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Abstract
Cooperation happens at all levels of life and is fundamental to living in social groups, including
multicellularity. Such conspecific cooperation can offer great fitness benefits, but also carries the risk
that cheaters will emerge which parasitize on the group. Restricting cooperation only to closely
related individuals limits the chances for those cheaters. In evolution lines with the fungus
Neurospora crassa cheaters indeed appeared to be selected more often in a low-relatedness system
than in a high-relatedness system. The characteristics that give those cheaters a competitive benefit
have partly been unravelled: it has been demonstrated that each cheater in the low-relatedness line
had a defect in a gene involved in fusion and that a defect in fusion is causal to cheating. However, in
multiple lines a defect in spore formation, on top of the fusion deficiency, appeared to give the
cheater an additional benefit. This new morphotype was also found to be selected in the highrelatedness system, which started off with a fusion deficient strain. However, how it obtained a
competitive benefit is unknown. Here we show that nuclei of the double mutant are overrepresented
in spores produced by heterokaryons with the Wild type, probably because the double mutant
refrains from investing in supportive tissue but can still fuse with it, similar to the single mutant. The
defect in conidiophore formation results in an increased growth rate. We hypothesize this to
increase the opportunity to fuse with a Wild Type dominated, nursing network and to hinder growth
of the single mutant, giving the double mutant a competitive benefit over this single mutant.
Remarkably, in the high-relatedness system the competitive benefit of the double mutant is largely
based on outgrowth alone, probably because the level of competition quickly shifts to intermycelial
here.

Introduction
Cooperation is an important concept in evolutionary history. It can be found at all levels in biology,
from mitochondria in eukaryotes to groups of bees, and happens between members of different
species as well as among conspecifics (1, 2). The latter lies at the basis of living in social cohesive
groups, which includes multicellularity (3). Such conspecific cooperation opened up a wide new
range of possibilities to gain complexity and consequently possibilities to adapt to the environment
(2-4). For example simply being bigger as a colony, but also the division of tasks within a colony can
offer a great fitness advantage when resources become a common good (3-8).

However, a cooperative group is always at risk of cheaters emerging. Parasitic (selfish) elements
could enter the social group and diminish the fitness benefit, eventually causing the group to collapse
(1, 4). Those elements could for example benefit from shared resources without contributing to them
or preferentially contribute to reproduction in cases where this is reserved for only a select number
of individuals. A widely used mechanism to prevent cheating is allorecognition, the ability to
distinguish the self from the non-self, which functions to keep the relatedness of members in a social
group high (2, 5, 6). Indirectly parasitic elements are evaded this way. Indeed, high relatedness
among cooperators was shown to prevent cheating (9).
Conspecific cooperation happens at various levels, ranging from colonial ascidia to eusocial insects
(2, 10). The risk that cheaters emerge varies among those. Most multicellular organisms go through a
unicellular bottleneck every generation, which already creates very high relatedness and limits the
chances for cheaters (3). Other colonial organisms, such as Dictylostelium discoideum and
Neurospora crassa, can aggregate with other individuals at later stages in life and thus are more
prone to cheating (5, 11). This risk is further increased by the fact that all individuals in those two
species (cells and nuclei respectively) have the potential to contribute to reproduction (2, 5, 11). On
the other hand: the more open cooperation is here, the more interactions can be made, and the
higher the potential benefit is that can be obtained from it (6). Consequently there must be a balance
between protection against cheaters by allorecognition and potential to fuse. This makes those
species very interesting for researching cooperation.
The model we use here is Neurospora crassa (further called Neurospora). Neurospora can undergo
hyphal fusion (anastomosis) during the vegetative stage. This happens both within and between
individual fungi and is important to create a mycelial network (5, 8). In the germling stage specialized
hyphae are formed, called conidial anastomosis tubes (CATs), which establish an initial network (12).
In later stages vegetative hyphae fuse to create more cross-links and extend the network (8). In both
cases a heterokaryon can be formed upon fusion, in which nutrients but also nuclei can freely move
through incomplete cross walls (13-15). Nuclei are the cooperating units here. At maturity,
specialized hyphae for asexual reproduction (aerial hyphae) branch off from the mycelium and form
macroconidia in an ordered process of apical budding and septation (16, 17). Nuclear migration is
directed towards the tips of those so-called aerial hyphae and every nucleus has a chance to end up
in the multinuclear macroconidia (15, 16). The formation of large colonies and an extensive network
has been shown to significantly increase the yield of those conidia, along with increasing the growth
rate of the colony in general (6, 18). However, an open network offers possibilities for cheaters. To
protect such a beneficial but vulnerable system, Neurospora has a strict allorecognition mechanism
in place that prevents potentially harmful nuclei to enter the colony and eventually end up in spores.
For fusion to happen, the fungi have to be compatible. Incompatibility depends on dissimilarity on
het, doc, sec/plp, and cwr loci, which act in different stages pre- and postfusion (5, 8). Incompatible
individuals either don’t fuse at all due to chemotrophic incompatibility or initiate programmed cell
death soon after fusion in the concerned hyphae (8, 19). This way fusion is restricted only to closely
related individuals.
Recently, Bastiaans et al. (9) performed an evolution experiment to test whether the degree of
relatedness among Neurospora individuals indeed influences the stability of multicellular growth.
They cultured two variants of Neurospora, a fusion-deficient strain with a knock-out mutation in soft
(high-relatedness line) and a standard lab strain with the ability to fuse (low-relatedness line). For
both strains they transferred 1% of the macroconidia for 31 times and thereby allowed them to
evolve. They found that the spore yields of all eight replicates of the low-relatedness lines had
significantly decreased after the transfers. Interestingly, new morphotypes had emerged which
appeared to have a competitive advantage over the Wild Type ancestor but a much lower yield in
monoculture. This is typical for obligate cheaters. In contrast, in only three of the high-relatedness
lines cheater morphotypes, that have a reduced yield in monoculture, evolved and in none of these

cultures the total spore production significantly changed. Further testing on three selected
morphotypes of the low-relatedness lines revealed that their advantage depends on fusion. Those
results showed that low relatedness indeed makes it easier for mutant nuclei to evolve that
parasitize on social groups.
Cheating poses a potentially very big problem on the stability of a cooperating group. However, while
we know a lot already on the allorecognition systems that prevent potential cheating, we lack a solid
basis of knowledge on how cheating actually happens in an experimental setting. Bastiaans et al. (9)
provided a nice entry for research into this direction.
Grum-Grzhimaylo et al. (20) genotyped the mutants that evolved in the evolution lines of Bastiaans
et al. (9) and found that they all had a mutation in a gene involved in fusion: six times in soft, of
which five presumably resulted in a loss of function, one time in ham-2, and one time in ham-8. The
ΔSoft mutant was chosen as a representative for this group, and they could show that this mutation
was causal to cheating. In general, the fusion-mutant and Wild Type were found to stably co-exist
after 41 transfers. In some lines (three high-relatedness and two low-relatedness lines) an additional
mutation in aconidiate-2 (acon-2) in the background of ΔSoft was found. Depending on the starting
strain, ΔSoft/Acon-2 appeared to stably co-exist with either Wild Type or ΔSoft; in the evolution lines
started from Wild Type ΔSoft completely disappeared in the presence of ΔSoft/Acon-2, whereas
without Wild Type a polymorphism of ΔSoft and ΔSoft/Acon-2 remained. Eventually three kinds of
polymorphisms with these morphotypes were found: Wild Type with ΔSoft, and Wild Type with
ΔSoft/Acon-2 in the low-relatedness lines, and ΔSoft with ΔSoft/Acon-2 in the high-relatedness lines
(table 1).
Table 1: Polymorphisms that emerged in the evolution lines of Bastiaans et al. (9) (20). Three different kinds of
polymorphisms with Wild Type, ΔSoft and ΔSoft/Acon-2 were found after 31 and 41 transfers. Frequencies of the new
morphotypes are indicated, as well as the likely string of events that resulted in the polymorphism of Wild Type and
ΔSoft/Acon-2.
Starting strains
Wild Type (low-relatedness)

ΔSoft (high-relatedness)

After x transfers
-

After y transfers
-

Wild Type
ΔSoft

Wild Type
ΔSoft
ΔSoft/Acon-2
-

-

After 31 transfers
Wild Type
ΔSoft (15% - 90%)
Wild Type
ΔSoft/Acon-2 (20% - 30%)

After 41 transfers
Wild Type
ΔSoft (5% - 40%)
Wild Type
ΔSoft/Acon-2 (10% - 20%)

ΔSoft
ΔSoft/Acon-2 (5% – 50%)

ΔSoft
ΔSoft/Acon-2 (10% – 50%)

Both ΔSoft and ΔSoft/Acon-2 show cheater characteristics and in further experiments the mechanism
behind the cheating of ΔSoft was revealed. ΔSoft nuclei appeared to have an increased probability to
be in aerial hyphae relative to supporting hyphae, since they do not aid in fusion, but they need
sufficient support of a hyphal network dominated by Wild Type nuclei. (20) Where ΔSoft is involved
in vegetative fusion, ACON-2 is required for the formation of conidiophores, at the transition from
the formation of aerial hyphae to the start of apical budding (8, 16, 21, 22). ΔSoft/Acon-2 has a
defect in both soft and acon-2 and produces hardly any spores as a monokaryon (9, 20). That despite
these seemingly disadvantageous mutations ΔSoft/Acon-2 is still selected in a background of Wild
Type and ΔSoft (a low-relatedness system), and even ΔSoft alone (a high-relatedness system),
strongly suggests that ΔSoft/Acon-2 is an even better cheater than ΔSoft. The intriguing question
here thus is how ΔSoft/Acon-2 obtains a benefit in these backgrounds. By answering this question we
hope to give insight in the traits that make for the perfect cheater and how these influence the
stability of cooperation.
Our first objective is to obtain a solid understanding on how ΔSoft/Acon-2 behaves in competition
with ΔSoft and with Wild Type separately, and to explore the mechanism by which it obtains a

competitive benefit over either of those two types. The next goal will be to combine these results
into a basic understanding of the three-way interaction between ΔSoft/Acon-2, ΔSoft, and Wild Type,
and to investigate additional dynamics that are important for a comprehensive model of the whole
system. This will give us insight in how cheating evolves. In this paper the focus lies on the pairwise
interactions of ΔSoft/Acon-2 with either ΔSoft or Wild Type, disentangled from the background of
the third type.

Results
Negative frequency dependency underlies polymorphism
All evolution lines remained polymorphic after 41 transfers (9), either with Wild Type and ΔSoft, with
Wild Type and ΔSoft/Acon-2, or with ΔSoft and ΔSoft/Acon-2. Since ΔSoft/Acon-2 has been selected
into these populations, it must have a competitive benefit. An obvious explanation for the stable
coexistence of two morphotypes is that this competitive benefit is negatively frequency dependent,
as was also found for ΔSoft with Wild Type (20). To test this hypothesis we set up pairwise
competition experiments between ΔSoft/Acon-2 and Wild Type, in which the starting frequency of
ΔSoft/Acon-2 was varied. Indeed we found that ΔSoft/Acon-2 only has a competitive disadvantage at
high frequencies, but a benefit over Wild Type at low initial frequencies (figure 1A). The benefit at
low frequencies is not significant here, but we found that at even lower frequencies (0.09) this ís the
case (figure S1), confirming the trend. Additionally, spore counts from those same competitions show
that with an increasing starting frequency of ΔSoft/Acon-2 the total spore yield after competition
decreases (figure 1B), confirming that ΔSoft/Acon-2 is a typical cheater.
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Figure 1. Competitive success of ΔSoft/Acon-2 against Wild Type is negatively frequency dependent. A) Competitive success of ΔSoft/Acon-2
in competitions against Wild Type at an inoculation density of 4*10^7 and a range of starting frequencies. At high starting
frequencies(>0.25) ΔSoft/Acon-2 had a disadvantage against Wild Type in a pairwise competition (one-sided t-test: P <0.05). At low starting
frequencies (<0.11) ΔSoft/Acon-2 appeared to get an advantage (one-sided t-test: P = 0.055). The dotted line represents the values at which
2
the competitive success of both types is equal. A power-function was fitted to the data with Microsoft Excel as a best fit line (R = 0.9314). B)
The total spore yield as measured after competition. The total yield after each competition decreased with increasing starting frequency of
ΔSoft/Acon-2 (ANOVA linear regression: P<0.01). Error bars show the standard deviation (n=3).

Against ΔSoft it was more difficult to find beneficial conditions for ΔSoft/Acon-2. It appears that the
competitive success of the double mutant is highly dependent on the inoculation density in this case
(figure 2A). Moreover, at the starting frequency of 10%, which is usually chosen by us to show fitness
at low frequency, no significant benefit could be found at all. Upon the initial selection of

ΔSoft/Acon-2, it still is at a very low frequency. Possibly a frequency of 10% is already too high for
ΔSoft/Acon-2 to have a benefit over ΔSoft, although it was found to reach higher frequencies in the
evolution lines (9). Altogether, we decided to perform pairwise competitions between ΔSoft/Acon-2
and ΔSoft not only at a range of very low starting frequencies, but also at various inoculation
densities. For good comparison, we chose a high spore density, an intermediate spore density, and a
low spore density, judging from earlier data (figure 2A).
Although less clearly than in the case of ΔSoft/Acon-2 and Wild Type, the outcomes of these
competitions do suggest a negative frequency dependency of the benefit of ΔSoft/Acon-2 over ΔSoft
(figure 2B). Still, none of the competitions showed a significant advantage. However, it seems
reasonable to stick to starting frequencies of ΔSoft/Acon-2 below 5% in subsequent experiments.
We chose this starting frequency and an inoculation density of 6*10^6 spores/ml, which we
estimated close to optimal, as standard conditions for the ΔSoft/Acon-2 – ΔSoft competitions.
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Figure 2. ΔSoft/Acon-2 appears to have a competitive advantage against ΔSoft at a specific density range and only at a very low frequency. A)
Competitive success of ΔSoft/Acon-2 in competitions against ΔSoft at a starting frequency of 10% for ΔSoft/Acon-2 and at various inoculation
densities. There appeared to be an optimum inoculation density for the competitive success of ΔSoft/Acon-2 against ΔSoft; the competitive
success in the competitions started with 4*10^6 and 1*10^7 was higher than in the ones started at lower and higher densities (LSD post hoc
test: P<0.05). B) At an inoculation density of 2*10^6 spores/ml ΔSoft/Acon-2 appeared to have more competitive success over ΔSoft at lower
frequencies. However, a significant difference between the outcome of the competition started with 5% ΔSoft/Acon-2 and the other
competitions at a density of 2*10^6 spores/ml was only significant with a not very conservative LSD post hoc test (LSD post hoc test: P<0.05).
The different bar colours represent the different starting frequencies of ΔSoft/Acon-2, ordered from lowest to highest. Error bars show the
standard deviation (n=3).

Fusion is required for the competitive success of ΔSoft/Acon-2 over Wild Type
For a more mechanistic understanding of the competitive success of ΔSoft/Acon-2 we first focussed
on ΔSoft/Acon-2 and Wild Type. Fusion appeared to be a crucial aspect in the competitive success of
ΔSoft over Wild Type (20) and since ΔSoft/Acon-2 has the same defect as ΔSoft in its fusion capacity,
it is likely to play a role here as well. Therefore we questioned whether heterokaryon formation is
involved in the competition of ΔSoft/Acon-2 against Wild Type.
We started off by determining how often ΔSoft/Acon-2 and Wild Type actually fuse by performing a
series of transfers with a mixture of both. We inoculated a spore mixture (spore density of 4*10^7
spores/ml and a ratio of 1:9 (ΔSoft/Acon-2 : Wild Type)) of both types and transferred 1% of the
harvested spores every 4 days. The amount of heterokaryotic spores was counted after each
transfer, which gives an indication on the amount of fusion happening. Already after the first transfer

a considerate amount of heterokaryons was formed, stabilizing at a frequency of 40% after four
transfers (figure S2), which indicates that fusion between ΔSoft/Acon-2 and Wild Type happens
regularly. We also performed this experiment with two types of ΔSoft/Acon-2 (an inositol (INL)
deficient strain and a panthotenic acid deficient strain (PAN), mixed in a 1:1 ratio) to assess its
general fusion capability. From this it appeared that ΔSoft/Acon-2 fuses with itself at a very low
frequency (figure 3), although slightly more than ΔSoft with itself, implying a similar asymmetry of
investment in fusion as in the case of ΔSoft and Wild Type (20).

Figure 3. Hardly any heterokaryons were formed between the two marker strains of ΔSoft/Acon-2. The graph shows the frequencies of the
the two marker strains of ΔSoft/Acon-2 and the heterokaryons formed between these two. We started the transfers with a 1:1 ratio. A clear
marker effect of the PAN and INL deficiencies was visible. The heterokaryon frequency appeared to stabilise at approximately 1.3%. Error
bars show the standard deviation (n=3).

We then moved on to determine whether fusion is also required for the benefit of ΔSoft/Acon-2 over
Wild Type. For this we set up competitions against vegetatively incompatible Wild Type strains, with
which ΔSoft/Acon-2 cannot fuse (table S1, the same incompatible Wild Type strains were used as by
Grum-Grzhimaylo et al. (20). If fusion is required we expect that ΔSoft/Acon-2 only has a competitive
advantage over the compatible strains and not over the incompatible strains. This was indeed what
we very clearly found (figure 4), proving the necessity of fusion.

10%

90%

Figure 4. ΔSoft/Acon-2 only has a competitive advantage over vegetatively compatible Wild Type. The charts show the competitive success
of ΔSoft/Acon-2 against the different Wild Type strains. Against the compatible strain (Nc147) ΔSoft/Acon-2 had a benefit at low starting
frequency (one-sided t-test: P<0.01), against incompatible Wild Type strains (Nc004, Nc104, Nc111) ΔSoft/Acon-2 had a disadvantage, at a
high as well as at a low starting frequency (one-sided t-test: P<0.05). Against Nc104 at high starting frequency the competitive success of
ΔSoft/Acon-2 was not significantly lower than 1 (one-sided t-test: P=0.06), but one of the three replicates fell out of tune rather extremely
here (0.9 opposed to 0.3 and 0.2), so we deem this result not representative. Error bars show the standard deviation (n=3).

ΔSoft/Acon-2 obtains competitive benefit in heterokaryon with Wild Type by
overrepresentation in spores
Having shown that fusion plays an important role, the next question we asked is how ΔSoft/Acon-2
obtains a competitive benefit within the heterokaryon with Wild Type. In principle there are two
possible mechanisms for this. The first is that during growth the ΔSoft/Acon-2 nuclei divide faster
within the heterokaryon than the Wild Type nuclei and that way increase in frequency. The second
mechanism is that ΔSoft/Acon-2 nuclei are overrepresented in the spores formed by the
heterokaryon. To test both possibilities we forced ΔSoft/Acon-2 – Wild Type heterokaryons, grew
them in race tubes and determined nucleus frequencies in the mycelium at the start of the race
tubes (pregrowth) and at the end of the race tubes (after growth). From both points we also isolated
mycelium and allowed it to sporulate. Among those spores we determined nucleus frequencies as
well. If ΔSoft/Acon-2 obtains its benefit during growth, we expect it’s frequency in the mycelium to
be higher after growth than before growth. This was not what we saw. Instead, we found that the
frequency of ΔSoft/Acon-2 significantly decreased during mycelium growth (figure 5A). This decrease
would probably even have been stronger if we had supplemented the medium in the race tubes,
which is more in accordance with the conditions in the original evolution lines (9, 20): PAN and INL
deficient strains were used, so if one of the two types of nuclei decreases in frequency too much, the
mycelium will become deficient in either PAN or INL in unsupplemented conditions and thus growth
will be limited. Hence there is a force to have both types of nuclei present, which in case of ΔSoft and
Wild Type was found to limit a decrease in frequency (20). We then turned to the nucleus
frequencies among the spores and found a significant discrepancy between the mycelial ΔSoft/Acon2 frequency and the ΔSoft/Acon-2 frequency in the spores: the frequency of ΔSoft/Acon-2 was
significantly higher in the spores than in the corresponding mycelium (figure 5B). The cheating
mechanism of ΔSoft/Acon-2 thus clearly relies on it preferentially ending up in the macroconidia, and
not on intramycelial amplification. We also asked whether the overall frequency dependency of the
advantage of ΔSoft/Acon-2 is reflected within the heterokaryon with Wild Type. Although we found
a slight tendency towards a negative frequency dependency of the competitive benefit in this

syncytium (figure S3), as was found for ΔSoft (20), we could not significantly prove it here. Moreover,
since the frequency of ΔSoft/Acon-2 can never rise above 100%, this system will intrinsically always
tend to a negative slope a little, so we cannot draw a sensible conclusion about it here. This slope will
only be relevant when we can significantly show that ΔSoft/Acon-2 gets a competitive disadvantage
at a certain frequency range, since then we can reject the possibility that the negative correlation is
solely caused by intrinsical properties of the system.
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Figure 5. ΔSoft/Acon-2 obtains an advantage in heterokaryons with Wild Type by overrepresentation in spores. A) The frequency of
ΔSoft/Acon-2 in the mycelium after 25cm of growth has been plotted against the starting frequency. During growth the frequency of
ΔSoft/Acon-2 decreased (one-sided t-test: P<0.05). The dashed line represents a stable frequency. For statistics the data were normalized by
taking the ratio between the frequency of ΔSoft/Acon-2 after growth and the frequency before growth (n=3). B) The frequency of
ΔSoft/Acon-2 in spores has been plotted against the frequency in the mycelium. ΔSoft/Acon-2 was overrepresented in spores produced by the
heterokaryon with Wild Type (one-sided t-test: P<0.01). The dashed line represents an equal frequency of ΔSoft/Acon-2 between mycelium
and spores. For statistics the data were normalized by taking the ratio between the frequency of ΔSoft/Acon-2 in spores and the frequency in
the mycelium (see also figure S3) (n=3).

ΔSoft/Acon-2 outgrows ΔSoft
Contrary to ΔSoft/Acon-2 and Wild Type, fusion is probably not of great importance in the interaction
between ΔSoft/Acon-2 and ΔSoft. ΔSoft has been found to fuse with itself only minimally, which is
likely also the case for ΔSoft/Acon-2 since it carries the same ΔSoft-mutation. Accordingly, we
expected ΔSoft/Acon-2 and ΔSoft to form heterokaryons only to a small extent. Moreover, the
distinguishing factor between ΔSoft/Acon-2 and ΔSoft is the mutation in the acon-gene of the double
mutant. Therefore we expected that fusion is not the decisive factor in the interaction between
ΔSoft/Acon-2 and ΔSoft. To rule out a role for fusion, we followed the same line of experiments here
as for the interaction with Wild Type.
We started off again with a series of transfers started with a mixture of both (spore density of
4*10^7 spores/ml and a ratio of 1:9 (ΔSoft/Acon-2 : ΔSoft)). As expected we found hardly any
dikaryotic spores originating from the mixture of ΔSoft and ΔSoft/Acon-2 (figure S2). By determining
the ratio of heterokaryotic offspring of forced ΔSoft/Acon-2 – ΔSoft dikaryons we showed that the
assumption of random segregation is barely violated here (figure S4), so this finding indicates that
fusion only takes place at a very low frequency. Accordingly, in the competition against incompatible
ΔSoft strains which we subsequently conducted ΔSoft/Acon-2 not only has a competitive benefit over
compatible ΔSoft strains, but also over incompatible ΔSoft strains (figure 6, table S1), indicating that
a mechanism which is not based on fusion underlies the competitive success of ΔSoft/Acon-2 over
ΔSoft.
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Figure 6. Competitive success of ΔSoft/Acon-2 does not differ between compatible and incompatible ΔSoft strains. The charts show the
competitive success of ΔSoft/Acon-2 against the different Wild Type strains. Against the compatible strain (Nc235) the competitive success of
ΔSoft/Acon-2 was equal to the competitive succes against the incompatible strains (2, 10, 13) at low starting frequencies: the competitive
success of ΔSoft/Acon-2 was not significantly different among these competitions (LSD post hoc test: P>0.05). In fact, the only significant
competitive advantage was found in the competition against an incompatible strain (nr. 2) (one-sided t-test: *P<0.05). At high frequencies
the competitive success against the compatible ΔSoft strain was not significantly different from the competitive success against all
incompatible strains (LSD post hoc test: P>0.05), although against nr. 2 and 10 it is lower (LSD post hoc test: P<0.05). All are significantly
below 1 (one-sided t-test: P<0.01). Error bars show the standard deviation (n=3).

In principle a competitive advantage can be obtained at two levels in colony development:
intermycelial or intramycelial. We thus hypothesized that the intermycelial level is where
ΔSoft/Acon-2 realizes its benefit against ΔSoft, and not intramycelial. We identified two main traits
that can result in a competitive advantage pre-fusion. The first is relative spore production: a higher
spore production per surface area obviously results in a larger contribution to the total spore yield
and therefore the next generation. The second trait is growth rate: with a higher growth rate a larger
surface area can be occupied and hence a larger network can be realised, resulting in a higher spore
yield (6). The relative spore production of a ΔSoft/Acon-2 monoculture is much lower than that of a
ΔSoft monoculture (9), hence we decided to focus on growth rate as the main driver of the
competitive success of ΔSoft/Acon-2. We measured the average growth rate of ΔSoft/Acon-2, ΔSoft,
and Wild Type and found that ΔSoft/Acon-2 grows much faster in monoculture than ΔSoft over a
timespan of three (?) days, both at a low and a high inoculation density (figure S5), which is in
agreement with a system in which its growth rate gives ΔSoft/Acon-2 an advantage over ΔSoft.
The importance of growth rate was confirmed by the finding that ΔSoft/Acon-2 has a benefit over
ΔSoft only at a specific range of inoculation densities (figure 2A). Since ΔSoft/Acon-2 and ΔSoft do
not fuse, neither in cis, nor in trans, the size of the mycelium network will be limited by the available
space per colony exclusively: upon meeting the colonies will only hinder each other. Colony size
therefore solely depends on initial spore density and growth rate here. The higher the inoculation
density, the earlier colonies meet, and thus the more important growth rate becomes to establish an
extensive supportive network of hyphae. Accordingly, the relatively high growth rate of ΔSoft/Acon-2
will result in an advantage only at high enough spore densities, which is what we found. However,
this advantage lasts specifically within the range of inoculation densities where ΔSoft is not able to
form a proper network, but ΔSoft/Acon-2 is. At lower and higher inoculation densities both can form

an extensive network or both are limited in their growth respectively. In those conditions the inferior
spore production of ΔSoft/Acon-2 will increasingly be the decisive factor and thus the balance will tip
into the advantage of ΔSoft.
For ΔSoft/Acon-2 to have an advantage we envision a system where the available surface is quickly
covered by mycelium and in which network establishment is the limiting factor for total spore
production by each strain. In such a system growth rate in itself is not the advantageous factor per se
but rather the growth pattern. Investment in early outgrowth to occupy surface will be more
important than hyphal growth in later stages. Therefore we also measured colony outgrowth
specifically in the first hours after inoculation. As a pilot experiment we inoculated ΔSoft/Acon-2 and
ΔSoft, let them grow overnight and then analysed hyphal growth with microscopy. We did the same
for Wild Type as a reference. All inoculations were done with five densities since initial spore density
has been shown to affect growth rate to a large extent on petridishes (18). In accordance with the
average growth rates, we found that radial outgrowth of ΔSoft/Acon-2 is much larger for ΔSoft/Acon2 than for ΔSoft, whereas both have less radial outgrowth than Wild Type (figure 7C). This difference
is apparently much stronger at high densities than at low densities, but can be observed at a
densities higher than 2*10^6, which were used for the pairwise competitions. Interestingly, we also
observed a difference in the growth pattern of the three types with microscopy. It appears that both
ΔSoft/Acon-2 and ΔSoft grow more dense than Wild Type at a density of 1*10^6 spores/ml (the
density most suitable for microscopy) and that this is most extreme for ΔSoft/Acon-2 (figure 7A,B,C).
It should be noted here that the inoculum of ΔSoft/Acon-2 contained relatively many large pieces of
mycelium, which may have an effect on early outgrowth. However, the inoculum used here
resembles the inoculum used in the competition experiments and thus we consider the results
representative for the situation in the competitions.
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Figure 7. Wild Type, ΔSoft and ΔSoft/Acon-2 have their own characteristics for colony outgrowth. Column A) Null-images of the inoculum.
The spore density that is shown here is 1*10^6 spores/ml. Column B) Microscopical images of droplets with an inoculation density of 1*10^6
spores/ml after 14 hours of growth (maginification: 40x). Column C) Plates with colonies started at a range of inoculation densities (5x
dilution series plus nr. 3 (1*10^6 spores/ml) for microscopy): 1. 1*10^7 spores/ml, 2. 2*10^6 spores/ml, 3. 1*10^6 spores/ml, 4. 4*10^5
spores/ml, 5. 8*10^4 spores/ml.

ΔSoft/Acon-2 has a competitive benefit in a heterokaryon with ΔSoft
Pairwise competitions are useful to study the dynamics of a population where both fungus types are
present as monokaryons. However, during evolution new specimens will always start within a
heterokaryon with the ancestor by means of a mutation. ΔSoft/Acon-2 specifically must have started
within heterokaryotic mycelium with ΔSoft, and with a very low frequency. Considering the nearly
random segregation of nuclei, very little homokaryotic spores with ΔSoft/Acon-2 are formed in this
situation. Only after a while a sufficient amount of homokaryotic ΔSoft/Acon-2 could thus have been
available for selection to catch onto robustly, during which time survival within heterokaryons was
crucial. Since ΔSoft/Acon-2 has been selected multiple times (9), we thus deem it very likely that for
its initial selection ΔSoft/Acon-2 already had an advantage within the heterokaryon with ΔSoft,
omitting the necessity of monokaryons for its selection and thus making this more robust. Such an
additional mechanism for competitive succes in heterokaryons may also explain the difficulty in
finding a competitive advantage of ΔSoft/Acon-2 over ΔSoft in the pairwise competitions, which were
started with monokaryons.

We already showed that ΔSoft/Acon-2 has an advantage over Wild Type within a dikaryon. To
determine whether this is also the case in a ΔSoft/Acon-2 – ΔSoft heterokaryon we followed the
same line of experiments as for the case with ΔSoft/Acon-2 and Wild Type: we forced heterokaryons,
grew them in race tubes, and determined the nucleus frequencies in the mycelium and in the spores
harvested from this mycelium. Also in the case of ΔSoft/Acon-2 and ΔSoft the frequency of
ΔSoft/Acon-2 in the chimera decreased significantly during growth (figure 8A), but its frequency was
disproportionally high in spores relative to the mycelium from which these spores were harvested
(figure 8B). Those results indicate that also within heterokaryons with ΔSoft ΔSoft/Acon-2 obtains a
benefit by overrepresentation in the spores. This overrepresentation is also negatively frequency
dependent here (figure S6).
The intramycelial advantage cannot explain the stable existence of ΔSoft/Acon-2 in the ΔSoft lines.
This follows from a series of transfers which we started with heterokaryons of ΔSoft/Acon-2 and
ΔSoft. We found that chimeras were quickly lost from the population (figure S7), which is in
agreement with the segregation pattern we observed (figure S4) combined with the negligable
formation of new heterokaryons (figure S2). This result contradicts a system where ΔSoft/Acon-2
obtains a substantial benefit by existing in heterokaryons; a mechanism for obtaining a benefit as a
monokaryon is required.
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Figure 8. ΔSoft/Acon-2 obtains an advantage in heterokaryons with ΔSoft by overrepresentation in spores. A) The frequency of ΔSoft/Acon-2
in the mycelium after 25 cm of growth has been plotted against the starting frequency. During growth the frequency of ΔSoft/Acon-2
decreased (one-sided t-test: P<0.05). The dashed line represents a stable frequency. For statistics the data were normalized by taking the ratio
between the frequency of ΔSoft/Acon-2 after growth and the frequency before growth (n=3). B) The frequency of ΔSoft/Acon-2 in spores has
been plotted against the frequency in the mycelium. ΔSoft/Acon-2 was overrepresented in spores produced by the heterokaryon with ΔSoft
(one-sided t-test: P<0.01). The dashed line represents an equal frequency between mycelium and spores. For statistics the data were
normalized by taking the ratio between the frequency of ΔSoft/Acon-2 in spores and the frequency in the mycelium (see also figure S6) (n=3).

Discussion
By performing pairwise competitions under various conditions and following the behaviour of
different nucleus types of Neurospora we have obtained a basic, but important, insight in the
mechanisms by which mutants gain an advantage in a population of cooperating fungi.

Against Wild Type we found that the double mutant requires fusion with Wild Type to be successful,
so its benefit is obtained within the chimeric network. Inside a shared heterokaryotic network
ΔSoft/Acon-2 can benefit from the mycelial structures dominated by Wild Type nuclei but
preferentially invests in conidiophore development itself, resulting in the overrepresentation of
ΔSoft/Acon-2 in the spores. That way ΔSoft/Acon-2 can obtain a competitive benefit over Wild Type.
A sufficiently extensive network is important for a high spore yield (6). Since monokaryotic
ΔSoft/Acon-2 produces considerably less spores than the mix with ΔSoft/Acon-2 and Wild Type, and
both produce much less spores than monokaryotic Wild Type (9), ΔSoft/Acon-2 clearly parasitizes on
the chimeric network. The necessity for nursing by a Wild Type dominated network is confirmed by
the negative frequency dependent nature of the competitive success of ΔSoft/Acon-2. That we did
not find a significant negative frequency dependency of the intramycelial advantage indicates that
the amount of opportunities to fuse with a Wild Type hyphal network is most limiting here. With
relatively more Wild Type around, there are more opportunities for successful fusion with such a
nursing network. We thus propose a basic mechanism for the cheating behaviour of ΔSoft/Acon-2
against Wild Type which is very equal to that of ΔSoft (20) (figure 9). This system of unequally
benefitting from the cooperating group by preferentially contributing to reproduction has been
found in more cooperating organisms, such as Dictyostelium (23) and social aphids (24). A
prerequisite here obviously is access of the cheater to a cooperating group, which is much easier in a
low-relatedness than in a high-relatedness system.
In a high-relatedness system a different mechanism seems to underlie the benefit of ΔSoft/Acon-2.
We showed that ΔSoft/Acon-2 quickly segregates from the heterokaryon with ΔSoft in which it first
emerges, so in contrast to the interaction with Wild Type, ΔSoft/Acon-2 and ΔSoft generally don’t
share a mycelium network to utilize the available resources. Consequently, competition arises at a
whole different level: between colonies and not between the nuclei within a colony. This requires a
different mode of realizing an advantage and thus offers an interesting extra window on the
characteristics of ΔSoft/Acon-2. The model we propose for the stable existence of the double mutant
together with ΔSoft relies on a delicate balance of hyphal growth and spore production. Compared to
ΔSoft ΔSoft/Acon-2 produces much less spores as a monokaryon, so to contribute to the next
generation more than ΔSoft the double mutant has to inhibit the potential of ΔSoft to produce
spores. We provided evidence that it does this by growing out faster, thereby inevitably hindering
the outgrowth of ΔSoft. That way ΔSoft/Acon-2 can quickly conquer the available substrate and
establish an extensive network, not giving ΔSoft the chance to form a mycelium network to support
conidiogenesis. The negative frequency dependency that applies to the advantage of ΔSoft/Acon-2
here indicates that an equilibrium is formed. Spores are the starting points of new colonies. If
ΔSoft/Acon-2 has too many starting points, its different colonies will start to inhibit each other as
well since fusion hardly takes place. This would not be of much influence if the spore yield per
mycelium area would always be the same. However, Bastiaans et al. (6) showed that the efficiency of
spore production increases with colony size. Therefore, the spread of ΔSoft/Acon-2 over multiple
smaller colonies also decreases its own total spore yield. Intrinsically ΔSoft/Acon-2 needs a larger
network than ΔSoft to reach a similar level of reproduction, so at a certain point the total yield of
ΔSoft is higher than that of ΔSoft/Acon-2 despite it being hindered. For its advantage ΔSoft/Acon-2
thus not only has to hinder the production of ΔSoft spores, but also needs colonies that are large
enough for its own spore production to be sufficiently high, which is only possible when the
frequency of ΔSoft/Acon-2 in the population is low. A summary of our model is shown in figure 9.
Remarkably, in one of the high relatedness evolution lines of Bastiaans et al. ΔSoft/Acon-2 was found
to reach a frequency over 50 % (9). Genotyping revealed that this could not have been caused by
secondary mutations (20). An explanation could be provided by our transfer experiment started with
heterokaryons. In general we suppose that the heterokaryon with ΔSoft, in which ΔSoft/Acon-2
inevitably starts, is quickly lost. However, we did find one line in which the ΔSoft – ΔSoft/Acon-2
heterokaryon was maintained. We also found that ΔSoft/Acon-2 has a benefit over ΔSoft within the
dikaryon as well. We put this forward as a stepping-stone for the initial selection of ΔSoft, but

possibly the heterokaryon is maintained sometimes. This could give ΔSoft/Acon-2 an extra advantage
sometimes, enabling it to reach higher frequencies in a population with ΔSoft.

A.

B.
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Figure 9. Schematic illustration of the proposed model of cheating by ΔSoft/Acon-2. A) Wild Type development. We
distinguish four stages that are important in the development of Neurospora crassa here: inoculation, hyphal extension and
outgrowth, fusion, spore formation (from bottom to top). Dots represent nuclei, orange structures represent mycelium. In
grey an incompatible colony is shown that cannot fuse and hence has a smaller network. B) ΔSoft/Acon-2 (blue) with Wild
Type (green). ΔSoft/Acon-2 can fuse with Wild type and in that case its nuclei are overrepresented in spores of the
heterokaryon. When ΔSoft/Acon-2 does not fuse it produces very little spores. C) ΔSoft/Acon-2 (blue) with ΔSoft (pink).
Bottom pictures: Inoculation is random but ΔSoft/Acon-2 grows out much quicker than ΔSoft, taking up most space and
hindering the growth of ΔSoft. Top pictures: there is hardly any fusion between ΔSoft/Acon-2 and ΔSoft, because the
colonies of ΔSoft/Acon-2 are relatively bigger it produces relatively more spores than ΔSoft on average. In the
heterokaryons that are present ΔSoft/Acon-2 preferentially contributes to spore production.

We have a basic idea now on how ΔSoft/Acon-2 obtains a benefit in pairwise interactions with Wild
Type and with ΔSoft, the focus of this study. However, to fully grasp how cheating can evolve in a
cooperating group, we are ignorant on two important issues: the exact mechanism of cheating and
the dynamics of the three types together.
Both ΔSoft and ΔSoft/Acon-2 fuse with Wild Type and both also parasitize on the mycelium network
they share with Wild Type (20). The selfish behaviour in their respective interaction with Wild Type
relies on overrepresentation in the spores that are produced by the dikaryon. There are multiple
ways to become overrepresented in spores (23). Conceptually these can be divided into two

categories. The first is suppression of the other to adopt the spore fate, the second is suppression of
the self to adopt a supporting function. The most logical system for ΔSoft and ΔSoft/Acon-2 is
withdrawal from investing in supportive tissue, because they do not initiate fusion. The hypothesis is
that since the Wild Type does invest in forming an interconnected mycelial network, it will
automatically be overrepresented in this supportive tissue (20). As a consequence, ΔSoft/Acon-2 and
ΔSoft will respectively be overrepresented in spore forming tissue, provided that their frequency
does not decrease too much during growth. This basic system could work for the pairwise
interactions with Wild Type. However, the finding that ΔSoft/Acon-2 is also overrepresented in the
spores of a dikaryon with ΔSoft points to more complex dynamics. The difference between
ΔSoft/Acon-2 and ΔSoft is that ΔSoft/Acon-2 has a mutation in the acon-2 gene. ACON-2 is a cAMP
phosphodiesterase that is involved in spore formation (22, 25). The modus operandi of ACON-2
probably is releasing the repression of conidiation that is posed by G-protein dependent cAMP
signalling, hence without functional ACON-2 filamentous growth is maintained (25-28). In a Wild
Type situation Neurospora has a continuous cytoplasmic flow directed towards the growing hyphal
tips at the periphery of the colony, delivering nutrients and other building material (13, 29, 30).
Under the influence of a circadian rhythm this flow is reversed periodically to support formation of
aerial hyphae behind the margin of the colony (29). Both aerial hyphae and growing tips require
nursing by the supporting network (13, 30). Consequently, competition for resources is likely to arise
between outgrowth and reproduction. Since the double mutant hardly supresses filamentous
growth, it is conceivable that ΔSoft/Acon-2 will allocate more nutrients to hyphal growth than ΔSoft,
which may also partly be why we observed a higher growth rate for ΔSoft/Acon-2. The
overrepresentation of ΔSoft/Acon-2 in spores harvested from a dikaryon with ΔSoft can thus hardly
be explained by ΔSoft investing more in supportive tissue. Instead, the opposite would be expected.
How then does ΔSoft/Acon-2 achieve preferential allocation to conidia in a heterokaryon with ΔSoft?
To answer this question we may have to look at the underlying control of conidial development.
Regulation of acon-2 depends on the internal clock of Neurospora and on environmental factors.
ACON-2 in turn is required for the activation of fluffy, another key regulator of conidiation. (31)
However, in some cases it was suggested that environmental factors such as carbon level and light
can also bypass the requirement of ACON-2 (22, 32). A pilot experiment we conducted demonstrated
that this also seems to apply to ΔSoft/Acon-2 (data not shown). Possibly sectors dominated by
ΔSoft/Acon-2 create a local environment, due to their growth characteristics, that has stimulating
effects on conidiogenesis in those regions. It has been found that in general regional differences in
gene expression can arise due to the curves and bumps in a mycelial network (33, 34). Since ΔSoft
and probably also ΔSoft/Acon-2 make a network that has a reduced connectivity (14) such regional
differences are indeed very likely to occur in the dikaryon.
Only when we know the exact mechanism that is employed by ΔSoft/Acon-2 for cheating and why it
has an advantage on ΔSoft, we can pinpoint which traits are most important for the perfect cheater
to evolve. This is where the three-way interaction offers a unique opportunity; it gives us an
unprecedented glimpse on the subsequent steps by which cheating is shaped by evolution. In other
words: which traits of ΔSoft are enhanced and which are softened in ΔSoft/Acon-2? We
demonstrated that for cheating in the strictest sense (i.e. benefitting from group effort without
contributing) a first prerequisite is access to the cooperating group, which happens via fusion.
Comparing the general fusion capabilities of ΔSoft/Acon-2 and ΔSoft already suggests that
ΔSoft/Acon-2 is less restrained in forming heterokaryons than ΔSoft. Additionally, in the triple
situation where fusion with Wild Type is possible, the faster outgrowth of ΔSoft/Acon-2 may give it
more opportunities to fuse with Wild Type than ΔSoft has. Hindrance of its growth by ΔSoft/Acon-2
may even reduce the opportunities of ΔSoft for fusing with Wild Type. We thus hypothesize that
ΔSoft/Acon-2 has more access than ΔSoft to an extensive supporting network. An almost complete
loss of fusion may thus have been the onset to cheating, but might be shaped to an optimum later
on. Secondly, although it hitherto remains unidentified how, ΔSoft/Acon-2 appears to be better than

ΔSoft in preferentially ending up in spores of heterokaryons. We have no reason to assume that this
is different for a heterokaryon with ΔSoft/Acon-2, ΔSoft, and Wild Type together.
In follow-up research the focus should lie on revealing what actually happens in the triple situation.
We propose four key questions: 1) To which extent do ΔSoft/Acon-2, ΔSoft, and Wild Type fuse and
with whom? 2) What does the network architecture of the formed heterokaryons look like on a
microscopical level? 3) How do these network characteristics influence the dynamics of the nuclei
within the heterokaryon? 4) How are developmental regulators for conidiation distributed in the
network? In a properly interconnected network nuclear mixing, which mainly happens by
cytoplasmic bulk flows, is optimized in Neurospora (14, 35, 36) and although it has not been shown
yet, it is reasonable to say that the same bulk flow applies to movement of nuclei into aerial hyphae,
possibly refined by cytoskeletal elements (15, 35). We therefore assume that each nucleus within a
Wild Type mycelium network has an equal chance of entering spores. The cheating system we
observed is thus very likely to rely on suboptimal network formation by the heterokaryon, which
impedes proper mixing (14) and hence creates the possibility for unequal representation in spores.
However, we don’t know what the exact influence of ΔSoft and ΔSoft/Acon-2 nuclei is here. The next
prerequisite is unequal differentiation of the network. How are factors that underlie conidiophore
formation activated only in specific regions (i.e. dominated by ΔSoft/Acon-2 nuclei)? We consider
these aspects the most important for understanding the mechanism of cheating.
Obviously, our experiments were performed in lab conditions. However, the natural environment of
Neurospora crassa may pose some serious constrains on the system we observed. Neurospora has
been found mainly on sites that are regularly burned by fire and for the first colonisation of those
sites the surviving sexual spores are most important (37). We don’t know how much our cheaters
contribute to sexual reproduction and whether they can manifest themselves when they start off
solely as homokaryons. Moreover, in nature environmental factors such as light may have a much
larger influence than in lab conditions, which specifically effects ΔSoft/Acon-2 (31). In a lowrelatedness Wild Type system, ΔSoft/Acon-2 may well be able to spread during the asexual life cycle
and manifest itself in the colonies. However, a high-relatedness system such as with ΔSoft appears to
lose ΔSoft/Acon-2 quickly from its colonies and in a natural environment ΔSoft/Acon-2 may not be
capable of maintaining itself for a prolonged period of time because it needs very specific conditions
to have an intermycelial advantage. To discover which traits are important for cheaters in nature, it
would be very interesting to search for them in field surveys. For example for Dictyostelium
discoideum cheaters were found frequently in nature (38) which enable researchers to study which
modes of cheating can emerge.
In conclusion, the double mutant ΔSoft/Acon-2, which has a defect in fusion and conidiophore
formation, appears to cheat on the Wild Type cooperative group with the same mechanism as ΔSoft,
which has a fusion deficiency; by preferentially contributing to reproduction. Why ΔSoft/Acon-2
outcompetes ΔSoft in the interaction with Wild Type remains unknown, but we hypothesize that by
growing faster ΔSoft/Acon-2 creates more opportunities to fuse with Wild Type mycelium and hence
more opportunities to cheat. In the ΔSoft system, resembling a more highly related cooperative
group, we hypothesize that real cheating, as against the Wild Type, only happens just after
ΔSoft/Acon-2 emerges within a heterokaryon with ΔSoft. However, soon the level of competition
moves towards the intermycelial level instead of the intramycelial level, at which ΔSoft/Acon-2
appears to have a benefit over ΔSoft by outgrowing it. So although cheaters can emerge in a highrelatedness system, they quickly don’t have access to the social group anymore after which their
survival depends on intermycelial competitive benefits. So, very remarkably, ΔSoft/Acon-2 is selected
in both a low-relatedness system and a high-relatedness system based on a very different underlying
mechanism. However, in both cases the double mutant probably performs better than ΔSoft at low
frequencies because it grows out faster.

Materials and Methods
Strains and growth conditions
The species we used as a model is Neurospora crassa. Wild Type strains and isogenic mutants for
ΔSoft and for ΔAcon-2 have been obtained from the Fungal Genetics Stock Centre (39). A Hygromycin
resistance cassette had been inserted in soft and acon-2 in these strains respectively. To make the
ΔSoft/Acon-2 double mutant, crosses have been done by Grum-Grzhimaylo et al. (20). Strains with
Inositol (Inl) and Panthotenic acid (Pan) deficiencies were obtained from Bastiaans et al. (9). For all
experiments strains of mating type A were used. Fungi were grown on Vogel’s minimal medium (40)
if not explicitly stated otherwise. The same growth conditions as in Bastiaans et al. (9) were used for
pregrowth and during experiments, being at 25 ⁰C and with a light/dark rhythm of 12/12 hours. All
strains of Neurospora that were used for this project can be found in the supplementary materials
(table S1). For every experiment the used strains were pregrown 6-7 days on slanted tubes (small
tubes with 3,5 ml VMM) from spores from a basis tube that was used for the whole project. The basis
tubes were inoculated from a -80 ⁰C stock. For the experiments big tubes with 7,5 ml VMM were
used. Tubes were sealed with a cotton plug.
Crossing
To obtain incompatible ΔSoft strains, crossings were performed between the standard ΔSoft strain
we used and Wild Type strains of opposite mating type that were vegetatively incompatible on three
het loci (Nc004 x Nc193 and Nc008 x Nc167 (table S1)). Macroconidia of the Wild Type and ΔSoft
strains were mixed and inoculated on SC medium (9). After black ascospores had been formed, they
were harvested with a cotton swab and after a 45 minute heat shock at 60 ⁰C 80-100 spores were
plated on counting medium containing hygromycin to select for the ΔSoft mutation. To select for
PAN deficiency, colonies from these plates were transferred to and grown on tubes containing PAN
and on tubes without supplementation. From the strains that only grew on PAN supplemented
tubes, macroconidia were harvested. We then selected for the A mating type by fertilizing Δfluffy
strains, which do not produce macroconidia (22), with these spores. This was done by spotting
macroconidia from our crosses onto plates covered by Δfluffy strains with mating type a and plates
covered by Δfluffy strains with mating type A. Only with strains of opposite mating type sexual spores
are formed, so by observing on which plate black ascospores were formed, the mating types could be
determined. Next, the het alleles were determined with a complementation test. For this test INL
deficient testers with all possible combinations of the c, d, and e loci were used. Spore suspensions
were mixed with spores of these testers by spotting 10 μl of each on plates. Unsupplemented
medium was used to force heterokaryons between the PAN and INL deficient strains. Only if the
spores in the mix are vegetatively compatible, colonies will grow out.
Measuring yield
Total spore yields were measured with the CASY TT cell counter (Innovatis AG) in every case.
Transfers
Transfer experiments were conducted to determine the frequency with which heterokaryons were
formed as in Bastiaans et al. (9). Transfers were set up in with ΔSoft/Acon-2 combined with ΔSoft and
combined with Wild Type. Inl and Pan deficient strains were used and they were grown on
supplemented medium. The transfers were set up reciprocally to detect the effect the selectable
markers may have. Spores were harvested from the pregrown colonies and diluted to 4*10^7
spores/ml. The different types were mixed in known ratio’s and inoculated on slanted tubes. These
tubes were put to grow in a 25 ⁰C incubator according to our standard growth conditions. Every four
days spores were harvested with 5 ml of sterile MQ. Tubes were vortexed for approximately 20
seconds. 1% of the spores were transferred to new tubes (50 μl) thereby ensuring equal distribution
over the whole surface of medium. This was done four times. Frequencies of the combined strains
and potential heterokaryons were determined after every transfer, and at the start of the

experiment, on counting plates (9): four supplemented with Pan, four with Inl, and four with nothing
to distinguish between the three possible spore types.
Competitions
Competitions were set up in pairs in slanted tubes. Spores were harvested from the pregrowth with
sterile MQ. The spore solutions were diluted to appropriate concentrations and competing strains
were mixed at known frequencies. The standard starting conditions for competitions were an
inoculation density of 4*10^7 spores/ml and a starting frequency of 10% for ΔSoft/Acon-2. For each
competition three replicate tubes were inoculated with 50 μl of spore solution, which was spread
equally over the medium surface with a pipette (the tubes were supplemented with INL and PAN in
the competitions with incompatible strains). For determining the exact starting frequencies part of
the spore solutions was also plated on counting plates. The tubes were put to grow at our standard
growth conditions. After four days spores were harvested by adding 5 ml sterile MQ and vortexing
for approximately 20 seconds. 1 ml was transferred out of the growth tubes to Eppendorf tubes for
further analysis. Appropriate dilutions were made and spores were plated on counting plates.
ΔSoft/Acon-2, ΔSoft, and Wild Type can be distinguished by phenotype (figure S8), so colonies of
each type were counted manually. Competitive succes of ΔSoft/Acon-2 was calculated as the ratio
between the relative frequency of ΔSoft/Acon-2 after four days and the relative starting frequency
of ΔSoft/Acon-2, as in Bastiaans et al. (9).
Intramycelial competitions
Heterokaryons between ΔSoft/Acon-2 and ΔSoft and between ΔSoft/Acon-2 and Wild Type were
forced by pipetting 30 μl of spore suspension of both strains on a slanted VMM-tube without
supplementation. INL and PAN deficient strains were used for this and the competitions were set up
reciprocally to diminish potential marker effects. After the heterokaryotic mycelium started
sporulating spores were harvested and plated on non-supplemented Sorbose VMM. This way only
heterokaryotic colonies were formed. From these plates 5 colonies of each combination (ΔSoft/Acon2 –soft and ΔSoft/Acon-2 – Wild Type) were randomly picked and a small block of agar was
transferred to 25 cm long race tubes filled with 20 ml of non-supplemented VMM (so that a 0.5 cm
thick agar layer was formed). The colonies were allowed to grow and after they had reached the end
of the tube mycelium was harvested from the end and from the beginning of the tube. This was done
by melting holes in the tube with a hot needle and subsequently scraping off some mycelium with an
inoculation loop. Part of the mycelium was transferred to a small non-slanted glass tube with 2 ml of
non-supplemented VMM and part was frozen at -20 ⁰C for subsequent DNA extraction. These tubes
were used to minimize hyphal outgrowth. Non-supplemented VMM was used in the race tubes and
the small glass tubes to make sure only heterokaryons would grow. After 6 days spores were
harvested from the small tubes and also frozen at -20 ⁰C for subsequent DNA extraction. DNA
extractions were performed according to the Qiagen protocol with some minor adaptations. gDNA
samples were diluted to approximately 20 – 400 pg/μl and qPCR was used to determine the
frequencies of the different nuclei.
Part of the spores was also plated on unsupplemented counting plates and on plates supplemented
with INL and PAN to determine the frequency of heterokaryotic spores (that grow on both
supplemented and unsupplemented medium). The frequency of heterokaryons that were produced
were compared to what would be expected based on mycelial nucleus frequencies, which tells how
the nuclei segregate.
qPCR
qPCRs were performed with the SensiFAST SYBR No-ROX kit and in a Biorad CFX96 Real-Time PCR
detection system. The ΔSoft and ΔSoft/Acon-2 mutants have been created by inserting a Hygromycin
cassette into the soft and/or acon genes (39). Primers were designed that specifically amplify the
hygromycin insert at the acon-2 locus. One primer was specific for a region within the insert and the
other for a region just outside the insert at the acon-2 locus. Another set was designed to amplify the

Wild Type acon-2 gene in ΔSoft and in Wild Type nuclei. That way ΔSoft/Acon-2 nuclei could be
distinguished from the other two when present in pairs. The following primers were designed using
Primer-3 ΔSoftware:
Acon2_hyg_1_F = GGGACGACACTGACACTCCT, Acon2_hyg_1_R = GCCTGGACGACTAAACCAAA and
Acon2_WT_1_F = CAGTCTTGTCGGGTCCCCTGAA, Acon2_WT_1_R = GGAGATAACCATACGGCCGGGT.
For each DNA sample two reactions were run, one with the primer set specific for the acon mutation
and one with the primer set specific for the Wild Type acon-2. Four technical replicates were done
for each reaction and Ct values were measured with Biorad CFX ΔSoftware. Frequencies of the
different nuclei were calculated from the average difference in Ct value between the two reactions.
Pilot experiments were performed on gDNA mixtures containing ΔSoft/Acon-2, ΔSoft, and Wild Type
gDNA at known ratio’s to verify the system (figure S9,10).
The following reaction mixture and protocol were used:
Reaction mixture:
SensiFAST mix
Forward primer
Reverse primer
Template DNA
MQ

5 μl
0.2 μl (200 nM)
0.2 μl (200 nM)
2 μl
2.6 μl

Thermocycler protocol:
1x
95 ⁰C 3 min.
40x
95 ⁰C 10 sec.
61 ⁰C 23 sec.
)Optional for melt curve analysis
1x
95⁰C 10 sec.
1x
Melt Curve (55⁰C - 95⁰C)

Colony outgrowth
A pilot experiment was performed to characterize colony outgrowth. This was done by pipetting 30
μl of spore suspension (various droplets with a range of spore concentrations) on petri dishes with a
thin layer of VMM. These put to grow overnight at our standard growth conditions. After 14 hours of
growth the colonies were analysed under an inverted microscope.
Growth rate had been measured by Grum-Grzhimaylo et al. (20) as hyphal elongation. For this the
race tube method was used (41).
Statistics
Statistics were done in SPSS. Graphs were made in Microsoft Excel.
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Supplement
Table S1: Strains of Neurospora crassa that were used for this study. Offspring from crosses that were
performed in this study are indicated with un (unnamed).
Name
Mutation
Deficiency
Mating type het-locus
(as used internally)
Standard strains used for competitions and transfers
Nc147
A
Cde
Nc156
PAN
A
Cde
Nc152
INL
A
Cde
Nc167
ΔSoft (-Hyg)
A
Cde
Nc235
ΔSoft (-Hyg)
PAN
A
Cde
Nc198
ΔSoft (-Hyg)
INL
A
Cde
Nc231
ΔSoft (-Hyg)/Acon-2 (-Hyg)
A
Cde
Nc267
ΔSoft (-Hyg)/Acon-2 (-Hyg)
PAN
A
Cde
Nc275
ΔSoft (-Hyg)/Acon-2 (-Hyg)
INL
A
Cde
Strains used in the crosses
Nc167
ΔSoft (-Hyg)
A
Cde
Nc193
ΔSoft (-Hyg)
a
Cde
Nc008
PAN
a
cDE
Nc004
PAN
A
cDE
Nc192
Δfluffy (-Hyg)
A
Cde
Nc166
Δfluffy (-Hyg)
a
Cde
Nc013
INL
A
Cde
Nc015
INL
A
cDe
Nc104
INL
A
CdE
Nc122
INL
A
cDE
Incompatible strains
Nc004
PAN
A
cDE
Nc104
INL
A
CdE
Nc111
PAN
A
cde
Un2
ΔSoft (-Hyg)
PAN
A
CdE
Un10
ΔSoft (-Hyg)
PAN
A
cDe
Un13
ΔSoft (-Hyg)
PAN
A
unknown

Figure 1. Competitive success of ΔSoft/Acon-2 against Wild Type at a starting frequency of 10% for
ΔSoft/Acon-2 and at various inoculation densities. The competitive advantage of ΔSoft/Acon-2
decreased with increasing inoculation density. This was also observed for the competition between
ΔSoft and Wild Type Grum-Grzhimaylo et al. (20) and probably has to do with the amount of
heterokaryon formation at the various densities.

Figure S2. Transfer experiments performed by Grum-Grzhimaylo et al. (20). Shown is the frequency of
the different types and of heterokaryotic spores. ΔSoft/Acon-2 and ΔSoft hardly produced any
heterokaryotic spores. The frequency of ΔSoft/Acon-2 stabilised around 5%. The frequency of
heterokaryotic spores formed by ΔSoft/Acon-2 and Wild Type stabilised around 40%.

Figure S3. ΔSoft/Acon-2 preferentially contributes to spores relative to Wild Type. The ratio of
ΔSoft/Acon-2 in spores relative to the mycelium has been plotted against the frequency in the
mycelium. The advantage of ΔSoft/Acon-2 appears to be higher at lower frequencies in the mycelium,
but this relationship is not significant (ANOVA linear regression: P = 0.056). 95%-confidence interval is
shown in the graph. The dotted line represents an equal frequency of ΔSoft/Acon-2 in the mycelium as
in the spores.

Figure S4. Segregation of ΔSoft/Acon-2 and ΔSoft nuclei in a heterokaryon. The frequency of
heterokaryotic spores relative to the total amount of spores has been plotted against the frequency of
ΔSoft/Acon-2 in spores. The black line represents the frequency of heterokaryotic spores as expected
with random segregation. The measured frequencies are slightly lower than the expected, but these
results are nearly consistent.

Figure S5. Growth data obtained by Grum-Grzhimaylo et al. (20). Growth rate was determined at two
inoculation densities (1 μl drops with 1*10^4 (up-arrow) and 1*10^2 spores (down-arrow)).Wild Type
clearly has the highest growth rate and ΔSoft the lowest.

Figure S6. ΔSoft/Acon-2 preferentially contributes to spores relative to ΔSoft . The ratio of
ΔSoft/Acon-2 in spores relative to the mycelium has been plotted against the frequency in the
mycelium. The advantage of ΔSoft/Acon-2 appears to be higher at lower frequencies in the mycelium,
this relationship is significant (ANOVA linear regression: P<0.05). 95%-confidence interval is shown in
the left graph. The dotted line represents an equal frequency of ΔSoft/Acon-2 in the mycelium as in
the spores. In the right graph the two marker combinations have been plotted separately. Also here
the dotted line represents an equal frequency of ΔSoft/Acon-2 in the mycelium as in the spores. It
appears that when the INL deficient strain of ΔSoft/Acon-2 is used, it does not reach high
intramycelial frequencies. This can be explained by the negative effect the INL-deficiency apparently

has on growth (figure 3 main text). Less growth may result in less opportunities for fusion. It also
appears that the effect of intramycelial frequency on the relative spore frequency is stronger. This
marker effect has no influence on our general conclusion, but we suggest using supplemented
medium in the race tubes and small glass tubes in subsequent experiments.

Figure S7. Transfer experiments performed by Grum-Grzhimaylo et al. (20), started with ΔSoft/Acon-2
– ΔSoft heterokaryons. Except for transfer 1c the heterokaryons were lost after 7 transfers.

Wild Type

ΔSoft/Acon-2

ΔSoft

Figure S8. Phenotypes of ΔSoft/Acon-2 and Wild Type (left) and of ΔSoft/Acon-2 and ΔSoft (right) on
counting plates. Wild Type forms a more ball shaped structure, whereas ΔSoft and ΔSoft/Acon-2 are
much flatter. Vertical outgrowth for ΔSoft/Acon-2 happens in a ring around the margins of the colony
whereas for Wild Type and ΔSoft/Acon-2 this happens equally over the whole colony.

Figure S9. Validation of Primersets Acon2_hyg_1 (Acon-Hyg) and Acon2_WT_1 (Acon-WT) on mixes
with known ratios of ΔSoft/Acon and Wild Type gDNA. DNA concentrations of both had been
measured with the Qbit system (ThermoFisher). The blue lines represents the frequency of ΔSoft/Acon
as it was mixed and the red line represents the concentration as it was determined with qPCR. These
results are consistent.

Figure S10. Validation of Primersets Acon2_hyg_1 (Acon-Hyg) and Acon2_WT_1 (Acon-WT) on mixes
with known ratios of ΔSoft/Acon and ΔSoft gDNA. DNA concentrations of both had been measured
with the Qbit system (ThermoFisher). The blue lines represents the frequency of ΔSoft/Acon as it was
mixed and the red line represents the concentration as it was determined with qPCR. These results are
consistent.

