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Abstract

Cooperation happens at all levels of life andiuadamentalto living in social groups, including
multicellularity. $ich conspecific cooperation can offer gréigness benefits, but alsoarriesthe risk
that cheaters will emergevhich parasitize on the groupRestricting cooperatioronly to closely
related individualslimits the chances forthose cheaters. In evolution lineswith the fungus
Neurosporacrassacheatersindeedappeared tobe selectednore often in a lowrelatednesssystem
than in a higkrelatednesssystem The characteristics that give those cheaters a competitive benefit
havepartly beenunravelled it has beerdemonstrated thateach cheater in the lowelatedness line
had a defect in a gene involved in fusion and thatefect in fusion is causal to cheatitpwever, n
multiple lines a defectin spore formation on top of the fusion deficien¢yappeared to give the
cheater an additionalbenefit. This new morphotype was also found to be selectedin the high
relatedness systemwhich started off with a fusion deficient strailowever,how it obtained a
competitive benefitis unknown. Here we show thaticlei of the double mutant are overrepresented
in spores produced by heterokaryons with the Wild type, probaldgalbsethe double mutant
refrainsfrom investing in supportive tissugut can still fuse with jtsimilar to the single mutanfhe
defect in conidiophore formation results in an increased growth ratde hypothesizethis to
increasethe opportunityto fuse with awild Typedominated nursingnetwork andto hinder growth
of the single mutant giving the double mutanta competitive benefit over this single mutat.
Remarkably, in the higtelatedness systerthe competitivebenefit of the doubdle mutant is largely
based on outgrowth alone, probably because the level of competgaickly shifts to intermycelial
here.

Introduction

Coeration isan important @ncept in evolutionary historyit can be found at all levels in biolagy

from mitochondria in eukaryotes to groups of beaad happendetweenmembers ofdifferent

speciesas wellasamong conspecificd, 2) The latterlies at the basis diving insocial cohesive
groups,which includesnulticellulaiity (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 geat fitness advantage when resources become a common @8y



However, acooperative group is always at risk of cheaterserging. Parasitic (selfish) elements
could enter the social group and diminish thmdss 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 numbe
of individuals.A widely usedmechanismto prevent cheatingis allorecognition, the ability to
distinguish the self from the neself, which functions t&eepthe relatedness of members in a social
group high (2, 5, 6) Indirectly parasitic elementsare evadedthis way. Indeed, hgh relatedness
among cooperators was shown to prevent cheati@y

Conspecific cooperation happs at various levels, ranging from colonial ascidia to eusocial insects
(2, 10) The risk that cheaters emerg®aries among those. Most multicellular organisms go through a
unicellular bottleneck every generation, which already creates very high relatedness and limits the
chances dr cheaters (3). Other colonial organisms, such d&ictylostelium discoideum and
Neurospora crassacan aggregate with other individuals at later stages in life and thus are more
prone to cheating5, 11) This risk is further increased by the fact that all individuals in those two
species (cells and nuclei respectively) have the potentiabiiribute to reproduction(2, 5, 11) On

the other hand:the more open cooperation ibere, the more interactions can be made, atie
higher the potential benefit is that can lmdbtained from it(6). Consequently there must be a balance
between protection against cheaters by allorecognition and potential to fuse. This ntakss
species very interesting for researching cooperation

The model we use here Ieurospora crasséurther called Neurospora)Neurosporacan undergo
hyphal fusion (anastomosis) during the vegetative stad@s happens both within and between
individual fungi and is important to create a mycelial netw@k8) In the germling stage specialized
hyphae are formed, called conidial anastomosis tubes (CATSs), which establish an initial f&Ryork

In later stages vegetative hyphae fuse to create more elioks and extend the networ{8). In both

cases deterokaryon can be formed upon fusion, in which nutrients but also nuclei can freely move
through incomplete cross wall§13-15). Nuclei are the cooperating units hereAt maturity,
specialized hyphae for asexuaproduction(aerial hyphaepranch off from the mycelium and form
macroconidia in an ordered process of apical budding and septétién17) Nuclear migration is
directed towards the tips of those smlled aerial hyphaand every nucleus has a chance to end up

in the multinuclear macroconidiél5, 16) The formation of large coloniesd an extensive network

has been shown to significantly increase the yield of those conidia, along with increasing the growth
rate of the colony in generdb, 18) However,an open networkoffers possibilities for cheaters. To
protect such a beneficial but vulnerable system, Neurospora hadgc aliorecognition mechanism

in place thatprevents potentiallyharmful nucleito 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/plpand cwr loci, which act in different stages prand postfu3|or(5 8) Incompatlble
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death soon after fusion in theonicerned hyphad8, 19) This way fusion is restricted only to closely
related individuals.

Recently, Bastiaans et &PB) performed an evolution experiment to testhether the degree of
relatedness among Neurospora individuaisleed influences the stability of multicellular growth
They cultured two variants of Neurospora, a fusaeficient stain with a knockout mutation insoft
(highrelatedness line) and a standard lab strain with the ability to fuse-(klatedness line). For

both strains they transferred 1% of the macroconidia for 31 times and thereby allowed them to
evolve. They foundhat the spore yields of all eight replicates of the imilatedness lines had
significantly decreased after the transfers. Interestingly, new morphotypes had emerged which
appeared to have a competitive advantage over Wed Typeancestor but a much loweyield in
monoculture. This is typical for obligate cheaters. In contrast, in only three of therélgiedness

lines cheater morphotypes, that have a reduced yield in monoculture, evolved and in none of these



cultures the total spore production signifantly changed. Further testing on three selected
morphotypesof the lowrelatedness linesevealedthat their advantagedepends on fusionThose
results showed that low relatednessindeed makes it easier for mutant nuclei to evolve that
parasitize on sociaroups.

Cheating poses a potentially very big problem on the stability of a cooperating group. Howhiler, w
we know a lot already othe allorecognition systems thgirevent potential cheatingwe lacka solid
basis ofknowledge on how cheatingctualy happens in an experimental setting. Bastiaans et9l.
provided a nice entry for research into this direction.

GrumGrzhimaylo et al(20) genotyped the mutants that evolved in the evolution lines of Bastiaans

et al. (9) and found that they all had mutation in a gene involved in fusiosix times insoft, of

which five presumably resulted in a loss of function, one timeam-2, and one time irham-8. The

n{2F0 Ydzityid 61 a OKz2aSy I andthey dbaBld3Ndvahatyhis ImitatiehS T2 NJ
was causal to cheatingn general, the fusiomutant andWild Typewere found to stably cexist

after 41 transfersin some linesthree highrelatedness and two lowelatedness lines) an additional

mutation inaconidiate2 (acon20 Ay G KS o6 O1 3 NE dBependth@on th¢ faftiig o1 a ¥
AUNI AY I -hapedraiito!stby ¥ EA &G A GK SAGKSMKE evdufiorR lingsé LIS 2 N
started from Wild Typen { 2c®ripletely disappeared in the presence pf{ 2 F (i-R, Wwikkgegs

without Wild Typel L2 f @ Y2 NLIKA AY 2 T -2 pefn@nediEventyaly hrpe kihdsioik | O2 y
polymorphismswith these morphotypeswvere found: Wild Typeg A (i K anfl Wil (Ngpewith

n{ 2 FG-Rih OLlgfwrelatedness line= I YR n{ 2 ¥ -Xirktheigheft2dhdsxlined 2 y

(table 1).

Table 1:Polymorphisms that emerged in the evolution linesBafstiaans et al.(9) (20) Three different kinds of
polymorphismswith Wild Typ& n{ 2 ¥ | yRwerp foand afer B1CaddA1 transfers.Frequencies of the new
morphotypes are indicatedas well as thdikely string of eventsthat resulted in the polymorphism of Wild Type and
n{2Fir! 02y

Starting strairs After x transfers  After y transfers  After 31 transfers After 41 transfers
Wild Type(low-relatednes$ - - wild Type wild Type
n { ATB%- 90%) n { A5P6i40%)
wild Type Wwild Type wild Type wild Type
n{27Fi n{27¥i n { 2AEdin2 0% 309 | n { 2AEdn2 (10%- 20%
n{2F¥ieR! O
n { 2Higkirelatednesy - - n {fe n{27Fi
n { 2AEd2 (5%¢50%) | n { PAECN-2 (10%c¢ 50%)

Bothp { 2afdin { 2 T (-Rshdvehgater characteristics and in further experimetite mechanism
behind the cheating ofi { 2wRdirevealed p { 2 Fappeafetz@iaBan increased probability

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 Wjild Typenuclei.(20) Wherep { 2isfiniolved

in vegetative fusionACOM is required for the formation of conidiophores, at the transition from
the formation of aerial hyphae to the start of apidalidding (8, 16, 21, 22)n { 2 ¥ (i-R ha & y
defect in bothsoft andacon2 and produces hardly argpores as a monokaryd®, 20) That despite
these seemingly disadvantageous mutations{ 2 ¥ (i-R is §il sélected ira background ofWild
Typeand p { 2(@ lbwrelatedness system)and even n { 2afoile (a highrelatedness system)
strongly suggests that { 2 F (i-R is @2eyen better lweater thann { 2 Théintriguing question
herethusishowp { 2 F (i-R dbt@ids ¥ benefit in these backgroundd answering this question we
hope to give insight ithe traits tha make for the perfectcheaterand how these influence the
stability of cooperation.

Ourfirst objectiveis toobtain a solid understanding drown { 2 T (i-R Hel@aegi competition
with p { 2afdiwithWild Typeseparatelyandto explore the mechanism by which it obtains a



competitive benefit over either of those two typeShenextgoal will be to combine thee results
into a basic understanding of the threeay interaction betweenp { 2 F -8, h O 2 dhdwild Type
and to investigate additional dynamics that are important for a caghpnsive model of the whole
system.This will give us insight in how cheating evolvesthis papetthe focus lies b the pairwise
interactionsofp { 2 F G-Rwitldethern { 20@Wild Type, disentangledfrom the background of
the third type.

Results

Negative frequency dependency underlies polymorphism

All evolution lines remainegolymorphic after 41 transfers (9ither withWild Typeandp { 2 Witk
Wild Typeandp { 2 F (i-g br @ighyi { 2afdj { 2 T (-R Siacay] 2 F (-R HaOteeh selected
into these populations, it must have a competitive benefih obvious explanation for the stable
coexistence of two morphotypes is that this competitive benefit is negatively frequermsndent,
as was also found fop { 2fith Wild Type(20). To test this hypothesis weset up pairwise
competition experiments between { 2 F (i-R and&ilg Type in which the starting frequency of
n{ 2 F G-Rwadvhyedindeed wefound thatp { 2 T (-RdnlQIash competitive disadvantage at
high frequencies, bua benefit overWild Typeat low initial frequencies (figureA). The benefit at
low frequencies is not significant here, but we found that at even lower frequenci@8)(this is the
case figure S1)confirming the trend Additionally, spore coumstfrom those same competitions show
that with an increasing starting frequency pf{ 2 ¥ (i-R theQt@a[ spore yield after competition
decreasegfigure 1B) confirming than { 2 F (i-Risa@ypigal cheater.
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Figure 1 Competitive success ¢f { 2 F (i-R dgdnBtWild Typds negatively frequency dependent.@)mpetitive success pf{ 2 EdinR
in competitions againstWild Type at an inoculation density of 4*10"7 and a range of starting frequencisis.high starting
frequencie€>0.25)n { 2 T {i-k Hadazligadvantage againdVild Typen a pairwise competitiofone-sided ttest: P <0.05) At low starting
frequencieg<0.11)n { 2 F (-Rdpg@arafio get an advantage (onsided ttest: P =0.055).The dotted line represents the values at whi
the competitive success of both types is equal. A pdwetion was fitted to the data with MicrofioExcel as a best fit line 2(:F20.9314.) B)

The total spore yield as measured after competitibne total yield after each competition decreased with increasing starting frequen
n{ 2 ¥ (-R(AND¥ A linear regression: P<0.@ryor bars show the ahdard deviation (n=3)

Againstn { 2itTwés more difficult to find beneficial conditions fpr{ 2 ¥ (-R. It &pReyrsthat the
competitive success of the double mutant is highly dependent on the inoculation density in this case
(figure 2A). Moreoverat the starting frequency of 10%, whichusually chosen by us to show fitness

at low frequency no significant benefit could be found at allpon the initial selection of



n{ 2 ¥ 4R it Qikig at a very low frequency. Possibly a frequency of 10% is already too high for

n { 2A%din2 to have a benefibvern { 2 ditliough itwas found toreach higher frequencieis the
evolution lines(9). Altogether,we decided to perform pairwise comfiéons betweenp { 2 F4-R ! O2 y
and p { 2rbtlonly at a range ofrery low starting frequencies, but alsat various inoculation
densities For good comparison, wehose a high spore density, an intermediate spore density, and a
low spore density, judging from earlier dafeg(ire 2A).

Although less clearly than in the case jof{ 2 F (-R an@ /il Type the outcome of these
competitions dosuggest a negative frequency dependency of the benefit §f2 F (-8 ov&g § 2 T (i
(figure 2B).Sill, none of the competitions showea significant dvantage. Howeverijt seems
reasonable to stick to starting frequenciesjof{ 2 F (i-R belov@ 3% in subsequent experiments.
We chose this starting frequency and an inoculation density of 6*1076 spores/ml, which we
estimated close to optimahs standard conditions for thp { 2 F {i-R d nSaot gompetitions.
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Figure 2 p { 2 T (-Rdpp@argd have a competitive advantage agairsboftat a specific density range amaly at a very low frequency)
Competitive successfn { 2 F -Rih dd@pgtitions: I+ Ayad p{2Fd 4 |+ &p{ NI *yaadaFyadls dekylaiiar
densities.Thereappearedto be an optimum inoculation density for the competitive succesg ¢f 2 F -k 1 DI2 Ny & the qorfipatifivié
success ithe competitions started with 4*1076 and 1*104as higher tharin the ones started at lower and higher densities (LSD post
test: P<0.05)B)At an inoculation density of 2¥1076 spores/mi{ 2 F (-Rdpgearefii 2 KI @S Y2 NB 02 Y LISHiah ldwerd
frequencies However, a significant difference between the outcome of the competition started withn562 F (-8 an® shg other
competitions at a density of 2*10"6 spores/ml was only significant with a not very conservative LSD post (h&Digeist hoc test: P<0.0f
The different bar colours represent the different starting frequencieg ¢f 2 F (i-&, br@egeg from lowest to highesError bars show the
standard deviation (n=3).

Fusion is required for the competitive succegs pf2 €amr dverWild Type

For a more mechanistic understanding of the competitive sucotps{ 2 T (i-R we@iBtyfocussed
onn { 2 F (i-R dnd/ily Type Fusion appeared to be a crucial aspecthe competitive success of
n { 2o¥etiwild Type(20)and sncen { 2 F (i-R HatBeysamelefectasn { 2irfitd fusion capaity,

it is likely to play a role heras well.Therefore we questioned whether heterokaryon formation is
involvedin the competition ofn { 2 F (i-R dgddn®tWild Type

We started off by determiing how oftenn { 2 T {i-R dndV@il¢ Typeactually fuseby performing a
series of transfers with a mixture of boti/e inoculated a spore mixture (spore density of 4*10"7
spores/ml anda ratio of 1:9 f { 2 T (-R !WIl@ Typg) of both types and transferce 1% of the
harvested spores every 4 day$he amount ofheterokaryotic sporeswas countedafter each
transfer, which gives an indication on the amount of fusion happening. Already after the first transfer



a considerate amount of hetekaryons was formed stabilizing at a frequency of 40&tter four

transfers (figure §2 which indicates that fusion between { 2 T (i-R &an®Wild Typehappens
regularly. We also performed this experiment with two types pf{ 2 F (i-R (arOigositol (INL)
deficient strain and a panthotenic acid deficient strain (PANixed in a 1:1 ratipto assess its
general fusion capabilityFrom this it appeared thap { 2 F (-R fuseLwith itself at a very low

frequency(figure 3) although slightly ma thanp { 2wathiitself, implyinga similar asymmetnyof

investment in fusion as in the caseoff ZaAd#vild Type(20).
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Figure 3Hardly any heterokaryons were formed between the two marker strairs pf2 F (- Thé grgph shows the frequencies of t
the two marker strains off { 2 F -k andXBeyheterokaryons formed between these tiiMe startedthe transferswith a 1:1 ratio.A clear
marker effect 6 the PAN and INL deficiencieas visible. The heterokaryon frequencgppearedto stabilise at approximately 1.3%rror
bars show the standard deviation (n=3).

We then moved on to determine whether fusion is also requiradtie benefit ofp { 2 ¥ (-Rdved 2 y
Wild Type For this we set up compeiiins againstegetatively incompatibl&Vild Typestrains, with
whichp { 2 F (-R daridé f0se(table S1, the same incompatible Wild Type strains were used as by
GrumGrzhimaylo et ak20). If fusion is required we expect that{ 2 F (i-R dnlpiag a competitive
advantage over the compatible strains and not over the incompatible strains. This was indeed what
we very clearly found (figure)4proving the necessity of fusion.
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Figure4. n { 2 T (-RdnlQlkeay a compeiite advantage over yetatively compatiblévild Type The charts show the competitive succt
of n { 2 F (- dg@r@tythe differenWild Typestrains.Against the compatible straitNc147) p { 2 F (-R Hada2bghefit at low starting
frequency ¢ne-sided ttest: P<0.07), against incompatibl&Vild Typestrains(Nc004, Nc104, Nc11¥) { 2 F (-R Hadatligadvantageat a

high as well as at a lowtarting frequencydne-sided ttest: P<0.05). Against Nc104at high starting frequencyhe competitive success ¢
n{ 2 ¥ (-2 wadoi/significantly lower than 1 (orsided ttest: P=0.06), but one of the three replicates fell out of tune rather extrel
here (0.9 opposed to 0.3 and 0.2) vemdeem this result not representative. Error bars show the standard davi@ti3).

n { 2 T (-robt@s gompetitive benefit in hetokaryon withwild Typeby

overrepresentation in spores

Having shown that fusion plays an important role, the next question we asked ipHo®& F G-R | O2 y
obtains a competitive benefit within thaeterokaryon withWild Type In principle there are two
possible mechanismr this. The first is that during growth the { 2 F {-R nuée? givide faster

within the heterokaryon than thé&Vild Typenuclei and that way increase in frequency. The second
medhanism is thatp { 2 ¥ (-R hudl&i yare overrepresented in the spores formed by the
heterokaryon. To test both possibilities iercedp { 2 F (i-R ¢ Wil Yypeheterokaryons grew

them in race tubesand determined nucleus frequenci@s the myceliumat the start of the race

tubes (pregrowth) and at the end of the race tubes (after growth). From both points wésalsted
myceliumand allowed it tosporulate Amongthose spores wealetermined nucleus frequenciess

well. If p { 2 F (-R dbt@idsyits benefit dzZNA y3 INR s KX 6 S indhe ni@alimoA 6 Q&
be higher after growth than before growth. This was not what we saw. Instead, we found that the
frequency ofn { 2 T (i-R dig@ifeaftly decreaseduring mycelium growth (figure/. This decrease

would probably even have been stronger if we had supplemeritedmedium in the race tubes

which is more in accordance with the conditions in the original evolution [@e20) PAN and INL
deficient strains wee used so f one of thetwo types of neleidecreaes in frequency too much, the
mycelium will become deficient in either PAN or INlunsipplemented conditionand thus growth

will be limited Hencethere is a force to have both types of nuclei presemich in case gi { 2afdi

Wild Typewas found to limita decrease in frequery (20). We then turned tothe nucleus

frequencies among the spores and found a significant discrepancy between the mydel@lF G-k | O2 y

2 frequency and then { 2 T (-R freQuanfy in the spres: the frequency ofp { 2AEdin-2 was
significantly higher in the spores than in the corresponding mycelffigure 5B) The cleating
mechanism én { 2 T (-Rthu®eglly relies on it preferentially ending up in the macroconidiad
not on intramyceliabmplification We also aked whether the overall frequency dependency of the
advantage of { 2 T (i-Ri$ réfi2gfed within the heterokaryon witivild Type Althoughwe found

a slight tendency towards a negative frequency dependency of the competitive bendfitisin

T



syncytium(figure S} as was found fon { 2(Z0)iwe could not significantly pve it here. Moreover,
since the frequency ofi { 2 F (i-R darOrewer rise abov&00%, this system will intrinsically always
tend to a negative slope a little, see cannotdraw a sensible conclusi@bout it here.This slope will
only be relevant when we can significantly show that 2 F (-8 det© & gbmpetitive disadvantage
at a cetain frequency rangesince 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 n { 2 T {i-® ob@iAsyan advantage in heterokaryons witlild Typeby overrepresetation in spores A) The frequencyof

n{ 2 T G- ih M giycelium afte25cm ofgrowth has been plottechgainst the starting frequencyDuring growth the frequency o
n{ 2 ¥ (-Rdedasgd(onesided ttest: P<0.05). The dashed line represents a stadtpiency For statistics the data were normalized |
taking the ratio between the frequency of { 2 F (-& aftérgs6wth and the frequency before grow(m=3).B) The frequencyof

n{ 2 F (-Rih gp&eg has been plottedjainst thefrequency in the mycelium { 2 F (-Rwa¥efrepresented in spores produced by
heterokaryon withwild Type(one-sided ttest: P<0.0L The dashed I8 NBLINS a Sy da |y Sl dz2betwEdddnijcdlibny
and sporesFor statistics thelata were normalized by taking the ratio between the frequency ¢f 2 T (-Rih Ip&es and the frequency |
the mycelium (see also figug9 (n=3).

n{ 27 droutGrémgn { 2 T @

Contary ton { 2 F (-RandWlg/ Type fusion is probablyot of great impotance in the interaction
betweenp { 2 F (-Rdnd2{y2 F {i 2ha@siibeen found to fuse with itself only minimally, which is
likely also the case fop { 2 F (i-R $inOe2 iy carries the samp { 2nutétion. Accordingly, we
expeced n { 2 T (-R an@y2 {/ 2t& fbrm heterokaryons only to a small extentMoreover, the
distinguishing factor between { 2 T (i-R dndh yAsthie mutation inthe acongeneof the double
mutant. Therefore we expeetd that fusion is not the decisive factor in the interaction between
n {f?Acon-2 andn { 2 Foiiule out a role for fusion, we followed the same line of experiments here
as for the interaction withwild Type

We started off again with a series of transfers started with a mixture of ljsgiore density of
4*10"7 spores/ml anda ratio of 1:9 f { 2 F -k | &2 Y AseIpéctedve found hardly any
dikaryotic spores originating from the mixture jof{ 2afidn { 2 T (-R (fighré $2 By determining
the ratio of heterokaryotic offspring dbrcedp { 2 F (i-R d pO[22¢fikdryons weshowed that the
assumption of random segregationbsarely violatednhere (figure ), so this finding indicates that
fusion only takes place at a very low frequenagcordinglyjn the competition against incompatible

n { 2stFains whichwe subsequentlyanductedp { 2 F {-R riot@#@lyhias a competitive benefit over
compatiblen { 2sfains, but also ovencompatiblen { 2sains (figure Gtable SJ), indicating that

a mechanisnwhich is not based orfusion underliegshe competitive success ¢f { 2 T (i-Rdvéd 2 y
n{27Fa
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Figure 6.Competitive success oh { 2 F G-RRDRY y 28 RAFTFSNI 6S80G6SSy O2 Y LIThexlaftsShow the
competitive success pf{ 2 T (i-Rdgaindtyhe differenWild Typestrains.Against the compable strain(Nc239 the competitive success ¢
n{ 2 ¥ G-xwadeyyal to the competitive succagainst the incompatible strains (2, 10,)1& low starting frequencieghe competitive
success ofn { 2 T (-R wa®mby/significantly differenamong thesecompetitions(LSDpost hoc test: P>0.05). In fact, the only significi
competitive advantage was fourid the competition against an incompatible strainr.(2) (onesided ttest: *P<0.05) At high frequencies
the competitive success against the comp&ibl p { 2 F dvas aoil dignificgintly different from the competitive success against
incompatible strain§LSD post hoc test: P>0.08jthough against nr. 2 and 10 it is lowd&Sppost hoc test: P<0.05I are significantly
below 1 (onesided ttest P<0.01)Error bars show the standard deviation (n=3).

In principle acompetitive advantage can be obtained at twevels in colony development:
intermycelial or intramycelial We thus hypothesized that thentermycelial levelis where

n{ 2 ¥ (- reaizRsifs benefitagainstp { 2 ahdi notintramycelial We identified twomain traits

that can resulin a competitive advantage pieision. The first is relative spore production: a higher
spore production per surface area obviously results in a larger coniwitbwid 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 offa{ 2 F {i-R rho@zwltureis much lower than that of a

n { 2ronoculture (9), hence we decided to focus on growth rates the main driver of the
competitive succssof n { 2 ¥ (-R Wéndegsured theaveragegrowth rate ofn { 2 ¥ G-, h P2 ¥ i
and Wild Typeand found thatp { 2 F (-R draWw8 iuch fastein monoculturethan p { 2o¥eiia
timespan ofthree (?) daysboth at a low and a high inoculation dens{fygure S%, which is in
agreement witha system in which its growth rate gives{ 2 F (i-R dn @d®afitage ovgn { 2 T i

The importance of growtmate wasconfirmed by the finding thap { 2 T (i-R ha©& bénefit over

n { 20flyiat a specific range of inoculation densit{igure 2A). Sincg { 2 F (-R andy2{y2ds (i

not fuse, neither in cis, nor in tranhe size of the mycelium network will Bienited by the available
spaceper colonyexclusively upon meeting the colonies will only hinder each oth€olony size
therefore solelydepends oninitial spore densyt and growth rate here. The higher the inoculation
density,the earlier colonies meet, and thilse more important gravth rate becomes to establish an
extensive supportive network of hypha&ccordingly, the relati®ly high growthrateoff { 2 Fi-R | O2 y
will result in an advantagenly at high enoughspore densitieswhichis whatwe found However,

this advantage lastspecificallywithin the range of inoculation densities whepe{ 2isfndt able to

form a proper network, bup { 2 F (-Ris. Bt2oyer and highenoculationdensitiesboth canform



an extensive network or both are limited in their growtspectively In those conditions the inferior
spore production of { 2 T G-Rwillin2rgasinglype the decisive factor and thus the balanaill tip
into the advantage ofi { 2 F

Forn { 2 T (i-Rtb kkageyan advantage avenvisiona systemwhere the available surface is quickly
covered by myceliumand in whichnetwork establshment is the limiting factor for totapore
production byeach stain. In such a system growth raie itselfis notthe advantageous factqrer 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 colatgroath
specificallyin the firsthoursafter inoculation.Asa pilot experimentwe inoculatedh { 2 F (G-Rand 2 y
n { 2@ ihem grow overnight and then analysed hyphal growth with microscéfg/did the same

for Wild Typeas a referenceAll inoculations were donwith five densities sincaitial spore density

has been shown to affect growth rate a large extent on petridishgd8). In accordance with the
average growth rates, we found theddial outgrowth ofn { 2 F (i-Ri$ Muhyfargerfon { 2 F -k | O2 y
2thanfor p { 2 Whéreas both have lesadial outgrowth thanWild Type(figure TC).Thisdifference

is apparently much stronger at high densities than at low densitibsit can be observed at a
densities highethan 2*10"6, which weraised for the pairwise competitiondnterestingly,we also
observed aifferencein the growth pattern of the three typewith microscopy It appearsthat both

n{ 2 F (-8 and? {y 2¢Ffolv more dese thanWild Typeat a density ofl*10"6 spores/ml (the
density most suitable for microscopahd that this is most extreme fgr { 2 ¥ (-R (fighré 1,B,G.

It should be noted here that the inoculum pf{ 2 F {i-R dorile&d relatively many large pieces of
mycelium which may have an efé¢ on early outgrowth However, the inoculum used here
resemblesthe inoculum used irthe competition experiments and thuge consider the results
representative for thesituationin the competitions.



Wild Type

Spores before growth

Figure7. Wild Typ& n { 2 F { 2AEdRiRhave their own characteristics for colony outgrowth. Column A}iNaljjes of the inoculum
The spore density that is shown here is 1*1076 spores/ml. Column B) Microscopical ofmdiggsets with an inoculation density of 1*10”
spores/mlafter 14 hours of growth haginification: 40x). Column C) Plates with colonies started at a range of inoculation densit
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 spdretihi)\5

spores/ml, 5. 8*10"4 spores/ml.

n{ 2 ¥ G-Rhaaxgmpetitivey STAG Ay | KSIGSNR{IINR2Y
Pairwise competitions are useftd study the dynamics of a population where both fungus types are
present as monokaryongdowever, during evolutionnew specimenswill always startwithin a
heterokaryon with the ancestor by means of a mutatipn{ 2 ¥ (i-R dpedificgllly must have started
within heterokaryotic mycelium witlp { 2 @&ndwith a very low frequencyConsidering thenearly
random segregatiof nuclei very little homokaryotic spores with { 2 ¥ (-R dreCf@nyfed in this
situation.Only after a while a sufficient amount bémokaryoticn { 2 ¥ (-R doulizhys have been
available for selction to catch oto robustly, during which timeurvival withh heterokaryonswvas
crucial.Sincen { 2 T (i-R Ha$@eh sected multiple timeg9), we thus deem it very likely that for

its initial selectionp { 2 F (i-R &lr€e@yyhad an advantage witin the heterokaryon withp { 2 F
omitting the necessity ofmonokaryonsfor its selection and thusaking thismore robust.Such a
additional mechanism for competitive succs heterokaryonsmay also explain the difficulty in
findinga competitive advantage ¢f { 2 ¥ (i-R dveDy® {y Arifthie pairwise competitions, which were
started with monokaryons.



Frequency of ASofAcon after 25

A

Figure 8 n { 2 T (-R2 ORIYA vy &

cm of growth

We already showedthat n { 2 ¥ (i-R ha® any'advantage ovenild Typewithin a dikaryon. To
determine whether this is also the case ima] 2 T (i-R ¢ jO{2 3f€térokaryonwe followed the

same line of experiments as for the case witf 2 F (i-R dndWly 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 ofh { 2 F (-R I PRy ntHe ZHréqilency of

n { 2 F G-Rih tBe2ckfimera decreased significantly during grofthure 8A), but its frequency was
disproportionally high in spores relative to the mycelium from which thgseres were harvested
(figure 8B). Those results indicate that also within heterokaryons with 2 T & p {22bfaingd 02 Y
benefit by overrepresentation in the sporeshis overrepresentation is also negatively frequency
dependent hergfigure ).

Theintramycelial advantage cannot explain the stable existence §f2 F (i-R ih Beny] 2liffed
Thisfollows from a series of transfers which we started with heterokaryong ¢f2 F (i-R an@® 2 y

n { 2 Wé found that chiraras were quickly ldsfrom the population (figure 97 which is in
agreement with the segregation pattern we observffijure S4)combined with he negligable
formation of new heterokaryongfigure S2) This resultcontradicts a system wherp { 2 FG-R ! 02y
obtains a substantialdnefit by existingin heterokaryons a mechanism for obtaining a benefit as a
monokaryon is required.
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in the mycelium after25 cm ofgrowth has been plottedgainst the starting frequencyburing growth the frequency ofr { 2 F (-

decreased (onsided ttest: P<0.05). The dashed line represents a stable frequEocgtatistics the data were normalizeg taking the ratio
between the frequency ¢f { 2 F (i-R dft€d grgWth and the frequency before growttin=3).B) Thefrequencyofn { 2 F -Rih gp&@es has
been plottedagainst the frequency in the mycelium{ 2 F (-2 wa® &gfrepreented in spores produced by the heterokaryon ith 2
(onesided ttest: P<0.01). The dashed line represents an equal fregubatween mycelium and spordsor statistics the data wer¢
normalized by taking the ratio between the frequencyiof 2 T (i-Rith sp&teg and the frequenaythe mycelium (see also figuSg (n=3).

Discussion

By performing pairwise competitions under various conditions #oitbwing the behaviour of
different nucleus types of Neurosporave have obtained a basic, but important, insight in the
mechanisms by which mutangmin anadvantage in a population of cooperating fungi.



AgainstWild Typewe found that the double mutant requires fusion witkild Typeto be siccessful

so its benefit is obtained within the chimeric networkside a shared heterokaryotic network

n{ 2 ¥ (-R tad zbghefit from the mycelial structures dominated bWild Type nucldé but
preferentially invests in conidiophore developmeitself, resultingin the overrepresentation of

n{ 2 ¥ G-Rih tBe2sgoresThat wayn { 2 T {i-R darCubtgin a compétive benefit overwild Type

A sufficiently extensive network is important for a high spore yi@d Since muookaryotic
n{2F0x! ORFRdAzZOSa O2yaARSNIofte& f Saaamnir Ngegandi KIy (°F
both produce much less spores than monokary@titd Type(9)= n { 2 Riclearlypargsitizes on

the chimeric networkThe necessity for nuirsg by aWild Typedominated network isconfirmed by

the negativefrequency dependet nature of the competitive success pf{ 2 F (i-R. Thatawg# did

not find a significant ngative frequency dependency of the intramycelial advantage indicates that

the amount of opportunities to fuse with Wild Typehyphal network is mosltimiting here. With
relatively moreWild Typearound, there are more opportunities for successful fuswith such a
nursingnetwork. We thus proposea basicmechanism for thecheating behaviounfn { 2 F -2 | O2 y
againstWild Typewhich is very equalto that of p { 2(F0li(figure 9) This system of unequally
benefitting from the cooperating group by prefenially contributing to reproduction has been

found in more cooperating organisms, such B&tyostelium (23) and social aphids(24). A
prerequisitehere obviously is access of the cheater to a cooperating gradgch is much easier in a
low-relatedness than in a higtelatedness system.

In a highrelatedness syem a different mechanism seems to underlie the benefipof 2 ¥ - ! 02y
We showed than { 2 F {i-R quiCk® ¥egregateBom the heterokaryon withn { 2irFuihich it first
emerges, son contrast to theinteraction with Wild Typen { 2 ¥ (i-R andyR{y2g€nerallyR 2 y Q (i
share a mycelium networto utilize the availableresources. Consequently, competitiamnises at a

whole different level: between colonies amidbt between the nuclei within a colonylhis requires a
different mode of realizing an advantagend thus offers an interesting extra window on the
characteristics ofi { 2 T {i-R. The tholel we propose foh¢ stable existence of the double mutant
togetherwith n { 2élidson a delicate balance of hyphal growth and spore product@mpared to
n{2¥0 pn{2pmdduees @ehyless spores as a monokaryon, so to contribute to tetn
generation more tham { 2tAelidouble mutanthas to inhibit thepotential of p { 2t& produce

spores We provided evidence that it does this by growing out faster, thereby inevitably hindering
the outgrowth ofp { 2 Thét wayn { 2 F (-R ¢a® quickly conquer the available substrate and
establish an extensive networkpt givingn { 2t &hanceto form amyceliumnetwork to support
conidiogenesisThe negative frequency dependency that applies to the advantage{o2 ¥ (i-R | O2 y
here indicates that an equilibriums formed. Spores are the starting points of new colonies. If

n { 2 TadnR has too many starting points, its different colonies will start to inhibit each other as
well since fusion hardly takes plac&his would notoe of much influencef the spore yieldper
mycelium areavould always be theame HoweverBastiaans et a(6) showed thatthe efficiency of

spore production increases with colony siZherefore the spread ofn { 2AEanR over multiple

smaller colonies also decreases its otstal spore yield.Intrinsicallyp { 2 F {i-R ne€8 & larger
network thanp { 2td réach a similar level of reproductipso at a certain point théotal yield of

n { 2isfhigher than that of {ftAcon-2 despite it being hinderedFor its advantagg { 2 F iR ! O2 y
thus not only has to hinder the production gf { 2sfoiies, but also needs colonies that are large
enough for its own spore pradttion to be sufficiently high, which is only possible whae
frequency ofn { 2 T (i-R ih B pbHpulation is lowA summary of our model is showim figure 9.
Remarkablyin one of the high relatedness evolution lines of Bastiaans gt fl2 F (i-R wa®fduyid

to reach a frequency over 50 8). Genotyping revdad that this could nohave been caused by
secondary mutation$20). An explanation could be providdxy ourtransfer experimenstartedwith
heterokaryons. In general we suppose that the heterokaryon with 2 @ ivhichn { 2 Fi-R! O2 y
inevitably startsis quickly lost. However, weAdR FAYR 2y S Ay {REFIRKDOQK
heterokaryon was maintainedVe also found thap { 2 F (i-R Hae2bgnefit ovep { 2wikhin the

dikaryon as wellWe put this forward as a steppingstone for the initial selection ofn { 2 Buti



possibly the heterokaryon is maintained sometim@&hiscould given { 2 T (i-R dn &d@a/advantage
sometimes enabling it to reach higher frequencies in a population with 2 F {

Figure 9.Schematic illustration of the proposed moddlOK S G Ay 3 06-8 AyWil® Fypedevely@ngnt We

distinguish four stagethat are importantin the development of Neurospora craseae: inoculation, hyphal extension ar
outgrowth, fusion spore formation (from bottm to top). Dots represent nucledrange structuresepresent mycelium. Ir
grey an incompatible colony is shown that cannot fuse and hence bamller network. B) { 2 T {-& (bl@@vith Wild

Type(green).n { 2 T {i-& da®d isé with Wild type and in that case its nuclei are overrepresented in spores

heterokaryon. Wenn { 2 F (i-R do€set fuse it produces very little sporesn@) 2 F G- (0 O#280 6 A (K

Bottom picturesinoculation is random but { 2 F (-R dra¥® oft much quickerthy n{2F 43 GF | AYy:
hinderingtheANB g K 2F p{2F0d ¢2L) LA OGdABEE Y (i XBIWER Oynass ME
colonies ofn { 2 T G-k &rd feldtively bigger it proces relatively m2 NB & L2 NBa (KL y. Inptfes
heterokaryons that are present{ 2 ¥ -k pre@gnfially contributes to spore production.

We have a basic idea now on hgw{ 2 F (i-R dbt@is\a benefit in pairwise interactions withild
Typeand withp { 2 fRdifocus of this study. However, to fully grasp how cheating can evolve in a
cooperating group, we argnoranton two important issuesthe exact mechanism of cheating and
the dynames of the three types together

Bothn { 2afdi { 2 F (-R fus® @iyiWild Typeand both also parasitize on the mycelium network
they share withwild Type(20). Theselfish behaviour in theirespectiveinteraction withWild Type
relies on overrepresentation in the spores that are produced by the dikarybere are multiple
ways to beome overrepresented in spore@3). 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 functiorhe most logical systerfor p { 2ahdip { 2 T -Ris 02 y
withdrawal from investingn supportive tissugbecause they do nanitiate fusion The hypothesis is

that snce the Wild Typedoes invest in forming ra interconnected mycelial network, it will
automatically be overrepresented this supportive tissug20). As a consequenc@ { 2 F (i-Rdnd 2 vy
n { 2vfllirespectively be overrepresented in spore forming tisspi@vided thattheir frequency
does not decrease too much during growtfhis basic systencould work for the pairwise
interactions withWild Type However, the finding tat n { 2 T (i-R it #)s® gverrepresented in the
spores of a dikaryon witin { 2pbiits to more complex dynamiche difference between

n{ 2 F G- andy2{yZisttiiatp { 2 T (-R HaOLmyutation in thecon2 gene ACON2 is acAMP
phosphodiesterasdahat is involved in spore formatiof22, 25) The modus operandi of ACE&N
probably is releasing the repression of conidiation that is posed byrakein dependent cAMP
signalling, hence withoutunctional ACON2 filamentous growth is maintained(25-28). In a Wild
Typesituation Neurospora has a continuous cytoplasmic flow directed towards the growing hyphal
tips at the periphery bthe colony delivering nutrientsand other building materia(13, 29, 30)
Under he influence of a circadian rhyththis flow is reversedoeriodicallyto supportformation of
aerial hyphaebehind the marginof the colony(29). Both @rial hyphaeand growing tipsrequire
nursing by the supporting netwoi(d3, 30) @nsequently competition for resourcess likely to arise
between outgrowth and reproduction Since the double mutant hardly supressBsmentous
growth, t is conceivable thap { 2 T (-R Will@#bgate more nutrients tdyphal growth tham { 2 T U
which may also partly be why we observed a higher growth rate fgr { 2 F (-R T2 Y
overrepresentation ofi { 2 T (i-R ih €p@rgs harvested from a dikaryon with{ ©c@n thus hardly

be explained by { 2irfdsting more in supportive tissukstead, the opposite would be expected.

How then doeg { 2 T (i-R dchie@egreferential allocatiorto conidiain a heterokaryon witin { 2 F
To answer thigjuestion we may havéo look at the underlying control of conidial development.
Regulation ofacon2 depends on the internal clock ofedrospora and on environmental factors
ACON2 in turn is required for the activation dfuffy, another key regulator of conidiation(31)
However,in somecasesit was suggested thagnvironmental factorsuch as carbon level and light
can aso bypasshe requirement of ACOM (22, 32) A pilot experiment we conducted demonstrated
that this also seems to apply o { 2 F (i-R (ddde2nét shown) Possibly sectors dominated by
n{ 2 ¥ (-R dre@td § local environmenidue totheir growth characteristicsthat has stimuhting
effects on conidiogenesis in those regiolishasbeen found thatin generalregional differencesn
gene expressiosanarisedue to the curves and bumps ia mycelialnetwork (33, 34){ Ay OS n{ 2 7F i
and probably alsgn { f2Acon-2 make a network that has a reduced connectiyity) suchregioral
differences arendeedverylikely to occur in the dikaryon.

Only when we know the exact mechanism that is employed By 2 T {-R for Oreafingand why it

has an advantage gm { 2 Wellcan pinpoint which traits are most importafiar the perfect cheater

to evolve. This is where the threeay interaction offers a unique opportunity; it gives us an
unprecedented glimpse othe subsequent steps by which cheating is shaped by evolutioother
words: which traits of n { 2 &di enhanced and which areoftened in p { 2 ¥ (-R?! V@2 y
demonstrated that for cheatingn the strictest sensdi.e. benefitting from group effort withau
contributing) a first prerequisite is access to the cooperating group, which happens via fusion.
Comparing the general fusion capabilites pf{ 2 F (-R br@ sy 2 drdady suggests that

n{ 2 F (-R is @8&syrestrained in forming heterokaryons thpr{ 2 Addlitionally, in the triple
situation where fusion withWild Typeis possible, the faster outgrowth @f { 2 F (i-R rha® givé it
more opportunities to fuse wittwild Typethan n { 2h@siHindrance of its growthbp { 2 Fi-R ! O2 y
may even reducethe opportunities2 ¥ n { 2u3ing with2Wd TypeWe thus hypothesize that

n{ 2 F (-R Ha®rBoye access thgm { 2t&Fah extensive supporting networln almostcomplete

loss of fusion may thus have been the onset to cheating,night beshaped to an optimum later

on. Secondlyalthough it hitherto remains unidentified hown, { 2 T (-R dpgi2a@rgo be better than



n { 2irfpieferentially ending up in spores of heterokaryove have no reason to assurtteat this
is different fora heterokaryon witm { 2 F (-8, h 2 hdwild Typetogether.

In follow-up research the focus should lie on reveahmigat actuallyhappensm the triple situation.

We propose four key questions: 1) To which extenindp 2 ¥ (-8, h O 2 §hdwild Typefuse and

with whom? 2) What does the network architecture of the formed heterokaryons look like on a
microscopical level? 3) How do #& network characteristics influence the dynamics of tivelei
within the heterokaryon?4) How aredevelopmental regulatordor conidiation distributedin the
network? In a properly interconnected network nuclear mixing, which mainly happens by
cytoplasme bulk flows, is optimizeth Neurospora14, 35, 36and 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 cgskeletal element$15, 35) We therefore assme that each nucleus within a
Wild Typemycelium network has an equal chance of entering spolide cheating system we
observedis thus very likely to relpn suboptim& network formation by the heterokarygrwhich
impedes proper mixingl4) and hence creates the possibility for unequal representation in spores.
I 2 6S @S NI knowBwha the/eQact influencef n { 2amdin { 2 F (-R fudikRig/hee. The next
prerequisite isunequaldifferentiation of the network.How arefactors thatunderlie conidiophore
formation activated only in specific region.e. dominated byn { 2 F (-R nu€eByWe consider
these aspects the most importafdr understaming the mechanism of cheating.

Obviously, our experiments were performed in lab conditions. However, the natural environment of
Neurospora crassmay pose some serious constrains on the system we obseNegrospora has

been found mainly on sitethat are regularlyburned by fire andor the first colonisation of those

sitesthe survivingsexual spores are most importa(@7)® 2 St kR yhidv much our cheaters

contribute to sexual reproduction and whether they can manifest themselasn they start off

solely as homokaryon$doreover, in nature environmental factors such as light may hawveuah

f I NESN) AyTFtdzSyOoS GKIy Ay 10 O2yRAGIARYEAR 6 KA OK
relatednesswild Typea @ 4 G SY X 2 MmayTvélle abi2 t spread during the asexual life cycle

and manifest itselin the colonies However, a higielatedness system suchwagthn { 2 ¥4 | LILIS | NA
f 23S p{-2duidkk frabnisycoloniessr YR Ay | Yy I (dzNI f dpi@ihdey YSy i
capabe of maintaining itself for a prolonged period of time because it needs very specific conditions

to have anintermycelial advantageTo discover which traits are important for cheaters in natutre, i

would be very interesting tosearch for them infield surveys For example forDictyostelium
discoideuncheaters were found frequently in natuf@8) which enable researchers to study which

modes of cheatig can emerge.

Ly O2yOfdzzaAzys GKS -RawbkhieS a Wefedt linyfusionpapd? cbnidioph@e y
formation, appears to cheat on th@/ild Typecooperative group with the same mechanismpa$ 2 ¥

which has a fusion deficiencyy preferentially contributing toNJB LINR RdzOG A 2y ®-22 K& p{
outcompetesnp { 2irfftilie interaction withWild Typeremains unknown, butve hypothesizehat by

growing fastem { 2 ¥ (i-R dre@e@sgiore opportunities to fuse witlWild Typemyceliumand hence

more opportunities to chea® LYy (GKS np{2Fid &aeadisSvyzr NBaSvyofAy3a |
group, we hypothesize that real cheatingas against theWild Type only happens just after

n{2Fiwk! G¥YNHSE H6AGKAY | KSGSNR]INRB2Y HAGK p{27Fi
moves towards theintermycelial level instead of theintramycelialf S@St = i @®RAOK n{
FLIJSEFNBR (2 KI @S | 0Sy S TIohthaughdhertesicarzemérge énda highdzi 3 N2 &

relatedness sstem, they quickly do® have access to the satigroup anymoreafter whichtheir
survival depends on istmycelial competitive benefit$So, very remarkablyy { 2 F (i-Ri$ s8lectéd

in both a lowrelatedness system and a higblatedness system based on a very different underlying
mechanismHowever, in both casethe double mutantprobablyperforms better tham { 2a¥ low
frequencies because it grows out faster



Materials and Methods

Strainsand grovith conditions

The specieswe used as a model Neurospora crassaVild Typestrains and isogenic mutants for

n{27FaG I y R haebéenpobtadhedyfrom the Fungal Genetics Stock C&m)eA Hygromycin

resistance cassette had been insertedsoft and acon?2 in these strains respectiveliflo make the

n { 2 F (- doiR yhutant, crosses have been dog GrumGrzhimaylo et al(20). Strains with

Inositol (Inl) and Panthotenic acid (Pan) deficienevese obtained from Bastiaans et g9). For all

experiments strains of mating type A wewsed. FungivereANRB gy 2y +23Sf Q40) YAYA Y
if not explicitly stated therwise The same growth conditions as in Bastiaans g€Balvere used for

pregrowth and during experiments 6 SAy 3 G4 Hp x/ YR gAGKAF f A3IKIG
strainsof Neurospoa that were used for this project can be found in teepplementary materials

(table ). For every experiment the used strains were pregrown @ays on slantedubes (small

tubes with 3,5 ml VMM) from spores from a basis tube that was used for the whole projecbasis

tubes were inoculated from &y n x / Fat th@ éxfjedments big tubes with 7,5 ml VMM were
used.Tubes were sealed with a cotton plug.

Crosing

To obtain incompatiblgn { 2sWains, crossings were performed between the standarfl 2s®ain

we used andVild Typestrainsof opposite mating typehat were vegetatively incompatible on three
het loci (NcO04 x Nc193 and Nc008 x Nc167 (tabld. $3croconidia of theWild Typeandn { 2 F
strains were mixed and inoculatezh SGnedium (9). After black ascospores had been formed, they
were harvested with a cotto swab andafter a 45 minute heat K2 O  18@100cspores Were
plated on counting medium containing hygromycin to select for jthe 2nfutation. To select for
PAN deficiencycolonies from these plates weteansferred to andgrown ontubes containing PAN
and on tubes without suppleentation. From the strains that only grew on PAN supplemented
tubes, macroconidia were harvestedVe then selected for the A mating type by fertilizingt t dzf ¥ &
strains, which do not produce macroconidja2), with these spores This was done by spotting
macroconidia from our crosses onto plates coverechb¥ f dw@iFsévith mating type a and plates
covera byp T { siz&iis avith mating type A0nly with strains of opposite mating type sexual spores
are formed, so P observing on which platelackascospores were formed, the mating types could be
determined. Next, the het alleles were determinedvith a complementation testFor this testNL
deficienttesters with all possible combinations of the c, d, and eWsre used Spore suspensions
were mixed with spores of these teste@ @ & LJ2 (i G A y 3 onvplates>Unsuppl@merfied O K
medium was used to force heterokaryons between the PAN and INL deficient stailysif the
spores in the mix are vegetatively cpatible, colonies will grow out.

Measuring yield
Total pore yields weremeasurel with the CASYT cell counter (Innovatis AG) in every case

Transfers

Transfer experimerg were onducted to determine the frequecy with which heterokaryons were

formed as in Bastiaans et &). Transfers were setupinwith{ 2 F -RO202A Y SR gAGK p{ 2
combined with Wild Type Inl and Pan deficient straingere used and theywere grown on
supplemented medium. Thi#ansfers vere set up reciprocally taletect the effect the selectable

markers may haveSpores were hansted from the pregrown colonies and diluted to 4*10"7
ALIZNBaKYEd ¢KS RAFTFSNByYy(H (GeLilSa 6SNB YAEBRe Ay |
GdzoSa 6SNB Lizi (G2 3INRBG AY | wp x/ Ay OEmylfaur2z NJ I 003
daysspores were harvested with 5 noff sterile MQ. Tubes were vortexed for approximately 20
aSO02yRad m: 2F (KS aLlRNBa gSNBE GNIYAFSNNBR (2 y!
over the whole surface of mediumThis was done four time&requencies of the combined strains

and potential heterokaryons weraletermined after every transferand at the start of the

y



experiment,on counting plateg9): four suplemented 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 solutiongere 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% fr2 F (i-R. FdD &agh
O2YLISGAGAR2Y UGKNBS NBLX AOIGS (dzoSa 6SNB Ay20dA |
equally over thanedium surface with a pipette (the tubes were supplemented with INL and PAN in
the competitions with incompatible stms). For determiningthe 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.
n{ 2 FGR& h O2 sdwild Typecan be distinguished by phenotygéigure B), so colonies of

each type were countedhanually Competitivesuccesof pn { 2 T {i-R wa® @alfulatedhs the ratio
between the relative frequency ¢f { 2 F (i-R dft€ oyt day and the relative starting frequency

ofn { 2 T (i-R hsinBystiaans et &9).

Intramycelial competitions

Heterokaryonsbetweenn { 2 F -k | OFR npn{ 8856SY y R {-BadWwild Dpenere
F2NOSR o0& LALISGOAYT on >f 2F &L NB-tuedzsdthalBy a A 2y
supplementationINL and PAN deficient strains were used for this and the competitions were set up
reciprocally to diminish pential marker effects.After the heterokaryotic mycelium started
sporulating spores were harvested and plated on sapplemented Sorbose VMM. This way only
heterokaryotic colonies were formed. From these plates 5 colonies of each combinatjo2(F G-k | 02 y
2 ¢soft andp { 2 F (-R ¢ \GiRl yType were randomly picked and a small block of agar was
transferred t025 cm long race tubes filledith 20 ml of nonsupplemented VMMso that a 0.5 cm

thick agar layer was formedJhe colonies were allowed to gramd 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 th mycelium vas transferred to a small neslanted glass tube with 2 ml of
non-supplemented VMM and part was frozen-atn x/ F2NJ &4dzo &SljdzSyid 5b! SE
were used to minimize hyphal outgrowth. Nsopplemented VMM was used in the race tubes and

the smal glass tubes to make sure only heterokaryons would grow. After 6 days spores were
harvested from the small tubes and also frozen-atn x/ F2NJ &adzoaSljdzSy i 5b!
extractions were performed accordirig the Qiagen protocol with some minor adapions. gDNA

samples were dilutedto approximately20 ¢ n n n LJAhd gPCR 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 eermine 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.

gPCR

gPCRs were performed with the SensiFAST SYBROXokit and in a Biorad CB)XRealTime PCR
detection systemThenSoft andnSoft/Acon2 mutants have been created by inserting a Hygromycin
cassette into thesoft and/or acongenes(39). Primers were designed that specifically amplifg
hygromycin insert at thacon-2 locus. One primer was specific for a region within the insert and the
other for a region just outside the insert at tlaeon-2 locus. Another set was designed to amplify the



Wild Typeacon2 gene inp { 2afdiin Wild Typenuclei. That wayn { 2 F (i-R nuce2 gbuld be
distinguished from the other two when present in paif$ie following primers werdesigned using

Primer3n { drel

Acon2_hyg_1_F = GGGACGACACTGACACTCCT, Acon2_hyg_1_R = GCCRAGABBACGINW
Acon2_WT_1 F =CAGTCTTGTCGGGTCCCCTGAA, Acon2_WT_1_R = GGAGATAACCATACGGCCGGC

For each DNA sample two reactions were run, one with the prgaespecific for the acon mutation
and one with the primeset specific for theVild Typeacon2. Fou technical replicates were done

for each reaction andCt values were measured with Bior&@FXn { #vdrél Frequencies of the
different nuclei were calculated from the average difference in Ct value between the two reactions.
Pilot experiments wer@erformedon gDNA mixtures containig{ 2 F (-8 h D 2 gadwild Type
A5b! G Y29y thadysiehBy@@SoiR @S NR

The following reaction mixture and protocol were used:

Reaction mixture: Thermocycler mtocol:
SensiFAST mix p >t 1x dp Bmin.

Forward primer n ®H(206 riM) 40x  dp A0 sec.

Reverse primer n @ H(206 riM) cwm X3 sec.

Template DNA H >f )Optional for melt curve analysis
MQ HdPc >t 1x dp x /10 sec.

1x aStd [/ dzN@®x /o p x /

Colony outgrowth

A pilot experiment was performed to characterize colony outgrowth. This was done by pipetting 30
>f 2 7F & LJ2 NriodsdzapldB yith & fagge df 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 imvertedmicroscope.

Growth rate ha been measured bBrumGrzhimaylo et al(20) as hyphal elongation. For this the
race tube method was usddl).

Statisics
Statistics were done in SP&Baphs were made in Microsoft Excel.
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Supplement

Table S1: Strains of Neurospora crassa that were used for this &figgring from crosses that were
performedin this stidy are indicated withm (unnamed).

Name Mutation Deficiency | Mating type | het-locus
(as ugd internally)

Standardstrainsused for competitions and transfers

Ncl47 - - A Cde
Nc156 - PAN A Cde
Nc152 - INL A Cde
Ncl67 nSoft(-Hyg - A Cde
Nc235 nSoft(-Hyg PAN A Cde
Nc198 nSoft(-Hyg INL A Cde
Nc231 nSoft(-HygJAcon-2 (-Hyg - A Cde
Nc267 nSoft(-HygJAcon-2 (-Hyg PAN A Cde
Nc275 nSoft(-HygJAcon-2 (-Hyg INL A Cde
Strains usedh the crosses

Ncl67 nSoft(-Hyg) - A Cde
Nc193 nSoft(-Hyg) - a Cde
Nc008 - PAN a cDE
Nc004 - PAN A cDE
Nc192 n¥tdeyghe o - A Cde
Nc166 ntTtdeyghe o - a Cde
Nc013 - INL A Cde
Nc015 - INL A cDe
Nc104 - INL A CdE
Nc122 - INL A cDE
Incompatiblestrains

Nc004 - PAN A cDE
Nc104 - INL A CdE
Nclll - PAN A cde
un2 nSoft(-Hyqg) PAN A CdE
unl0 nSoft(-Hyg) PAN A cDe
Unl3 nSoft(-Hyg) PAN A unknown
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Figure 1. Competitive succesgiof 2 T U-RagangtWild Typeat a starting frequency of 10% for

n { 2 F G-kande2 wirious inoculation densities. The competitive advantage{fo? ¥ -k | O2 y
decreasedvith increasing inoculation densityhis was also observed for the competition between
n{ 2 ¥ WildTypBsrumGrzhimaylo et a(20)and probably hasa do with the amount of
heterokaryon formation at the various densities.
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Figure S2. Transfer experiments perforrbgdsrumGrzhimaylo et al20). Shown is the frequency of
the different types and of heterokaryotic sporps{ 2A€ai2 andn { 2h@rdiy produced any
heterokaryotic spores. The frequencyiof 2AEoin2 stabilised around 5%. The frequency of
heterokaryotic spores formed Ipy{ 2A€adin2 andWild Typestabilised around 40%.
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Figure S3n { 2 F -Rpre@nfally contributes to spores relative Wild TypeThe ratio of

n { 2 T G- ih gp@es relative to the mycelium has been plotted against the frequency in the
mycelium The advantage gf { 2 F (-Radpp@&s/to be higher at lower frequencies in the mycelium,
but this relationship is not significarAOVAinear regression: B 0.05§. 95%confidence interval is
shown in the graphThe dotted line represents an equal frequengy ¢f 2 ¥ (-Rin tAeanycelium as

in the spores.
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Figure S4. Segregationpof{ 2 F (-RandpX yhiiclei in a heterokaryon. The frequency of
heterokaryotic spores relative todhotal amount of spores has been plotted against the frequency of
n{ 2 F G-Rih Ip&eg. The black line represents the frequency of heterokaryotic spores as expected
with random segregation. The measured frequencies are slightly lower than the exjedttduse

results are nearly consistent.
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Figure Sep { 2 F (-Rpre@enfially contributes to spores relativejto{ 2 Fhé ratio of

n { 2AEdnR in spores relative to the mycelium has been plotted against the frequency in the
mycelium The advantage gf { 2 F (-Radpp@&s/to be higher at lower frequencies in the mycelium,

1

this relationship is significant EOVA linear regression: P<0.09%%confidence interval is shown in

the left graph.The dotted line represents an equal frequengy ¢f 2 ¥ (-Rin tkeanycelium as in
the sporesin the right graph the tw marker combinations have been plotted separatalgo here

the dotted line represents an equal frequencyiof 2 T {-Rin tii@anycelium as in the spords.
appears that when the INL deficient straimof{ 2 T {-& is uUSe#] yf does not reach high

intramycelial frequencies. This can be explained by the negative effect thefiblency apparently
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has ongrowth (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 conclusiainwke suggest using supplemented

medium in the race tubes and small glass tubes in subsequent experiments.

Figure S7. Transfer experiments performe@®hymGrzhimaylo et al20), started withn { 2AEoin-2
¢n { 2haterokaryons. Except for transfer 1c the heterokaryons were lost after 7 transfers.

WildType p{ 2 FG-&! Ohoft

Figure S8Phenotypes gi { 2 T (-Rand\Ig/Typgleft) and ofn { 2 F G-RandpBoft (right) on
counting platesWild Typgorms a moreball shaped structure, whereaSoft andn { 2 T G-RareO2 y
much flatter. Vertical outgrowth fgn { 2 F (-Rhappénhy’in a ring around the margins of the colony
whereas folwild Typeandn { 2 T (-Rthishapypens equally over the whole colony.



