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The effects of environmental and 
genetic factors on the germination 
of basidiospores in the Cryptococcus 
gattii species complex
Man You & Jianping Xu  

Natural and artificial hybridization has been frequently reported among divergent lineages within 
and between the two closely related human pathogenic fungi Cryptococcus gattii species complex and 
Cryptococcus neoformans species complex. However, the biological effects of such hybridization are 
not well known. Here we used five strains of the C. neoformans species complex and twelve strains of 
the C. gattii species complex to investigate the potential effects of selected environmental and genetic 
factors on the germination of their basidiospores from 29 crosses. We found that the germination 
rates varied widely among crosses and environmental conditions, ranging from 0% to 98%. Overall, 
the two examined media showed relatively little difference on spore germination while temperature 
effects were notable, with the high temperature (37 °C) having an overall deleterious effect on spore 
germination. Within the C. gattii species complex, one intra-lineage VGIII × VGIII cross had the highest 
germination rates among all crosses at all six tested environmental conditions. Our analyses indicate 
significant genetic, environmental, and genotype-environment interaction effects on the germination 
of basidiospores within the C. gattii species complex.

The genus Cryptococcus was created by Kützing in 18331. This genus currently includes 37 species, two of which 
are well-known human fungal pathogens, the Cryptococcus neoformans species complex and the Cryptococcus gat-
tii species complex2,3. Cryptococcosis caused by the C. neoformans species complex and C. gattii species complex 
is among the most serious fungal diseases and claims hundreds of thousands of lives each year, with an estimated 
global infection burden of 223,100 cases annually4. Current epidemiological studies suggest that the C. neofor-
mans species complex infects primarily immunocompromised patients, whereas the C. gattii species complex is 
commonly found infecting immunocompetent individuals.

The C. gattii species complex was traditionally considered a pathogen associated with tropical and subtropi-
cal regions. However, over the last decade, strains of the C. gattii species complex has been commonly found in 
temperate regions of North America and Europe5–11. Recent molecular phylogenetic studies identified significant 
diversity and genetic divergence within both the C. neoformans species complex and the C. gattii species complex. 
In one study, the divergent lineages within each of the two species complexes were proposed as different species: 
the C. neoformans species complex was divided into two species (C. neoformans and C. deneoformans) and the C. 
gattii species complex into five species (C. gattii, C. deuterogattii, C. bacillisporus, C. tetragattii and C. decagattii) 
(Table 1). However, there is an ongoing debate about whether the observed differences warrant naming the dif-
ferent lineages as different species and on how species should be named in this and other groups of fungal taxa. 
Here we used the conservative naming system to call strains of lineages VNI to VNIV as belonging to the C. 
neoformans species complex while those of lineages VGI to VGIV as belonging to the C. gattii species complex. 
Regardless of the naming disagreements, these lineages/species are readily identified using a variety of molecular 
markers, including multi-locus sequence typing (MLST) and amplified fragment length polymorphism (AFLP) 
analysis (Table 1)12,13. Within the C. gattii species complex, Bovers et al. reported that VGI and VGIII are the most 
closely related, VGIV clusters basal to them, whereas VGII is the most distantly related to others. Within the C. 
neoformans species complex, VNI and VNII are sister groups, VNIV being the most distantly related, and VNIII 
representing the hybrids between VNI or VNII with VNIV14.
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Hybridization is defined as the process that leads to successful mating between individuals of genetically 
distinct populations or species, producing offspring of mixed genetic ancestry15. Hybridization and hybrids have 
been observed in animals and plants since antiquity, but the scientific study of hybrids didn’t begin until the mid-
18th century when Kölreuter showed that hybrid progeny often had intermediate phenotypes of the parents and 
that most of them were sterile16. Since then, hybridization has been continuously reported. However, the role of 
hybridization in long-term evolution has been debated and there are two opposite viewpoints among biologists. 
At one extreme, hybridization is regarded as a potent evolutionary force that creates opportunities for speciation 
and adaptive evolution. Biologists holding this view believe hybridization increases the genetic diversity and 
brings novel gene combinations, which could lead to significantly increased adaptive potential in heterogeneous 
environments. The contrary considers hybridization as evolutionary noise, with only transient effects on popu-
lations and relatively little long-term evolutionary importance17,18. Recent genetic and genomic evidence suggest 
that hybridization is very common and has likely played a significant role in speciation and other biological pro-
cesses of many organisms19–21.

The impact of hybridization on fungal evolution differs from those in the majority of plants and animals in 
several aspects. For example, unlike in plants and animals, most fungal species can reproduce both sexually and 
asexually. As a result, sexually sterile hybrid progeny can continue to reproduce through asexual/clonal repro-
duction and thus can have continuous evolutionary effects. Another unique characteristic of fungi is that they 
generally have short reproductive cycles and can achieve large population sizes in a relatively short period of 
time. Both features can contribute to the possibility that hybrid progeny with high fitness could emerge during 
hybridization in fungi.

Although most studies of hybridization have focused on animals and plants, natural and artificial hybridi-
zation has been frequently reported in many microbial groups, including the human pathogenic Cryptococcus. 
Both the C. neoformans species complex and the C. gattii species complex have a bipolar mating system with two 
different mating types, MATa and MATα. Under appropriate conditions, strains of different mating types from 
the same or different lineages and species complexes can mate with each other to generate meiotic progeny. The 
hybridization process includes cell fusion, formation of dikaryotic hyphae, and the generation of basidiospores 
through meiosis22. In addition, natural hybrid strains have been frequently reported in the human pathogenic 
Cryptococcus species. For example, strains of C. neoformans var. grubii × C. neoformans var. neoformans (or VNI 
× VNIV and VNII × VNIV hybrids) have been observed in both the natural environments and in patients23. 
Indeed, the frequency of C. neoformans var. grubii × C. neoformans var. neoformans hybrids is reported to be ~6% 
among global clinical isolates and 30% among European clinical isolates24,25. In addition to the C. neoformans var. 
grubii × C. neoformans var. neoformans hybrids, both inter-lineage and inter-species hybrids have been described 
in the C. neoformans/C. gattii species complex. Specifically, three C. neoformans var. neoformans VNIV × C. gattii 
VGI hybrids from two HIV-negative patients in the Netherlands, one C. neoformans var. grubii VNI × C. gattii 
VGI hybrid from an HIV-positive person in Canada, and one novel C. neoformans var. grubii VNI × C. gattii 
VGII hybrid from South America, have been reported14,26–29. In addition, Kavanaugh et al. reported an ancient 
introgression event that a fragment of the C. neoformans var. grubii gene region (~40 kb) non-reciprocally trans-
ferred to a strain of the C. neoformans var. neoformans30. These results suggest that hybridization is common in 
the human pathogenic Cryptococcus species complexes and that they represent great model organisms for under-
standing the effects of hybridization on fungal evolution.

One of the key indicators of evolution and speciation is the viability of sexual offspring. In the human path-
ogenic Cryptococcus, the sexual basidiospores are also considered the infectious propagules. These spores can 
be abundant, stress resistant, and readily aerially dispersed. As a result, animals may encounter spores more 
often than other infectious forms31. A previous study described that spores from the C. neoformans species com-
plex were much more infectious than yeast cells in mice32. Both the C. neoformans species complex and the C. 
gattii species complex have defined sexual cycles that can produce abundant basidiospores capable of infecting 
patients31. However, based on the low spore germination rate at 37 °C, several studies also suggested that basidio-
spores might not be the only nor most important infectious propagule in Cryptococcus33–35.

Name in this manuscript Common/variety name Lineage/Molecular type Proposed name12

Cryptococcus neoformans species complex

C. neoformans var. grubii VNI/VNII/VN (AFLP1, 
AFLP1A, AFLP1B, VNB) C. neoformans

C. neoformans var. 
neoformans VNIV (AFLP2) C. deneoformans

AD hybrid VNIII (AFLP3) C. neoformans × C. deneoformans hybrid

Cryptococcus gattii species complex C. gattii

VGI (AFLP4) C. gattii

VGII (AFLP6) C. deuterogattii

VGIII (AFLP5) C. bacillisporus

VGIV (AFLP7) C. tetragattii

VGIV/VGIIIc (AFLP10) C. decagattii

Cryptococcal interspecific hybrids

DB hybrid AFLP8 C. deneoformans × C. gattii hybrid

AB hybrid AFLP9 C. neoformans × C. gattii hybrid

AB hybrid AFLP11 C. neoformans × C. deuterogattii hybrid

Table 1. Correspondence among the names that have been used to describe the various lineages within the 
human pathogenic Cryptococcus species complexes.
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A recent study reported that basidiospores from intra-lineage crosses within the C. neoformans species com-
plex had an overall greater germination potential than those from inter-lineage crosses over a range of envi-
ronmental conditions33. Their results showed that temperature had a greater influence than medium on spore 
germination, with lower germination at 37 °C than at 23 °C and 30 °C in most crosses. Whether a similar result 
will be found in the C. gattii species complex remains unknown. As described previously, the C. neoformans 
species complex and C. gattii species complex differ in several aspects, including geographic distributions, epide-
miology, and mitochondrial inheritance36,37.

Here, we examined the germination of basidiospores from VGI × VGIII, VGII × VGIII, VGIII × VGIII crosses 
within the C. gattii species complex under selected environmental conditions. In addition, we performed several 
crosses between strains belonging to the two different species complexes C. gattii species complex and C. neofor-
mans species complex. These results were compared with those reported previously for the C. neoformans species 
complex. We hypothesize that similar to what was observed in the C. neoformans species complex, basidiospores 
from the VGIII × VGIII crosses in the C. gattii species complex should show higher basidiospore germination 
rates than those of inter-lineage crosses. Furthermore, because C. gattii is mainly found in tropical and subtropical 
regions, we hypothesize that basidiospores from crosses within the C. gattii species complex should germinate 
well at a high temperature due to their historical adaptation.

Results
In this study, we used a total of twelve strains of the C. gattii species complex and five strains of the C. neofor-
mans species complex, including three VGI strains, three VGII strains, six VGIII strains, three VNI strains and 
two VNIV strains (Table 2). Among these 17 strains, eight were MATa and nine were MATα. Fifteen of these 
strains were wildtype while two strains JF101 (MATα) and JF109 (MATa) had mutations at the crg1 gene38. The 
crg1 gene is a suppressor of the mating pathway in C. gattii species complex and its knockout enabled these two 
strains to mate much more efficiently than wildtype strains. However, the knockout is not known to have other 
notable effects, including meiosis and sporulation38. These strains were used to create 46 mating pairs. For each 
successful cross, we examined the basidiospore germination rates on two media and at three temperatures. Below 
we describe the effects of the examined environmental and genetic factors on basidiospore germination among 
our mating crosses.

Mating success. Among the forty-six attempted crosses, twenty-nine were successful (Table 3). Our results 
indicated that mating success differed among the different types of crosses among the tested strains. Among 
strains between VGI and VGIII lineages, six of the nine hybrid crosses mated successfully (~66.7%). Seven out 
of the nine hybrid crosses between strains of the VGII and VGIII lineages were successful (~77.8%). All nine 
VGIII × VGIII crosses mated successfully (100%) and all seven VGIII × VN (Cryptococcus neoformans) were suc-
cessful (100%). Despite multiple tries, we were unable to successfully cross strains from within and between other 
lineages of the C. gattii species complex and C. neoformans species complex. These included two VGI × VGI, two 
VGII × VGII, five VGI × VGII, two VGI × VNI, and one VGII × VNI (Table 3).

Of the 29 successful crosses, all involved strains from VGIII and 15 of which involved either JF101 or JF109. 
However, a comparison of the crosses involving VGIII strains with or without the crg1Δ mutation showed that 
the high mating success rate for VGIII strains observed here was not due to the crg1Δ mutation in strains JF101 
and JF109. Specifically, even though crosses involving JF101 and JF109 mated more readily and produced more 
hyphae (a signature of mating product for the C. gattii species complex and the C. neoformans species complex) 
than other crosses (data not shown), for strains within VGIII, there was no noticeable difference in mating suc-
cess rate between wildtype strains and the two crg1Δ mutants JF101 and JF109. Indeed, excluding the 15 crosses 
involving JF101 and JF109 from our comparisons of mating success still showed that VGIII strains were more 
fertile than strains in other lineages examined in this study (Table 3).

Basidiospore germination. The rates of basidiospore germination were examined from the twenty-nine 
successful crosses. The basidiospores were spread-plated on two different media (a nutrient-rich YEPD medium 
and a nutrient-limited SD medium) and incubated at three different temperatures (23 °C, 30 °C and 37 °C). These 
crosses were divided into four groups based on the lineage associations of the parental strains: VGI × VGIII, 
VGII × VGIII, VGIII × VGIII and VN × VGIII. The summary of basidiospore germination rates is shown in 
Table 4.

Our comparisons of the basidiospore germination rate differences between the mating groups indicated 
significant differences between several groups: VGI × VGIII vs. VGII × VGIII (p = 0.05), VGI × VGIII vs. 
VGIII × VGIII (p = 0.001), and VGIII × VGIII vs. VN × VGIII (p < 0.0001). In all these cases, crosses involving 
genetically closely related strains on average produced basidiospores with higher germination rates than those 
from crosses involving more distantly related parental strains (Table 4). However, separating the comparisons into 
six different environmental conditions and compared each pair separately, significant differences were only found 
between two groups VN × VGIII vs. VGIII × VGIII on SD medium at 30 °C and YEPD medium at 37 °C, where 
p-values were 0.0491 and 0.0342 respectively.

As shown previously, the deletion of crg1 gene enhanced the fertility of strains JF101 and JF109 as com-
pared to their ancestral strains NIH312 and B4546 respectively37. Here we compared crosses involving strains 
B4546 and its crg1Δ derivative JF109 to examine the influence of crg1 gene on basidiospore germination. A total 
of four pairwise comparisons were made: between B4546 × R265 and JF109 × R265; between B4546 × LA61n 
and JF109 × LA61n; between B4546 × B4544 and JF109 × B4544; between B4546 × JF101 and JF109 × JF101; 
and between B4546 × CDC15 and JF109 × CDC15. The results showed that in three of the four pairwise com-
parisons, the crosses containing B4546 had significantly higher germination rates than those containing JF109, 
consistent with crg1 gene playing a role in spore germination. However, in one of the four pairwise comparisons, 
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B4546 × R265 and JF109 × R265, the germination rate involving JF109 was significantly higher than that of 
involving B4546 (p < 0.0001).

Effects of temperature on spore germination. Our results showed that temperature had a significant 
influence on basidiospore germination and that the effects were different for different crosses (Table 4; Fig. 1). 
The highest basidiospore germination rate was found from the intra-lineage cross between strains within VGIII 
lineage (B4546 × B4544) at all three temperatures, followed by an inter-lineage cross between VGII and VGIII 
strains (ATCC32608 × R265). In contrast, in two crosses, a VGIII intra-lineage cross (ATCC32608 × JF101, at 
23 °C and 37 °C on YEPD) and an inter-species cross JF109 (VGIII) × JEC21 (VNIV) (at 37 °C on YEPD), there 
was no germination. Of the 29 successful crosses, three (two inter-lineage crosses ATCC32608 × LA61n and 
B4546 × LA61n, and one intra-lineage cross JF109 × B4544) showed minor differences in their spore germination 
rates among the three temperature treatments.

In general, among the three temperature environments, the 37 °C had the lowest germination rate for most 
crosses while the 23 °C and 30 °C temperature environments supported similar germination rates. However, 
there were some exceptions. For example, though statistically insignificant, seven crosses (KN99a × JF101; 
JF109 × JF101; JF109 × B4544; ATCC32607 × JF101; B4546 × JF101; JF109 × LA61n; and B4595 × B4499; Fig. 1) 
showed a comparable or higher germination rate at the 37 °C temperature than at the two lower temperatures. In 
addition, the spores in two inter-lineage crosses, ATCC32608 × R265 and B4545 × JF101, showed significantly 
higher germination rates at 30 °C than at 23 °C (p < 0.0001 in both cases). The detailed data and statistical com-
parisons among temperatures for each cross are shown in Table 4 and Fig. 1.

The above comparisons were based on basidiospore germination at seven days after incubation. We also 
attempted to obtain colony counts on day 2 and day 3 after incubation. At day 2, few basidiospores germi-
nated to form visible colonies. By day 3, there were visible colonies for most crosses. The comparisons in colony 
counts between day 3 and 7 revealed that while most crosses showed similar spore germination between the two 
time-points in each of the six environmental conditions, several crosses did show significant differences (Data 
not shown). Specifically, the intra-lineage cross B4546 × B4544 (p < 0.001) at 23 °C, and the intra-lineage cross 
ATCC32608 × B4499 (p < 0.0001), the inter-lineage ATCC32608 × R265 (p < 0.0001) and the inter-species cross 
B4546 × CDC15 (p < 0.0001) at 37 °C on SD medium, all showed significant increases in basidiospore germina-
tion from day 3 to day 7. Overall, for most crosses, the fastest germination was observed at the 30 °C environment, 
followed by that at 37 °C and then at 23 °C (Data not shown).

Effects of medium on spore germination. Compared to the large effects of temperature observed for 
many crosses, the effects of medium are overall relatively minor. However, there are several notable observations. 
First, two crosses, the intra-lineage cross ATCC32608 × JF101 (at 23 °C and 37 °C) and the inter-species cross 
JF109 × JEC21 (at 37 °C), showed no germinated basidiospores on the rich YEPD medium while germinations 
were observed on the minimal SD medium (Table 4). Second, significant differences between the two medium 
treatments were found for three crosses (inter-lineage cross B4546 × LA61n, intra-lineage crosses B4546 × B4499 
and B4546 × B4544) at 23 °C, two crosses (inter-lineage cross ATCC32608 × LA61n and intra-lineage cross 
JF109 × B4499) at 30 °C, and six crosses (two inter-lineage crosses B4495 × B4544 and ATCC32608 × LA61n; 
three intra-lineage crosses B4546 × B4544, ATCC32608 × B4544 and JF109 × B4544; one inter-species cross 
B4546 × CDC15) at 37 °C with p < 0.001. In most of the above cases, the rich YEPD medium supported greater 
spore germination than the minimal SD medium. The exceptions were two crosses B4546 × CDC15 (at 37 °C) 

Strain
Lineage/Molecular Type (GenBank accession 
numbers for GPD1, LAC1, and PLB1) Mating Type Strain source

B4545 VGI (DQ096396; DQ096404; DQ096353) MATa Clinical, USA

B4492 VGI (MG891763; MG891768; MG891773) MATα Clinical, USA

B4495 VGI (MG891764; MG891769; MG891774) MATa Clinical, Australia

LA55n VGII (HM990744; AY973087; HM990885) MATa Clinical, Brazil

LA61n VGII (HM990746; AY973089; HM990887) MATα Clinical, Brazil

R265 VGII (DQ096377; DQ096400; DQ096343) MATα Clinical, Canada

B4544 VGIII (MG891765; MG891771; MG891776) MATα Clinical, USA

B4546 VGIII (DQ096383; DQ096405; AY327616) MATa Clinical, USA

B4499 VGIII (MG891766; MG891770; MG891775) MATα Clinical, Australia

ATCC32608 VGIII (DQ096388; DQ096406; FJ705950) MATa Clinical, USA

JF101 VGIII (DQ096378; FJ706051; AY327615) MATα Lab, derivative of NIH312

JF109 VGIII (DQ096383; FJ706051; AY327616) MATa Lab, derivative of B4546

CDC15 VNI (MG891767; MG891772; MG891777) MATα Clinical, USA

KN99a VNI (GU079851; EF211594; GU079701) MATa Lab, derivative of H99

KN99α VNI (GU079851; EF211594; GU079701) MATα Lab, derivative of H99

JEC20a VNIV (HQ851613; EF211637; EU408650) MATa Lab

JEC21α VNIV (HQ851614; EF211638; HQ851729) MATα Lab

Table 2. Strains used in this study.



www.nature.com/scientificreports/

5Scientific RepoRts |  (2018) 8:15260  | DOI:10.1038/s41598-018-33679-2

MATa Strain MATα Strain Successful on V8

VGI × VGI

B4545 VGI X B4492 VGI −

B4495 VGI X B4492 VGI −

VGI × VGII

B4545 VGI X LA61 VGII −

B4545 VGI X R265 VGII −

B4495 VGI X LA61 VGII −

B4495 VGI X R265 VGII −

VGI × VGIII

B4545 VGI X B4544 VGIII +

B4545 VGI X B4499 VGIII +

B4545 VGI X JF101 VGIII +

B4495 VGI X B4544 VGIII +

B4495 VGI X B4499 VGIII +

B4495 VGI X JF101 VGIII +

VGII × VGI

LA55n VGII X B4492 VGI −

VGII × VGII

LA55n VGII X LA61 VGII −

LA55n VGII X R265 VGII −

VGII × VGIII

LA55n VGII X B4544 VGIII −

LA55n VGII X B4499 VGIII −

LA55n VGII X JF101 VGIII +

VGIII × VGI

B4546 VGIII X B4492 VGI −

ATCC32608 VGIII X B4492 VGI −

JF109 VGIII X B4492 VGI −

VGIII × VGII

B4546 VGIII X LA61 VGII +

B4546 VGIII X R265 VGII +

ATCC32608 VGIII X LA61 VGII +

ATCC32608 VGIII X R265 VGII +

JF109 VGIII X LA61 VGII +

JF109 VGIII X R265 VGII +

VGIII × VGIII

B4546 VGIII X B4544 VGIII +

B4546 VGIII X B4499 VGIII +

B4546 VGIII X JF101 VGIII +

ATCC32608 VGIII X B4544 VGIII +

ATCC32608 VGIII X B4499 VGIII +

ATCC32608 VGIII X JF101 VGIII +

JF109 VGIII X B4544 VGIII +

JF109 VGIII X B4499 VGIII +

JF109 VGIII X JF101 VGIII +

C. gattii × C. neoformans

B4545 VGI X CDC15 VNI −

B4495 VGI X CDC15 VNI −

LA55n VGII X CDC15 VNI −

B4546 VGIII X CDC15 VNI +

ATCC32608 VGIII X CDC15 VNI +

JF109 VGIII X CDC15 VNI +

JF109 VGIII X JEC21α VNIV +

JF109 VGIII X KN99α VNI +

JEC20a VNIV X JF101 VGIII +

KN99a VNI X JF101 VGIII +

Table 3. Mating success among the 46 attempted crosses in this study. ‘−’: failed. ‘+’: succeeded.
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and JF109 × KN99α (at 30 °C) where the SD medium supported higher spore germination rates than the YEPD 
medium.

As indicated above, the media contributions to differences in germination rates from those crosses were 
temperature-specific. We thus further explored whether there was a broad temperature-medium interaction effect 
on basidiospore germination including all crosses and all environmental conditions. Using a generalized linear 
mixed model approach, we found no significant temperature-medium interaction effect on basidiospore germi-
nation in our crosses (Data not shown).

Effect of genetic divergence between parental strains on their progeny basidiospore germi-
nation. To examine the potential effects of nucleotide sequence divergence between parental strains on their 
progeny basidiospore germination, we obtained the DNA sequences at three gene fragments (GPD1, LAC1 and 
PLB1) for all parental strains. Of the 17 strains that resulted in successful crosses, 12 already had their sequences 
at these three loci deposited in GenBank and these were retrieved for our analyses. We obtained the sequences for 
the remaining five strains (B4492, B4495, B4544, B4499 and CDC15) using the method described previously. The 
sequence accession numbers of all the 51 sequences are presented in Table 2. A Neighbor-Joining tree based on 
the concatenated sequences was constructed using MEGA7 (Fig. 2). The phylogenetic tree showed the expected 
relationships among parental strains used in this study, with the strains from the same lineage grouped together. 
The Kimura-2-parameter genetic distances between each pair of mating parents were used to analyze its relation-
ship with basidiospore germination rate.

The computed pairwise nucleotide sequence distances between parental strains are summarized in 
Supplementary Table S1. Based on the basidiospore germination data in Table 4 and the nucleotide sequence 
divergence data in Table S1, we conducted a series of correlation tests. These included each of the six environmen-
tal conditions and for different types of cross populations. The summary results are presented in Supplementary 
Table S2. Our correlation analyses showed that when all 29 crosses were included, there was a negative correlation 
between genetic distance of parental strains and the rate of basidiospore germination in all tested environments. 
This result is consistent with the hypothesis that sequence divergence contributes to lower progeny basidiospore 
viability. However, the correlations were statistically insignificant in any of the six individual environmental con-
ditions (Supplementary Table S2).

To further explore the relationship between genetic distance and basidiospore germination rate, we divided 
the 29 crosses into four groups based on strain lineage relationships and examined the relationships between 
genetic distance and basidiospore germination rate within each type of crosses. These four groups were 
VGI × VGIII, VGII × VGIII, VGIII × VGIII, and VN × VGIII. Our analyses revealed that of the four groups, 
only the VGIII × VGIII group showed a slight negative relationship between genetic distance and spore germi-
nation rate (Supplementary Table S2). In contrast, the other three groups all showed slight positive correlations. 
However, none of the four correlations were statistically significant (p > 0.1).

Discussion
In this study, we examined the germination rates of basidiospores from crosses involving strains from within 
and between diverged lineages in the C. gattii species complex and the C. neoformans species complex under six 
different environmental conditions. Interestingly, all our successful crosses involved at least one VGIII strain. 
This result is consistent with several previous studies that showed VGIII strains as being more fertile than strains 
of other VG groups37–41. Among the successful crosses, we found large variations in germination ability among 
crosses and among the tested environmental conditions. The basidiospore germination rates of an intra-VGIII 
lineage cross B4546 × B4544 were higher (average of ~84% and range from 58.33% to 98.33% among the six 
conditions) than other crosses. While media showed an overall relatively minor effects, temperature showed a 
significant influence on basidiospore germination, with the high temperature (37 °C) having an inhibitory effect 
for spores from many of the crosses. Below we discuss the spore germination rates observed here and compare 
with those in the C. neoformans species complex.

Comparison of spore germination rates with those in the C. neoformans species com-
plex. Previous studies have estimated the germination rates of basidiospores from crosses in the the C. 
neoformans species complex, with a range of 5.5%42 to 95%33. The highest rate of basidiospore germination 
in the C. neoformans species complex was found from an intra-lineage cross between two isogenic strains 
JEC20a × JEC21α belonging to the VNIV lineage on the minimal SD medium at 30 °C (~95%) and 23 °C (~90%), 
followed by two other intra-specific crosses KN99a × KN99α (~70%) and KN99a × CDC15 (~60%) belonging to 
the VNI lineage at 23 °C on SD medium. The lowest rate in that study was found in certain hybrid crosses between 
strains of VNI and VNIV. Our results showed that basidiospores from different crosses in the C. gattii species 
complex could also have highly variable germination rates, from 0% to 98%. The 0% germination was observed 
in two crosses: an inter-specific cross between VGIII and VNIV (JF109 × JEC21α) and an intra-lineage cross 
within VGIII (ATCC32608 × JF101) when their spores were placed under certain conditions. The highest germi-
nation rate was found in one of the intra-lineage crosses (VGIII, B4546 × B4544) at 23 °C (~98%), 30 °C (~90%) 
and 37 °C (89%) on YEPD medium. However, the second highest was an inter-lineage cross (VGIII × VGII, 
ATCC32608 × R265) at 30 °C (~55%) and 37 °C (~54%) on the YEPD medium. Similar to that observed in C. 
neoformans33, the germination rates of basidiospores from most crosses were less than 50%. Overall, lower rates of 
spore germination were found in the VGII × VGIII mating crosses. This observation is similar to that by Voelz et 
al. showing that both the VGIIa × VGIIIα and VGIIα × VGIIIa mating pairs had a low spore germination rate43. 
At present, the reason(s) for the overall lower germination rate of spores from VGII ×  × VGIII crosses remains 
unknown.
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Mating Cross Medium Temperature
Mean rates of Basidiospores 
Germinated (N = 300)

B4545 (VGI) × B4544 (VGIII)

SD

23 °C 9.67 ± 0.94

30 °C 13.33 ± 0.47

37 °C 1.67 ± 0.47

YEPD

23 °C 11.00 ± 0.82

30 °C 7.67 ± 1.25

37 °C 3.33 ± 0.47

B4545 (VGI) × JF101(VGIII)

SD

23 °C 20.00 ± 3.56

30 °C 28.67 ± 0.29

37 °C 4.67 ± 0.94

YEPD

23 °C 19.67 ± 4.50

30 °C 26.67 ± 1.70

37 °C 8.67 ± 1.25

B4495 (VGI) × B4544 (VGIII)

SD

23 °C 29.00 ± 4.32

30 °C 27.33 ± 3.09

37 °C 8.67 ± 2.05

YEPD

23 °C 27.00 ± 5.72

30 °C 25.67 ± 3.68

37 °C 28.33 ± 2.49

B4495 (VGI) × JF101 (VGIII)

SD

23 °C 14.33 ± 3.68

30 °C 12.00 ± 0.82

37 °C 1.17 ± 0.47

YEPD

23 °C 15.50 ± 4.32

30 °C 13.00 ± 3.27

37 °C 1.33 ± 1.25

B4545 (VGI) × B4499 (VGIII)

SD

23 °C 6.00 ± 3.74

30 °C 7.67 ± 6.60

37 °C 0.67 ± 1.25

YEPD

23 °C 12.00 ± 0.82

30 °C 5.83 ± 5.31

37 °C 2.17 ± 1.25

B4495 (VGI) × B4499 (VGIII)

SD

23 °C 1.67 ± 0.47

30 °C 1.17 ± 0.94

37 °C 1.67 ± 0.47

YEPD

23 °C 2.00 ± 0.00

30 °C 3.17 ± 0.94

37 °C 3.00 ± 3.56

LA55n (VGII) × JF101 (VGIII)

SD

23 °C 7.67 ± 2.36

30 °C 6.33 ± 0.47

37 °C 2.67 ± 0.94

YEPD

23 °C 6.00 ± 2.16

30 °C 3.67 ± 1.25

37 °C 5.33 ± 0.47

B4546 (VGIII) × R265 (VGII)

SD

23 °C 13.33 ± 1.70

30 °C 14.67 ± 1.70

37 °C 12.67 ± 0.94

YEPD

23 °C 17.33 ± 3.40

30 °C 21.67 ± 2.87

37 °C 13.67 ± 3.40

ATCC32608 (VGIII) × LA61n (VGII)

SD

23 °C 11.33 ± 2.05

30 °C 3.67 ± 1.25

37 °C 10.33 ± 1.70

YEPD

23 °C 9.67 ± 0.94

30 °C 19.00 ± 2.16

37 °C 10.00 ± 1.41

Continued
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Mating Cross Medium Temperature
Mean rates of Basidiospores 
Germinated (N = 300)

ATCC32608 (VGIII) × R265 (VGII)

SD

23 °C 47.67 ± 6.80

30 °C 53.67 ± 0.94

37 °C 36.33 ± 3.68

YEPD

23 °C 44.33 ± 1.25

30 °C 55.00 ± 1.41

37 °C 53.67 ± 1.25

JF109 (VGIII) × LA61n (VGII)

SD

23 °C 15.67 ± 4.71

30 °C 9.33 ± 0.47

37 °C 13.67 ± 3.09

YEPD

23 °C 14.00 ± 2.83

30 °C 13.00 ± 0.82

37 °C 14.67 ± 2.49

JF109 (VGIII) × R265 (VGII)

SD

23 °C 38.67 ± 4.78

30 °C 40.00 ± 5.72

37 °C 30.33 ± 1.25

YEPD

23 °C 31.67 ± 4.50

30 °C 34.33 ± 5.31

37 °C 30.00 ± 2.83

B4546 (VGIII) × LA61n (VGII)

SD

23 °C 11.00 ± 0.82

30 °C 12.33 ± 1.25

37 °C 11.67 ± 1.25

YEPD

23 °C 16.33 ± 4.11

30 °C 15.67 ± 4.78

37 °C 15.33 ± 1.25

B4546 (VGIII) × B4544 (VGIII)

SD

23 °C 80.00 ± 4.55

30 °C 86.67 ± 0.94

37 °C 58.33 ± 2.36

YEPD

23 °C 98.33 ± 0.47

30 °C 89.67 ± 0.94

37 °C 89.00 ± 4.32

B4546 (VGIII) × B4499 (VGIII)

SD

23 °C 42.33 ± 10.87

30 °C 30.00 ± 0.00

37 °C 25.33 ± 4.19

YEPD

23 °C 30.33 ± 2.05

30 °C 32.33 ± 8.18

37 °C 27.00 ± 1.63

B4546 (VGIII) × JF101 (VGIII)

SD

23 °C 11.67 ± 2.87

30 °C 11.33 ± 1.25

37 °C 12.67 ± 2.62

YEPD

23 °C 12.00 ± 0.00

30 °C 5.33 ± 0.47

37 °C 10.33 ± 1.25

ATCC32608 (VGIII) × B4544 (VGIII)

SD

23 °C 23.67 ± 4.19

30 °C 27.00 ± 1.41

37 °C 1.00 ± 0.82

YEPD

23 °C 18.67 ± 1.70

30 °C 23.67 ± 2.05

37 °C 21.67 ± 0.47

ATCC32608 (VGIII) × B4499 (VGIII)

SD

23 °C 28.67 ± 1.70

30 °C 31.67 ± 2.05

37 °C 29.33 ± 4.11

YEPD

23 °C 27.33 ± 6.13

30 °C 35.00 ± 5.10

37 °C 23.67 ± 0.47

Continued
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Mating Cross Medium Temperature
Mean rates of Basidiospores 
Germinated (N = 300)

ATCC32608 (VGIII) × JF101 (VGIII)

SD

23 °C 0.67 ± 0.94

30 °C 0.67 ± 0.47

37 °C 1.33 ± 1.25

YEPD

23 °C 0.00 ± 0.00

30 °C 0.33 ± 0.47

37 °C 0.00 ± 0.00

JF109 (VGIII) × B4544 (VGIII)

SD

23 °C 15.33 ± 0.47

30 °C 16.00 ± 2.83

37 °C 13.00 ± 3.56

YEPD

23 °C 17.67 ± 2.05

30 °C 19.33 ± 2.05

37 °C 22.33 ± 0.47

JF109 (VGIII) × B4499 (VGIII)

SD

23 °C 22.00 ± 2.45

30 °C 29.67 ± 3.09

37 °C 23.00 ± 2.16

YEPD

23 °C 27.00 ± 4.55

30 °C 26.00 ± 7.26

37 °C 22.67 ± 3.77

JF109 (VGIII) × JF101 (VGIII)

SD

23 °C 1.00 ± 0.82

30 °C 0.50 ± 0.00

37 °C 1.50 ± 1.41

YEPD

23 °C 1.33 ± 0.47

30 °C 2.17 ± 0.47

37 °C 2.00 ± 0.00

B4546 (VGIII) × CDC15 (VNI)

SD

23 °C 36.00 ± 2.94

30 °C 42.00 ± 0.82

37 °C 41.67 ± 0.94

YEPD

23 °C 43.33 ± 4.19

30 °C 39.33 ± 1.25

37 °C 34.67 ± 1.70

ATCC32608 (VGIII) × CDC15 (VNI)

SD

23 °C 33.00 ± 5.66

30 °C 29.33 ± 3.40

37 °C 24.00 ± 2.94

YEPD

23 °C 35.00 ± 8.60

30 °C 29.00 ± 1.41

37 °C 14.33 ± 4.50

JF109 (VGIII) × CDC15 (VNI)

SD

23 °C 3.67 ± 2.36

30 °C 4.83 ± 2.87

37 °C 3.17 ± 1.70

YEPD

23 °C 4.00 ± 0.00

30 °C 1.83 ± 1.25

37 °C 1.00 ± 1.41

JF109 (VGIII) × KN99α (VNI)

SD

23 °C 1.33 ± 0.47

30 °C 7.00 ± 0.82

37 °C 1.17 ± 1.70

YEPD

23 °C 1.83 ± 1.25

30 °C 2.00 ± 0.00

37 °C 1.83 ± 1.89

KN99a (VNI) × JF101 (VGIII)

SD

23 °C 1.33 ± 0.47

30 °C 1.33 ± 0.47

37 °C 3.67 ± 0.94

YEPD

23 °C 2.67 ± 0.47

30 °C 1.00 ± 0.82

37 °C 0.67 ± 0.47

Continued
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Effects of environmental factors on spore germination and their implications. This study exam-
ined whether environmental factors (3 temperatures × 2 media) influenced the germination potential of basidio-
spores from hybrid crosses in C. gattii species complex. For human fungal pathogens, one of the most important 
characteristics is the ability to survive and grow at high temperatures (≥37 °C). However, for most crosses, our 
results demonstrated that high temperature had an inhibitory effect on basidiospore germination. This result is 
similar to what was found for basidiospores in all six crosses among strains within the C. neoformans species com-
plex reported by Forsythe et al.33. Interestingly, different from what was found in C. neoformans species complex 
where the same two media did not show any noticeable effect on spore germination33, for several of the crosses 
examined here, media showed a significant effect on basidiospore germination, especially at 37 °C. For example, 
the rich YEPD medium supported a greater germination rate for 17/29 crosses than the minimum SD medium at 
both 23 °C and 37 °C (Table 4). The greater germination rate on YEPD medium than on SD medium for the C. gat-
tii species complex spores may suggest that higher nutrient levels are more conducive for C. gattii species complex 
spore germination at low (23 °C) and high (37 °C) temperature rather than at intermediate (30 °C) temperature.

At present, the reasons for the diverse basidiospore germination rates among the different environmental 
conditions and among crosses are not known. One potential explanation might be related to mitochondrial inher-
itance. Previous studies have shown that different crosses in the C. gattii species complex showed very different 
mitochondrial inheritance patterns and that environmental factors such as temperature and UV irradiation can 
have significant effects on mitochondrial inheritance in both the C. neoformans species complex and the C. gattii 
species complex but to different degrees37,44. In general, Wang et al. noted that crosses among strains within the C. 
gattii species complex have more variable mtDNA inheritance patterns than those within the C. neoformans spe-
cies complex and that parental strains, strain combinations, and diverse environmental factors can all contribute 
to the different mtDNA inheritance patterns in the C. gattii species complex37. The heterogeneous mitochondrial 
genotypes, including recombination genotypes, among basidiospore progeny may influence their energy gener-
ation and spore viability.

Genetic contributions. Since all our successful matings involved at least one strain from the VGIII lineage, 
the specific characteristics of VGIII isolates might also have played a key role in the variable spore germinations 
observed here. Previous studies have shown that the VGIII lineage is genotypically highly diverse45 and that 
strains of both MATa and MATα have been reported from clinical, veterinary and environmental VGIII iso-
lates, consistent with sexual reproduction and recombination in natural populations of this lineage46,47. Frequent 
mating and recombination of these strains in nature could help explain the high mating success and high spore 
germination rates of the VGIII × VGIII crosses.

Our results indicate that crg1 gene plays a role on basidiospore germination with the effects differ among 
crosses. However, since not all crosses were similarly affected, the effects of the crg1 mutation on basidiospore 
germination likely involve interacting with other gene(s) in the mating partner genome that likely differ among 
the parental strains. Several studies have reported that the deletion of crg1 gene can enhance mating efficiency in 
both the C. neoformans species complex and the C. gattii species complex but may reduce the viability of basidio-
spores38,43,48,49, though no directional effect of the crg1 gene on mitochondrial inheritance in C. gattii was found50. 
Voelz et al. used VGIII strains carrying the crg1::NEO mutation mated with a VGII strain and found none of 
the dissected 63 basidiospores were viable43. Among our crosses, two (ATCC32608 × JF101 and JF109 × JEC20) 
showed 0% of basidiospore germination rate under certain conditions. Of the four crosses where direct com-
parisons could be made about the role of crg1 gene in basidiospore germination, three crosses showed signif-
icantly reduced spore viability when crg1 was deleted while one cross showed the opposite. The results suggest 
that the effect of crg1 gene on basidiospore germination is mating partner and incubation condition-dependent. 
Interestingly, strain R265 that showed a higher germination rate when mated with JF109 than when mated with 
B4546 represents the dominant genotype responsible for the cryptococcosis outbreak in western North America 
including British Columbia in Canada and Washington and Oregon States in the US. The potential ecological 
significance of this observation remains to be investigated.

Mating Cross Medium Temperature
Mean rates of Basidiospores 
Germinated (N = 300)

JF109 (VGIII) × JEC21 (VNIV)

SD

23 °C 3.00 ± 1.41

30 °C 1.33 ± 0.47

37 °C 1.00 ± 0.00

YEPD

23 °C 1.67 ± 0.47

30 °C 0.67 ± 0.47

37 °C 0.00 ± 0.00

JEC20 (VNIV) × JF101 (VGIII)

SD

23 °C 15.67 ± 3.09

30 °C 22.00 ± 4.55

37 °C 15.00 ± 7.12

YEPD

23 °C 20.67 ± 4.64

30 °C 16.00 ± 0.82

37 °C 14.00 ± 2.45

Table 4. Rates of basidiospore germination after 7 days of incubation for the 29 successful crosses under six 
environmental conditions. Values represent means ± SD of three independent tests.
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Overall, our results suggested that nucleotide sequence divergence between two parental strains may be 
related to their progeny basidiospore germination. However, this result should be interpreted with caution. A 
previous study used the Cross-Match analysis revealed that the nucleotide sequence divergence between the VGI 
(WM276) and VGII (R265) genomes was ~7.6%, while that between VNI and VNIV was ~10%51. The similarity 
of concatenated sequences based on the consensus loci for multi-locus sequence typing (MLST) is 95% to 96% 
among the lineages of the C. gattii species complex and 84% to 86% between the C. neoformans species complex 
and the C. gattii species complex14. The average sequence divergence between mating pairs based on the three 
concatenated loci (GPD1, LAC1 and PLB1) used in this study was 1.1% for VGIII × VGIII crosses, 4.05% for 
VGI × VGIII crosses, 4.74% for VGII × VGIII crosses and 17.7% for VN × VGIII crosses. Thus, though there 
were some minor differences, overall, the amounts of sequence divergences among lineages within and between 
the C. neoformans species complex and the C. gattii species complex estimated using the different methods were 
similar to each other. As expected, there was an overall negative correlation between genetic divergence and 
germination rate when all crosses were included, consistent with a previous study reported for the C. neoformans 
species complex33. However, the observed correlation was not statistically significant in the present study. This 
was not surprising as there were large variations among crosses within each of the four mating categories analyzed 
here (Table 4 and Fig. 1). To eliminate some of the confounding factors associated with both parental strains 
being different in the comparison, we further assessed the relationship between genetic distance and basidiospore 
germination rate for crosses all involving a shared mating partner. Here, we focused on JF101, the only strain 
that successfully mated with representative strains from all lineages (VNI, VNIV, VGI, VGII, and VGIII) in this 
study. A total of eight crosses involving strain JF101 were included in this analysis (Tables 3 and 4). Correlational 
analyses between the pairwise parental strain genetic distances (Supplementary Table S1) and basidiospore ger-
mination rates (Table 4) in each of the six conditions did not yield any statistically significant correlation (p values 
all greater than 0.5). Overall, the results suggest that in the crosses examined here, the level of genetic divergence 
between parental strains is a relatively minor contributor to differences in basidiospore germination rate. In con-
trast, other factors such as genome structure differences (e.g. translocations and inversions) and mutations in 
genes involved in basidiospore germination likely play important roles. At present, almost nothing is known 
about the potential genome structural differences and mutations among the majority of investigated parental 
strains in this study.

Overall, our study identified that multiple factors can influence basidiospore germination rate differences, 
including parental strains/strain combination, temperature, medium, and some combinations of these factors. At 
present, the genetic bases for the observed differences are largely unknown. A previous study identified evidence 
for Bateson-Dobzjansky-Muller (BDM) incompatibility factors affecting the viability of basidiospores in a hybrid 
cross in the C. neoformans species complex52. In addition, several studies have also shown evidence that hybrids 

Figure 1. The mean rates of basidiospores germination at three different temperatures (23 °C, 30 °C and 37 °C). 
Values represent means ± SD.
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are unable to go through normal meiosis to generate haploid basidiospore progeny13,41,42,52–55. Both of which could 
contribute to genetic abnormality and low spore viability. However, this and earlier analyses have also shown that 
certain hybrid crosses between genetically divergent strains can generate highly viable spores with some showing 
superior phenotypic traits such as much faster growth rates and higher resistance to environmental stresses and 
antifungal drugs than parental strains33,55,56. In this study, we showed that novel hybrids could be readily gener-
ated in the laboratory among the divergent lineages within the C. gattii species complex and between strains of 
the C. gattii species complex and the C. neoformans species complex.

Conclusions
This study described the potential environmental and genetic factors influencing the germination of basidio-
spores from among twenty-nine crosses within the C. gattii species complex and between the C. gattii species 
complex and the C. neoformans species complex. We examined the effects of two media, three temperatures, 
and genetic divergence between pairs of parental strains on the germination rates of basidiospores. Our anal-
yses indicated that all examined factors (temperature, medium, parental strain and strain pair) could influence 
basidiospore germination. Unlikely in C. neoformans species complex where nucleotide sequence divergence 
between parental strains was negatively correlated with basidiospore germination rate, the results from the C. 
gattii species complex were more variable and complex. The highest spore germination rate was found in an 
intra-lineage VGIII × VGIII cross. In addition, while environmental factors can significantly influence the pattern 
of basidiospore germination, most of the environmental influences are not universal but are cross-specific. Our 
results also suggest that novel hybrids among certain lineages within the C. gattii species complex and between 
the C. gattii species complex and the C. neoformans species complex could be readily generated under laboratory 
conditions. The genotypic and phenotypic consequences of these hybridizations and their hybrids await further 
investigations.

Materials and Methods
Strains. Twelve strains of the Cryptococcus gattii species complex and five strains of the Cryptococcus neofor-
mans species complex were used in this study. The twelve C. gattii species complex strains belonged to three lin-
eages: VGI, VGII and VGIII. Strains B4545, B4492 and B4495 belong to the VGI lineage; strains LA55n, LA61n 
and R265 belong to the VGII lineage; and strains B4544, B4546, B4499, ATCC32608, JF101 and JF109 belong to 
the VGIII lineage. Strain JF109 is a derivative of a clinical strain B4546 with the crg1 gene deleted while strain 
JF101 is derived from a clinical strain NIH312 with the deletion of crg1 gene. Four of the five C. neoformans spe-
cies complex strains correspond to two pairs of isogenic isolates, one pair is JEC20 and JEC21, the other one is 
KN99a and KN99α. The isogenic strain pairs differ at the mating type locus but are otherwise identical. CDC15 
is a clinical isolate of the VNI lineage of the C. neoformans species complex. Strains B4544, B4492, B4499, LA61n, 
JF101, R265, JEC20a and KN99a are of mating type a while the remaining nine strains have the α mating type. 
The information of the parental strains used for mating crosses in this study is shown in Table 2.

Figure 2. The genetic relationships among strains of the Cryptococcus gattii species complex and the 
Cryptococcus neoformans species complex analyzed in this study. The relationships were inferred based on DNA 
sequences at three gene fragments.
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Mating and germination of basidiospores. The main objective of this study was to examine the rate of 
basidiospore germination for crosses involving strains within and among lineages of the C. gattii species complex. 
Not all 72 pairwise strain combinations between the MATa and MATα types were crossed with each other. Instead, 
46 pairwise combinations, including all 36 possible pairs within the C. gattii species complex were attempted 
(Table 3). To prepare for mating, all parental strains were first cultured on Yeast Extract-Peptone-Dextrose 
(YEPD) agar medium for 2–3 days at 30 °C. Actively growing cells were then re-suspended in sterile distilled 
water and 10 μl of the adjusted cell suspension (~105 cells/ml) from each parental strain was completely mixed 
together and then spotted on the V8-juice mating agar medium. Each plate contained six spots (10 μl/spot): four 
for the mixed cells and two for pure parental cells as negative controls. Mating plates were incubated in the dark 
at room temperature (around 23 °C) for 7–30 days to allow for mating and sexual spore formation. Successful 
mating was indicated by the formation of hyphae at the periphery of the mating spots containing yeast cells from 
the two parents.

For those pairs that failed to mate at the first try, additional attempts were made, including by changing the 
pH of V8-juice agar medium, from pH7 to pH5. For all successful crosses, sections of agar with hyphae and 
basidiospores (i.e. no parental yeast cells) were cut and transferred to a new blank plate. The hyphae and basidi-
ospores were gently washed by applying sterile 0.5% Tween 20 solution to the mycelial surface of each agar block 
and four layers of sterile cheesecloth (Loblaws Inc. Toronto, Canada) were used as filter to obtain pure spore 
solutions. Basidiospore suspensions were diluted with additional sterile 0.5% Tween 20 solution to a final density 
(approx. 3 × 103 spores/ml). 100 μl of the diluted basidiospore suspensions was spread on either the common 
rich medium (YEPD agar medium) or the minimal Synthetic Dextrose (SD) agar medium and incubated at each 
of the tested temperatures (23 °C, 30 °C and 37 °C) for seven days. The number of all visible colonies formed 
by germinated basidiospores was counted on each plate at three and seven days respectively after incubation. 
For each cross × temperature × medium combination, we performed at least three repeats. The germination of 
basidiospores was determined as a ratio of the number of observed colonies to the estimated total number of 
basidiospores plated.

Sequencing. To estimate the genetic divergence among parental strains, sequences in fragments of three 
protein-coding genes (GPD1, LAC1 and PLB1) were obtained from either the GenBank or through PCR followed 
by sequencing. For sequences of the strains that have already been deposited in the GenBank, their sequences 
were directly retrieved from the GenBank database. Those that were not found in the GenBank were obtained by 
PCR and sequencing of PCR products. Briefly, DNA was extracted from the parental strains following protocol 
outlined in Xu et al.57. The diluted DNA extraction was used as template to amplify the three gene fragments, fol-
lowing the PCR conditions listed in Supplementary Table S3. The amplificated PCR products were checked on a 
1.2% agarose gel in 1x Tris-Acetic-Acid-EDTA buffer. The PCR products were then sequenced by MOBIX Lab at 
McMaster University (Hamilton, Ontario). The obtained sequences were edited using FinchTV 1.4.0 (Geospiza, 
Inc.; Seattle, WA, USA; http://www.geospiza.com) and aligned using MEGA 7.0 before being combined for phy-
logenetic analyses using the Neighbor-joining program. Bootstrap values were computed using 1000 replicates. In 
addition, the pairwise strain genetic distances were computed using MEGA 7.0. The relationship between genetic 
distances between mating partners and the basidiospore germination rates of the crosses was analyzed using a 
Pearson correlation test through the GraphPad Prism program (version 7.0; GraphPad Software, San Diego CA, 
USA).

Statistical analyses. To compare the differences of basidiospore germination rate among crosses on tested 
conditions and the effects of environmental and genetic factors which contribute to the differences, we used the 
paired T-tests, the generalized linear mixed model using R58, and Pearson’s correlation and visualization using 
GraphPad Prism (version 7.0; GraphPad Software, San Diego CA, USA). P < 0.05 was considered statistically sig-
nificant. Sequences alignment, genetic distance calculations and phylogenetic tree construction were performed 
using MEGA 7.059,60.

Statements on study approvals. We confirm that all methods in this study were carried out in accord-
ance with relevant guidelines and regulations. In addition, all experimental protocols were approved by McMaster 
University.

Data Availability Statement
The new DNA sequences obtained and described in this study have been deposited in GenBank (MG891763 – 
MG891777).

References
 1. Benham, R. W. The genus Cryptococcus. Bacteriol. Rev. 20, 189–201 (1956).
 2. Casadevall, A. & Perfect, J. Cryptococcus neoformans. 407–456 (ASM Press, Washington, DC, 1998).
 3. Heitman, J., Kozel, T. R., Kwon-Chung, K. J., Perfect, J. R. & Casadevall, A. Cryptococcus: From Human Pathogen to Model Yeast. 

(ASM Press, Washington, DC, 2011).
 4. Rajasingham, R. et al. Global burden of disease of HIV-associated cryptococcal meningitis: an updated analysis. Lancet. Infect. Dis. 

17, 873–881 (2017).
 5. Speed, B. & Dunt, D. Clinical and host differences between infections with the two varieties of Cryptococcus neoformans. Clin Infect 

Dis. 21, 28–34 (1995).
 6. Sorrell, T. C. Cryptococcus neoformans variety gattii. Med Mycol. 39, 155–68 (2001).
 7. Kwon-Chung, K. J. & Bennett, J. E. Epidemiological differences between the two varieties of Cryptococcus neoformans. Am J 

Epidemiol. 120, 123–30 (1984).
 8. Dixit, A., Carroll, S. F. & Qureshi, S. T. Cryptococcus gattii: an emerging cause of fungal disease in North America. Interdiscip Perspect 

Infect Dis. 2009, 840452 (2009).

http://www.geospiza.com


www.nature.com/scientificreports/

1 4Scientific RepoRts |  (2018) 8:15260  | DOI:10.1038/s41598-018-33679-2

 9. Kidd, S. E. et al. A rare genotype of Cryptococcus gattii caused the cryptococcosis outbreak on Vancouver Island (British Columbia, 
Canada). Proc Natl Acad Sci. USA 101, 17258–17263 (2004).

 10. MacDougall, L. et al. Spread of Cryptococcus gattii in British Columbia, Canada, and detection in the Pacific Northwest, USA. Emerg 
Infect Dis. 13, 42–50 (2007).

 11. Viviani, M. A. et al. European Confederation of Medical Mycology (ECMM) Cryptococcosis Working Group. Molecular analysis of 
311 Cryptococcus neoformans isolates from a 30-month ECMM survey of cryptococcosis in Europe. FEMS Yeast Res. 6, 614–619 
(2006).

 12. Kwon-Chung, K. J. et al. The case for adopting the “species complex” nomenclature for the etiologic agents of cryptococcosis. 
mSphere 2, e00357–e16 (2017).

 13. Hagen, F. et al. Recognition of seven species in the Cryptococcus gattii/Cryptococcus neoformans species complex. Fungal Genet. Biol. 
78, 16–48 (2015).

 14. Bovers, M., Hagen, F., Kuramae, E. E. & Boekhout, T. Six monophyletic lineages identified within Cryptococcus neoformans and 
Cryptococcus gattii by multi-locus sequence typing. Fungal Genet.Biol. 45, 400–421 (2008a).

 15. Stebbins, G. L. The role of hybridization in evolution. Proc. Am. Phil. Soc. 103, 231–251 (1959).
 16. Barton, N. H. & Hewitt, G. M. Analysis of hybrid zones. Ann. Rev. Ecol. Syst. 16, 113–148 (1985).
 17. Riesberg, L. H. et al. Major Ecological Transitions in Wild Sunflowers Facilitated by Hybridization. Science 301, 1211–1216 (2003).
 18. Barton, N. H. The Role of Hybridization in Evolution. Molecular Ecology 10, 551–568 (2001).
 19. Wolf, D. E., Takebayashi, N. & Rieseberg, L. H. Predicting the risk of extinction through hybridization. Conserv. Biol. 15, 1039–1053 

(2001).
 20. Rieseberg, L. H. Hybrid origins of plant species. A. Rev. Ecol. Syst. 28, 359–389 (1997).
 21. Otto, S. P. & Whitton, J. Polyploid incidence and evolution. A. Rev. Genet. 34, 401–437 (2000).
 22. Kwon-Chung, K. J. Morphogenesis of Filobasidiella neoformans, the sexual state of Cryptococcus neoformans. Mycologia 68(4), 

821–833 (1976).
 23. Brandt, M. E. et al. Molecular subtype distribution of Cryptococcus neoformans in four areas of the United States. Cryptococcal 

Disease Active Surveillance Group. J. clin. Microbial 34, 912–917 (1996).
 24. Meyer, W. et al. Molecular typing of the Cryptococcus neoformans/Cryptococcus gattii species complex. In Heitman, J., Kogure, T., 

Kwon-Chung, K. J., Perfect, J. R. & Casadevall, A. (eds), Cryptococcus: from human pathogen to model yeast. 327–357 (ASM Press, 
Washington, DC, 2011).

 25. Cogliati, M. Global molecular epidemiology of Cryptococcus neoformans and Cryptococcus gattii: an atlas of the molecular types. 
Scientifica 2013, 675213 (2013).

 26. Bovers, M. et al. Unique hybrids between fungal pathogens Cryptococcus neoformans and Cryptococcus gattii. FEMS Yeast Res. 6, 
599–607 (2006).

 27. Bovers, M. et al. AIDS patient death caused by novel Cryptococcus neoformans × C. gattii hybrid. Emerg Infect Dis. 14, 1105–1108 
(2008b).

 28. Lin, X. et al. Diploids in the Cryptococcus neoformans serotype A population homozygous for the a mating type originate via 
unisexual mating. PLoS Pathogens. 5, 1–18 (2009).

 29. Aminnejad, M. et al. Identification of novel hybrids between Cryptococcus neoformans var. grubii VNI and Cryptococcus gattii VGII. 
Mycopathologia 173, 337–346 (2012).

 30. Kavanaugh, L. A., Fraser, J. A. & Dietrich, F. S. Recent evolution of the human pathogen Cryptococcus neoformans by intervarietal 
transfer of a 14-gene fragment. Mol. Biol. Evol. 23, 1879–1890 (2006).

 31. Velagapudi, R., Hsueh, Y. P., Geunes-Boyer, S., Wright, J. R. & Heitman, J. Spores as infectious propagules of Cryptococcus 
neoformans. Infect. Immun. 77, 4345–4355 (2009).

 32. Sukroongreung, S., Kitiniyom, K., Nilakul, C. & Tantimavanich, S. Pathogenicity of basidiospores of Filobasidiella neoformans var. 
neoformans. Med. Mycol. 36, 419–424 (1998).

 33. Forsythe, A., Vogan, A. & Xu, J. Genetic and environmental influences on the germination of basidiospores in the Cryptococcus 
neoformans species complex. Scientific Reports 6, 33828, https://doi.org/10.1038/srep33828 (2016).

 34. Shahid, M., Han, S., Yoell, H. & Xu, J. Fitness distribution and transgressive segregation across 40 environments in a hybrid progeny 
population of the human-pathogenic yeast Cryptococcus neoformans. Genome 51, 272–281 (2008).

 35. Steen, B. R. et al. Temperature-Regulated Transcription in the Pathogenic Fungus Cryptococcus neoformans. Genome Res. 12, 
1386–1400 (2002).

 36. Cogliati, M. Global molecular epidemiology of Cryptococcus neoformans and Cryptococcus gattii: an atlas of the molecular types. 
Scientifica 2013, 23 (2013).

 37. Wang, Z., Wilson, A. & Xu, J. Mitochondrial DNA inheritance in the human fungal pathogen Cryptococcus gattii. Fungal Genet. Biol. 
75, 1–10 (2015).

 38. Fraser, J. A., Subaran, R. L., Nichols, C. B. & Heitman, J. Recapitulation of the sexual cycle of the primary fungal pathogen 
Cryptococcus neoformans var. gattii: implications for an outbreak on Vancouver Island, Canada. Eukaryot. Cell 2, 1036–1045 (2003).

 39. Fraser, J. A. et al. Same-sex mating and the origin of the Vancouver Island Cryptococcus gattii outbreak. Nature 437, 1360–1364 
(2005).

 40. Campbell, L. T. et al. Clinical and environmental isolates of Cryptococcus gattii from Australia that retain sexual fecundity. Eukaryot 
Cell 4, 1410–1419 (2005).

 41. Lin, X. et al. aADa hybrids of Cryptococcus neoformans: evidence of same-sex mating in nature and hybrid fitness. PLoS Genetics 3, 
e186 (2007).

 42. Lengeler, K. B., Cox, G. M. & Heitman, J. Serotype AD strains of Cryptococcus neoformans are diploid or aneuploid and are 
heterozygous at the mating-type locus. Infect Immun. 69, 115–122 (2001).

 43. Voelz, K. et al. Transmission of Hypervirulence Traits via Sexual Reproduction within and between Lineages of the Human Fungal 
Pathogen Cryptococcus gattii. PLoS Genet. 9(9), e1003771 (2013).

 44. Yan, Z., Sun, S., Shahid, M. & Xu, J. Environment factors can influence mitochondrial inheritance in the fungus Cryptococcus 
neoformans. Fungal Genet. Biol. 44, 315–322 (2007a).

 45. Firacative, C. et al. MLST and wholegenome-based population analysis of Cryptococcus gattii VGIII links clinical, veterinary and 
environmental strains, and reveals divergent serotype specific sub-populations and distant ancestors. PLoS Negl Trop Dis. 10, 
e0004861 (2016).

 46. Lockhart, S. R. et al. Cryptococcus gattii in the United States: genotypic diversity of human and veterinary isolates. PLoS One 8, 
e74737 (2013).

 47. Byrnes, E. J. III, Bartlett, K. H., Perfect, J. R. & Heitman, J. Cryptococcus gattii: an emerging fungal pathogen infecting humans and 
animals. Microbes Infect. 13, 895–907 (2011).

 48. Nielsen, K. et al. Sexual cycle of Cryptococcus neoformans var. grubii and virulence of congenic a and α isolates. Infect. Immun. 71, 
4831–4841 (2003).

 49. Wang, P., Cutler, J., King, J. & Palmer, D. Mutation of the regulator of G protein signalling Crg1 increases virulence in Cryptococcus 
neoformans. Eukaryot. Cell 3, 1028–1035 (2004).

 50. Wilson, A. Highly Variable Mitochondrial Inheritance in Intra- and Inter-lineage Crosses of Cryptococcus gattii. MSc Thesis. 
Department of Biology, McMaster University, Hamilton, Canada (2011).

http://dx.doi.org/10.1038/srep33828


www.nature.com/scientificreports/

1 5Scientific RepoRts |  (2018) 8:15260  | DOI:10.1038/s41598-018-33679-2

 51. D’Souza, C. A. et al. Genome variation in Cryptococcus gattii, an emerging pathogen of immunocompetent hosts. mBio 2(1), 
e00342–10 (2011).

 52. Vogan, A. A. & Xu, J. Evidence for genetic incompatibilities associated with post-zygotic reproductive isolation in the human fungal 
pathogen Cryptococcus neoformans. Genome 344, 335–344 (2014).

 53. Kwon-Chung, K. J. & Varma, A. Do major species concepts support one, two or more species within Cryptococcus neoformans? 
FEMS Yeast Res. 6, 574–587 (2006).

 54. Vogan, A. A., Khankhet, J. & Xu, J. Evidence for mitotic recombination within the basidia of a hybrid cross of Cryptococcus 
neoformans. PLoS One 8, e62790 (2013).

 55. Vogan, A. A., Khankhet, J., Samarasinghe, H. & Xu, J. Identification of QTLs associated with virulence related traits and drug 
resistance in Cryptococcus neoformans. G3 (Bethesda) 6, 2745–2759 (2016).

 56. Shahid, M., Han, S., Yoell, H. & Xu, J. Fitness distribution and transgressive segregation across 40 environmental conditions in a 
hybrid progeny population of the human pathogenic yeast Cryptococcus neoformans. Genome 51, 272–281 (2008).

 57. Xu, J. et al. Uniparental mitochondrial transmission in sexual crosses in Cryptococcus neoformans. Current Microbiology 40(4), 
269–273 (2000).

 58. R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing 
(2015).

 59. Tamura, K. & Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans 
and chimpanzees. Molecular Biology and Evolution 10, 512–526 (1993).

 60. Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Molecular 
Biology and Evolution 33, 1870–1874 (2016).

Acknowledgements
This study was supported by grants from the Natural Sciences and Engineering Research Council (NSERC) of 
Canada and by McMaster University.

Author Contributions
J.X. designed the study; M.Y. performed the experiments; M.Y. and J.X. analyzed the data; M.Y. and J.X. drafted 
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33679-2.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-33679-2
http://creativecommons.org/licenses/by/4.0/

	The effects of environmental and genetic factors on the germination of basidiospores in the Cryptococcus gattii species com ...
	Results
	Mating success. 
	Basidiospore germination. 
	Effects of temperature on spore germination. 
	Effects of medium on spore germination. 
	Effect of genetic divergence between parental strains on their progeny basidiospore germination. 

	Discussion
	Comparison of spore germination rates with those in the C. neoformans species complex. 
	Effects of environmental factors on spore germination and their implications. 
	Genetic contributions. 

	Conclusions
	Materials and Methods
	Strains. 
	Mating and germination of basidiospores. 
	Sequencing. 
	Statistical analyses. 
	Statements on study approvals. 

	Acknowledgements
	Figure 1 The mean rates of basidiospores germination at three different temperatures (23 °C, 30 °C and 37 °C).
	Figure 2 The genetic relationships among strains of the Cryptococcus gattii species complex and the Cryptococcus neoformans species complex analyzed in this study.
	Table 1 Correspondence among the names that have been used to describe the various lineages within the human pathogenic Cryptococcus species complexes.
	Table 2 Strains used in this study.
	Table 3 Mating success among the 46 attempted crosses in this study.
	Table 4 Rates of basidiospore germination after 7 days of incubation for the 29 successful crosses under six environmental conditions.




