pick up bacteria
when it is thinly spread). For simplicity of notation we denote this function by S(Ag, p, R)
to show its dependence on bacterial and plate characteristics:

S(Ap,p,R) = s¢(Ap, R)p (wR*> — Ap) , (S.5)

where s is a constant (see Table S1).

2.1 Spatially-implicit model

Based on the discussion above, a model able to capture the worm-bacteria dynamics will
have at least three variables, two accounting for the area and density of bacteria and one



accounting for the worms. The worms, W, reproduce at a rate proportional to the feeding
rate F'(Ag, p, R), Eq. (5.3), with a conversion factor . The model then becomes:

dAB . AB AB
7R gaAp (1_7T_RQ> +7S(A3,p,R)W,

dp p a

E = 9pP (1 Kp) ABF(Ava7 R)W S(AB’p’ R)W’ (86)
% = el (Ap,p, R)W . (5.7)

The parameter s is zero for non-farming srf-3 and greater than zero for farming N2 worms.

Parameter estimation. This spatially-implicit model has eight parameters. The param-
eters associated with the bacterial growth in the absence of worms, g, g, and K,, can
be fitted experimentally. This leaves five parameters associated with the worm: a, €, ¢, o
and s. Three of these, ¢, 0 and s are parameters related to the phenomenological feeding
rate F'(Ag,p, R), and the spreading rate, and they are difficult to fit experimentally. The
remaining two parameters a and ¢ do not have unambiguous, measurable analogues in the
experimental system. For instance the maximum feeding rate parameter, a, represents the
maximum rate at which bacteria is converted into the class ‘worms’; however, experimen-
tally, this worm class includes C. elegans eggs that neither eat nor reproduce, C. elegans
juveniles that consume bacteria but do not reproduce, and C. elegans adults that both con-
sume bacteria and reproduce. It is therefore not possible to determine a suitable choice for
a that appropriately weights each of these life stages, especially when the system is far from
equilibrium.

Qualitative agreement with data. Thus, although this version of the model is minimal
in terms of the number of variables, it has the downside that most parameters can not be
experimentally-inferred. Nevertheless, it can be useful to explore the parameter space and
determine (i) the ability of this model and its underlying assumptions to qualitatively capture
the experimental observations, and (ii) the robustness of that qualitative agreement. Using
this model, we study the dynamics of the farmer, N2 and non-farmer, srf-3 phenotypes
independently. We assume that the two types have identical foraging behavior but differ
in their ability to spread bacteria. Therefore, we pick ¢ and ¢ to be the same for both
phenotypes but let s be zero for non-farmers and non-zero for farmers. This captures the
two types used in our experiments. We allow the five free parameters a, €, ¢, 0 and s to
vary and scan parameter space to identify parameters that yield a qualitative agreement
between theory and experiment (see Supplementary Movie 5). A reasonable qualitative
agreement with experimental data can be found for a broad range of parameter values, as
illustrated in Figure S5. In this figure, the parameters have been chosen to illustrate the
qualitative agreement between theory and experiment; furthermore, since the worm count is
measured experimentally at the time of collapse of the bacterial population on the smallest
plate (¢ = 144 hours on the R = 2 cm plate), model parameters have also been chosen in
such a way that the model results give a similar time of collapse (see Figure S5, lower panel).

Quantitative fit. However, as expected, we note the poor quantitative agreement: this



model overestimates the number of worms in the population by a factor 40. We also note
that while it predicts that larger N2 plates do experience enhanced bacterial growth, the
model under-predicts the magnitude of this enhancement when compared to that measured
experimentally. Although we expected that a spatially-implicit model that only phenomeno-
logically captures details of worm space-use can not give a quantitative fit, there is an addi-
tional reason for the large overestimate, a reason which also underlies the inability to fit most
of the parameters of this model: the model contains a single worm class, in which the worms
are always reproductively capable and produce more reproductively capable worms. This
misses the fact that worms lay eggs that take time to hatch and produce sexually immature
worms; the latter take time to mature and be able to reproduce; eventually, they become
infertile. There are behavioral differences between these age classes that warrant individual
descriptions of their dynamics: eggs do not move, consume resources or reproduce; sexually
immature worms move, consume resources but do not reproduce; sexually mature worms
engage in all behaviors; infertile worms have ceased to reproduce. With one worm class,
parameters that reflect reproduction, movement or feeding are necessarily taken to be time
averages of the combined population and can not quantitatively capture its dynamics.

2.2 Age-structured spatially-implicit model

In this section we retain the simplicity of the previous model but add age structure to more
accurately capture the worm dynamics; this is the full model discussed in the main text.
Here we have four worm classes: eggs, W, sexually immature worms, W;, sexually mature
worms, Wy, and infertile worms, Wp. The distinct nature of these life stages makes it easier
to obtain, directly or from existing literature, experimental estimates on the transition rates
between the life stages, for instance the time it takes for an egg to hatch, or the maximum
rate at which a juvenile worm can reach sexual maturity (see Table S1).

In the age-structured model, eggs hatch at a constant rate 1/74cn,. Immature, mature
and infertile worms all feed. Immature worms do not lay eggs but mature at a rate that
depends on their food intake, with a conversion factor €;. Sexually mature worms lay eggs at
a rate that depends on their food intake, with a conversion factor €;. Sexually mature worms
additionally become infertile at a rate proportional to their food intake (and therefore the
number of eggs they have laid) with a conversion factor d. Finally, we assume that for the
farming N2 worms, only sexually mature and infertile worms are large enough to contribute
to the spreading of bacteria.



Overall, the dynamics of the system is described by the following set of ODEs:

dAp B Ap Ap
- 9aAR <1 - W—RQ) + 75(A37p7 RY(Wwn + W),
dp p a
-V gpp 1 —— __F(ABapaR)(WI+WM+WD)_S(ABapyR)(WM+WD)a
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d 1
Wi _ Wy — e2F(Ag, p, )W, (S.8)
dt Thatch
dW.
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AW
WD = dF(Ag,p, )Wy, .

Parameter estimation. We obtained experimental estimates for the majority of our pa-
rameters (see Table S1), such that the only free parameters are those related to the phe-
nomenological feeding rate, ¢, 0 and the spreading rate, s. Thus, although the previous
version of the model was simpler in the sense that it had the minimal number of variables
needed to capture the bacteria-worm interaction, this age-structured version has a much
smaller number of free parameters.

Qualitative agreement with data. Using this age-structured spatially-implicit model,
we study, as before, the dynamics of the farmer, N2 and non-farmer, srf-3 phenotypes inde-
pendently. We assume that the two types have identical foraging behavior but differ in their
ability to spread bacteria. Therefore, we pick ¢ and o to be the same for both phenotypes
but let s be zero for non-farmers and some positive value for farmers. This captures the two
types used in our experiments. We find very good qualitative agreement with the experi-
mental results (Figure S7). We note that the worm numbers resulting from the ODEs have
been rescaled (here by a factor of 4) for easier qualitative comparison with the experimental
results. The robustness of these results to varying the free parameters in the model is ex-
plored in Supplementary Movie 3. Figure S6 further shows the good qualitative agreement
in worm number; however it also captures the dependence of the result on the time at which
the worm numbers are counted. In the experiments, the worm count was recorded at ¢t = 144
hours, the time at which the bacterial population collapsed on the smallest plate (R = 2cm)
for both N2 and srf-3 worms. In order to align the model results more easily with those
obtained experimentally, we have chosen parameters that give the same time of collapse of
the bacterial population (see Figure S6). As parameters are varied in the model, this time of
collapse will also change. The effect of varying the free parameters on the bacterial dynamics
is demonstrated in Supplementary Movie 4. Figure S8 shows how the maximum amount of
bacteria across infinite times changes with plate size and worm type. Farming significantly
increases the amount of bacteria available.

Quantitative fit. Promisingly, the age-structured spatially-implicit model also provides
a quantitative improvement on the previous version of the spatially-implicit model, being



only a factor 4 larger than the experimental values for absolute worm number (see Figures
3 and S7), compared to the factor 40 difference found previously (see Figure S5). It is
important to note, however, that even with this extended version of the model, there are
still experimental parameters that do not cleanly map onto our theoretical parameters. For
instance, our experiments indicate that there are phenotypic differences in the time at which
eggs are laid between the srf-3 and N2 worms (see Figure S3): although N2 lay more eggs
in absolute terms, srf-3 lay their eggs more rapidly. These differences in number versus
speed can not be accounted for with our single egg-laying rate parameter, €y; this could
be solved by including additional worm classes (e.g. sexually mature on day 1, sexually
mature on day 2 etc.) but that would further complicate the model without significant
additional advantage (while it could lead to an even better quantitative fit, we never expect
that fit to be perfect due to the phenomenological aspects). We therefore made a concession
to simplicity and decided to approximate €5 for both genotypes to be equal to their joint
average egg-laying rate. Similarly, other parameters, such as feeding rate, egg-laying rate
and bacteria spreading rate are likely to vary continuously across worm development. Our
model, with only four distinct life stages, does not account for this, primarily because we lack
data on how these changes in worm behavior vary continuously with development. Since due
to the phenomenological nature of the fitting rate we do not expect quantitative agreement
anyway, such an increase in model complexity to reflect a more continuous development is
unwarranted since it would not yield a significant quantitative improvement and it would
be riddled with parameters that are hard to estimate. Therefore, we henceforth work with
the full model above, which has a very small number of free parameters and is sufficiently
simple to be useful.

2.2.1 Competition between farmers and non-farmers: same foraging behavior
and no additional cost of farming; Figures S9 and S10

In this section we use the age-structured spatially-implicit model to study the dynamics of
a mixed system with both farmers and non-farmers competing for the same resource, the
bacteria. As above, we assume the the farmers and non-farmers have the same behavior and
differ only in their ability to farm (i.e. their stickiness). This setup mirrors our experimental
competition setup and the analysis in this section is meant to test whether the assumption
that farming is a public good can explain the observed experimental behavior. The ODE



system becomes:
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The ratio of the final number of srf-3 and N2 worms, as a function of the initial fraction
of the two phenotypes, is plotted in Figure S10. While the general linear trend of the
experimental results is captured, the precise slope is not (see Figure 4A). This is in part
because the model does not capture the experimental result that on small plates the farming
N2 worms exist as smaller numbers on the R = 2.75c¢m plates than the non-farming srf-3
worms. Consequently, the increase in the number of N2 worms between the R = 2.75¢cm
and R = 7.5cm plates is less in the model than that observed experimentally, resulting in
the decreased slope in Figure S10.

2.3 Theoretical explorations and new predictions

Here we use the age-structured spatially-implicit model developed in Section 2 to investigate
the system dynamics under several scenarios and make predictions for future experimental
work.
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2.3.1 Competition between farmers and non-farmers — same foraging behavior
but mortality cost for farmers due to pathogenic bacteria; Figure S11

The N2 phenotype, by virtue of its ridged skin, is more susceptible to picking up bacteria,
including pathogenic types that are likely to kill it. We propose that this might constitute an
indirect cost associated with farming. In order to investigate this idea, we add an additional
rate of death to N2 worms in the population. The ‘infection’ of N2 worms with pathogenic
bacteria occurs when food that the worm has trapped around its face/body begins to form
a biofilm around the worm’s face, suffocating it. We might therefore expect the rate of
‘infection’ to be proportional to both the bacterial encounter rate and bacterial density.
With this is mind, we introduce a death rate due to pathogenic bacteria d¢(Ag, R)p. The
competition equations are the same as in the previous section, except those for the farmer
worms which are now modified to account for the extra mortality:

dw 1 (N2) (N2) (N2)
dI = WE - EQF(AB7/)7 R)WI - 5¢(AB7R):0WI >
14 Thatch
dw N (V2) (N2) (N2)
d]\;[ = €2F<AB7 P, R)WI - dF(ABa P, R)WM - 5w(ABa R)pWM >
dw " (N2) (NV2)
th = dF(A37 Ps R)WM - 6¢(AB’ R)pWD )

We find that the increased mortality affects the farmer population negatively and creates
an advantage for the non-farmers who can take advantage of the farming without incurring
the mortality cost. One additional point worth noting is that the death-by-pathogen rate
lowers the effective growth rate of the N2 worm population. In turn, this lowers the rate of
increase of the population. During this time, the bacteria has the opportunity to grow to
greater abundances. Thus the pathogenic death rate of N2 worms can, in isolation, actually
result in an increased overall number of worms relative to the case of no pathogenic death for
the N2s. When N2 competes with srf-3, the slowed N2 growth does not result in additional
bacterial growth, since this is simply consumed by the srf-3 (see Figure S11).

2.3.2 Competition between two farmers — different foraging behaviors; Figure
S12 and S13

In this spatially implicit model, it is difficult to capture explicitly the dynamics of different
foraging strategies. However, we can capture this implicitly. The encounter rate ¢)(Ap, R)
measures how effective the worms are at foraging: a low o means that the encounter rate
decreases rapidly with the amount of empty space on the plate and could be interpreted as an
inefficient search strategy, or even a poor memory resulting in the worms getting lost often;
a high o indicates a very good search strategy, or a good memory (the encounter rate is not
affected by plate size because the worms find bacteria quickly either due to efficient foraging
or due to good memory). In addition to o, the egg-laying rate €; can be used as a proxy
for a cost to improved foraging. A worm with a reduced €; reproduces more slowly than its
counterpart in the presence of the same amount of bacteria. A high o, low ¢; worm then
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forages very efficiently, (space does not affect its feeding rate) but responds to what it does
find less efficiently. Arguably this could be interpreted as the metabolic cost paid for more
time spent foraging around the plate rather than staying in one location and consuming the
bacteria there. Here we investigate what can happen if we vary o and ;.

We consider two worms denoted 1 and 2 and for ¢ = 1,2 we write:

‘I/(z (AB R) AB,O . 7TR2
F(Z A ¢ ! \IJ(Z) A = —_ .
e, B) = 7730 (A, R) Agp’ (s, R) = oxp o Ap ) (5.9)
and
SO(Ap,p,R) = sp(nR* — Ap) V) (Ap, R) (S.10)

The modified competition equations take the form:
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d (1)
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= e FO (B, AW — dF® (Ag, p, )W
AWy
In what follows worm 2 will be our N2 farmer above such that 652) = ¢ and 0® = ¢, with

¢, and o as in the previous sections. Parameters e!) and ¢ pertaining to a hypothetlcal
worm N1 will be varied. In Figure S12 and S13 we plot the results of the simulation, for a
case in which improved foraging incurs a cost, and a case where it does not.

In this scenario, we find that the benefits accrued from improved foraging are strongly

12



dependent on plate size. The form of the encounter rate, Eq. (S.9), together with the typical
values for 0® (which we infer from experimental observation, see Table S1), mean that the
benefits of improved foraging are muted on small plates and become more prominent as
plate size is increased. This can be physically interpreted as implying that distinct foraging
strategies lead to encounter rates that differ little on small plates and differ more significantly
as the amount of free space on the plate is increased (see Figures S12 and S13).

If the cost to N1 of improved foraging is too high, it is possible for N1 worms to be
out-competed (see Figure S12), while if the cost of foraging is small or non-existent, the N1
can out-compete N2 (see Figure S13). In Section 2.3.1, we discussed the counter-intuitive
observation that in homogeneous monocultures costs to phenotypes can be beneficial at the
population level by releasing pressure on the food resource (bacteria). Similar results hold
here (see right panel of Figure S12 and all panels in Figure S13). However, it must be noted
that the general observation that “worms that fare worse in competition are comparatively
better in isolation” does not always hold; in Figure S12, left panel, the cost of foraging to the
N1 worm’s reproduction is sufficiently high, and the benefits from foraging sufficiently muted
on the small plate, that N1 worms are slightly inferior to N2 worms both in competition and
isolation.
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Figure S5: Results from the non-age-structured spatially-implicit model (see Section 2.1).
Top panel: Worm count at ¢ = 144 hrs as a function of plate size in the model. Dashed
lines enclose worm counts at ¢t = 144 + 2 hrs. Bottom panel: Experimental measurements
(markers) and theoretical curves (solid lines) for the bacterial growth on the smallest plate,
R = 2cm. For both panels, red plots are associated with non-farming srf-3 worms, and
blue plots with farming N2 worms. Bacterial growth parameters (g4, g, and K,) are taken
from Table S1. Remaining parameters used are a = 8 cells/min, ¢ = 4.5 x 107® min™",
c=14x10"7 cells!, 0 = 1200 cm? and s = 1 x 107 min~*cm~2. The ODE results for the
worm number are divided by 40 for comparison with experimental results. Similar plots are
presented in Supplementary Movie 5, where each of the parameters is varied over a range of
values.
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Figure S6: Individual behavior of farmers versus non-farmers in the age-structured spatially-
implicit model. Total number of worms (Wg + W; + Wy, + Wp) and number of bacteria
(B = App) from the model, shown as a function of time. Parameters taken from Table
S1, while s is 0 for non-farming srf-3. Blue curves represent plates with farmers (N2);
red curves represent plates with non-farmers (srf-3). The black vertical line represents the
time point at which the worm numbers are counted in experiments. Initial conditions:
Wg(0) = Wi (0) =0, Wy (0) =1 and Wp = 0 for both worms. Overall, farming increases
worm number: at shorter time scales (such as the time used for experimental measurements),
worms do better on intermediate sized plates because on large plates they do not encounter
bacteria as regularly; however, on longer time scales, the bigger the plate, the larger the
worm population. This gives good qualitative agreement with the experiments and shows
the importance of the time at which worm numbers are compared. The model results show
the trajectories that could not be measured experimentally.
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Figure S7: Worm count as a function of plate size in the age-structured, spatially implicit
model. Parameters are given in Table S1. Worms are identical in all respects except farm-
ing. ODE results divided by 4 to facilitate visual qualitative comparison with experimental

results.
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Figure S8: Results of the age-structured spatially-implicit model showing the maximum
amount of bacteria present on a plate at any time as a function of plate radius. Plates
with srf-3 worm populations are plotted in red: A slight increase in the maximum amount of
bacteria is observed as plate size increases, as the bacteria-worm encounter rate is diminished
on larger plates, leading to a lower bacteria consumption rate at short times. Plates with
N2 worm populations are plotted in blue: The act of farming creates a much larger increase
in the maximum amount of bacteria observed as a function of plate size.
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Figure S9: In the absence of fitness costs associated with farming, both worm phenotypes
use the public good equally. Worm counts for each phenotype, normalized by the initial
worm number of the respective phenotype. Blue = only N2, red = only srf-3, starting with
Wg(0) = Wr(0) = 0, Wy (0) = 6 and Wp(0) = 0. Purple curves = mixtures of srf-3 and
N2; when normalized by the initial condition, the two worms have identical growth rates.
Overall, srf-3 uses the public good to boost its numbers; the more producers there are in the
population, the better srf-3 fares. In mixed populations, N2 fares worse than in isolation;
the more srf-3 there are, the lower the final total population number. Left panels: plate of
size R = 2.75 cm; right panels = plate of size R = 7.5 cm.
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Figure S10: Red (blue) squares = ratio between srf-3 (N2) worm count on a plate of size
R = 7.5 versus a plate of size R = 2.75, taken at time t = 144 to allow comparison
with the experiments. Measurements are taken under various initial ratios of srf-3 and N2
corresponding to the curves in Figure S9: 6 SRF-3 worms and 0 N2; 5 SRF-3 worms and 1
N2; 3 SRF-3 and 3 N2; 1 SRF-3 and 5 N2; and finally 0 SRF-3 and 6 N2.
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Figure S11: Increased mortality associated with farming behavior leads to the farmer being
out-competed by non-farmer (thin dashed dark red curve versus dashed green curve), by
comparison to the no-pathogen case where the two phenotypes have identical fitness (the
overlapping dashed blue curve and thick dashed red curve). However, in isolation, popula-
tions of farmers with increased mortality (green solid curve) fare better than populations
of farmers with no mortality cost associated to farming (blue solid curve). This is because
individual mortality results in reduced predation pressure on the bacteria which can grow
better and ultimately support a larger population of worms. Thus, increased mortality (e.g.
due to feeding on pathogenic bacteria) is not something to be avoided if the worms are most
likely to interact with their own kind. Left panel = plate size R = 2.5¢m; right panel =
plate size R = 7.5¢m. Overall, larger plates allow for more farming, which leads to farmers
in isolation (blue and green solid curves) reaching larger abundances than the exploiting
non-farmers (red curves). Parameters are once again taken from Table S1.
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Figure S12: Worm counts normalized by initial worm numbers of each phenotype. Phenotype
N1 is a more efficient forager than N2 (¢(V) > ¢?) but pays a metabolic cost reflected by
a lower egg-laying rate (e§2) > egl)) due to the energetic demands of its foraging. We show
two different plate sizes. Blue curves = N2; black curves = N1. The better forager who
simultaneously incurs a cost fares worse (dashed black) than the poorer forager (dashed blue).
In isolation however, the better forager who plays a cost (solid black) can fare better due
to the reduced pressure it places on the bacterial population. These effects are more likely
to be seen as plate size increases because only big enough plates show significant differences
between the two foraging strategies — on small plates both N1 and N2 are similarly good
foragers.
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Figure S13: Worm counts normalized by initial worm numbers of each phenotype. Phenotype
N1 is a more efficient forager than N2 (¢(!) > ¢®) and pays no metabolic cost for this
behavior (e?) = egl)). We show three different plate sizes. As in Figure S12, blue curves
= N2; black curves = N1. The better forager out-competes the other phenotype (dashed
black compared to dashed blue), however the effect is exacerbated on larger plate sizes. Once
again, the form of the encounter rate, Eq. (S.9), is such that for small plates both N1 and
N2 are similarly good foragers. In isolation, the better foraging N1 worm reaches slightly
lower numbers than the N2 worm, in a manner reminiscent of Figure S12; it forages too
well initially, placing an increased pressure on the bacteria, ultimately resulting in a smaller
population. However the effect is very minor for small plate sizes.
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Tables

Param. | Units Value Justification

ga min ! 1.13 x 10~* | These parameters are derived from fitting Eqs. (S1)

9p min~! 1.07 x 1073 | and (S2) to the data in Figure S2. In the fitting it is

K, cells/cm? 4.58 x 108 | assumed that florescence intensity is directly propor-
tional to the number of cells. The mapping from cell
number to florescence intensity is determined from the
initial number of cells on the plate, Ng(0) (see below).

Ky cm? [722,725%] | The bacteria area carrying capacity is equal to the
area of the plate.

a cells/min 70 Worms have been identified as eating around 70 cells
per minute [1].

€1/ 652) min ! 3.08 x 1072 | Experimental results indicated that N2 and srf-3 lay
a joint average of 44 embryos per day for 4 days (see
Figure S3b).

Thatch min 540 Eggs take approximately 9 hours to hatch [2].

€9 min~" 2.98 x 10~* | Yields 56 hour mature time. This is the approximate
mature time given in literature [2].

d min ! 1.74 x 10~* | Worms reproduce for approximately 4 days (see Figure
S3b).

0 cells Tem?min~!| 8 x 10713 Tllustrative parameter for exploring model behavior
and potential experimental outcomes. Used in Figure
S11.

egl) min~! (652) /1.5) = | Tllustrative parameter for exploring model behavior

2.05 x 1072 | and potential experimental outcomes. Used in Fig-

ures S12-S13.

o cm? 1.5 x 0@ = | Tllustrative parameter for exploring model behavior

1400 and potential experimental outcomes. Used in Fig-

ures S12-S13.

Np(0) | cells 10° Initial number of cells plated in experiments .

Ap(0) | cm? 70.52 Initial patch size in experiment.

p(0) cells/cm? 1.27 x 10% | Initial bacterial concentration.

c cells™* 2.5 x 1077 Parameter chosen to illustrate good visual qualitative
fit with data in Figure 3 (see Figure S7 ). Used in
Figures S7-S13.

o/ o@ | em? 1000 Parameter chosen to illustrate good visual qualitative
fit with data in Figure 3 (see Figure S7). Used in
Figures S7-S13.

S min~Tem 2 7x 1077 Parameter chosen to illustrate good visual qualitative

fit with data in Figure 3 (see Figure S7). Used in
Figures S7-S13.

Table S1: Parameters used throughout document. Free parameters are highlighted in red.
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