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Going against the family: Perturbation
of a greenbeard pathway
leads to falsebeard cheating

Peter Lehmann,’? Mariko Katoh-Kurasawa,' Peter Kundert,? and Gad Shaulsky'-3*

SUMMARY

Greenbeards facilitate cooperation by encoding a perceptible signal, the ability to detect it, and a ten-
dency to help others that display it. Falsebeards are hypothetical cheaters that display the signal without
being altruistic. Despite many examples of greenbeards, evidence for falsebeards is scarce. The Dictyos-
telium discoideum tgrB1-tgrC1 allorecognition pathway encodes a greenbeard. It allows development,
which yields fruiting bodies with altruistic stalks that increase spore dispersal. Here we show that cells
lacking rapgapB, a tgrB1-tgrC1 signaling element, cheat by avoiding the stalk fate and generating
more spores in chimeras than in pure populations. rapgapB™ cells cheat only on partners with compatible
tgrB1-tgrC1 allotypes, suggesting that beard display and recognition are intact but decoupled from
altruism. The rapgapB™ falsebeard provides a model to study greenbeard maintenance and subversion.

INTRODUCTION

The greenbeard hypothesis was framed in the context of the seeming paradox inherent to altruistic cooperation, specifically that such coop-
eration might incentivize the emergence of mutations that allow individuals to reap the benefits of a common good without paying the full
altruistic price to produce the good. By linking the beard signal to the capacity to cooperate altruistically (or to harm others that do not display
the signal), a greenbeard ensures that altruism is only accessible to individuals capable of reciprocating altruistically.”~ The tgrB1-tgrC1 al-
lorecognition system of Dictyostelium discoideum is a complete example of a greenbeard.*® During multicellular development, cells express
the highly polymorphic transmembrane proteins TgrB1 and TgrC1. TgrB1 acts as a receptor that binds specifically to the TgrC1 ligand on the
surface of neighboring cells, but only if TgrB1 and TgrC1 are of a matching allotype.®® Allotype-compatible cells continue to cooperate dur-
ing development, forming structures in which roughly 80% of the cells differentiate into germline spores and the remaining 20% generate a
stalk that holds the spores aloft and facilitates dispersal. The mature somatic stalk is composed of dead vacuolized cells, so differentiation into
stalk is an altruistic act that generates a common good.”

Falsebeards have been considered as hypothetical aberrations of greenbeard systems. A falsebeard is a genotype in which the green-
beard signal remains intact and functional but has been decoupled from the capacity to cooperate normally in production of the common
good.'%"? It was therefore interesting to identify downstream elements of the tgrB1-tgrC1 signaling pathway that could link the display and
perception of the greenbeard signal to the ability to participate in generating the stalk. Additionally, if any of these downstream elements
altered cooperative behavior when genetically altered, it would be evidence for the existence of a falsebeard.

Genetic suppression is often used to identify additional nodes in a genetic pathway of interest.'*~'> When mutation of a known member of
the pathway results in a mutant phenotype clearly distinguishable from the wild type, any additional genetic perturbation that restores the
wild-type phenotype and suppresses the mutant phenotype would potentially be a mutation in another member of the pathway. By intro-
ducing mutations randomly throughout the genome, screening for mutants with wild-type phenotype, and mapping the genomic location
of these mutations, it is possible to identify multiple candidate genes that could be important components of the pathway.

Previous work used various suppressor screen strategies to identify genetic modifiers of the tgrB1-tgrC1 pathway.'®™'® A strain with a mis-
matched pair of tgrB1-tgrC1 alleles arrests at the loose aggregate stage of development, just like the respective null alleles. Such a mismatch
strain was subjected to chemical mutagenesis and the mutant pool was screened for emergence of developmental morphology resembling
the wild type. The strongest signal recovered was a spectrum of mutations within the gene rapgapB."""” RapGAPB is an effector of RapA
activity in D. discoideum, potentially affecting cell motility and cytoskeletal remodeling dynamics. rapgapB inactivation affects the differen-
tiation and spatial patterning of prestalk cells,”” but its role in social behavior and its potential place in the tgrB1-tgrC1 pathway have not been
examined. Some of the mutations in the suppressor screen produced recessive loss-of-function alleles that were readily complemented with a
wild-type allele of rapgapB, and some produced dominant negative alleles.'” We therefore hypothesized that rapgapB is a proximal,
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downstream element of the tgrB1-tgrC1 greenbeard pathway, and that rapgapB inactivation might uncouple the greenbeard signaling and
signal reception from the altruistic aspects of the pathway.

Cheating is broadly defined as benefiting from social cooperation without fully paying the associated cost.?' " In D. discoideum, most
cheaters have been defined more stringently as individuals that produce more spores than their victims in an equal mix.”*?® Nevertheless,
the broader definition can be useful even if the cheater does not produce more spores than its victim. For example, inactivation of tgrB1
causes cheating in that the tgrB1~ strain, which produces very few spores on its own, benefits from the social cooperation by producing
many spores when mixed with the wild type.” Moreover, the tgrB1~ strain does not pay the full cost of cooperation because it does not
contribute significantly to the stalk. The wild type, which makes most of the stalk cells, does pay the associated cost, but it still produces
more spores than the tgrB1™ strain in the mix. Therefore, tgrB1™ cells are cheaters because they benefit from the social cooperation without
paying the full cost, but they could be considered partial cheaters because they do not make more spores than the wild type.” Another aspect
that is not often considered in the definition of D. discoideum cheaters is the long-term consequence of cheating. In the case of tgrB17, it has
been proposed that the wild-type victim suffers an additional cost after the spores germinate because the germinating tgrB1~ spores
compete with the wild type for environmental resources such as space and food.”

Here, we show that rapgapB is a member of the tgrB1-tgrC1 pathway because rapgapB inactivation suppresses the developmental de-
fects caused by inactivation of the tgrB1-tgrC1 pathway. We show that inactivation of rapgapB causes partial cheating because the rapgapB~
mutant makes more spores when mixed with the wild type than it does when developed on its own. Moreover, the rapgapB~ mutant does not
contribute significantly to the stalk when co-developed with the wild type. We also show that the rapgapB™ mutant only cheats on cells that
share its tgrB1-tgrC1 allotype. These findings support the conclusion that rapgapB inactivation causes a falsebeard phenotype, thus further
supporting the greenbeard hypothesis.

RESULTS
rapgapB is a component of the tgrB1-tgrC1 signaling pathway

To explore the possible role of rapgapB in social behavior, we knocked it out in an otherwise wild-type AX4 background via CRISPR-Cas9 and
compared the developmental morphology and progression of the resulting strain to AX4, tgrB17, and tgrC1~ when developed on black filters
(Figures 1A-1D). The developmental progression of the rapgapB™ strain was delayed, exhibiting loose aggregates at 16 h when the wild type
already forms fingers (Figures 1A and 1B, 16 h). It then progressed to a multi-tipped aggregate stage and largely arrested there, with a mi-
nority of small fruiting bodies with short gnarled stalks, while the wild type formed well-proportioned fruiting bodies (Figures 1A and 1B, 24 h).
The morphology of rapgapB™ resembled tgrB1~ and tgrC1~ through the first 16 h post-starvation. The phenotype diverged from tgrB1~ and
tgrC17, which remained arrested at the loose aggregate stage after 24 h. The rapgapB~ strain formed distinctive clustered aggregates at 20 h
and beyond (Figure S1B), a morphology that is not typically seen in the wild type or in the other mutants.

Mutations in rapgapB can suppress the developmental arrest observed in a strain that contains a pair of non-matching alleles of tgrB7 and
tgrC1."” To determine whether rapgapB™ can also suppress the developmental arrest phenotypes of tgrB1~and tgrC1~, we knocked out rap-
gapB in the respective strains. The resulting double-knockout strains formed fingers at 16 h and fruiting bodies at 24 h (Figures 1E and 1F),
exhibiting developmental morphology and progression that were more similar to AX4 than to rapgapB~, tgrB1~, or tgrC1~. The double-
knockout strains were also morphologically similar to AX4 throughout the developmental time course, but notably generated a more variable
and asynchronous population of structures (Figures STE and S1F).

To quantify the developmental outcomes, we developed the cells on black filters for 40 h, counted the spores, and calculated the spor-
ulation efficiencies. We found that rapgapB~ was severely deficient in spore production compared to AX4, much like tgrB1~ and tgrC1~. For
rapgapB~ tgrB1~ and rapgapB~ tgrC1~, we quantified the sporulation efficiencies of two independently isolated clones. These double-
knockout strains produced more spores than either of the respective single-knockout strains, though not quite equivalent to AX4 (Figure 1G).
The statistical significance of the differences between the strains is shown in Table S4.

The results in Figure 1 show that rapgapB~is a mutual suppressor of both tgrB1~ and tgrC17, suggesting that rapgapB is a member of the
tgrB1-tgrC1 developmental pathway.

Inactivation of rapgapB confers partial cheating

The tgrB1-tgrC1 pathway is a key regulator of D. discoideum social cooperation. Finding that rapgapB is a component of that pathway in
development prompted us to hypothesize that rapgapB inactivation might also affect social cooperation. We therefore tested the social
behavior of rapgapB~in a chimeric mix with AX4. We mutated rapgapB in an otherwise wild-type strain constitutively labeled with mCherry,
and mixed it in equal proportions with AX4-GFP. We developed the mixed strains and followed the position of the labeled cells. In the
chimeric slugs (Figure 2A), rapgapB™ mCherry was almost completely absent from the anterior (A) prestalk region, and abundant in the pos-
terior (P) prespore region. The AX4-GFP cells were enriched in the anterior region and in the rear guard region, which are normally enriched in
prestalk cells. In the terminal fruiting body (Figure 2B), rapgapB™ mCherry was largely absent from the stalk (St) and the upper cup (UC), which
are prestalk-derived structures. It was enriched in the spore mass (Sp), whereas the AX4-GFP cells were enriched in the stalk and in the upper
cup. In contrast, a control mix between AX4-GFP and AX4-mCherry resulted in equal and uniform distribution of both mixing partners
throughout all compartments of the slug and fruiting body (Figures 2C and 2D). We also performed a fluorescent marker swap experiment
to rule out the possibility that localization of rapgapB™ could be attributable to the fluorescent marker. We mutated rapgapB in AX4-GFP
using the same vector as was used on AX4-mCherry. We then mixed the resulting rapgapB~ GFP strain at equal proportions with
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Figure 1. rapgapB is a component of the tgrB1-tgrC1 pathway

We used CRISPR-Cas? to knock out rapgapB in the wild type (AX4) as well as in the tgrB1-and tgrC1-strains, developed the mutant strains on black nitrocellulose
filters and photographed them through a dissecting microscope from above. We compared developmental morphology at 16 h and 24 h post-starvation of AX4
(A) to rapgapB- (B), tgrB1-(C), tgrC1- (D), rapgapB-tgrB1-Clone 1 (E), and rapgapB- tgrC1-Clone 1 (F). We also separately developed 5 x 10° cells of each of
these strains on black nitrocellulose filters, counted the spores present on each filter at 40 h post-starvation and calculated them as a percentage of the initial
number of cells placed on the filter (sporulation efficiency) (G). The average sporulation efficiency (y axis) is represented by bar heights, the whiskers represent the
standard deviation of the independent replicates (AX4 and rapgapB—: n = 6 each; all others: n = 3 each), and the strain names are indicated below the respective
bars (x axis). Statistical significance data are shown in Table S4. Source data are provided in Table Sé.

AX4-mCherry and observed the localization of each mixing partner within slugs and fruiting bodies (Figure S2). This reciprocal fluorescent
strain mixture also showed strong localization of rapgapB™ to the prespore and spore regions, confirming that this behavior is independent
of the fluorescent marker used. We therefore conclude that rapgapB~ preferentially adopts the prespore fate when mixed with AX4, and that
this behavior is not affected by the fluorescent marker.

To quantify the developmental outcomes, we developed the cells on black filters for 40 h, counted the spores, and calculated their spor-
ulation efficiencies. We found that rapgapB™ mCherry produced roughly 14-fold more spores when codeveloped with the wild-type partner
than itdid in a pure population. It also produced 12% more spores than AX4 in the mix (Figure 2E), although the difference was not statistically
significant (t test, p = 0.144) and there was no significant reduction in AX4 sporulation. We also tested the social behavior of a rapgapB~ strain
that was generated by insertional mutagenesis.”” Figure S3 shows that the rapgapB~ mutant increased its sporulation efficiency 2.9-fold in the
mix and the sporulation efficiency of AX4 was reduced 2.3-fold. Moreover, the mutant produced 35% more spores than AX4. Together these
experiments suggest that rapgapB~is a partial cheater because loss of rapgapB results in avoiding the prestalk fate and forming more than its
fair share of spores when mixed with a wild-type partner.

Effects of rapgapB™ cheating on prespore/prestalk differentiation

The partial cheating behavior of rapgapB™in mixes prompted us to track the prespore and prestalk cells in the cheater and its victim within
chimeras. We generated two separate expression vectors, one driving mCherry expression via the promoter of the canonical prespore-spe-
cific gene cotB, and the other driving mNeonGreen expression via the promoter of the canonical prestalk-specific gene ecmA. We co-trans-
formed these vectors into AX4 to allow visualization of prespore and prestalk compartments, and tracking of individual cell fate history.

In AX4, [ecmAl:mNeonGreen labeled the anterior prestalk region of the slug and sporadic cells within the posterior region, consistent with
anterior-like cells, while [cotBl:mCherry labeled the posterior prespore compartment (Figure 3A). In the terminal fruiting body, [ecmA]:
mNeonGreen labeled the entire stalk as well as the upper and lower cups, while [cotBlmCherry labeled the vast majority of the spores
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Figure 2. Inactivation of rapgapB confers cheating behavior

We used two strains that express constitutive fluorescent markers, the wild-type AX4-GFP (green) and the mutant rapgapB™ mCherry (red). We grew the cells
separately, mixed equal proportions, and co-developed them. We imaged the structures at the finger (A) and fruiting body stage (B) with differential
interference contrast (DIC) microscopy and with green and red fluorescence, and generated a merged image of the red and green channels as indicated. As
a control, we co-developed constitutively labeled wild-type AX4 GFP cells (green) with constitutively labeled wild-type AX4 mCherry cells (red). We imaged
the structures at the finger (C) and fruiting body stage (D) as described previously. We imaged fruiting bodies that have fallen over to better illustrate their
anatomy. In (A) and (C), we show the anterior (A) of the slug that contains mainly prestalk cells, the posterior (P) that contains mainly prespore cells, and the
trail (T) that contains few or no cells. In (B) and (D), we show the upper cup (UC) that contains mainly prestalk cells, the spores (Sp) and the stalk (St).

(E) We grew wild-type AX4-GFP and mutant rapgapB~ mCherry cells separately, developed 5 x 10° cells either in pure populations or mixed at equal proportions as
indicated (x axis), and counted spores. The spore counts (y axis) are shown as three independent replicates (symbols) and their averages (horizontal lines). The pure
population counts were multiplied by 0.5 to scale them with the mixed population. Brackets and p values (t test, n = 3) compare the spore counts of each strain in the
two conditions (above) and the spore counts of the two strains in the mix (below). Camera settings are included in Table S1. Source data are provided in Table Sé.

(Figure 3B). We imaged fruiting bodies that have been collapsed onto the substrate to show the structures more easily in a single focal plane.
Occasional [cotBl:mCherry foci were found alongside the [ecmA]lmNeonGreen-labeled stalk due to stray [cotB:mCherry-positive spores that
came to rest next to the stalk after the fruiting body collapsed. We did not observe any stalk cells expressing the prespore marker [cotB]:
mCherry, nor did we observe the prestalk signal of [ecmAl:mNeonGreen in any spores. We also disaggregated populations of mature fruiting
bodies and counted the spores with fluorescence microscopy (Table S5). More than 97% of the spores were labeled with [cotBl:mCherry and
none were labeled with [ecmA]l:mNeonGreen.

When we introduced the rapgapB™ mutation into the dual-labeled AX4 strain, it formed primarily multi-tipped aggregates (Figure 3C),
consistent with the morphology of the unlabeled rapgapB™ (Figure S1B). The cells weakly and sporadically expressed the prestalk and pre-
spore reporters without much separation between the cell types (Figure 3C). While a large majority of the cells remained at that stage, rare
small fruiting bodies were formed occasionally (Figure 3D). Most of the spores in these fruiting bodies did not express [cotBl:mCherry and
most of the stalk cells were not labeled with [ecmAl:mNeonGreen. When [ecmAl:mNeonGreen labeling was present, it was consistently stron-
ger near the base of the stalk. We also disaggregated the rare fruiting bodies and counted the spores with fluorescence microscopy
(Table S5). About 17% of the spores were labeled with [cotBl:mCherry and none were labeled with [ecmAl:mNeonGreen. The findings in
Figures 3C and 3D and in Table S5 suggest that rapgapB~ is deficient in expressing key prespore and prestalk differentiation markers
even though it is capable of some terminal differentiation into spores and stalks.
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Figure 3. Cell-type development of the rapgapB™ cheater and its victim
We generated strains carrying the prestalk reporter [ecmA:mNeonGreen (green) and the prespore reporter [cotB:mCherry (red) in either the wild-type AX4
background or the rapgapB~ background. We imaged the structures of AX4 [cotBl:mCherry [ecmAl:mNeonGreen at the finger stage (A) and fruiting body

stage (B), and the structures of rapgapB~ [cotBl:mCherry [ecmAl:mNeonGreen at the multi-tipped aggregate stage (C) and the rarely observed fruiting
body stage (D), with DIC microscopy and with green and red fluorescence, and generated a merged image of the red and green channels as indicated.
We codeveloped AX4 [cotBlmCherry [ecmAl:mNeonGreen with unlabeled rapgapB™ cells after growing the two strains separately and mixing them in
equal proportions. We imaged the structures at the finger stage (E) and fruiting body stage (F). We also codeveloped rapgapB~ [cotBlmCherry
[ecmAl:mNeonGreen with unlabeled AX4 cells and imaged the structures at the finger stage (G) and fruiting body stage (H). We imaged fruiting bodies that
have fallen over to better illustrate their anatomy. The red staining at the tip of the slug anterior regions is due to reflection and is not associated with cells.
Camera settings are included in Table S1. Source data are provided in Table Sé.

We then codeveloped dual-labeled AX4 with unlabeled rapgapB~to observe the effect of cheating on the victim's cell-type differentiation.
Cell-type localization and abundance in the slug (Figure 3E) were indistinguishable from the pure population dual-labeled AX4, indicating no
overt displacement or ectopic expression of cell-type markers in the mix. In the fruiting body (Figure 3F), roughly half the spores were
[cotBl:mCherry-positive. We found no evidence for [cotBl:mCherry expression in the stalk or [ecmA]:mNeonGreen expression in the spores,
indicating the victim did not transdifferentiate from one cell type to the other. As with the pure population dual-labeled AX4, [cotBl:mCherry
staining in the vicinity of the stalk indicated spores that dislodge from the sorus and came to rest near the stalk. Counting the spores showed
that about 40% were labeled with [cotBl:mCherry (Table S5) and none were labeled with [ecmA:mNeonGreen.

To evaluate the cell-type differentiation of the partial cheater in the chimeras, we codeveloped dual-labeled rapgapB~ with unlabeled AX4.
Expression of both fluorophores was punctate and sparse within the slug, such that individual high-expressing cells were easily discernible
among their non-expressing neighbors (Figure 3G). Sporadic expression of the cell-type markers continued to the fruiting body stage
(Figure 3H), where the stalk and prestalk-derived structures were mostly [ecmAl:mNeonGreen-negative and the spores were largely
[cotB]:mCherry-negative. Further examination revealed about 7% [cotBl:mCherry-positive spores and no [ecmA]:mNeonGreen-positive
spores (Table S5). We conclude that while the presence of a wild-type victim greatly improves rapgapB~ sporulation, the improvement is
not accompanied by a restoration of cell-type marker expression to wild-type levels. We also did not observe any evidence for transdifferen-
tiation (conversion of prespore to prestalk or vice versa) in the cheater or in the victim.

We observed a significant mNeonGreen signal at the base of fruiting bodies formed by rapgapB™ [cotB:mCherry [ecmA]lmNeonGreen,
both in pure population (Figure 3D) and when mixed 50:50 with unlabeled AX4 (Figure 3H). Surprisingly, we did not observe overrepresen-
tation of rapgapB™ cells in the base of the fruiting body when we labeled the rapgapB™ cells with the constitutive fluorescent markers
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Figure 4. rapgapB™ cheating is allotype-specific

We used strains that express constitutive GFP (green) or mCherry (red) markers, in which we replaced the resident tgrB1-tgrC1 locus with a control locus from AX4
(B1M4C14% or a different allotype locus from QS31 (B12%3'C19%%"). We then knocked out rapgapB in the marked B12°3'C19%% strains. In each experiment we
grew the cells separately, mixed equal proportions, and co-developed them. We imaged the structures at the finger (A and D) and fruiting body stage (B and E)
with DIC microscopy and with green and red fluorescence, and generated a merged image of the red and green channels as indicated. In (A) and (B), the
B19531C19%37 rapgapB™ mutant is labeled in red and mixed with a compatible B19537C1953 strain which is labeled in green. In (D) and (E), the B19%3'C19537

rapgapB~ mutant is labeled in green and mixed with an incompatible B14X4C14%

strain that is labeled in red. We also used the respective strains to test
sporulation efficiency.
(C) Compatible B19%3'C19%3" rapgapB™ and B19%3'C19%37,

19531C1953T rapgapB™ and BI*C1°%4. In each case, we developed 5 x 10° cells either in pure populations or mixed at equal proportions as

(F) Incompatible B
indicated, and counted spores. The spore counts are shown as three independent replicates (symbols) and their averages (horizontal lines). The pure population
counts were multiplied by 0.5 to scale them with the mixed population. Brackets and p values (t test, n = 3) compare the spore counts of each strain in the two
conditions. The p value for the comparison between B1253'C12%3" and B1953'C19%%" rapgapB~in the mix (C) is 0.036 and the p value for the comparison between

B14%4C1™4 and B1953'C19%37 rapgapB™ (F) is 0.002 (not shown in the graph). Camera settings are included in Table S1. Source data are provided in Table Sé.

[act15]:mCherry (Figure 2) and [act15].GFP (Figure S2). The reasons for this observation are unclear, but this potential discrepancy appears to
occur in a small sub-population of cells. It does not appear to affect our broader observation that rapgapB™ cells largely avoid contributing to
the common good of the stalk and partially cheat on the wild type.

Allotype compatibility is required for partial cheating by rapgapB™

To assess whether the partial cheating behavior of rapgapB™is dependent on the tgrB1-tgrC1 allotypes of the interacting strains, we intro-
duced the rapgapB™ mutation into a strain in which the resident tgrB1-tgrC1 locus of AX4-mCherry was replaced by the tgrB1-tgrC1 locus of
QS31, a wild isolate of D. discoideum.” This QS31 allotype was chosen because it is highly distinct from AX4, both in its degree of sequence
dissimilarity at the tgrB1-tgrC1 locus and because it strongly segregates from AX4 cells when codeveloped in a chimeric mix. The resulting
B19531C195%" rapgapB™ mCherry) was mixed in equal proportion with B12%3'C1953" GFP and the cells were developed together.

rapgapB~ mCherry was notably absent from the anterior prestalk region of the slug (Figure 4A) as well as the prestalk-derived
1Q531~1QS31

strain (
B1Q531~0S31

cup structures and the stalk of the terminal fruiting body (Figure 4B). Spore quantification revealed that B rapgapB~ mCherry pro-
duced almost 11-fold more spores within a chimera with an allotype-compatible partner than it did in a pure population (Figure 4C). The pre-
spore-biased sorting behavior and increased spore production of B19%3'C19%" rapgapB~ mCherry mirrors the results of the rapgapB™ mu-
tation within the AX4 allotype (Figure 2). It also shows that the partial cheating behavior conferred by rapgapB™ is not specific to the AX4
allotype and likely does not vary greatly across different allotypes.

To test whether rapgapB~ confers cheating behavior by bypassing allorecognition or leaves allorecognition intact, we assayed the
behavior of rapgapB~when mixed with an incompatible strain. We generated the strain B19%3'C19%3" rapgapB~ GFP and mixed it with a strain

that underwent a control double gene replacement process to carry the tgrB1-tgrC1 locus of AX4 (B1***C1%* mCherry). The two strains
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formed almost completely separate structures of BI“C1% mCherry slugs and B19%3'C19%3" rapgapB~ GFP tipped aggregates (Figure 4D).
At the fruiting body stage, the two strains remained in mostly separate structures (Figure 4E). Quantification of spores from these fruiting
bodies revealed no significant change in sporulation of either mixing partner between pure population and chimera (Figure 4F). Instead,
each allotype-incompatible partner developed and sporulated regardless of the presence of the other.

The results shown in Figure 4 suggest that partial cheating by rapgapB~ depends on allotypic compatibility between the interacting strains.

DISCUSSION

We have shown previously that the tgrB1-tgrC1 locus exhibits the key characteristics of a greenbeard system, namely the ability to display an
unusual signal, the ability to perceive that signal, and the tendency to act altruistically toward others that display the same signal.” We have
now found that rapgapB inactivation confers behavior consistent with a direct subversion of that greenbeard system. The conversion of a
perceived honest signal into a dishonest one makes rapgapB~ an example of a falsebeard.’*"?

Fulfillment of the falsebeard role was observed in rapgapB™ in three ways. First, rapgapB was epistatically linked to the tgrB1-tgrC1
pathway because its inactivation suppressed the developmental consequences of tgrB1 and tgrC1 loss of function. Second, rapgapB~ gained
partial advantage over allotype-compatible partners by avoiding contributing to the common good of the prestalk niche. It also produced
manyfold more spores in chimeras with a wild-type victim than it could produce on its own. Third, the partial cheating behavior of rapgapB~
was not observed toward an allotype-incompatible partner, indicating that this behavior requires an intact and faithful allorecognition signal.
Therefore, the rapgapB™ partial cheater acts by directly subverting the honesty of the tgrB1-tgrC1 signal.

Most key characteristics that make rapgapB™ a falsebeard are also present in the cheater tgrB1™. The tgrB1 gene is part of the greenbeard
pathway, the tgrB1~ mutant cheats on the wild-type partner, and the cheating is allotype-specific.” Nevertheless, tgrB1 is the greenbeard re-
ceptor, which is essential for perceiving the beard “color.” Therefore, allorecognition is not reciprocal in a mix between tgrB1~ and the wild
type—the wild-type partner recognizes the tgrC1 signal displayed by the tgrB1~ cells, but the tgrB1~ mutant cannot recognize the wild-type
cells. Whether tgrB1~ should be considered a false signal-bearer is therefore confounded by the fact it is missing the receptor for such a signal.
In contrast, the rapgapB gene is at least one step removed from the central tgrB1-tgrC1 hub, so rapgapB~is unambiguously a falsebeard that
acts in the context of an intact greenbeard signal-receptor system.

Our experiments revealed that tgrB71~ and tgrC1~ are mutual suppressors of rapgapB™ because each mutation alone causes develop-
mental defects that are suppressed in the respective double mutants. The mutual suppression observed in rapgapB™ tgrB1~ and rapgapB~
tgrC1~ was somewhat unexpected, because the genetic screen that revealed the suppression predicted a direct and linear epistatic relation-
ship between tgrB1-tgrC1 and rapgapB.'” Mutual suppression has been observed in other organisms, where it usually suggests that the
respective genes encode distinct subunits of a single protein complex or otherwise tightly linked in a genetic pathway.'*'> While we have
no evidence for physical interactions between TgrB1-TgrC1 and RapGAPB at the protein level, the genetic implication of the mutual suppres-
sion is that rapgapB is a proximal node in the tgrB1-tgrC1 pathway.

Previous work on the role of rapgapB in development is concordant with our observation that rapgapB~ was largely absent from prestalk
regions and prestalk-derived structures when mixed with AX4.”° Those studies focused on the effects of rapgapB loss-of-function on prestalk
differentiation, patterning, cell motility, and adhesion, primarily in the context of the pure strain. Our results confirm the previous findings, and
extend them by emphasizing the social behavior of rapgapB~in relation to other genotypes. While aberrant prestalk-specific patterning and
differentiation can be understood as a defect in a pure population, in chimeric mixes the defect is recontextualized as a partial competitive
advantage. Because of its incompetence at forming stalk, rapgapB~ does not pay the fair cost of cooperation but still benefits from increased
spore production.

Therole of rapgapBin development and the molecular mechanisms that tie it to the tgrB1-tgrC1 pathway are somewhat unclear. The three
genes are expressed only during development and their peak expression times are between 8 and 12 h of development,®?’ around the time
cells transition from loose aggregates to tight aggregates. RapgapB is a developmental regulator of RapA, which is a master regulator of
many cellular functions during growth and development.”? TgrB1 and TgrC1 function as a ligand-receptor pair,® but there is no known rela-
tionship between tgrB1-tgrC1and rapgapB-rapA other than the data described here. Nevertheless, there are interesting similarities between
the phenotypes of the mutant strains that suggest involvement of extracellular signals. Most prominently, tgrB1~ and rapgapB~ cells exhibit
developmental defects that manifest around the loose-aggregate to tight-aggregate transition. Moreover, as shown here and in previous
work, both strains gain the ability to produce spores in the presence of wild-type cells.” The non-cell autonomous nature of these mutations
suggests the involvement of an extracellular signal of an unknown identity.

The molecular mechanism by which rapgapB~ cheats on AX4 remains unclear. Transdifferentiation of either strain is unlikely, because we
did not find spores of rapgapB~ or stalk cells of AX4 that were ecmA and cotB double-positive within chimeric mixes. The weak and sporadic
expression of cotBin rapgapB~ appears to be unchanged in chimera versus pure population, suggesting that co-development with AX4 does
not restore normal expression of the prespore differentiation program despite the dramatic increase in the number of mature spores. It is
possible that the incomplete cell-type differentiation of the mutant disrupts the balance that controls the initiation of prespore and prestalk
differentiation,””*° but the molecular details of that pathway are still unknown so it is hard to tell whether they are disrupted in the rapgapB~
strain.

Previous work identified rapgapB as a suppressor of the developmental arrest phenotype of a strain in which the tgrB1 and tgrC1 allotypes
did not match."'” None of the suppressor rapgapB mutations were found in the genome sequences of wild D. discoideum strains. In fact, rap-
gapBis ranked 7,376 in the list of polymorphic genes, indicating that it is highly conserved, unlike tgrB1 and tgrC1, which are ranked 15 and

iScience 27, 111125, November 15, 2024 7




¢? CellPress iScience
OPEN ACCESS

34t respectively.®’ There was also no significant correlation between naturally occurring mutations in rapgapB and the degree of strain
segregation.” The high conservation of rapgapB probably reflects its essential role in development and might explain that its cheating po-
tential is limited by pleiotropy.® Most of the rapgapB mutations recovered from that suppressor screen appeared to be loss-of-function al-
leles, but some alleles were successfully complemented by exogenous expression of a wild-type copy of rapgapB whereas others were not,
indicating the added complexity of possible recessive versus dominant-negative phenotypic patterns across the allelic spectrum. We there-
fore used a null allele of rapgapB as a reference point for our studies.”” In parallel, we developed a more scalable CRISPR-Cas? based
knockout strategy to target rapgapB in various backgrounds and found that the morphology and prestalk defects of the CRISPR-Cas?9 alleles
recapitulated that of the insertional knockout. The cheating behavior of the insertional allele was somewhat more aggressive than the CRISPR-
Cas9 alleles, in that the cheater produced more spores than the victim and caused more harm to the sporulation efficiency of the wild-type
counterpart. Nevertheless, the results obtained with the CRISPR-Cas9 alleles are congruent and therefore validated by the ones obtained with
the insertional allele. In both cases, clear costs were exacted upon AX4 because it unilaterally contributed to the common good of the stalk
without receiving a reciprocal benefit from rapgapB™. Moreover, by increasing the sporulation efficiency of rapgapB~, AX4 increases the pop-
ulation of the cheater mutant in subsequent generations that are definitionally competitors to its own descendants. Therefore, the rapgapB~
strain is a cheater by the broad definition of a strain that takes advantage of a cooperative social interaction without paying the full cost.”’**

Our findings suggest that the cheating behavior conferred by rapgapB~is partial. If cheating by rapgapB~ were stronger, the resulting
falsebeard would spread through the population, leading to destabilization or even elimination of the tgrB1-tgrC1 greenbeard system.
The fact that we observe a greenbeard system in D. discoideum suggests that falsebeards are not successful in nature. We also note that
the rapgapB sequence is not polymorphic,®’ suggesting that it is evolving under negative selection. We found that rapgapB~ exhibits defec-
tive morphogenesis and reduced sporulation, and previous studies showed that it has multiple roles, including efficient stalk formation.®
These observations suggest that rapgapB has pleiotropic functions that limit the spread of rapgapB~ mutations through the population.
This finding further supports the hypothesized role of pleiotropy in stabilizing cooperation in D. discoideum.®

Altogether, the results presented here provide strong empirical support for the falsebeard hypothesis and establish a genetically tractable
and quantitative experimental model for further exploration of this phenomenon.

Limitations of the study

The assignment of rapgapB to the tgrB1-tgrC1 genetic pathway is based on the genetic evidence that rapgapB-null is a mutual suppressor of
tgrB1and tgrC1. This issue has two potential caveats. First, the phenotypes tested were developmental morphology and spore production. It
is possible that other roles of these genes might not be directly related to one pathway. For example, rapgapB s a regulator of RapA activity,
but that phenotype was not tested. Second, although mutual suppression usually suggests close contact between the gene products, this
work has not attempted to characterize protein interactions in the pathway.

This work also concludes that inactivation of rapgapB causes cheating. The insertional inactivation of rapgapB causes cheating in that the
mutant increases its sporulation in the presence of the victim, and the victim sporulation is reduced (Figure S3). The rapgapB mutations that
were generated by CRISPR caused partial cheating. The mutant was able to increase its sporulation in the presence of the victim, but the
victim sporulation was not significantly decreased (Figure 2). The reasons for the difference between the penetrance of these mutations
are unknown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

Hygromycin B Invitrogen Cat # 10687010

Geneticin (G418) Gibco Cat # 10131-035

Blasticidin S Gibco Cat #R210-01

Experimental models: organisms/strains

Dictyostelium discoideum AX4

AX4 tgrB1~
AX4 tgrC1~ (WGdel)

AX4 rapgapB~

AX4 rapgapB” tgrB1~

Clone 1

AX4 rapgapB™ tgrB1~

Clone 2

AX4 rapgapB™ tgrC1~

Clone 1

AX4 rapgapB™ tgrC1~

Clone 2

AX4-R/G

AX4 rapgapB~ GFP

AX4 rapgapB™ mCherry

AX4 rapgapB™ R/G

AX4 B1M“C1 RFP (DBS0349736)
AX4 B19531C 19537 RFP (DBS0349747)
AX4 B19%%1C19%%" GFP

AX4 B19%31C195%" rapgap™ RFP
AX4 B19%31C19%3" rapgap™ GFP

Dicty Stock Center

This study; See Table S2
Dicty Stock Center

This study; See Table S2
This study; See Table S2

This study; See Table S2

This study; See Table S2

This study; See Table S2

This study; See Table S2
This study; See Table S2
This study; See Table S2
This study; See Table S2
This study; See Table S2
This study; See Table S2
Dicty Stock Center

This study; See Table S2
This study; See Table 52

http://dictybase.org/StockCenter/
StockCenter.html
DBS0235552

http://dictybase.org/StockCenter/
StockCenter.html
DBS0304821

http://dictybase.org/StockCenter/
StockCenter.html
DBS0349746

Oligonucleotides

5" AATGTTTTCA CATTGTGAAG GATATAG 3’
5" CTCATTTTAA GGAATGATCT TG 3’

5" CTCATTTTAA GGAATGATCT TG 3’

5" AAGTCTCAAT ATGTGGCTC 3

5" ATTGTATTTG ATTTATATTC ACC 3’

5" CATTCTTAAA GACACCAACC CTAG ¥

Sigma Aldrich custom order; See Table S3
Sigma Aldrich custom order; See Table S3
Sigma Aldrich custom order; See Table S3
Sigma Aldrich custom order; See Table S3
Sigma Aldrich custom order; See Table S3
Sigma Aldrich custom order; See Table S3

rapgapB_amp_F
rapgapB_amp_R
rapgapB Seq
tgrB1_amp_F
tgrB1_amp_R
tgrB1 Seq

Recombinant DNA

pDGB_a2[CRISPR1_tgrB1]
pDGB_a2[CRISPR1_rapgapBsg?2]
pUPD2

Our laboratory
Our laboratory
Our laboratory

Katoh-Kurasawa et al.”
Kundert et al."”

Kundert et al."”

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pDGB_A2N Our laboratory Kundert et al."”
pDGB_A2N_sgRNA-TinselPurple:act8t Our laboratory This study
pDGB_A1_act15p_SpCas?-SV4ONLS-eGFP_act8t Our laboratory Kundert et al."”
pDGB_Q2H Our laboratory Kundert et al.””
pDGB_Q2H_CRISPR1 Our laboratory This study

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Strains and strain construction

All the D. discoideum strains were generated by transformation of AX4*® or its derivatives as detailed in the key resources table and in
Table S2.

Cell growth and transformation

We maintained D. discoideum cells at 22°C in HL5 nutrient broth in submerged culture and grew them for transformation and development in
shaking suspension at 200 RPM with the adequate antibiotics (10 pg/ml G418, 5 ug/ml Blasticidin S, or 100 pg/ml Hygromycin B) as indicated in
the key resources table and Table S2, and as previously described.® We transformed the cells by electroporation, cloned by plating in asso-
ciation with bacteria and identified the desired clones by PCR analysis. Before each experiment, we grew the cells at the logarithmic phase
without antibiotics for 24 h. Mutagenesis by CRISPR/Cas9 was performed as described."” Briefly, we used CRISPOR to design sgRNA's (http://
crispor.tefor.net/). We ordered custom-made single-stranded oligonucleotides as detailed in the key resources table and in Table S3, an-
nealed them and cloned them into the GoldenBraid vector system. We then transformed D. discoideum cells and selected for the desired
clones after 5-7 days of transient selection. We validated all the transformed strains by PCR and sequencing of the relevant genes or seg-
ments. The relevant sequences are provided in Data S1. The PCR primers used for each diagnostic amplification and sequencing oligonucle-
otides for CRISPR validation are listed in the key resources table and in Table S3.

METHOD DETAILS

Vectors

We used the previously published vector pDGB_a2[CRISPR1_tgrB1]” to mutate the tgrB1 gene in the AX4 strain. We used the previously pub-
lished vector pDGB_a2[CRISPR1_rapgapBsg2]'’ to mutate the rapgapB gene in the neomycin-sensitive strains AX4, tgrB1~ and tgrC1~. To
mutate the rapgapB gene in strains that were already neomycin-resistant (AX4-GFP, AX4-RFP, AX4-R/G, AX4 B19531C1953T GFP, and AX4
B19%37C19%3" RFP), we constructed a vector containing a hygromycin resistance marker, as follows: We ordered a synthetic DNA segment
of 1217bp (gBlock Gene Fragment, Integrated DNA Technologies, Inc. USA) containing 1) the sgRNA expression machinery previously
described'” at base positions 20-183 and 871-1198, 2) the coding sequence of TinselPurple (base positions 184-870), a chromoprotein
used for purple-white screening of bacterial transformants as an alternative to blue-white screening using lacZ,** and 3) GoldenBraid grammar
at base positions 1-19 and 1199-1217 to allow domestication into the pUPD2 backbone as described.'” We then assembled the sgRNA-Tin-
selPurple cassette with the actin8 terminator as a transcriptional unit into the pDGB_A2N backbone using GoldenBraid. We then assembled
the resulting vector pDGB_A2N_sgRNA-TinselPurple:act8t along with the vector pDGB_A1_act15p_SpCas?-SVAONLS-eGFP_act8t into the
pDGB_Q2H backbone, generating pDGB_Q2H_CRISPR1. We then used the previously published sgRNA targeting exon 1 of rapgapB and
cloned into the pDGB_Q2H_CRISPR1 vector as described."”

Development, imaging of whole structures, and analysis of mixing experiments

We induced development by washing the cells twice in KK2 buffer (20 mM potassium phosphate, pH6.4) followed by starvation in a humid
chamber at 22°C. In mixing experiments, we grew the strains separately, washed the cells separately, counted them, and mixed in equal
proportions before depositing them on solid substrates for development. To image developmental structures, we plated cells at a density
of 2-5x10° cells/cm? on 1.5% Noble agar made in KK2. Fluorescence and Differential Interference Contrast (DIC) microscopy images were
captured with a Nikon (Tokyo, Japan) Eclipse Ti microscope as described.'” To measure sporulation and cheating, we plated 1.25x10°
cells/em? cells on each quarter of a black nitrocellulose filter and placed three replicate quarter filters on one filter pad per sample. We devel-
oped the cells for 40 h in a humid chamber, harvested spores into KK2 supplemented with 0.1% NP40 (to eliminate un-sporulated cells) and
washed the spores twice with KK2. We counted the spores and captured fluorescence and DIC micrographs of several fields to calculate the
sporulation efficiency of each strain in the mix.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of sporulation in mixing experiments

The average of the three-quarter filter counts was reported as one data point. Each experiment was repeated three independent times as
reported in Figures 2, 4, and S2. To compare between development in pure population and development in 1:1 mixes, we multiplied the
pure population spore counts by 0.5 to scale them with the mixed populations. We then performed one-sided paired T-tests using Microsoft
Excel 16.84 to compare pairs of pure and mixed populations. Using a T-test is appropriate in this case considering the number of replica-
tions™ and because the data conform with the assumptions of approximate normality and approximate equality of variance.

ADDITIONAL RESOURCES

This study has not generated additional resources.
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