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Cooperation and Competition in 
the Evolution of ATP-Producing 

Pathways 
Thomas Pfeiffer,'* Stefan Schuster,* Sebastian Bonhoefferl*t 

Heterotrophic organisms generally face a trade-off between rate and yield of 
adenosine triphosphate (ATP) production. This trade-off may result in an evo- 
lutionary dilemma, because cells with a higher rate but lower yield of ATP 
production may gain a selective advantage when competing for shared energy 
resources. Using an analysis of model simulations and biochemical observa- 
tions, we show that ATP production with a low rate and high yield can be viewed 
as a form of cooperative resource use and may evolve in spatially structured 
environments. Furthermore, we argue that the high ATP yield of respiration may 
have facilitated the evolutionary transition from unicellular to undifferentiated 
multicellular organisms. 

Heterotrophic organisms obtain their energy 
by the degradation of organic substrates into 
products with lower free energy. The free 
energy difference between substrate and 
product can in part be conserved by produc- 
tion of ATP and in part be used to drive the 
degradation reaction. The maximal ATP 
yield is obtained if the entlre free energy 
difference is conserved as ATP. However. in 
this case the reaction is in thermodynamic 
equilibrium, and therefore the rates of sub- 
strate degradation and ATP production van- 
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ish. If some of the free energy difference is 
used to drive the reaction. the rate of ATP 
production increases with decreasing yield 
until a maximum is reached. Hence. for fun- 
damental thermodynamic reasons there is al- 
ways a trade-off between yield (moles of 
ATP per mole of substrate) and rate (moles of 
ATP per unit of time) of ATP production in 
heterotrophic organisms (1-4). 

A trade-off between yield and rate of 
ATP production is also present in sugar 
degradation by fermentation and respira- 
tion. In the presence of oxygen and sugars, 
many organisms are in principle capable of 
using both pathways to produce ATP. Be- 
cause the ATP production rate of respira- 
tion is rapidly saturated at high levels of 
resource or limited oxygen supply (5-a),  
these organisms can choose, at least in the 
evolutionary sense, to increase the rate of 
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ATP production by using fermentation in 
addition to respiration. However. because 
the yield of fermentation is much lower 
than that of respiration (2 mol versus about 
32 mol of ATP per mole of glucose), the 
use of fermentation in addition to respira- 
tion increases the rate of ATP production at 
the cost of a lower total yield. 

If energetic limitation is an important 
factor for organisms in their natural envi- 
ronment, we then expect that the properties 
of ATP-producing pathways have been un- 
der strong selection pressure during evolu- 
tion. The existence of a trade-off between 
yield and rate of ATP production leads to 
the following question: Under what condi- 
tions is it favorable to use a pathway with 
high yield but low rate, as opposed to a 
pathway with low yield but high rate'? A 
cell using a pathway with high yield and 
low rate can produce more ATP (and thus 
more offspring) from a given amount of 
resource. However. this advantage disap- 
pears when the cell is in resource competi- 
tion with cells that produce ATP at a higher 
rate but a lower yield. While only thosc 
cells that consume the resource iiiore rap-
idly benefit from the higher rate ot XTP 
production, all competitors exploiting 
resource share the consequences of thc 
more rapid resource exhaustion ( Y ) .  

The competition between cells with dif- 
ferent properties in ATP production can be 
illustrated with a simple population biologi- 
cal model. Assume that a resource S is pro-
duced at a constant rate 1. and is consumed by 
n different strains of cells, ,A:. at a rate of 
J;'(S) per cell. We assume that the growth 
rates of the strains are energetically limited 
and proportional to the rate of ATP produc-
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tion, cJiATP(S), where c is a proportionality 
constant (10, 11). Finally, we assume that the 
death rate d of all strains is the same. Thus, 
the population dynamics are given by 

If there is only one strain (n = l), then the 
steady-state level of the population is given 
by N, = y,vcld, where the yield of ATP 
production, y ,  = JfTPI8, is given by the ratio 
of the rates of ATP production and resource 
consumption. Hence, the population size N, 
depends on the yield but not the rate of ATP 
production (12). If several strains (n > 1) 
compete for the resource, the outcome of 
competition is determined by the highest 
growth rate, and hence by the highest rate of 
ATP production. This implies that a cell pop- 
ulation using a pathway with low yield but 
high rate can invade and replace a cell pop- 
ulation using a pathway with high yield and 
low rate (4). However, the invading cells 
eventually establish a smaller population be- 
cause of the lower ATP yield. The resulting 
evolutionary dilemma is analogous to the 
"tragedy of the commons," a framework 
widely used in evolutionary game theory to 
describe evolution toward the inefficient use 
of a common resource (13). In energy metab- 

Fig. 1. Competition between respirators 
(blue) and fermenters (red) in a spatially 
structured environment. (A) A typical 
simulation of the spatial model (Eq. 2). 
The green One represents the resource 
level. In the first 50,000 time steps, only 
fermenters are present. Respirators are 
then introduced into the system at low 
frequency. In this simulation, respirators 
eventually outcompete fermenters. Pa- 
rameters: cell diffusion DN = 20, re- 
source influx R = 15. See (4, 27) for 
further details. (B) A snapshot of the 
s~at ia l  distribution of fermenters and 
respirators during a typical simulation. 
Sites where both fermenters and respira- 
tors are present are depicted in yellow. 
Empty sites are black. Parameters: DN = 
20, R = 15. (C) The outcome of compe- 
tition as a function of resource influx and B 
cell diffusion rate. High rates of resource 
influx R and cell diffusion DN favor fer- 
menters. Despite increasing resource in- 
flux, the population size decreases when 
fermenters outcompete respirators. 

olism, evolution may work to select the less 
efficient pathway if cells are in competition 
for a shared resource. 

The evolutionary dilemma arises only if 
there is competition for shared resources. 
Thus, according to our hypothesis, pathways 
with high rate but low yield of ATP produc- 
tion (such as fermentation) should primarily 
be observed in association with the exploita- 
tion of external resources. Indeed, microor- 
ganisms growing on external sugar resources, 
such as Saccharomvces. Mucor. and Lacto- . , 

bacilli, which are present in the early phases 
of decomposition of organic material, use 
fermentation for ATP production even in the 
presence of oxygen (7, 14, 15). In contrast, 
organisms metabolizing internal resources 
such as ingested food items are expected to 
use pathways with high yield but low rate of 
ATP production. In line with our hypothesis, 
higher animals indeed mostly use respiration 
to produce ATP from ingested sugar resourc- 
es. Fermentation is observed only in situa- 
tions where very high rates of ATP produc- 
tion are essential, as for example in muscle 
cells. 

Further interesting differences in ATP 
production between microorganisms and 
higher organisms are manifest in the specific 
design of oxidative phosphorylation. The PI0 
stoichiometry (moles of ATP produced dur- 
ing the oxidation of NADH, the reduced form 
of nicotinamide adenine dinucleotide) in 
mammalian mitochondria (rat liver) is 2.5 or 

higher (16-18). It has been reported that this 
value does not maximize the rate of ATP 
production, but rather trades a lower rate 
against a higher yield, as is expected for 
higher organisms metabolizing internal re- 
sources (1, 3). In yeasts, such as S. cerevisiae 
and Candida trtilis, lower stoichiometries 
have been reported [1.5 and 2.0, respectively 
(7, 19)], suggesting that in these organisms 
the stoichiometries of oxidative phosphoryl- 
ation are adjusted to produce ATP at a higher 
rate. Moreover, it has been reported that fer- 
mentation is designed to maximize the rate of 
ATP production (2, 20). This is in agreement 
with our hypothesis, because fermentation 
should be used in addition to respiration only 
when high rates rather than high yields of 
ATP production are required. Finally, further 
evidence suggestive of the relevance of trade- 
offs between rate and yield in natural systems 
stems from the observation that certain or- 
ganisms, such as Escherichia coli and S. cer- 
evisiae, appear to be capable of regulating the 
stoichiometry of oxidative phosphorylation, 
and thus ATP yield and rate, physiologically 
(21, 22). This could enable these organisms 
to adjust rate and yield of ATP production to 
varying environmental conditions. 

One way to benefit from the high ATP 
yield of respiration is to avoid competition by 
cooperating with the other consumers of a 
shared resource. The exclusive use of respi- 
ration in the cells of a multicellular organism 
can be interpreted as such cooperation. In 
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contrast to most other cells in a multicellular 
organism, tumor cells often use fermentation 
(23, 24). Thereby they may gain a selective 
advantage when in competition for energy 
resources with other cells of the organism. 
Thus, tumor cells can be viewed as leaving 
the realm of cooperation in a multicellular 
organism. 

Depending on the ecological properties of 
the habitat, cooperative resource use could 
also evolve in populations of unicellular or- 
ganisms. The evolution of cooperation is gen- 
erally facilitated in spatially structured envi- 
ronments (25, 26). To illustrate the effect of 
spatial structure on the evolution of cooper- 
ative resource use, we extend the above mod- 
el to a spatial model including diffusion of 
cells (at a rate P)and of resource (at a rate 

where V2 is the Laplace operator. In Fig. 1 we 
show a simulation of spatial resource compe- 
tition between an exclusively respiring strain 
(respirator) and a strain that uses fermenta- 
tion in addition to respiration (fermenter). 
The simulations are based on the following 
assumptions: (i) The rate of resource influx v 
is stochastic in space and time. (ii) The rates 
of resource consumption J,"(S) are saturating 
functions of the resource S. (iii) At high 
levels of resource, the fermenters have a con- 
siderably higher rate of resource consump-
tion. (iv) Both fermenters and respirators 
have the same rate of ATP production by 
respiration, but the fermenter additionally 
produces ATP by fermentation. To account 
for discrete strain population size, we as-
signed integer values to N,.[For details of the 
simulation. see (4, 27).] 

The simulations shown in Fig. 1 illustrate 
two points. First, as the rate of resource influx 
v increases. fermenters progressively outper- 
form respirators. This is because higher re- 
source influx rates lead to increased compe- 
tition, essentially because the population den- 
sity increases. which in turn makes it more 
likely that respirators suffer from local com- 
petition with fermenters. Second, at higher 
cell diffusion rates, fermenters perform better 
than respirators. This is because any metabol- 
ic type. whether a respirator or a fermenter, 
performs worse when in competition with 
surrounding fermenting cells, which rapidly 
exhaust the resource locally. At low cell dif- 
fusion rates, cells tend to be surrounded by 
their own metabolic type. As a consequence, 
fermenters perform worse. Thus, the spatial 
structure resulting from low diffusion rates 
(of cells and resource) gives fermenters a 

disproportionately higher selective disadvan- 
tage. As the diffusion rates of cells or re- 
source increase. cells increasingly compete 
globally for the same resource. and in the 
limiting case, fermenters outcompete respira- 
tors as in the nonspatial model (Eq. 1). 

The correlation between the exclusive use 
of respiration and spatial aggregation, which 
appears in our simulations, can be observed 
in dimorphic fungi. These microorganisms 
occur in two different phenotypes: a myceli- 
al, multicellular form and a yeast-like, uni- 
cellular form. Interestingly. these phenotypes 
differ in their sugar metabolism. Mz~corrace-
nzostu, for example, uses fermentation in the 
unicellular stage but respiration in the multi- 
cellular stage (14). In other hfzlcor species it 
was shown that fermentation is strictly asso- 
ciated with the yeast-like form, because inhi- 
bition or knockout of the respiration pathway 
results in the suppression of the mycelial 
form (28, 29). Furthermore, in agreement 
with the spatial model. fermentation is used 
at high glucose concentrations. whereas the 
respiring phenotype is observed at low glu- 
cose concentrations. 

Presumably the best studied facultative- 
ly multicellular organisms are h f ~ x o c o c c t ~ s  
and Dictj,osteliun?.Both feed almost exclu- 
sively on nonfermentable resources. There- 
fore, a trade-off between yield and rate 
resulting from the use of fermentation and 
respiration does not appear to exist in their 
natural habitat. However. it is possible that 
the trade-off is manifest in the specific 
design of the respiratory pathway. A test- 
able prediction of our hypothesis would be 
that these organisms evolved a P/O stoichi- 
ometry that trades maximal rate against 
higher yield of ATP production in the mul- 
ticellular stage. 

The fact that the switch from fermentation 
to respiration in dimorphic fungi is tightly 
coupled to the transition from the yeast-like 
to the mycelial form suggests that the high 
ATP yield of respiration could have played a 
key role in the evolutionary transition of het- 
erotrophic organisms from single cells to 
early. undifferentiated forms of multicellu- 
larity. In heterotrophic eukaryotes, aerobic 
respiration evolved after the rise of oxygen 
in the atmosphere by symbiosis with respir- 
ing bacteria, the ancestors of present-day 
mitochondria (30). Respiration not only al- 
lowed these organisms to produce ATP 
with higher yield, but also enabled them to 
use previously unexploitable, nonferment- 
able resources for ATP production. Multi- 
cellularity became abundant after the evo- 
lution of respiration and has probably 
evolved independently more than 10 times 
(31-33). The simulations of the spatial 
model suggest that after respiration had 
evolved, aggregating cells may have bene- 
fited from respiration (and, equivalently, 

respiring cells may have benefited from 
aggregation). Thus. the high ATP yield of 
respiration, which is a reward of coopera- 
tive resource consumption. might constitute 
an evolutionary advantage to respiring mul- 
ticellular organisms (34. 35) .  Importantly. 
this advantage also accrues to undifferenti- 
ated multicellular organisms, whereas most 
other evolutionary advantages of multicel- 
lularity arise from cell differentiation and 
specialization. which presumably appeared 
after the evolution of undifferentiated mul- 
ticellular organisms. 
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contralateral ventral hindbrain (VHB) (Fig. 
1, C to F). Anteriorly projecting axons often 
reached as far as presumptive olfactory bulb; 
they also often recrossed the midline, then 
continued anteriorly or turned posteriorly 
(Fig. 1E). Axons recrossed the midline in at 
least three distinct locations: VHB, ventral 
telencephalon near the anterior commissure 
(AC), and dorsally in the posterior commis- 
sure (PC); the latter was a common route by 
which retinal axons reached the ipsilateral 
tectum (Fig. 1C). In strong phenotypes, the 
optic tract showed severe defasciculation 
(Fig. 1, E and F). Occasionally, the optic 
chiasm formed abnormally: The optic nerve 
was unusually distant from the cokralateral 
optic nerve, or split into two or more parts at 
the midline (Fig. 11). Retinal axons also 
sometimes projected into the opposite eye. 
Axons from all four retinal quadrants showed 
pathfinding errors; however, axons that 
reached the tectum appeared to project topo- 
graphically (9, 11). Thus, ast h c t i o n  is re- 
quired for midline crossing as well as several 
other axon guidance decisions. 

All four ast alleles are recessive and cause 
a similar array of phenotypes, suggesting that 
they are loss-of-function mutations. Pheno- 
typic strength varied widely between embry- 
os, even within clutches, and the two eyes 
sometimes showed different phenotypes. 
Even in the embryos with the strongest phe- 
notypes, a subset of axons reached the con- 
tralateral tectum. Scoring asti+ X asti+ in- 
crosses (10) showed three completely pene- 
trant alleles [ti272z (24.5% mutant, n = 335 
embryos), te378 (25.8%, n = 159), and t1231 
(25.3%, n = 182)] and one weaker allele 
[te284 (18.0%, n = 133)l. Supporting the 
conclusion that te284 is weaker was the ob- 
servation that often only a single eye of te284 
homozygotes showed a detectable phenotype, 
whereas in all ti272z homozygotes examined, 

During development of the retinotectal pro- 
jection, retinal ganglion cell (RGC) axons 
navigate through a series of environments. 
They first grow toward the optic disc, exit the 
eye at the ventral fissure, and grow along the 
base of the ventral diencephalon, where they 
meet the contralateral retinal axons, forming 
the optic chiasm. They then progress into the 
optic tract and project topographically to their 
central targets, primarily the optic tectum in 
nonmammalian vertebrates. There is a grow- 
ing understanding of the molecular mecha- 
nisms that specify retinotectal topography (1- 
3) and that guide retinal axons within the eye 
(4, 5), but to date few axon guidance mole- 
cules have been shown in vivo to function 
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between eye and tectum (6, 7). 
We have used the zebrafish to identify 

such guidance molecules and study their 
functions in vivo. The transparency of the 
larvae in combination with the amenability of 
this model organism to genetics has made it 
possible to directly visualize the retinal pro- 
jection and isolate genes required for RGC 
axon guidance (8). astray (ast) (9) is one of 
the key genes isolated in this large-scale 
screen. Four alleles (ti272z, te378, t1231, and 
te284) have been found, all with similar phe- 
notypes. Compared to wild type (WT), in 
which the retinotectal projection at 5 days 
postfertilization (dpf) is exclusively con-
tralateral, RGC axons in ast/ast embryos ex- 
hibited misprojections to ipsilateral tectum 
and several extratectal targets (9) (Fig. 1). 

analysis after llpophilic dye la- 
beling at 5 dpf (10) showed that after aSt 
R ~ c - a x o n sexited the eye, they made a wide 

of pathfinding errors at multiple loca- 
tions (Fig. l), predominantly at or after the 
midline, ~ ~ t ~ r i ~ ~ - ~ ~ ~ t ~ r i ~ ~  guidance defects both eyes showed mutant phenotypes. Projec- 
were common, including anterior projections tions to VHB (86%) and across the PC (78%) 
into dience~halon and telence~halon, and were more common than anterior projections 
posterior projections to both ipsilateral and (64%) (ti2722 homozygotes, n = 175 eyes). 
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