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Abstract 
Evolutionary selection pressures that resulted in microbes found within environmental reservoirs that can cause diseases in animals are un- 
known. One hypothesis is that predatory organisms select microbes able to counteract animal immune cells. Here, a non-pathogenic yeast, 
Sporobolomyces primogenomicus , was exposed to predation by Acanthamoeba castellanii . Strains emerged that were resistant to being killed 
by this amoeba. All these strains had altered morphology, growing as pseudohyphae. The mutation in one strain was identified: CNA1 encodes 
the calcineurin A subunit that is highly conserved in fungi and where it is essential for their virulence in hosts including mammals, insects, and 
plants. 

Lay Summary 

One hypothesis why some microbes cause disease in humans is that they have been exposed to selection pressures in the environment, like 
predation by amoebae. This study selected yeast strains resistant to amoeba. One is due to the loss of calcineurin, a protein required for disease. 
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C. deneoformans with amoebae resulted in the isolation of 
pseudohyphal strains. These strains had ‘micro-evolved’ to 
avoid predation by amoebae, but with a consequence of de- 
creasing their virulence in mice.8–10 The basis for the changes 
in these strains is mutations within genes encoding compo- 
nents of the Regulation of Ace2 and Morphogenesis ( RAM ) 
pathway.8 It was unclear if the resistance to amoebal preda- 
tion was due solely to a physical consequence of the altered 
morphology or other changes in the strains, such as cell wall 
composition changes. This was explored further with another 
C. neoformans strain able to alternate between morphologies, 
revealing an inability of macrophages to phagocytose elon- 
gated cells as well as a RAM pathway mutant.11 Experiments 
using other fungal species with different morphology have 
made similar correlations, i.e., yeast forms being relatively 
easy to ‘consume’ whereas filamentous forms are more dif- 
ficult.12 In another example, C. neoformans was evolved over 
time with amoebae.13 However, none of the evolved strains 
had altered responses to macrophages and the one strain in- 
oculated into mice was less pathogenic. Recently, an analysis 
of Cryptococcus species and strains was unable to correlate 
the levels of resistance to predation by amoebae with their 
replication within macrophages or virulence in mice.14 

The predation hypothesis was based on fungal species 
that have already evolved to cause disease. These species re- 
flect the outcomes of selection, thereby making interpreta- 
tions of how they might have interacted with amoebae or 
other predators challenging. Here, this study considered what 
would happen earlier, i.e., when non-pathogens are exposed 
Fungi represent a highly successful lineage in terms of both
their global distribution and their species richness having di-
versified into millions of species. A small number of fungi
are problematic to human health. Some, like species in the
genera Candida , Malassezia , Pneumocystis , or the dermato-
phytes species in the Onygenales, are tightly associated with
animal hosts. Another set is acquired from environmental
sources. Species in this second group are of interest to un-
derstand why these, of the many million possible fungi, are
able to attack animal hosts and what in the environment se-
lected this trait.1 The evolution of pathogens is an important
problem, highlighted by the recent emergence of pathogenic
fungi such as Batrachochytrium species responsible for the de-
cline of amphibians, Pseudogymnoascus destructans on bats,
Ophidiomyces ophidiicola on snakes, or Candida auris on
humans.2 

An attractive hypothesis is that exposure of fungi to en-
vironmental predators may select species that, when they
‘inadvertently’ arrived in a human host, had the adaptations
that enable them to escape immune responses.3–6 In addi-
tional support for the ‘amoeboid predator-fungal animal
virulence’ hypothesis, exposure of fungi to amoebae or the
slime mould Dictyostelium increases their virulence upon
subsequent infection in mammalian hosts.3 , 7 Many of these
studies have used strains in the Cryptococcus neoformans
and C. gattii species complexes, yeast that are able to cause
disease in multiple mammalian species. 

Counter to the ‘amoeboid predator-fungal animal vir-
ulence’ hypothesis, the interaction of C. neoformans and
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Figure 1. S. primogenomicus strain AIS28 has a mutation in the CNA1 gene encoding calcineurin A. ( A ) Diagram of the structure of S. primogenomicus 
CNA1 , with exons in black and introns in white boxes. The line indicates the site of the mutation in strain AIS28. The positions of primers MAI0429 and 
MAI0430 used to amplify the wild type copy for complementation are provided. The mutation in the DNA sequence, and its consequences on the 
predicted amino acid sequence of the protein are below. ( B ) Phylogenetic tree ( maximum likelihood, LG + G model ) of Cna1 homologs from fungal 
species selected due to the characterization of their homologs. Bootstrap support values as a percentage from 1000 reiterations are placed adjacent to 
the nodes. 
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o predators. Sporobolomyces primogenomicus is a free-living
east, which was isolated from willow leaves, in the phy-
um Basidiomycota, and subphylum Pucciniomycotina. It is,
herefore, in a different subphylum ( Pucciniomycotina ) than
he Cryptococcus species ( Agaricomycotina ) . Originally called
. roseus , DNA analysis revealed it is a distinct species, which
as named S. primogenomicus as the first Pucciniomycotina
hose genome was sequenced.15 While there is only a sin-
le strain of S. primogenomicus , precluding genetic crossing,
t can be manipulated by the transformation of exogenous
NA.16 

The wild-type S. primogenomicus strain IAM 13481 was
outinely cultured at 22°C on yeast extract peptone dextrose
 YPD ) or yeast nitrogen base ( YNB ) media supplemented with
% glucose. The strain was plated as a cross on a 5% V8 juice
H 7 agar plate ( 9 cm diameter ) , a drop of Acanathamoeba
astellanii strain ATCC 30234 was placed in the center, and
he culture was allowed to develop over 2 months. Most fun-
al cells were cleared, but several patches of growth occurred.
hese were streaked out to isolate strains away from the
moebae, and examined for their morphologies. Of a dozen
esistant strains that were isolated, all reproduced in a sta-
le manner by growing as pseudohyphal cells. One of these
trains, AIS28, was then examined in more detail. 
A whole genome sequencing approach was undertaken to

dentify a genetic basis for the morphological change in strain
IS28. Ion torrent sequencing was performed by the Aus-
ralian Genome Research Facility ( AGRF ) . The sequencing
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Figure 2. CNA1 in S. primogenomicus is involved in resistance to predation by amoebae and cell morphology. ( A ) Growth of S. primogenomicus strains 
on 5% V8 juice agar plates with or without A. castellanii at 22°C after 25 days. Amoebae were placed at the intersection of the cross, where they 
consumed the yeast cells, migrating outwards and forming cysts in a diffuse pattern of a cross. ( B ) Overnight cultures in liquid YPD medium of the 
S. primogenomicus strains were examined by microscopy, showing cell elongation in strain AIS28 and a cell separation defect. ( C ) Growth of C. 
neoformans wild-type and cna1 mutant with or without exposure to amoebae, grown concurrently as the S. primogenomicus plates in panel ( A ) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
reads ( GenBank BioProject PRJNA892711 ) were aligned us-
ing Geneious version 8.1.7 onto the genome sequence of strain
IAM 13481 available from MycoCosm. Variants were de-
tected using the criteria of minimum coverage of six reads,
minimum similarity of 80%, and a maximum P -value of
1 × 10 −6 . Polymorphisms were identified by visual inspection
across each scaffold. The variants were then examined if those
occurred within coding regions. No changes were found in
the homologs of the RAM pathway. One mutation was found
within the gene ( called CNA1 ) encoding the putative catalytic
subunit of calcineurin A ( Fig. 1 a ) . This mutation is a replace-
ment of 14 nucleotides CGTCAAAGAAGTTC with the three
nucleotides TCA in the first exon. The S. primogenomicus
CNA1 gene annotation was examined and then updated based
on RNA-seq data,17 which revealed that the second-last in-
tron is slightly larger than the prediction at JGI ( the revised
sequence is GenBank accession ON094074 ) . The change in
DNA sequence in AIS28 is predicted to alter the amino acid se-
quence by 39 residues before truncating the protein ( Fig. 1 a ) .
To provide evidence that this gene is calcineurin A, the pro- 
tein sequences of homologs previously characterized in other 
fungi were obtained from GenBank, aligned with ClustalW 

and used to generate a phylogenetic tree in MEGA11.18 This 
approach places the S. primogenomicus gene within this pro- 
tein family and with strong support for the homologs in the 
related basidiomycete species ( Fig. 1 b ) . 

To ensure that this mutation causes the phenotypes, a wild- 
type copy of CNA1 was transformed into AIS28 to test for 
complementation. First, uracil auxotrophs in the AIS28 back- 
ground were selected to generate strains able to be trans- 
formed. Strain AIS28 was cultured overnight in YPD, then 
plated onto media containing 5-fluoroorotic acid ( 1 g/l ) dis- 
solved in YNB supplemented with 20 mg/l uracil, which se- 
lects for spontaneous mutations in URA3 or URA5 gene. Two 
resistant strains with stable auxotrophic properties with mu- 
tations in URA3 were used. 
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The wild-type version of CNA1 was amplified off ge-
omic DNA with primers MAI0429 ( 5 ′ -GGGCGAATTCTT
ATTAAGATGGATTCCCAAAGTCAAGATG-3 ′ ) and MAI 
430 ( 5 ′ -TCCCCGGGTACCGAGCTCGATCACGTTCTCG 

AACGTCCTC-3 ′ ) , then cloned using Gibson assembly
 New England Biolabs ) into plasmid pAIS3 linearized with
coRV. The plasmid was replicated in Escherichia coli
train NEB®5-alpha, then electroporated into Agrobacterium 

umefaciens strain EHA105 with selection on LB agar with
anamycin ( 50 μg/ml ) . This A. tumefaciens strain was used
o transfer the CNA1 and URA3 genes into the two cna1
ra3 strains using Agrobacterium -mediated transformation,16 

ith selection based on URA3 on YNB supplemented with
efotaxime to inhibit bacterial growth. This transformation
argely restored AIS28 to the wild-type resistance to amoebae
nd cell morphology ( Fig. 2 a, b ) . 
Calcineurin is a highly conserved serine/threonine pro-

ein phosphatase, regulated by calcium and the calmodulin
rotein, and impacting numerous downstream responses.
t is required for fungi to cause disease, whether that be to
ammal, insect, or plant hosts ( as reviewed 19 ) . While highly
onserved, calcineurin function differs between species. Of
hylogenetic relevance to this study on S. primogenomicus ,
utation of the calcineurin homolog also renders those strains
seudohyphal in the basidiomycetes Ustilago maydis and U.
ordei ,20 , 21 both plant pathogens in the subphylum Ustilagi-
omycotina. However, the cna1 mutant is not pseudohyphal
n C. neoformans ,22 in the subphylum Agaricomycotina. To
esolve the question if the resistance is due to the change
n morphology or other impacts of the loss of calcineurin,
ild-type C. neoformans and a cna1 mutant 23 were compared
or amoeba predation: mutation of CNA1 did not lead to
esistance ( Fig. 2 c ) , linking AIS28 resistance to its change in
orphology. 
In summary, while the ‘amoeboid predator-fungal animal

irulence’ hypothesis is supported by experiments, it is also
orth considering contrary evidence. Here, amoebae selected
 strain with a mutation in the gene encoding one of the best-
nown virulence factors in pathogenic fungi. Thus, there is
 continued need to explore the basis behind how pathogenic
ungi cause disease and the selection processes that have led—
nd will likely continue to lead—to their evolution. 

cknowledgements 
.I. was supported by a Future Fellowship from the Australian
esearch Council [grant FT130100146]. This work was initi-
ted while based at the University of Missouri-Kansas City. 

eclaration of interest 
he author reports no conflicts of interest. The author alone
s responsible for the content and writing of the paper. 

eferences 
. Rokas A. Evolution of the human pathogenic lifestyle in fungi. Nat.

Microbiol . 2022; 7: 607–619.
. Fisher MC, Gurr SJ, Cuomo CA et al. Threats posed by the fun-

gal kingdom to humans, wildlife, and agriculture. mBio . 2020; 11:
e00449–20.

. Steenbergen JN, Casadevall A. The origin and maintenance of viru-
lence for the human pathogenic fungus Cryptococcus neoformans .
Microbes Infect . 2003; 5: 667–675.
. Steenbergen JN, Shuman HA, Casadevall A. Cryptococcus neofor-
mans interactions with amoebae suggest an explanation for its vir-
ulence and intracellular pathogenic strategy in macrophages. Proc
Natl Acad Sci USA . 2001; 98: 15245–15250.

. Novohradská S, Ferling I, Hillmann F. Exploring virulence deter-
minants of filamentous fungal pathogens through interactions with
soil amoebae. Front Cell Infect Microbiol . 2017; 7: 497.

. Casadevall A, Fu MS, Guimaraes AJ, Albuquerque P. The ’amoe-
boid predator-fungal animal virulence’ hypothesis. J Fungi . 2019;
5: 10.

. Rizzo J, Albuquerque PC, Wolf JM et al. Analysis of multiple com-
ponents involved in the interaction between Cryptococcus neofor-
mans and Acanthamoeba castellanii . Fungal Biol . 2017; 121: 602–
614.

. Magditch DA, Liu T-B, Xue C, Idnurm A. DNA mutations mediate
microevolution between host-adapted forms of the pathogenic fun-
gus Cryptococcus neoformans . PLoS Pathog . 2012; 8: e1002936.

. Neilson JB, Fromtling RA, Bulmer GS. Pseudohyphal forms of
Cryptococcus neoformans : decreased survival in vivo . Myco-
pathologia . 1981; 73: 57–59.

0. Neilson JB, Ivey MH, Bulmer GS. Cryptococcus neoformans : pseu-
dohyphal forms surviving culture with Acanthamoeba polyphaga .
Infect Immun . 1978; 20: 262–266.

1. Lin J, Idnurm A, Lin X. Morphology and its underlying genetic reg-
ulation impact the interaction between Cryptococcus neoformans
and its hosts. Med Mycol . 2015; 53: 493–504.

2. Radosa S, Ferling I, Sprague JL, Westermann M, Hillmann F. The
different morphologies of yeast and filamentous fungi trigger dis-
tinct killing and feeding mechanisms in a fungivorous amoeba. En-
viron Microbiol . 2019; 21: 1809–1820.

3. Fu MS, Liporagi-Lopes LC, Dos Santos SRJ et al. Amoeba
predation of Cryptococcus neoformans results in pleiotropic
changes to traits associated with virulence. mBio . 2021; 12:
e00567–21.

4. Sauters TJC, Roth C, Murray D et al. Amoeba predation of Cryp-
tococcus : a quantitative and population genomic evaluation of the
accidental pathogen hypothesis. bioRxiv . 2022: 519367.

5. Li A-H, Yuan F-X, Groenewald M et al. Diversity and phylogeny of
basidiomycetous yeasts from plant leaves and soil: proposal of two
new orders, three new families, eight new genera and one hundred
and seven new species. Stud Mycol . 2020; 96: 17–140.

6. Ianiri G, Wright SAI, Castoria R, Idnurm A. Development of re-
sources for the analysis of gene function in Pucciniomycotina red
yeasts. Fungal Genet Biol . 2011; 48: 685–695.

7. Ianiri G, Idnurm A, Castoria R. Transcriptomic responses of the
basidiomycete yeast Sporobolomyces sp. to the mycotoxin patulin.
BMC Genomics . 2016; 17: 210.

8. Tamura K, Stecher G, Kumar S. MEGA11: Molecular Evolution-
ary Genetics Analysis Version 11. Mol Biol Evol . 2021; 38: 3022–
3027.

9. Park H-S, Lee SC, Cardenas ME, Heitman J. Calcium-calmodulin-
calcineurin signaling: a globally conserved virulence cascade in eu-
karyotic microbial pathogens. Cell Host Microbe . 2019; 26: 453–
462.

0. Cervantes-Chávez JA, Ali S, Bakkeren G. Response to environ-
mental stresses, cell-wall integrity, and virulence are orchestrated
through the calcineurin pathway in Ustilago hordei . Mol Plant-
Microbe Interact . 2011; 24: 219–232.

1. Egan JD, Garcia-Pedrajas MD, Andrews DL, Gold SE. Calcineurin
is an antagonist to PKA protein phosphorylation required for post-
mating filamentation and virulence, while PP2A is required for vi-
ability in Ustilago maydis . Mol Plant-Microbe Interact . 2009; 22:
1293–1301.

2. Odom A, Muir S, Lim E et al. Calcineurin is required for viru-
lence of Cryptococcus neoformans . EMBO J . 1997; 16: 2576–
2589.

3. Kojima K, Bahn Y-S, Heitman J. Calcineurin, Mpk1 and Hog1
MAPK pathways independently control fludioxonil antifungal sen-
sitivity in Cryptococcus neoformans . Microbiol . 2006; 152: 591–
604.


	Acknowledgements
	Declaration of interest
	References

