
9326  |     Ecology and Evolution. 2020;10:9326–9338.www.ecolevol.org

1  | INTRODUC TION

Virulence is measured by the reduction of host fitness resulting from 
a host-pathogen interaction (Cressler, McLEOD, Rozins, van den 
Hoogen, & Day, 2016; Lipsitch, Siller, & Nowak, 1996; Read, 1994). 
Therefore, virulence is not solely the property of the pathogen, but 

rather the product of the interaction between a host and its patho-
gen (Casadevall & Pirofski, 1999; Jabra-Rizk et al., 2016). While many 
biotic and abiotic factors contribute to virulence (Katsir, Schilmiller, 
Staswick, He, & Howe, 2008; Mauch-Mani & Mauch, 2005), the 
genotype-by-genotype interaction between hosts and pathogens 
is a primary determinant of whether a host gets infected and the 
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Abstract
Studying fungal virulence is often challenging and frequently depends on many con-
texts, including host immune status and pathogen genetic background. However, 
the role of ploidy has often been overlooked when studying virulence in eukary-
otic pathogens. Since fungal pathogens, including the human opportunistic pathogen 
Candida albicans, can display extensive ploidy variation, assessing how ploidy impacts 
virulence has important clinical relevance. As an opportunistic pathogen, C. albicans 
causes nonlethal, superficial infections in healthy individuals, but life-threatening 
bloodstream infections in individuals with compromised immune function. Here, we 
determined how both ploidy and genetic background of C. albicans impacts virulence 
phenotypes in healthy and immunocompromised nematode hosts by characterizing 
virulence phenotypes in four near-isogenic diploid and tetraploid pairs of strains, 
which included both laboratory and clinical genetic backgrounds. We found that 
C. albicans infections decreased host survival and negatively impacted host repro-
duction, and we leveraged these two measures to survey both lethal and nonlethal 
virulence phenotypes across the multiple C. albicans strains. In this study, we found 
that regardless of pathogen ploidy or genetic background, immunocompromised 
hosts were susceptible to fungal infection compared to healthy hosts. Furthermore, 
for each host context, we found a significant interaction between C. albicans genetic 
background and ploidy on virulence phenotypes, but no global differences between 
diploid and tetraploid pathogens were observed.
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resulting level of virulence (Lambrechts, Scott, & Gubler, 2010; 
Schulte, Makus, Hasert, Michiels, & Schulenburg, 2010). One im-
portant, yet understudied, element of an organism's genotype is its 
ploidy level. Theoretical studies demonstrate that host-pathogens 
co-evolution should drive hosts toward diploidy and pathogens to-
ward haploidy (Nuismer & Otto, 2004). However, polyploidy may 
have an important role in host-pathogen dynamics. For example, 
polyploidy of some host species is associated with elevated immune 
response (King, Seppälä, & Neiman, 2012; Osnas & Lively, 2006). 
Furthermore, polyploidy and aneuploidy are well-documented in 
fungal pathogens that infect plant and/or animal hosts (Lin, Nielsen, 
Patel, & Heitman, 2008; Morrow & Fraser, 2013; Zhu, Sherlock, & 
Petrov, 2016). However, there have only been a limited number of 
studies that investigate whether pathogen ploidy impacts virulence 
phenotypes and the few that have, often result in contradictory 
findings (Hubbard, Poulter, Sullivan, & Shepherd, 1985; Ibrahim 
et al., 2005; Lin et al., 2008; Purnell & Martin, 1973; Suzuki, Kanbe, 
Kuroiwa, & Tanaka, 1986).

One potential source of these contradictory results regarding 
ploidy is the genetic background or allelic composition of the patho-
gen. Allelic composition refers to not just the specific alleles present 
in a genome, but the amount of heterozygosity throughout the ge-
nome. Pathogen virulence depends on the pathogen's specific allelic 
combination (Manning et al., 2008), and phenotypic analysis of di-
verse clinical isolates within pathogenic species clearly demonstrates 
that pathogen genetic background contributes to its virulence (Ford 
et al., 2015; Hirakawa et al., 2015). Ploidy intrinsically impacts allelic 
composition—haploids contain a single set of gene alleles, whereas 
diploids and polyploids can either be homozygous or heterozygous 
for any given locus, and dominance can mask recessive alleles. Allelic 
composition in polyploids is further complicated by multiple allelic 
ratios, in which one to four alleles may be present, depending on 
the mechanism and age of the polyploidization event. Thus, a major 
challenge in determining the specific role ploidy has on pathogen 
virulence is disentangling it from allelic composition.

The opportunistic fungal pathogen Candida albicans, while typ-
ically a highly heterozygous diploid (Abbey, Hickman, Gresham, & 
Berman, 2011; Jones et al., 2004; Muzzey, Schwartz, Weissman, & 
Sherlock, 2013), shows tremendous ploidy variation, ranging from 
haploid to polyploid (Gerstein, Lim, Berman, & Hickman, 2017; 
Hickman, Paulson, Dudley, & Berman, 2015; Hickman et al., 2013; 
Selmecki, Forche, & Berman, 2010) and is highly tolerant of an-
euploidy (Arbour et al., 2009; Hickman et al., 2015; Lenardon & 
Nantel, 2012; Selmecki, Bergmann, & Berman, 2005; Selmecki, 
Dulmage, Cowen, Anderson, & Berman, 2009; Selmecki, Forche, 
& Berman, 2006). Candida albicans is a commensal in the human 
gastrointestinal microbiota and various other niches (Underhill & 
Iliev, 2014). Despite its commensal existence, C. albicans causes 
a range of infection, including superficial mucosal infections to 
life-threatening systemic infections (Brown et al., 2012). The se-
verity of fungal infection is closely linked to the immune status of 
the host, with superficial mucosal infections occurring in healthy 
individuals and serious bloodstream infections occurring almost 

exclusively in immunocompromised hosts, the latter of which has a 
mortality of up to 50% (Brown et al., 2012). Extensive allelic and 
ploidy variation, including loss-of-heterozygosity, aneuploidy, and 
polyploidy, are well-documented in laboratory and clinical C. albi-
cans isolates (Abbey et al., 2014; Abbey et al., 2011; Ford et al., 2015; 
Hirakawa et al., 2015; Jones et al., 2004; Muzzey et al., 2013; Ropars 
et al., 2018). However, these large-scale genomic perturbations are 
often identified and studied in the context of antifungal drug resis-
tance (Ford et al., 2015; Selmecki et al., 2005, 2006), and only limited 
studies have specifically investigated how C. albicans ploidy impacts 
virulence phenotypes (Hubbard et al., 1985; Ibrahim et al., 2005; 
Suzuki et al., 1986).

In this study, we sought to identify how C. albicans ploidy im-
pacts its virulence by using four diploid-tetraploid pairs of strains, 
with each pair representing a distinct genetic background. We as-
sessed virulence by monitoring four measures of host fitness using 
healthy and immunocompromised Caenorhabditis elegans hosts 
(Feistel, 2019). While we find almost no overall relationship between 
ploidy and virulence, there are detectable differences among C. albi-
cans genetic backgrounds and clear interactions between C. albicans 
genetic background and its ploidy state on virulence phenotypes. 
We also observe these interactions in immunocompromised hosts; 
however, in some cases, the ploidy-specific pattern and/or the de-
gree of virulence severity is different between healthy and immu-
nocompromised hosts. Taken together, these results emphasize the 
importance of genotypic interactions on virulence phenotypes, in 
which genotype includes ploidy state.

2  | MATERIAL AND METHODS

2.1 | Strains and media

For this study, the C. albicans strains used are described in Table 
S1. Caenorhabditis elegans N2 Bristol (WT) and sek-1 mutant 
(Kim, 2002) were used to test host survival, fecundity and popula-
tion growth in healthy and immunocompromised hosts, respectively. 
Caenorhabditis elegans populations were maintained at 20°C on lite 
nematode growth medium (NGM, US Biological) with the nonpatho-
genic Escherichia coli strain OP50 as a food source (Brenner, 1974) 
and were transferred to a newly seeded E. coli plate every 3–4 days. 
For survival, fecundity and lineage growth assays, NGM was sup-
plemented with 0.08 g/L uridine, 0.08 g/L histidine, and 0.04 g/L 
adenine to facilitate growth of auxotrophic C. albicans strains and 
0.2 g/L streptomycin sulfate to inhibit E. coli overgrowth so C. albi-
cans strains could proliferate.

2.2 | Survival and fecundity assays

Seeding NGM plates and C. elegans egg preparation for survival 
and fecundity assays were performed as previously described 
(Feistel, 2019). To establish C. albicans infection in nematode hosts, 
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yeast must be ingested in the presence of E. coli, the standard food 
for laboratory C. elegans (Feistel, 2019; Issi, Rioux, & Rao, 2017; Jain, 
Pastor, Gonzalez, Lorenz, & Rao, 2013; Jain, Yun, Politz, & Rao, 2009). 
Briefly, C. albicans strains and E. coli OP50 were inoculated in 3 ml of 
YPD or 5 ml of LB, respectively, and incubated at 30°C for 1–2 days. 
C. albicans cultures were diluted to a final volume of 3.0 OD600 per 
ml, and E. coli was pelleted and washed twice with 1 ml of ddH2O. 
The washed pellet was centrifuged for 60 s at maximum and any 
excess liquid removed. The pellet was weighed and suspended with 
ddH2O to a final volume of 200 mg/ml. For uninfected treatments, 
6.25 μl E. coli was mixed with 43.75 μl ddH2O. For C. albicans treat-
ments, 1.25 μl C. albicans was mixed with 6.25 μl E. coli and brought 
to a final volume of 50 μl with ddH2O. All 50 μl was spotted onto the 
center of a 35mm supplemented-NGM Lite agar plate and incubated 
at room temperature overnight before addition of nematode eggs or 
transferred nematode.

To synchronize host populations, C. elegans populations (~100 
nematodes and any laid eggs) were washed off NGM plates with 
M9 buffer and transferred to a 15-ml conical tube and pelleted by 
centrifugation for 2 min at 279 RCF. The pellet was resuspended in 
a 5.25% bleach solution to dissolve adult hosts and select for eggs, 
transferred to a microcentrifuge tube and inverted for 90–120 s 
and subsequently centrifuged for 30 s at 440 RCF. The pellet was 
washed thrice with 1 ml M9 buffer and resuspended in 500 μl M9 
buffer. ~100 eggs were added to uninfected or C. albicans treatment 
plates. 48 hr later, a single L4 nematode (×10 per treatment) was 
randomly selected and transferred to an uninfected or C. albicans 
treatment plate and incubated at 20°C. Each founder nematode was 
transferred to new treatment plates every 24 hr for seven consecu-
tive days. For survival analysis, we documented whether the founder 
was alive, dead, or censored (i.e., crawled off the plate or were oth-
erwise unaccounted). For fecundity analysis, any eggs laid for each 
24-hr interval remained undisturbed on the plate and incubated at 
20°C for an additional 24 hr and the number of viable progeny pro-
duced per day was scored. Total brood size is the sum of viable prog-
eny produced over seven days. Delayed reproduction is calculated 
by the number of progeny produced on Day 4 or later divided by the 
total progeny produced for each founder nematode. All experiments 
were performed in triplicate or more.

2.3 | Lineage growth assays

Lineage growth assays were performed as previously described 
(Feistel, 2019). In brief, a single L4 founder nematode (×6 founders 
per treatment) was randomly selected from a synchronized popula-
tion and transferred to a 100 mm treatment plate that contained a 
300 μl seed of C. albicans and/or E. coli and incubated at 20°C for 
five days in which the founder produces F1 and F2 progeny. The 
entire population derived from the single founder were washed with 
M9 buffer and transferred to 15-ml conical tubes and brought to a 
final volume of 10 ml. Tubes were placed at 4°C for 1 hr to allow the 
nematodes to settle at the bottom. 20 μl samples were taken from 

each population and counted six independent times to determine 
the final population size for each founder nematode. All experiments 
were performed at least in duplicate.

2.4 | Statistical analyses

All statistical analyses were performed with GraphPad Prism. 
Survival curves were tested for significant differences using log-rank 
(Mantel–Cox) tests. Lineage growth, total brood size, and delayed re-
production data sets were tested for normality using the D'Agostino 
& Pearson omnibus normality test. For comparisons across genetic 
backgrounds, Kruskal–Wallis and Dunn's multiple comparison tests 
were performed. For pairwise comparisons between ploidy or host 
context, Mann–Whitney tests were performed. Two-way ANOVAs 
were performed to test for interactions between C. albicans ge-
netic background and ploidy or between C. albicans ploidy and host 
context.

3  | RESULTS

3.1 | Interactions between pathogen ploidy and 
genetic background impact virulence phenotypes in 
healthy hosts

First, we wanted to investigate whether C. albicans genetic back-
ground differentially impacted host fitness. To do this, we infected 
C. elegans hosts with four genetically distinct strain backgrounds of 
C. albicans. Two of these genetic backgrounds are laboratory strains: 
a “laboratory heterozygous,” which consists of the SC5314 refer-
ence strain and a “laboratory homozygous,” a derivative of SC5314 
in which the genome is completely homozygous. The other two ge-
netic backgrounds are clinical strains: a “bloodstream,” isolated from 
a candidemia infection of a male immunosuppressed patient and an 
“oral/vaginal,” a pair of clinical strains isolated from a single immune 
competent female patient with vulvovaginal candidiasis. For each 
C. albicans genetic background, we assessed four measures of host 
fitness: host survival (Figure 1a), host lineage growth (Figure 1b), 
host brood size (Figure 1c), and host reproductive timing (Figure 1d). 
For survival and lineage growth, all C. albicans genetic backgrounds 
were virulent, with significant differences observed between unin-
fected and infected treatments, and the only statistical difference 
between C. albicans genetic backgrounds was between the labo-
ratory heterozygous and oral/vaginal strains for host survival. For 
brood size, only the laboratory homozygous genetic background 
was virulent and resulted in significantly smaller host brood sizes 
compared to the two clinical C. albicans backgrounds. The impact on 
host reproductive timing also depended on pathogen genetic back-
ground: The laboratory heterozygous and the clinical bloodstream 
strains were virulent (i.e., reduced amount of normal reproductive 
timing) whereas the other two C. albicans genetic backgrounds were 
not. The laboratory heterozygous strain impacted host reproductive 
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timing significantly more than the three other pathogen genetic 
backgrounds. Together, these results suggest that while pathogen 
genetic background may not obviously contribute to host survival 
phenotypes, it may be important for other measures of fungal infec-
tion that are less lethal.

One factor that may dampen any differences in virulence 
among C. albicans genetic backgrounds is ploidy. For each genetic 
background, we used a related diploid strain and a tetraploid strain 

(Table S1). The tetraploids for both the “laboratory” strains were 
produced via mating in the laboratory. The “bloodstream” pair 
consisted of a diploid strain isolated early in the infection and its 
corresponding tetraploid strain was isolated mid-to-late infection 
following antifungal treatment. The “oral/vaginal” pair consisted of 
a diploid strain isolated from the oral cavity, and its corresponding 
tetraploid was isolated from the urogenital tract following antifun-
gal treatment for vulvovaginal candidiasis. There have been limited 
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and conflicted reports on the role of tetraploid in fungal virulence 
(Hubbard et al., 1985; Ibrahim et al., 2005). To assess how patho-
gen ploidy impacts virulence, we compared all the diploid strains to 
the tetraploid strains for host survival (Figure 1e), lineage growth 
(Figure 1f), host brood size (Figure 1g), and host reproductive timing 
(Figure 1h) in wild-type hosts. We did not observe a significant dif-
ference between these two ploidy states for any of the host fitness 
measures tested, suggesting that ploidy may not impact virulence 
phenotypes. However, when we account for C. albicans strain back-
ground, differences between pathogen ploidy emerge but depend 
on strain genetic background and thus, we detect a significant in-
teraction between genetic background and ploidy for host lineage 
growth (“interaction” p = .0354, two-way ANOVA; Figure S1b), 
brood size (“interaction” p < .0001, two-way ANOVA; Figure S1b), 
and reproductive timing (“interaction” p = .0283, two-way ANOVA; 
Figure S1b). While we cannot directly test for an interaction using 
host survival curves, we do detect differences between diploids 
and tetraploids for each C. albicans genetic background (Figure S1 
and Table S2). Taken together, these results suggest that there is no 
global pattern in ploidy state and virulence, but ploidy in combina-
tion with genetic background does significantly contribute to C. albi-
cans virulence phenotypes.

When we look at the specific diploid-tetraploid pairs, repre-
senting different C. albicans genetic backgrounds, we see signif-
icant differences in virulence between the diploid and tetraploid 
for at least one fitness measure, for every C. albicans genetic back-
ground (Figure 2). For two genetic backgrounds, the laboratory 
homozygous, and clinical bloodstream strains, the diploid strain 
was more virulent than its tetraploid counterpart. For the labo-
ratory heterozygous and clinical oral/vaginal strains, the tetra-
ploid strain was more virulent than its diploid counterpart, when 
differences between ploidy states were detected. Furthermore, 
these genetic background specific ploidy patterns are generally 
consistent across host fitness measures. For example, the labo-
ratory heterozygous and clinical oral/vaginal tetraploids are also 
more virulent than their diploid counterparts for host brood size 
(Figure 2c), and the clinical bloodstream diploid was more virulent 

than its tetraploid counterpart for lineage growth and delayed 
host reproduction (Figure 2b,d). We performed every pairwise 
comparison between treatments for host survival (Table S2), lin-
eage growth (Table S3), brood size (Table S4), and reproductive 
timing (Table S5) and find significant differences in virulence be-
tween different C. albicans genetic backgrounds and ploidy states 
for most host fitness measures, except host lineage growth, where 
very few differences between C. albicans strains were detected. 
Taken together, these data support that C. albicans ploidy does 
contribute to its virulence phenotypes, but whether it attenuates 
or enhances virulence depends on its genetic background.

3.2 | Host immune status and pathogen genetic 
background contribute to virulence phenotypes

We have previously shown that C. albicans and other nonalbicans 
Candida species cause more severe infections in an immunocom-
promised C. elegans hosts compared to healthy C. elegans hosts 
(Feistel, 2019). Given that we see pathogen ploidy patterns depend 
on genetic background for virulence phenotypes in wild-type healthy 
hosts, we next wanted to assess if we could detect comparable pat-
terns in immunocompromised hosts. We used a host strain with a 
mutation in sek-1, a MAPK kinase part of the highly conserved sign-
aling cascade required for the production of antimicrobial peptides, 
the main line of immune defense in C. elegans (Irazoqui, Urbach, & 
Ausubel, 2010; Kim, 2002; Kim & Ausubel, 2005). For each C. albi-
cans strain, we assessed four measures of host fitness and compared 
C. albicans virulence in immunocompromised sek-1 C. elegans hosts: 
host survival (Figure 3a), host lineage growth (Figure 3b), host brood 
size (Figure 3c), and host reproductive timing (Figure 3d). Nearly, all 
the C. albicans genetic backgrounds significantly reduced host fit-
ness compared to uninfected controls, and the only exception was 
the laboratory homozygous strains did not significantly delay host 
reproduction. The laboratory homozygous background is also less 
virulent than the clinical oral/vaginal genetic background for host. 
Together, these results suggest that global differences in pathogen 

F I G U R E  1   Candida albicans genetic background differentially impacts healthy host fitness. (a) Survival curves for healthy, wild-type 
nematode host populations that were either uninfected (exposed only to an Escherichia coli food source, gray), or infected with different 
C. albicans strains (indicated in legend). Error bars indicated ± SE. The number of hosts analyzed (n) for each treatment is indicated in Table 
S1. Statistical significance was tested using pairwise comparisons of survival curves with the Log-rank (Mantel–Cox) test. Asterisks denote 
statistical significance compared to the uninfected control (* indicates p < .05; **** indicates p < .0001). Candida albicans treatments that 
share letters are not significantly different, whereas treatments with differing letters are statistically different. (b) Box and whiskers plot 
of host lineage growth, represented by the total population size of F1 and F2 progeny from a single founder host, produced within 7 days. 
Boxes indicated the 25th–75th quartiles with the mean indicated as a line. Error bars are the normalized data range and circles indicate 
outliers. The mean and 95% CI of the uninfected control treatment is indicated by the gray dashed line and shaded gray box, respectively. 
Statistical significance was tested using one-way ANOVA. Asterisks denote statistical differences compared to the uninfected control (* 
indicates p < .05; *** indicates p < .001). Candida albicans treatments that share letters are not significantly different, whereas treatments 
with differing letters are statistically different, post hoc Dunn's multiple comparison test. (c)Total brood size and (d) percent of host progeny 
produced during days 1–3 of adulthood (normal reproductive timing) of hosts infected with C. albicans. Data and statistical analyses are 
the same as (b). (e) Percent host survival on Day 7 for diploid (dip) and tetraploid (tet) C. albicans strains (colored symbols indicate specific 
C. albicans genetic background). Statistical significance was tested using Wilcoxon matched-pairs signed rank test and p-values are indicated. 
(f) Lineage growth, (g) brood size, and (h) reproductive timing of hosts infected with C. albicans diploid and tetraploid strains. Data and 
statistical analysis are the same as for (e)
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genetic background are revealed in hosts with compromised immune 
function for both lethal and nonlethal measures of host fitness.

To assess how pathogen ploidy impacts virulence in immunocom-
promised hosts, we compared all the diploid strains to the tetraploid 
strains for host survival (Figure 3e), host lineage growth (Figure 3f), 
host brood size (Figure 3g), and host reproductive timing (Figure 3h). 

Similar to healthy wild-type hosts, we did not observe a significant 
difference between these two ploidy states for most of the host fit-
ness measures. However, when we account for C. albicans strain back-
ground, differences between pathogen ploidy emerge but depends 
on strain genetic background and a significant interaction between 
genetic background and ploidy is detected for host lineage growth 

F I G U R E  2   Ploidy-specific differences across Candida albicans genetic backgrounds in healthy hosts. (a) Survival curves for healthy, wild-
type nematode host populations that were either uninfected (exposed only to an Escherichia coli food source, gray), or infected with diploid 
or tetraploid C. albicans strains from laboratory homozygous (pink), laboratory heterozygous (green), bloodstream (orange), or oral/vaginal 
(blue) genetic backgrounds. Error bars indicated ± SE. Statistical significance was tested using pairwise comparisons of diploidy and tetraploid 
survival curves with the Log-rank (Mantel–Cox) test and values are indicated with significant differences highlighted in bolded text. (b) Box and 
whiskers plot of host lineage growth, represented by the total population size of F1 and F2 progeny from a single founder host, produced within 
7 days. Boxes indicated the 25th–75th quartiles with the mean indicated as a line. Error bars are the normalized data range and circles indicate 
outliers. The mean and 95% CI of the uninfected control treatment is indicated by the gray dashed line and shaded gray box, respectively. 
Statistical significance between diploid and tetraploid strains was tested using Mann–Whitney test, and p-values are indicated with significant 
differences highlighted in bolded text. (c) Total brood size and (d) percent of host progeny produced during days 1–3 of adulthood (normal 
reproductive timing) of hosts infected with diploid and tetraploid C. albicans. Data and statistical analyses are the same as (b)
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(“interaction” p = .0012, two-way ANOVA; Figure S2b), brood size (“in-
teraction” p = .0090, two-way ANOVA; Figure S2c), and reproductive 
timing (“interaction” p = .0167, two-way ANOVA; Figure S2d). While 
we cannot directly test for an interaction using host survival curves, we 
do detect differences between diploids and tetraploids for each C. al-
bicans genetic background (Figure S2 and Table S2). Taken together, 
these results further support the observation that there is no global 
correlation between ploidy state and virulence, but ploidy does have 
an important contribution to virulence phenotypes within pathogen 
genetic backgrounds regardless of host immune status.

When we look at specific diploid-tetraploid pairs, representing 
different C. albicans genetic background, we see significant dif-
ferences in virulence in immunocompromised hosts between the 
diploid and tetraploid state for at least one fitness measure, for all 
C. albicans genetic backgrounds except for the laboratory homo-
zygous (Figure 4). For the laboratory heterozygous genetic back-
ground, the tetraploid counterpart was more virulent than its diploid 
counterpart when differences between ploidy states were detected 
(lineage growth and brood size), similar to the pattern observed in 
healthy hosts (Figure 2). Furthermore, the clinical bloodstream dip-
loid was more virulent than its tetraploid counterpart for immuno-
compromised host survival and brood size (Figure 4a,c), similar to the 
pattern observed in healthy hosts. However, the oral/vaginal strain 
had significant differences between its diploid and tetraploid coun-
terparts for host survival and reproductive timing (Figure 4a,d). The 
tetraploid was more virulent as measured by host survival, while the 
diploid was more virulent as measured by reproductive timing. We 
also performed every pairwise comparison between treatments for 
host survival (Table S2), lineage growth (Table S3), brood size (Table 
S4), and reproductive timing (Table S5) and find significant differ-
ences in virulence between different C. albicans genetic backgrounds 
and ploidy states for most host fitness measures, except host re-
productive timing, where very few differences between C. albicans 
strains were detected. These results emphasize that while global dif-
ferences between C. albicans genetic backgrounds or ploidy states 
may be difficult to identify in immunocompromised hosts (Figure 3), 
ploidy-specific and genetic background differences in virulence are 
detectable across multiple host fitness measures.

3.3 | Ploidy-specific interactions between host and 
pathogen genotypes

Finally, we were curious if host immune status impacted the viru-
lence relationship between each diploid-tetraploid pair of strains. 
Since there are significant differences for most host fitness meas-
ures between healthy and immunocompromised hosts even when 
uninfected (Table S6), we normalized each C. albicans-infected host 
fitness metric to that of the uninfected control to directly compare 
the severity of C. albicans infection between host genotypes. This 
analysis shows that immunocompromised hosts are significantly 
more susceptible to C. albicans infection and show larger reduc-
tions in survival, brood size, and lineage growth compared to those 

observed in healthy hosts, while the amount of delayed reproduc-
tion caused by C. albicans infection is similar (Figure 5a–d). We also 
detect significant interactions between C. albicans strain and host 
immune status for lineage growth (“interaction” p = .0004, two-
way ANOVA), brood size (“interaction” p = .0042, two-way ANOVA; 
Figure S2c), and reproductive timing (“interaction” p = .0001, two-
way ANOVA).

We next examined whether the relationship between ploi-
dy-specific virulence differences changed depending on host im-
mune status. To do this, we plotted the relative impact of the diploid 
(solid lines) and tetraploid (dotted lines) in healthy (N2) and immuno-
compromised (sek-1) host backgrounds for all four C. albicans genetic 
backgrounds (Figure 5e-H). In general, there was a high degree of 
similarity in the relationship between diploid and tetraploids across 
for both host genotypes, as indicated by a nonsignificant interaction 
term measured by two-way ANOVA. However, there were a couple 
of notable exceptions, particularly in the bloodstream pair of strains. 
In healthy hosts, we observed the diploid displaying more severe 
virulence phenotypes than its tetraploid counterpart for lineage 
growth and reproductive timing, yet these differences are dimin-
ished in immunocompromised hosts. Thus, we detect significant in-
teractions between host immune status and C. albicans ploidy for the 
bloodstream genetic background. Strikingly, we detect the reverse 
pattern for host survival with the C. albicans bloodstream diploid and 
tetraploid strains, in which no detectable differences are observed 
in healthy hosts, but the diploid is significantly more virulent than 
the tetraploid in immunocompromised hosts, yet regardless of the 
host context or specific fitness measure, the diploid is more virulent 
than its tetraploid counterpart. From these results, we conclude that 
interactions between host immune status, pathogen genetic back-
ground, and ploidy state determine the severity of virulence pheno-
types in C. albicans.

4  | DISCUSSION

Here, we sought to understand how the genetic background and 
ploidy of the human fungal opportunistic pathogen C. albicans con-
tribute to virulence phenotypes in the nematode host C. elegans. 
Overall, we found that most of the strains we tested were virulent 
for at least one measure of host fitness, but cannot generalize any 
over-arching patterns in how ploidy or genetic background contrib-
ute to virulence phenotypes. Rather, we have found that there is 
a significant interaction between C. albicans ploidy and its genetic 
background. We detect this interaction in both healthy and immuno-
compromised host contexts. However, immunocompromised hosts 
display more severe fungal infections compared to healthy hosts, 
regardless of C. albicans ploidy and/or genetic background.

Candida albicans was considered an “obligate” heterozygous dip-
loid for many years (Berman & Sudbery, 2002; Noble & Johnson, 2007; 
Olaiya & Sogin, 1979; Riggsby, Torres-Bauza, Wills, & Townes, 1982), 
and its diploid-tetraploid parasexual cycle only discovered and char-
acterized in the last two decades (Morrow & Fraser, 2013; Sherwood 
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& Bennett, 2009). Much of the research regarding C. albicans ploidy 
states have focused on the mechanisms involved with the parasex-
ual cycle and how the ploidy reduction process that tetraploids un-
dergo promote cellular heterogeneity and genetic variation (Bennett 
& Johnson, 2003; Berman & Hadany, 2012; Forche et al., 2008; 
Gerstein et al., 2017; Hickman et al., 2015; Hirakawa, Chyou, Huang, 
Slan, & Bennett, 2017). There are only a small number of studies 
investigating if different ploidy states impact its virulence. These 

earlier studies investigating whether C. albicans ploidy impacts vir-
ulence had contradictory results—Hubbard et al demonstrated that 
derivative tetraploid had similar results in a murine tail vein infec-
tion model as its diploid progenitor (Hubbard et al., 1985), whereas 
Ibrahim et al. (2005) demonstrate that tetraploids are less virulent 
than diploids. Given that tetraploid C. albicans have been identified 
in clinical settings (Abbey et al., 2014) and that other fungal patho-
gens display extensive ploidy variation (Morrow & Fraser, 2013; Zhu 
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et al., 2016), assessing how ploidy impacts virulence has newfound 
clinical relevance. We think our systematic approach of comparing 
paired diploid and tetraploid strain across genetic backgrounds and 
host contexts provides a more comprehensive analysis of ploidy 
and virulence. Furthermore, our results support the contradictory 
findings reported earlier, as we observe that sometimes certain tet-
raploids are less virulent than diploids, sometimes there are no dif-
ferences between ploidy states, and sometimes certain tetraploids 
are more virulent than diploids (Tables S2–S5).

Our analysis not only accounts for differences in C. albicans ge-
netic background, but by utilizing C. elegans as an infection system 
we were able to assess multiple measures of host fitness beyond 
host survival. As an opportunistic pathogen, C. albicans causes a 
wide-range of infections with the most severe infections occurring 
in immunocompromised individuals and only a fraction of these se-
vere infections results in patient death. As such, we broadened our 
scope to investigate fungal virulence beyond a lethal phenotype. 
We previously demonstrated that C. albicans infection of C. elegans 
not only results in reduced survival, but also has reduced fecundity 
and delays in reproduction (Feistel, 2019). Here, we have leveraged 
this infection system to screen for differences in virulence between 
C. albicans ploidy and genetic backgrounds. While we did not find 
any overall pattern in virulence between diploids and tetraploids, 
we did identify that ploidy-specific differences depended on genetic 
background (Figures 2 and 4). Importantly, these specific patterns 
were consistent across multiple host fitness measures and host im-
mune status (Figure 5). Furthermore, we found that immunocompro-
mised hosts had significantly more severe infections than immune 
competent hosts (Figure 5), similar to what is observed clinically.

Characterization of clinical tetraploid C. albicans strains has been 
extremely limited given how infrequently they have been isolated 
from infections (Abbey et al., 2014; Suzuki et al., 1986). In general, 
tetraploid genomes are highly unstable and often undergo parasex-
ual ploidy reduction (Bennett & Johnson, 2003; Forche et al., 2008; 
Hickman et al., 2015), although rates can vary across genetic back-
grounds (Gerstein et al., 2017). Ploidy reduction generates diploid 
derivatives that deviate from their tetraploid progenitors not only in 

chromosomal copy number, but allelic composition as well (Hickman 
et al., 2015). It is important to note that the clinical bloodstream dip-
loid and tetraploid pair of strains are not completely isogenic and that 
some allelic variation exists in addition to their differences in ploidy, 
including altered allelic ratios on chromosomes 4, 5 and 6 (Abbey 
et al., 2014). It is likely that some allelic differences exist in the oral/
vaginal pair of strains, although these genomes sequences have yet 
to be published. It is feasible that some of the differences in viru-
lence that we observe between the diploid and tetraploids isolates 
in this clinical C. albicans backgrounds (i.e., the bloodstream diploid is 
more virulent than its tetraploid, whereas the oral/vaginal tetraploid 
is more virulent than its diploid) is due to these allelic differences. 
By measuring virulence phenotypes in laboratory-derived genomes 
that only differ in the number of chromosome sets they contain, we 
can directly assess the impact ploidy has on virulence. Here, we still 
observe different patterns of ploidy-specific virulence, depending 
on genetic background. In the laboratory heterozygous genome, we 
consistently observe the tetraploid as more virulent than its diploid 
in both healthy (Figure 2) and immunocompromised (Figure 4) host 
contexts. However, in the laboratory homozygous genome we fre-
quently failed to find any significant differences between diploid and 
tetraploid for any of the host fitness measures, the only exception 
being healthy host survival, in which the tetraploid was avirulent and 
the diploid was virulent (Figure 2a). This result is consistent with pre-
vious findings that C. albicans homozygous genomes do not show 
significant growth differences in vitro or in vivo between ploidy 
states (Gerstein et al., 2017; Hickman et al., 2013).

In this work, we found that ploidy and genetic background inter-
act to contribute to C. albicans virulence (Figures S1 and S2). We also 
observe significant interactions between C. albicans strains and host 
immune status (Figure 5). These results indicate that virulence is not 
simply a binary “avirulent/virulent” classification, but rather a com-
plex trait and we need to start dissecting fungal virulence from this 
perspective. Recently, genome analysis of clinical isolates revealed 
genomic features that differ between clinical isolates and SC5314, 
the laboratory reference strain of C. albicans, and/or identify ge-
netic determinants of antifungal drug resistance (Bensasson, 2019; 

F I G U R E  3   Immunocompromised hosts are highly susceptible to Candida albicans infection regardless of genetic background or ploidy. 
(a) Survival curves for immunocompromised, sek-1 nematode host populations that were either uninfected (exposed only to an Escherichia 
coli food source, gray), or infected with different C. albicans strains (indicated in legend). Error bars indicated ± SE. The number of hosts 
analyzed (n) for each treatment is indicated in Table S1. Statistical significance was tested using pairwise comparisons of survival curves 
with the Log-rank (Mantel–Cox) test. Asterisks denote statistical significance compared to the uninfected control (* indicates p < .05; **** 
indicates p < .0001). Candida albicans treatments that share letters are not significantly different, whereas treatments with differing letters 
are statistically different. (b) Box and whiskers plot of host lineage growth, represented by the total population size of F1 and F2 progeny 
from a single founder sek-1 host, produced within 7 days. Boxes indicated the 25th–75th quartiles with the mean indicated as a line. Error 
bars are the normalized data range and circles indicate outliers. The mean and 95% CI of the uninfected control treatment is indicated by the 
gray dashed line and shaded gray box, respectively. Statistical significance was tested using one-way ANOVA. Asterisks denote statistical 
differences compared to the uninfected control (* indicates p < .05; *** indicates p < .001). Candida albicans treatments that share letters are 
not significantly different, whereas treatments with differing letters are statistically different, post hoc Dunn's multiple comparison test. (c) 
Total brood size and (d) percent of host progeny produced during days 1–3 of adulthood (normal reproductive timing) of sek-1 hosts infected 
with C. albicans. Data and statistical analyses are the same as (b). (e) Percent sek-1 host survival on Day 7 for diploid (dip) and tetraploid 
(tet) C. albicans strains (colored symbols indicate specific C. albicans genetic background). Statistical significance was tested using Wilcoxon 
matched-pairs signed rank test, and p-values are indicated. (f) Lineage growth, (g) brood size, and (h) reproductive timing of sek-1 hosts 
infected with C. albicans diploid and tetraploid strains. Data and statistical analysis are the same as for (e)
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Cavalieri, 2018; Ford et al., 2015; MacCallum et al., 2009; Ropars 
et al., 2018; Wang, Bennett, & Anderson, 2018). Only a small 
number have attempted to identify the genetic loci underpinning 

virulence, and only two genes were identified and validated, EFG1 
(Hirakawa et al., 2015; MacCallum et al., 2009) and PHO100 (Noble 
& Johnson, 2007). Importantly, these approaches may overlook 

F I G U R E  4   Ploidy-specific differences across Candida albicans genetic backgrounds in immunocompromised hosts. (a) Survival curves for 
immunocompromised, sek-1 nematode host populations that were either uninfected (exposed only to an Escherichia coli food source, gray), 
or infected with diploid or tetraploid C. albicans strains from laboratory homozygous (pink), laboratory heterozygous (green), bloodstream 
(orange), or oral/vaginal (blue) genetic backgrounds. Error bars indicated ± SE. Statistical significance was tested using pairwise comparisons 
of diploidy and tetraploid survival curves with the Log-rank (Mantel–Cox) test, and p-values are indicated with significant differences 
highlighted in bolded text. (b) Box and whiskers plot of host lineage growth, represented by the total population size of F1 and F2 progeny 
from a single sek-1 founder host, produced within 7 days. Boxes indicated the 25th–75th quartiles with the mean indicated as a line. Error 
bars are the normalized data range and circles indicate outliers. The mean and 95% CI of the uninfected control treatment is indicated by the 
gray dashed line and shaded gray box, respectively. Statistical significance between diploid and tetraploid strains was tested using Mann–
Whitney test, and p-values are indicated with significant differences highlighted in bolded text. (c) Total brood size and (d) percent of sek-1 
host progeny produced during days 1–3 of adulthood (normal reproductive timing) of hosts infected with diploid and tetraploid C. albicans. 
Data and statistical analyses are the same as (b)
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F I G U R E  5   Ploidy-specific interactions between healthy and immunocompromised hosts. (a) Relative impact on Day 7 host survival 
(infected/uninfected) for all Candida albicans strains (colored symbols indicate specific C. albicans genetic background) in healthy (N2) 
and immunocompromised (sek-1) hosts. The mean and 95% CI of the uninfected control treatment are indicated by the gray dashed line 
and shaded box, respectively. Statistical significance between host genotypes was tested using Wilcoxon matched-pairs signed rank test, 
and p-values are indicated. (b) Box and whiskers plot of relative host lineage growth (c) Brood size, and (d) Reproductive timing between 
healthy and immunocompromised hosts. Data and statistical analysis were the same as in (a). (e) Relative impact of C. albicans ploidy on 
host survival per pathogen genetic background. Relative virulence of diploid (solid lines) and tetraploid (dotted lines) C. albicans laboratory 
homozygous (pink), laboratory heterozygous (green), bloodstream (orange), and oral/vaginal (blue) genetic background in healthy (N2) and 
immunocompromised (sek-1) hosts. Y-axis scale bar is the same as in (a). (f) Relative host lineage growth, (g) Brood size, and (h) Reproductive 
timing between healthy (N2) and immunocompromised (sek-1) hosts across C. albicans genetic backgrounds. Symbols represent the mean 
value and error bars indicate ± one standard deviation. Y-axis scale bar is the same as in (b, c, and d). Statistical significance was tested by 
two-way ANOVA, and the “interaction” p-values are indicated with significant differences highlighted in bolded text
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other factors and contexts, such as ploidy or host immune status, 
that contribute to virulence. While it is clear that there is variation in 
virulence occurs across C. albicans genetic backgrounds, there is still 
much work to do in elucidating the drivers of virulence.

ACKNOWLEDG MENTS
We would like to thank Judy Dinh, McKenna Penley, and Dr. Levi 
Morran for their technical support, and two anonymous reviewers 
for critical reading of the manuscript.

CONFLIC T OF INTERE S T
The author(s) declare no competing interests.

AUTHOR CONTRIBUTION
Dorian J Feistel: Conceptualization (equal); Data curation (equal); 
Formal analysis (equal); Methodology (equal). Rema Elmostafa: 
Data curation (equal); Formal analysis (equal). Meleah Hickman: 
Conceptualization (equal); Formal analysis (equal); Funding acqui-
sition (equal); Supervision (equal); Visualization (equal); Writing-
original draft (equal); Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
All relevant data is posted at the Dryad Digital Repository (https://
doi.org/10.5061/dryad.dz08k prvk).

ORCID
Meleah A. Hickman  https://orcid.org/0000-0003-4237-6981 

R E FE R E N C E S
Abbey, D. A., Funt, J., Lurie-Weinberger, M. N., Thompson, D. A., Regev, 

A., Myers, C. L., & Berman, J. (2014). YMAP: A pipeline for visualiza-
tion of copy number variation and loss of heterozygosity in eukary-
otic pathogens. Genome Medicine, 6, 100. https://doi.org/10.1186/
PREAC CEPT-12076 99561 372700

Abbey, D., Hickman, M., Gresham, D., & Berman, J. (2011). High-
resolution SNP/CGH microarrays reveal the accumulation of loss 
of heterozygosity in commonly used Candida albicans strains. G3: 
Genes, Genomes, Genetics, 1, 523–530.

Arbour, M., Epp, E., Hogues, H., Sellam, A., Lacroix, C., Rauceo, J., … 
Nantel, A. (2009). Widespread occurrence of chromosomal aneu-
ploidy following the routine production of Candida albicans mutants. 
FEMS Yeast Research, 9, 1070–1077.

Bennett, R. J., & Johnson, A. D. (2003). Completion of a parasexual cycle 
in Candida albicans by induced chromosome loss in tetraploid strains. 
EMBO Journal, 22, 2505–2515. https://doi.org/10.1093/emboj/ cdg235

Bensasson, D., Dicks, J., Ludwig, J. M., Bond, C. J., Elliston, A., Roberts, I. 
N., & James, S. A. (2019). Diverse lineages of Candida albicans live on 
old Oaks. Genetics, 211, 277–288.

Berman, J., & Hadany, L. (2012). Does stress induce (para)sex? 
Implications for Candida albicans evolution. Trends in Genetics, 28, 
197–203. https://doi.org/10.1016/j.tig.2012.01.004

Berman, J., & Sudbery, P. E. (2002). Candida albicans: A molecular revolu-
tion built on lessons from budding yeast. Nature Reviews Genetics, 3, 
918–931. https://doi.org/10.1038/nrg948

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics, 77, 
71–94.

Brown, G. D., Denning, D. W., Gow, N. A. R., Levitz, S. M., Netea, M. 
G., & White, T. C. (2012). Hidden killers: Human fungal infections. 

Science Translational Medicine, 4, 165rv13. https://doi.org/10.1126/
scitr anslm ed.3004404

Casadevall, A., & Pirofski, L.-A. (1999). Host-pathogen interactions: 
Redefining the basic concepts of virulence and pathogenicity. 
Infection and Immunity, 67, 3703–3713. https://doi.org/10.1128/
IAI.67.8.3703-3713.1999

Cavalieri, D., Di Paola, M., Rizzetto, L., Tocci, N., De Filippo, C., Lionetti, 
P., … Berná, L. (2018). Genomic and phenotypic variation in morpho-
genetic networks of two Candida albicans isolates subtends their dif-
ferent pathogenic potential. Frontiers in Immunology, 8, 3166–3218.

Cressler, C. E., McLEOD, D. V., Rozins, C., van den Hoogen, J., & Day, T. 
(2016). The adaptive evolution of virulence: A review of theoretical 
predictions and empirical tests. Parasitology, 143, 915–930. https://
doi.org/10.1017/S0031 18201 500092X

Feistel, D. J., Elmostafa, R., Nguyen, N., Penley, M., Morran, L., & 
Hickman, M. A. (2019). A novel virulence phenotype rapidly assesses 
candida fungal pathogenesis in healthy and immunocompromised 
Caenorhabditis elegans hosts. mSphere, 4, 405.

Forche, A., Alby, K., Schaefer, D., Johnson, A. D., Berman, J., & Bennett, R. 
J. (2008). The parasexual cycle in Candida albicans provides an alter-
native pathway to meiosis for the formation of recombinant strains. 
PLoS Biology, 6, e110. https://doi.org/10.1371/journ al.pbio.0060110

Ford, C. B., Funt, J. M., Abbey, D., Issi, L., Guiducci, C., Martinez, D. A., … 
Rao, R. P. (2015). The evolution of drug resistance in clinical isolates 
of Candida albicans. eLife Sciences, 4, 3178–3227.

Gerstein, A. C., Lim, H., Berman, J., & Hickman, M. A. (2017). Ploidy tug-
of-war: Evolutionary and genetic environments influence the rate of 
ploidy drive in a human fungal pathogen. Evolution, 71, 1025–1038. 
https://doi.org/10.1111/evo.13205

Hickman, M. A., Paulson, C., Dudley, A., & Berman, J. (2015). Parasexual 
ploidy reduction drives population heterogeneity through random and 
transient aneuploidy in Candida albicans. Genetics, 200, 781–794.

Hickman, M. A., Zeng, G., Forche, A., Hirakawa, M. P., Abbey, D., 
Harrison, B. D., … Berman, J. (2013). The ‘obligate diploid’ Candida al-
bicans forms mating-competent haploids. Nature, 494, 55–59. https://
doi.org/10.1038/natur e11865

Hirakawa, M. P., Chyou, D. E., Huang, D., Slan, A. R., & Bennett, R. J. 
(2017). Parasex generates phenotypic diversity de novo and impacts 
drug resistance and virulence in Candida albicans. Genetics, 207, 
1195–1211.

Hirakawa, M. P., Martinez, D. A., Sakthikumar, S., Anderson, M. Z., Berlin, 
A., Gujja, S., … Berman, J. (2015). Genetic and phenotypic intra-spe-
cies variation in Candida albicans. Genome Research, 25, 413–425.

Hubbard, M. J., Poulter, R. T., Sullivan, P. A., & Shepherd, M. G. (1985). 
Characterization of a tetraploid derivative of Candida albicans 
ATCC 10261. Journal of Bacteriology, 161, 781–783. https://doi.
org/10.1128/JB.161.2.781-783.1985

Ibrahim, A. S., Magee, B. B., Sheppard, D. C., Yang, M., Kauffman, S., 
Becker, J., … Magee, P. T. (2005). Effects of ploidy and mating type on 
virulence of Candida albicans. Infection and Immunity, 73, 7366–7374. 
https://doi.org/10.1128/IAI.73.11.7366-7374.2005

Irazoqui, J. E., Urbach, J. M., & Ausubel, F. M. (2010). Evolution of host 
innate defence: Insights from Caenorhabditis elegans and primitive in-
vertebrates. Nature Reviews. Immunology, 10, 47–58.

Issi, L., Rioux, M., & Rao, R. (2017). The nematode Caenorhabditis ele-
gans - A versatile in vivo model to study host-microbe interac-
tions. Journal of Visualized Experiments, e56487(128), . https://doi.
org/10.3791/56487

Jabra-Rizk, M. A., Kong, E. F., Tsui, C., Nguyen, M. H., Clancy, C. J., Fidel, 
P. L., & Noverr, M. (2016). Candida albicans pathogenesis: Fitting 
within the host-microbe damage response framework. Infection and 
Immunity, 84, 2724–2739. https://doi.org/10.1128/IAI.00469-16

Jain, C., Pastor, K., Gonzalez, A. Y., Lorenz, M. C., & Rao, R. P. (2013). The 
role of Candida albicans AP-1 protein against host derived ROS in in 
vivo models of infection. Virulence, 4, 67–76.

https://doi.org/10.5061/dryad.dz08kprvk
https://doi.org/10.5061/dryad.dz08kprvk
https://orcid.org/0000-0003-4237-6981
https://orcid.org/0000-0003-4237-6981
https://doi.org/10.1186/PREACCEPT-1207699561372700
https://doi.org/10.1186/PREACCEPT-1207699561372700
https://doi.org/10.1093/emboj/cdg235
https://doi.org/10.1016/j.tig.2012.01.004
https://doi.org/10.1038/nrg948
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1128/IAI.67.8.3703-3713.1999
https://doi.org/10.1128/IAI.67.8.3703-3713.1999
https://doi.org/10.1017/S003118201500092X
https://doi.org/10.1017/S003118201500092X
https://doi.org/10.1371/journal.pbio.0060110
https://doi.org/10.1111/evo.13205
https://doi.org/10.1038/nature11865
https://doi.org/10.1038/nature11865
https://doi.org/10.1128/JB.161.2.781-783.1985
https://doi.org/10.1128/JB.161.2.781-783.1985
https://doi.org/10.1128/IAI.73.11.7366-7374.2005
https://doi.org/10.3791/56487
https://doi.org/10.3791/56487
https://doi.org/10.1128/IAI.00469-16


9338  |     FEISTEL ET aL.

Jain, C., Yun, M., Politz, S. M., & Rao, R. P. (2009). A pathogenesis assay using 
Saccharomyces cerevisiae and Caenorhabditis elegans reveals novel roles 
for yeast AP-1, Yap1, and host dual oxidase BLI-3 in fungal pathogenesis. 
Eukaryotic Cell, 8, 1218–1227. https://doi.org/10.1128/EC.00367-08

Jones, T., Federspiel, N. A., Chibana, H., Dungan, J., Kalman, S., Magee, B. B., 
… Scherer, S. (2004). The diploid genome sequence of Candida albicans. 
Proceedings of the National Academy of Sciences of the United States of 
America, 101, 7329–7334. https://doi.org/10.1073/pnas.04016 48101

Katsir, L., Schilmiller, A. L., Staswick, P. E., He, S. Y., & Howe, G. A. (2008). 
COI1 is a critical component of a receptor for jasmonate and the 
bacterial virulence factor coronatine. Proceedings of the National 
Academy of Sciences of the United States of America, 105, 7100–7105. 
https://doi.org/10.1073/pnas.08023 32105

Kim, D. H. (2002). A conserved p38 MAP kinase pathway in Caenorhabditis 
elegans innate immunity. Science, 297, 623–626. https://doi.
org/10.1126/scien ce.1073759

Kim, D. H., & Ausubel, F. M. (2005). Evolutionary perspectives on innate 
immunity from the study of Caenorhabditis elegans. Current Opinion in 
Immunology, 17, 4–10.

King, K. C., Seppälä, O., & Neiman, M. (2012). Is more better? Polyploidy 
and parasite resistance. Biology Letters, 8, 598–600. https://doi.
org/10.1098/rsbl.2011.1152

Lambrechts, L., Scott, T. W., & Gubler, D. J. (2010). Consequences of the 
expanding global distribution of Aedes albopictus for dengue virus 
transmission. PLoS Neglected Tropical Diseases, 4, e646. https://doi.
org/10.1371/journ al.pntd.0000646

Lenardon, M. D., & Nantel, A. (2012). Rapid detection of aneuploidy 
following the generation of mutants in Candida albicans. Methods in 
Molecular Biology, 845, 41–49.

Lin, X., Nielsen, K., Patel, S., & Heitman, J. (2008). Impact of mating type, se-
rotype, and ploidy on the virulence of Cryptococcus neoformans. Infection 
and Immunity, 76, 2923–2938. https://doi.org/10.1128/IAI.00168-08

Lipsitch, M., Siller, S., & Nowak, M. A. (1996). The evolution of virulence 
in pathogens with vertical and horizontal transmission. Evolution, 50, 
1729–1741. https://doi.org/10.1111/j.1558-5646.1996.tb035 60.x

MacCallum, D. M., Castillo, L., Nather, K., Munro, C. A., Brown, A. J. P., 
Gow, N. A. R., & Odds, F. C. (2009). Property differences among the 
four major Candida albicans strain clades. Eukaryotic Cell, 8, 373–387. 
https://doi.org/10.1128/EC.00387-08

Manning, S. D., Motiwala, A. S., Springman, A. C., Qi, W., Lacher, D. W., 
Ouellette, L. M., … Whittam, T. S. (2008). Variation in virulence among 
clades of Escherichia coli O157:H7 associated with disease outbreaks. 
Proceedings of the National Academy of Sciences of the United States of 
America, 105, 4868–4873. https://doi.org/10.1073/pnas.07108 34105

Mauch-Mani, B., & Mauch, F. (2005). The role of abscisic acid in 
plant-pathogen interactions. Current Opinion in Plant Biology, 8, 409–
414. https://doi.org/10.1016/j.pbi.2005.05.015

Morrow, C. A., & Fraser, J. A. (2013). Ploidy variation as an adaptive mech-
anism in human pathogenic fungi. Seminars in Cell & Developmental 
Biology, 24, 339–346. https://doi.org/10.1016/j.semcdb.2013.01.008

Muzzey, D., Schwartz, K., Weissman, J. S., & Sherlock, G. (2013). Assembly of 
a phased diploid Candida albicans genome facilitates allele-specific mea-
surements and provides a simple model for repeat and indel structure. 
Genome Biology, 14, R97. https://doi.org/10.1186/gb-2013-14-9-r97

Noble, S. M., & Johnson, A. D. (2007). Genetics of Candida albicans, a dip-
loid human fungal pathogen. Annual Review of Genetics, 41, 193–211.

Nuismer, S. L., & Otto, S. P. (2004). Host-parasite interactions and the 
evolution of ploidy. Proceedings of the National Academy of Sciences 
of the United States of America, 101, 11036–11039. https://doi.
org/10.1073/pnas.04031 51101

Olaiya, A. F., & Sogin, S. J. (1979). Ploidy determination of Candida albi-
cans. Journal of Bacteriology, 140, 1043–1049.

Osnas, E. E., & Lively, C. M. (2006). Host ploidy, parasitism and immune de-
fence in a coevolutionary snail-trematode system. Journal of Evolutionary 
Biology, 19, 42–48. https://doi.org/10.1111/j.1420-9101.2005.00994.x

Purnell, D. M., & Martin, G. M. (1973). Heterozygous diploid strains of 
Aspergillus nidulans: Enhanced virulence for mice in comparison to 
a prototrophic haploid strain. Mycopathologia Et Mycologia Applicata, 
49, 307–319. https://doi.org/10.1007/BF020 50724

Read, A. F. (1994). The evolution of virulence. Trends in Microbiology, 2, 
73–76. https://doi.org/10.1016/0966-842X(94)90537-1

Riggsby, W. S., Torres-Bauza, L. J., Wills, J. W., & Townes, T. M. (1982). 
DNA content, kinetic complexity, and the ploidy question in Candida 
albicans. Molecular and Cellular Biology, 2, 853–862. https://doi.
org/10.1128/MCB.2.7.853

Ropars, J., Maufrais, C., Diogo, D., Marcet-Houben, M., Perin, A., Sertour, 
N., … d'Enfert, C. (2018). Gene flow contributes to diversification of 
the major fungal pathogen Candida albicans. Nature Communications, 
9, 1–10. https://doi.org/10.1038/s41467-018-04787-4

Schulte, R. D., Makus, C., Hasert, B., Michiels, N. K., & Schulenburg, H. 
(2010). Multiple reciprocal adaptations and rapid genetic change upon 
experimental coevolution of an animal host and its microbial parasite. 
Proceedings of the National Academy of Sciences of the United States of 
America, 107, 7359–7364. https://doi.org/10.1073/pnas.10031 13107

Selmecki, A., Bergmann, S., & Berman, J. (2005). Comparative genome 
hybridization reveals widespread aneuploidy in Candida albicans lab-
oratory strains. Molecular Microbiology, 55, 1553–1565. https://doi.
org/10.1111/j.1365-2958.2005.04492.x

Selmecki, A. M., Dulmage, K., Cowen, L. E., Anderson, J. B., & Berman, 
J. (2009). Acquisition of aneuploidy provides increased fitness 
during the evolution of antifungal drug resistance. PLoS Genetics, 5, 
e1000705.

Selmecki, A., Forche, A., & Berman, J. (2006). Aneuploidy and isochro-
mosome formation in drug-resistant Candida albicans. Science, 313, 
367–370. https://doi.org/10.1126/scien ce.1128242

Selmecki, A., Forche, A., & Berman, J. (2010). Genomic plasticity of the 
human fungal pathogen Candida albicans. Eukaryotic Cell, 9, 991–
1008. https://doi.org/10.1128/EC.00060-10

Sherwood, R. K., & Bennett, R. J. (2009). Fungal meiosis and para-
sexual reproduction–lessons from pathogenic yeast. Current 
Opinion in Microbiology, 12, 599–607. https://doi.org/10.1016/j.
mib.2009.09.005

Suzuki, T., Kanbe, T., Kuroiwa, T., & Tanaka, K. (1986). Occurrence of 
ploidy shift in a strain of the imperfect yeast Candida albicans. Journal 
of General Microbiology, 132, 443–453.

Underhill, D. M., & Iliev, I. D. (2014). The mycobiota: Interactions be-
tween commensal fungi and the host immune system. Nature 
Reviews. Immunology, 14, 405–416.

Wang, J. M., Bennett, R. J., & Anderson, M. Z. (2018). The genome of the 
human pathogen Candida albicans is shaped by mutation and cryptic 
sexual recombination. MBio, 9, a019604–a19616.

Zhu, Y. O., Sherlock, G., & Petrov, D. A. (2016). Whole genome analysis of 
132 clinical Saccharomyces cerevisiae strains reveals extensive ploidy 
variation. G3: Genes, Genomes, Genetics, 6, 2421–2434.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Feistel DJ, Elmostafa R, Hickman 
MA. Virulence phenotypes result from interactions between 
pathogen ploidy and genetic background. Ecol Evol. 
2020;10:9326–9338. https://doi.org/10.1002/ece3.6619

https://doi.org/10.1128/EC.00367-08
https://doi.org/10.1073/pnas.0401648101
https://doi.org/10.1073/pnas.0802332105
https://doi.org/10.1126/science.1073759
https://doi.org/10.1126/science.1073759
https://doi.org/10.1098/rsbl.2011.1152
https://doi.org/10.1098/rsbl.2011.1152
https://doi.org/10.1371/journal.pntd.0000646
https://doi.org/10.1371/journal.pntd.0000646
https://doi.org/10.1128/IAI.00168-08
https://doi.org/10.1111/j.1558-5646.1996.tb03560.x
https://doi.org/10.1128/EC.00387-08
https://doi.org/10.1073/pnas.0710834105
https://doi.org/10.1016/j.pbi.2005.05.015
https://doi.org/10.1016/j.semcdb.2013.01.008
https://doi.org/10.1186/gb-2013-14-9-r97
https://doi.org/10.1073/pnas.0403151101
https://doi.org/10.1073/pnas.0403151101
https://doi.org/10.1111/j.1420-9101.2005.00994.x
https://doi.org/10.1007/BF02050724
https://doi.org/10.1016/0966-842X(94)90537-1
https://doi.org/10.1128/MCB.2.7.853
https://doi.org/10.1128/MCB.2.7.853
https://doi.org/10.1038/s41467-018-04787-4
https://doi.org/10.1073/pnas.1003113107
https://doi.org/10.1111/j.1365-2958.2005.04492.x
https://doi.org/10.1111/j.1365-2958.2005.04492.x
https://doi.org/10.1126/science.1128242
https://doi.org/10.1128/EC.00060-10
https://doi.org/10.1016/j.mib.2009.09.005
https://doi.org/10.1016/j.mib.2009.09.005
https://doi.org/10.1002/ece3.6619

