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Abstract 

Cryptococcus neoformans is a heterothallic basidiomycete which contains two 

mating types, MATa and MATα. C. neoformans grows vegetatively as yeast and 

filamentous hyphae are produced in the sexual state. Morphological progression of 

bisexual reproduction in C. neoformans is as follows: yeast to hyphal transition, 

filament extension, basidium formation, meiosis, and sporulation. C. neoformans Cdk-

related kinase 1 (CRK1) is a negative regulator of bisexual mating, also a homologue 

of Saccharomyces cerevisiae IME2 and Ustilago maydis crk1. In this study, we 

characterized the effect of CRK1 on mating process and the morphology of dikaryotic 

filamentation, the localization of Crk1 in yeast and hyphal cells, and the genetic 

interaction in mating regulatory pathways. In the bilateral crk1 mutant cross, the timing 

of basidium formation was approximately 18 hrs earlier than the wild-type cross. 

Despite shorter filament length than the wild-type, sexual filaments still retained intact 

structures in the bilateral crk1 mutant cross. Furthermore, gene expression analyses 

revealed that CRK1 modulated the genes involved in the progression of hyphal 

elongation, basidium formation, karyogamy and meiosis. Phenotypic results showed 

that although deletion of C. neoformans CRK1 gene increased the efficiency of bisexual 

mating, filamentation in the crk1 mutant was blocked by the mutation of MAT2 or ZNF2. 

Moreover, a bioinformatic survey predicted the C. neoformans GATA type 

transcriptional factor Gat1 and zinc finger transcriptional factor Rgm1 as potential 

substrates of Crk1 kinase. Our phenotypic and genetic findings suggest that C. 

neoformans Crk1 and Gat1 shared overlapping functions to form a regulatory circuit 



doi:10.6342/NTU202004095

 

 iv 

which negatively regulated Mat2 to control filamentation progression and transition 

during bisexual mating. C. neoformans CRK1 functions as a regulator to maintain 

dikaryotic filament differentiation and coordinates with GAT1, as a negative regulator, 

to control bisexual mating. 

 

Keywords: Cryptococcus neoformans; CRK1; GAT1; RGM1; bisexual mating; 

dikaryotic filamentation 
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摘要 

隱球菌（Cryptococcus neoformans），屬於擔子菌門，為異宗交配型真菌，具有

MATa與 MAT兩種不同交配型。隱球菌存在兩種不同細胞形態，在營養充足環境

下，以酵母細胞無性繁殖，而當氮素源缺乏誘導有性生殖時，兩性細胞融合後可

產生菌絲形態。隱球菌有性生殖過程中，包括酵母菌絲形態轉換、菌絲延長、擔

子柄形成、減數分裂，及產生擔孢子等過程。隱球菌 CRK1 基因，為啤酒酵母菌

（Saccharomyces cerevisiae）IME2與玉米黑穗病菌（Ustilago maydis）crk1之同源

基因，具有負向調控隱球菌雙性有性生殖之角色。本研究探討 CRK1對隱球菌有

性生殖及菌絲發育之影響、Crk1在細胞中的分布，及其在訊息網絡的交互作用。

crk1突變株的有性生殖過程，其細胞融合效率及雙核生殖菌絲發育時程，皆顯著

提高及加速，並且相較於野生株，其擔子柄（basidium）與擔孢子（basidiospore）

的形成，皆提早 18小時；雖然突變株雙核菌絲的長度明顯短於野生株，但相關構

造皆完整存在。基因表現分析顯示，CRK1調控有性生殖各階段，如 ZNF2、 DMC1

與 CSA1等基因的表現。而有性生殖表型分析結果顯示，MAT2與 ZNF2基因的突

變，皆造成 crk1突變株無法形成雙核生殖菌絲。藉由基因體生物資訊的分析，預

測轉錄因子 Gat1與 Rgm1可能為 Crk1下游的標的蛋白質。經由表型與遺傳分析

結果顯示，Crk1與 Gat1在有性生殖的過程具有重疊功能，形成一迴路調控Mat2，

進而參與生殖菌絲發育進程及形態轉換的調控。總結，隱球菌 Crk1為雙核生殖菌

絲分化的調控因子，透過調控 Gat1負向調控隱球菌的有性生殖。 

 

關鍵字：隱球菌，CRK1，GAT1，RGM1，雙性有性生殖，雙核菌絲分化 
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Chapter 1 

Introduction 

1.1 The sexual life cycle of C. neoformans 

   C. neoformans grows vegetatively as yeast cells and is a bipolar heterothallic fungus 

that has mating type MATa and MAT cells. The life cycle of C. neoformans has been 

described. Under nitrogen limitation conditions, strains of opposite mating type, MATa 

and MAT, produce conjugation tubes and fuse to form dikaryotic filaments with fused 

clamp connections. In response to uncharacterized stimuli, the tips of sexual filaments 

stop polarized growth and swell to form basidia, where nuclear fusion occurs and 

meiotic program executes. Finally, four chains of sessile basidiospores are produced to 

complete the sexual process (Zhao et al., 2019). In addition to nitrogen starvation, other 

environmental conditions such as room temperature and the presence of mating 

pheromones trigger bisexual differentiation and same-sex mating in C. neoformans. 

Sexual development in C. neoformans starts with a morphological transition from yeast 

cells to filamentous hyphae. 
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1.2 Molecular regulation of sexual development in C. neoformans 

   Pheromone signal transduction pathway including heterotrimeric G protein and 

Cpk1 MAP kinase cascade induces cell fusion in C. neoformans (Alspaugh et al., 1998; 

Davidson et al., 2003; Wang et al., 2000). Cpk1 MAP kinase signaling cascade includes 

Ste11 (MAPKKK), Ste7 (MAPKK) and Cpk1 (MAPK). Adaptor protein Ste50 

connects Ste20 (PAK) and Ste11, and together with Ste7 and Cpk1 MAP kinase regulate 

pheromone signaling, cell fusion response and dikaryotic hyphal growth (Fu et al., 2011; 

Jung et al., 2011). C. neoformans SXI1 and SXI2a are MAT and MATa cell identity 

genes respectively. After MATa cells fuse with MAT cells, Sxi1/Sxi2a protein 

complex is formed inside MATa cells. MATa cells retain intracellular organelles, and 

the MAT nucleus moves to MATa cell (nuclear migration), and dikaryotic filament is 

produced from the MATa cell (McClelland et al., 2004; Yan and Xu, 2003; Yan et al., 

2007). Mutation of sxi1/sxi2a causes abnormalities in dikaryotic filament, but 

improves cell fusion efficiency and pheromone gene expression (Hull et al., 2002, 

2005). Clamp is a unique structure of dikaryotic filament in basidiomycete to maintain 

nucleus distribution and normal hyphal growth. C. neoformans CLP1, a homologous 



doi:10.6342/NTU202004095

 

 3 

protein of Coprinopsis cinerea Clp1, is an essential gene controlled by Sxi1/Sxi2a 

transcription protein complex and regulates the development of dikaryotic filament 

(Inada et al., 2001; Ekena et al., 2008). C. neoformans STE20/a, RAC1 and BIM1 

control dual polarity of reproductive hyphal growth (polarity). STE20/a is a regulatory 

protein of pheromone response pathway, but does not participate in the process of cell 

fusion. ste20/a mutant strains show abnormal hyphae, and produce shorter filaments 

with abnormal nuclear distribution (Nichols et al., 2004). Yeast two hybrid assay reveal 

that Ste20/a interacts with Ras1 (Vallim et al., 2005). Furthermore, C. neoformans 

Bim1 is a microtubule associated protein,  tibihxe osla sniarts tnatum 1mib eht dna

 ,eahpyh gnidneb dna retrohs gnidulcni ,stnemalif citoyrakid fo ygolohprom lamronba

 seropsoidisab fo noitamrof eht ,revewoH .ielcun fo noitubirtsid ralugerri wohs osla dna

 .C .)0102 ,.la te tduatS( epyt dliw eht naht reilrae saw ssorc tnatum 1mib eht ni

 gnitca rotcaf noitpircsnart )GMH( puorg-ytilibom-hgih a si 2taM snamrofoen

 esnopser enomorehp eht ot sdnib dna yawhtap KPAM 1kpC eht fo maertsnwod

 te niL( noisuf llec etomorp ot seneg cificeps gnitam fo noiger retomorp eht ni tnemele

 osla si ,rotcaf noitpircsnart regnif cniz 2H2C a ,2fnZ .)2102,.la te lezurK ;0102 ,.la
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 noisuf llec rof elbasnepsid tub noitamrof tnemalif citoyrakid rof deriuqer yllacificeps

 ot noisserpxe 1FRB dna 1MUP setaluger 2fnZ .)2102 ,.la te gnaW ;0102 ,.la te niL(

 gnaW ;2102 ,.la te gnaW( noitaitnereffid lahpyh dna noitamrof eahpyh lairea etaludom

 snamrofoen .C ,yllanoitiddA .)9102 ,.la te niL ;6102 ,otnipenaP dna ruaK ;4102 ,.la te

 laidisab ,sisoiem etaluger 5cbU dna 2asC ,1asC ;ymagoyrak etaluger 5raK dna 7raK

 dna uF ;3102 ,.la te ikaztereF ;2102 ,namtieH dna eeL( noitalurops dna noitarutam

.)8102 ,.la te uiL ;7102 ,namtieH  

1.3 Diverse functions of the C. neoformans Crk1 homologues in different fungi 

1.3.1 The function of Ime2 in Saccharomyces cerevisiae 

   Under insufficient nutrient environments, such as lack of nitrogen sources and 

fermentable carbon sources or the presence of non-fermentable carbon sources such as 

acetate, S. cerevisiae diploid cells undergo meiosis. Finally, four haploid cells are 

produced (Kassir et al., 2003). S. cerevisiae IME1 and IME2 genes are two key 

regulators that control the entry of meiotic process. IME1 encodes a transcription factor 

and IME2 encodes a protein kinase. At the beginning of meiosis, Ime1 interacts with 

Ume6 and binds to the IME2 promoter region, and activates IME2 expression (Chu et 
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al., 1998; Kassir et al., 2003). Ime2 contains a conservative TXY motif, in which Cak1 

phosphorylates Thr/Tyr residue and activates Ime2 (Schindler et al., 2003). Ime2 plays 

an important role in meiosis. First, Ime2 has a negative feedback effect on Ime1.  

(Guttmann-Raviv et al., 2002). Second, Ime2 is a key factor for initiating DNA 

replication, and ime2 mutant strain shows delay in the initiation of meiosis by 6 to 8 

hours (Foiani et al., 1996). Sic1 inhibits the activity of Cdk1 and B-type cyclin 

complexes, which are key factors to initiate DNA replication. Therefore, the 

degradation of Sic1 is an important process for DNA replication in S. cerevisiae 

(Schwob et al., 1994; Dirick et al., 1998; Stuart and Wittenberg, 1998). At the prophase 

of meiosis, Sic1 is a phosphorylation target of Ime2. Sic1 is degraded upon 

phosphorylation by Ime2, and Cdk1 and B-type cyclin complexes are no longer 

inhibited, DNA replication initiates (Sedgwick et al., 2006; Sawarynski et al., 2007). 

Third, Ime2 activates gene expression during meiosis. During G1 phase and prophase 

of meiosis, Sum1 transcriptional inhibitor and histone deacetylase Hst1 bind to the 

promoter region of the meiotic genes in metaphase, and prevent transcription factor 

Ndt80 from binding to this region, resulting in the inhibition of gene expression (Xie et 



doi:10.6342/NTU202004095

 

 6 

al., 1999; Pierce et al., 2003). In the prophase of meiosis, both Sum1 and Ndt80 are 

Ime2 phosphorylated targets, but the effects of phosphorylation are different. When 

Sum1 is phosphorylated by Ime2, it leaves the promoter region of the metaphase genes; 

phosphorylation of Ndt80 by Ime2 makes it active, and since the absence of Sum1, 

Ndt80 binds to the promoter region and activates gene expression (Sopko et al., 2002; 

Moore et al., 2007; Shin et al., 2010). Fourth, Ime2 is also involved in controlling 

chromosome separation during meiosis. Anaphase promoting complex/cyclosome 

(APC/C) is an ubiquitin ligase and Cdh1 is a coactivator, which is divided into activated 

and non-activated forms. Previous studies have shown that Cdh1 is non-activated when 

phosphorylated by Cdk1 and cannot bind to the APC/C complex; whereas Cdc14 

dephosphorylates Cdh1, in which Cdh1 is activated and can bind to the APC/C complex 

to allow chromosome separation and cell division (Peters, 2006). Cdh1 is also a target 

of Ime2 phosphorylation. When Ime2 is overexpressed in yeast G1 phase, Cdh1 is 

phosphorylated and inactivated, resulting in incomplete mitosis. Phosphorylation of 

Cdh1 by Ime2 also occurs during meiosis to ensure that the steps of chromosome 

separation are carried out in accordance with the normal procedure (Bolte et al., 2002; 
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Holt et al., 2007). Further analysis of several phosphorylation targets of Ime2, such as 

Sic1, Sum1 and Cdh1, they all contain  ,.la te ,ecneuqes dica onima evitavresnoc a

 .S ,pu mus oT .)4102 ,.la te drawoH ;7002 ,.la te erooM ;7002 ,.la te tloH ;6002

 dellortnoc yllamron dna sisoiem fo ssecorp eht ni rotcaf evitisop a si 2emI eaisiverec

.noitalyrohpsohp yb snietorp tnereffid  

1.3.2 The function of Crk1 in Ustilago maydis 

   Ustilago maydis is a basidiomycetous fungus which causes the corn smut disease. 

U. maydis has two different cell morphology, one is yeast form and the other is mycelial 

form. When two haploid yeast cells of different mating types are fused, dikaryotic 

filaments are produced to invade host cells, eventually leading to tumor formation 

(Brefort et al., 2009). U. maydis Crk1 (Cdk related kinse 1), homologous to S. 

cerevisiae Ime2, plays a positive role in mating and virulence and also shows a negative 

role in U. maydis. 

   When the hyphae of plant pathogenic fungi infect host plant cells, recognition by 

host triggers innate immune responses for basal defense (Jones and Dangl, 2006; Dodds 

and Rathjen, 2010). In order to combat against host defense, fungal pathogens secrete 
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effector proteins to overcome innate immune responses (Valent and Khang, 2010; Kale 

and Tyler, 2011; Rafiqi et al., 2012). Previously studies in U. maydis have revealed that 

three effector proteins, Pep1, Pit2, and Cmu1, are produced to inhibit host cell immune 

responses. Pep1 is generated to repress the apoplastic plant peroxidases and is required 

for penetration (Doehlemann et al., 2009; Hemetsberger et al., 2012). Pit2 is required 

for the inhibition of the apoplastic plant proteases (Doehlemann et al., 2011; Mueller 

et al., 2013). The chorismate mutase Cmu1 inhibits host immune systems and decreases 

the level of plant salicylic acid production (Djamei et al., 2011). However, due to the 

long distance between the nucleus and hyphal tip, retrograde signaling for effectors 

expression is transferred by the early endosome motility in U. maydis. The U. maydis 

Crk1 kinase plays a negative role in the expression of effector proteins. Mobile early 

endosome combined with Rab5a, Hok1 and Crk1 form signal-transducing molecules 

from invasive hyphal tip to nucleus and then induce effector proteins expression. In U. 

maydis, crk1 null mutant retains the early endosome motility but increases the 

expression of Cmu1 effector. Thus, U. maydis Crk1 also functions as a repressor for 

effector expression (Higuchi et al., 2015). 
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1.3.3 The function of Ime2 in Neurospora crassa 

   The homologous protein kinases of Ime2 modulate different cellular functions in 

different fungal model systems. Neurospora crassa ime2 gene plays a negative role in 

sexual differentiation. Mutation of N. crassa ime2 increases the production of fruiting 

bodies in the presence of nitrogen source. N. crassa vib-1, a transcription factor, 

regulates protoperithecia formation, which is epistatic to ime2 in protoperithecia 

formation. According to a study of the S. cerevisiae Ime2 consensus phosphorylation 

site, N. crassa Vib1 contains the specific phosphorylation site RPRS*60. Evidence also 

indicates that Vib1 is an Ime2 phosphorylation target in N. crassa (Hutchison et al., 

2010; Hutchison et al., 2012). 

1.3.4 The function of Ime2 in Arthrobotrys oligospora 

   Arthrobotrys oligospora is a well-known nematode-trapping fungus, which is 

commonly isolated from soil and aquatic environments (Yang et al., 2011). A. 

oligospora generates adhesive traps to capture nematodes. Previous research identified 

the MAPK protein AoIme2, which is a homologue of S. cerevisiae Ime2 and U. maydis 

Crk1. AoIme2 plays a crucial role in the morphology, coordination, and formation of 



doi:10.6342/NTU202004095

 

 10 

nematode traps. Deletion of Aoime2 results in shorter hyphae and more septa. 

Furthermore, the structure of adhesive traps is abnormal in the Aoime2 mutant strains 

and the trapping ability is affected (Xie et al., 2020). 
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Chapter 2 

Materials and methods 

2.1 Strains, media and growth conditions 

C. neoformans serotype D strains listed in Table 1 were used in this study. All strains 

were cultivated by standard media and handled according to previously published 

protocols and techniques. Yeast-peptone-dextrose (YPD) medium was routinely used 

for culture maintenance at 30C, and V8 medium incubated at 26C was used for 

bisexual mating experiments, respectively. Monokaryotic fruiting assay was conducted 

by spotting cell suspension onto filament agar and incubated at 26C for 1-7 days in the 

dark. Filamentation was evaluated by observing the periphery of test spots with a 

microscope (BX41, Olympus). YPD medium with 200 μg/ml hygromycin B or with 

100 μg/ml nourseothricin and 200 μg/ml hygromycin B was used for selecting 

transformants. 

2.2 Construction of C. neoformans mat2, znf2, gpb1crk1 and ras1gpb1 mutant 

strains 

Strains used for fluorescence microscopy were previously described (Liu and Shen, 

2011). For filament imaging, C. neoformans cells were spotted on SLAD agar medium 
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containing 25 µg/ml calcofluor white and incubated at 26°C for 13 hr under dark condi 

To delete MAT2 and ZNF2 genes in C. neoformans MATa and MAT wild-type and 

crk1 mutant background, we generated the MAT2-HYG and ZNF2-HYG split markers 

for transformation by double-joint PCR as described. The oligonucleotide primers used 

are listed in Table 2. 

To generate the MAT2-HYG split marker fragments, 5’- and 3’-flanking regions of 

MAT2 were amplified with WC1130/WC1131 and WC1132/WC1133 primers, 

respectively. Then, 1.2-kb of the 5’-HYG cassette and 1.1 kb of the HYG-3’ cassette, 

with a ~300bp overlapped sequence, were amplified by PCR with primer pairs 

WC270/WC739 and WC765/WC271, respectively, with pJAF15 plasmid as DNA 

template. PCR products were purified and 1 ng of each product was used for double-

joint PCR with primers WC1130/WC886 and WC1133/WC885, respectively, to 

generate 5’ and 3’ MAT2-HYG split marker fragments. The amplified fragments were 

separated by gel electrophoresis and purified for transformation. 

To generate the ZNF2-HYG split marker fragments, 5’- and 3’-flanking regions of 

ZNF2 were amplified with primer pairs WC1256/WC1257 and WC1258/WC1259, 
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respectively. The 5’ and 3’ overlapped fragments of the HYG cassette were amplified as 

described previously. Double-joint PCR reactions were performed with primer pairs 

WC1256/WC886 and WC1259/WC885 to generate 5’ and 3’ ZNF2-HYG splitmarker 

fragments, respectively, for transformation. 

For transformation, 1 μg DNA of each 5’ and 3’ split marker fragment was mixed 

and delivered into C. neoformans MATa and MAT wild-type and crk1 mutant strains 

by particle bombardment. Transformants were selected on YPD medium containing 

200 g/ml hygromycin B and YPD medium containing 200 g/ml hygromycin B and 

100 g/ml nourseothricin. DNA was extracted by the FPFD method for PCR screening 

(Liu et al., 2011), and PCR reactions were performed using primer pairs 

WC875/WC876 and WC879/WC880 to screen for the presence of MAT2 and ZNF2. 

The mat2 deletion mutants failed to amplify the 120bp wild-type MAT2 fragment and 

the znf2 mutants failed to amplify the 130bp wild-type ZNF2 fragment. 

For generation of the gpb1crk1 and ras1crk1 double mutants, the CRK1-NAT split 

markers were produced by PCR and the crk1::NAT mutant construct was used as 

template DNA. Primers WC441/WC760 and WC759/WC442 were used to amplify the 
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5’ and 3’ CRK1-NAT fragments respectively. One μg of each 5’ and 3’ split marker 

fragments were mixed and transformed to the MAT gpb1 and ras1 mutant strains by 

biolistic transformation and selected on YPD containing 100 g/mL nourseothricin. 

DNA was extracted by FPFD method and PCR was performed using the CRK1 specific 

primer pairs WC1440/WC1441 (Liu et al., 2011). The potential gpb1crk1 and ras1crk1 

mutants were expected not to amplify the 140 bp wild-type CRK1 fragment. 

2.3 Overexpression of C. neoformans CRK1 in the MAT crk1 mutant 

The CRK1 overexpression construct generated previously was used to deliver into 

MAT crk1ura5 cells by biolistic transformation. DNA was extracted from uracil 

prototrophic transformants by FPFD method for PCR screening (Liu et al., 2011). 

Candidate strains were further verified by real-time qRT-PCR assay. 

2.4 Overexpression of C. neoformans MAT2 gene in the MAT wild-type strain 

To overexpress the C. neoformans MAT2 gene, PCR primers WC1734 and 

WC1735 were designed to amplify the 2.5kb genomic fragment containing the MAT2 

open reading frame and downstream terminator sequence. PCR product was purified 

and cloned into pCR-Blunt II-TOPO vector (Invitrogen). Positive clones were verified 
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by sequencing and digested with BamHI and KpnI to release the MAT2 fragment. The 

fragment was then ligated with pYKL8, which contains a constitutive promoter of C. 

neoformans GPD1 gene, to generate the MAT2 overexpression construct. The construct 

was delivered into the MAT ura5 strain JEC43 by biolistic transformation. Uracil 

prototrophic transformants were chosen and screened by PCR. Candidate clones were 

further verified by real-time qRT-PCR assay. 

2.5 Genetic manipulation of C. neoformans RGM1 gene 

To delete the RGM1 gene in C. neoformans serotype D wild-type JEC20 and 

JEC21 strains, we generated RGM1-HYG deletion split markers by using double-joint 

PCR. PCR reactions were conducted to amplify 5’- and 3’-flanking sequences of RGM1 

with primer pairs WC2324/WC2317 and WC2318/WC2325, respectively, with JEC21 

genomic DNA. The 5’- and 3’-partial regions of the HYG cassette were amplified. The 

overlapped fragment containing RGM1 5’-flanking and 5’-HYG sequences was 

generated by double-joint PCR with primer pair WC2316/WC886. A similar 

amplification procedure with primer pair WC2319/WC885 was used to amplify the 

fragment containing RGM1 3’-flanking and HYG-3’ sequences. Finally, 1 μg of each 
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split-marker fragment was mixed and delivered into C. neoformans serotype D strains 

by biolistic transformation. Transformants were selected on YPD containing 200 g/ml 

hygromycin B and DNA was extracted by FPFD method for PCR screening (Liu et al., 

2011). 

2.6 Genetic manipulation of C. neoformans GAT1 gene 

To delete the GAT1 gene in C. neoformans serotype D wild-type JEC20 and JEC21 

strains, MATa crk1 and MAT crk1 mutants, and MATa and MAT PGPD1::CRK1 strains, 

we generated GAT1-HYG deletion split markers by using double-joint PCR. PCR 

reactions were conducted to amplify 5’- and 3’-flanking sequences of GAT1 with primer 

pairs WC2432/WC2434 and WC2435/WC2437, respectively, with JEC21 genomic 

DNA. The 5’- and 3’-partial regions of the HYG cassette were amplified. The 

overlapped fragment containing GAT1 5’-flanking and 5’-HYG sequences was 

generated by double-joint PCR with primer pair WC2433/WC886. A similar 

amplification procedure with primer pair WC2436/WC885 was used to amplify the 

fragment containing GAT1 3’-flanking and HYG-3’ sequences. Finally, 1 μg of each 

split-marker fragment was mixed and delivered into C. neoformans serotype D strains 
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by biolistic transformation. Transformants were selected on YPD containing 200 g/ml 

hygromycin B and DNA was extracted by FPFD method for PCR screening. 

To reconstitute the wild-type GAT1 allele back into the mutant strains, the GAT1 

locus was amplified from the JEC21 wild-type strain with primers WC2594 and 

WC2595. PCR fragment was purified and cloned into pCR-Blunt II-TOPO vector 

(Invitrogen). The clone was digested by SacI and SpeI, and the inserted fragment was 

subcloned into pCH233 to generate the GAT1 reconstitution construct. The 

reconstitution plasmid was biolistically transformed into the gat1 deletion mutants. 

Stable transformants were selected on YPD medium containing 200 g/ml hygromycin 

B and 100 g/ml nourseothricin. The reconstituted strains were confirmed by PCR and 

southern blot analyses for the presence of GAT1 and subjected to phenotypic 

examination. 

To overexpress GAT1, the open reading frame and downstream terminator region 

was amplified from JEC21 genomic DNA by PCR with primers WC2555 and WC2556, 

which both contained NotI site at the 5’ and 3’ ends, respectively. PCR product was 

purified and cloned into pCR-Blunt II-TOPO vector (Invitrogen). Positive clones were 



doi:10.6342/NTU202004095

 

 18 

verified by sequencing and digested with NotI to release the GAT1 fragment. Products 

were then ligated into pKHL1, which contains a constitutive promoter of C. neoformans 

GPD1 gene in pJAF15 vector, to generate the GAT1 overexpression plasmid. The 

construct was linearized by SacI, then introduced into the MATa and MAT wild-type, 

and MAT crk1+PGPD1::CRK1 strains by biolistic transformation. Transformants were 

selected on YPD medium containing 200 g/ml hygromycin B, and DNA was extracted 

by FPFD method for PCR screening (Liu et al., 2011). Candidate clones were further 

verified by real-time qRT-PCR assay. 

To generate the phospho-null and phospho-mimetic mutation in the predicted 

phosphorylation site of Gat1, site-directed mutagenesis was conducted by overlapping 

PCR with the mutated primer pairs WC2604/WC2605 and WC3257/WC3258, and 

GAT1-overexpression construct as a template. For phospho-null mutation, PCR primers 

WC2639/WC2605 and WC2604/WC1181 were used to amplify two fragments for 

overlapping; and for phospho-mimetic mutation, WC2639/WC3258 and 

WC3257/WC3258 primers were used. Overlapping PCR was conducted by using 

primers WC2567 and WC2573. A 2.3-kb overlapping fragment containing partial 
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GAT1 open reading frame with GAT1T1164A or GAT1T1164D substitution and the 

terminator region was cut by BamHI and SpeI, and the fragment was purified and 

cloned into pCR-Blunt II-TOPO vector (Invitrogen). Correct clones were confirmed by 

sequencing and the fragment with substituted amino acid was released by BamHI and 

SpeI and subcloned into pJAF15 to respectively generate the GAT1T1164A and GAT1T1164D 

site-directed mutagenesis construct with the HYG marker. The construct was linearized 

by BamHI and delivered into the MATa and MAT wild-type cells or MATa crk1 and 

MAT crk1 mutant strains by biolistic transformation. Stable transformants were 

selected on YPD medium containing 200 g/ml hygromycin B, and DNA was extracted 

by FPFD method and further subjected to PCR amplification and sequencing 

confirmation (Liu et al., 2011). 

2.7 Sample preparation for gene expression analyses 

Strains subjected to gene expression analyses in a- opposite sex mating were 

grown in 5 ml YPD liquid medium at 30oC for overnight, then transferred to 45 ml 

liquid YPD medium and continuously grown for 22 hr to reach the density at 1x108 

cells/ml. Cells were harvested, washed with sterile water and resuspended in 5 ml sterile 
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water. An equal amount of MATa and MAT cells was mixed and 10 l of cell mixtures 

was spotted onto V8 agar medium and kept in the dark at 26oC to induce mating; part 

of cell suspension was centrifuged, frozen and used as a 0-hr control sample for gene 

expression analyses. Mating cells were harvested with sterile water from the surfaces 

of the plates at a designated time. All harvested cells were immediately frozen in liquid 

nitrogen and lyophilized for RNA extraction. 

Total RNA was extracted by using TRIzol reagent as described (Invitrogen). 10 g 

of RNA from each sample was treated with DNase (TURBO, Ambion) and single-

strand cDNA was synthesized by using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, 4368813). Real-time PCR assay was performed with the 

Applied Biosystems StepOne real-time PCR system with KAPA SYBR FAST qPCR 

kits (Kapa Biosystems). C. neoformans GPD1 gene was used to normalize relative gene 

expression. All samples were conducted in triplicate for gene expression assay. Two-

tailed Student’s t test (p-value <0.05) was used to compare mRNA levels between two 

samples. Primers used for real-time qRT-PCR experiments are listed in Table 2. 

2.8 Fluorescence microscopy 
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Strains used for fluorescence microscopy were previously described (Liu and Shen, 

2011). For filament imaging, C. neoformans cells were spotted on SLAD agar medium 

containing 25 µg/ml calcofluor white and incubated at 26°C for 13 hr under dark 

conditions, then collected by using 1 ml sterile water. An amount of 10 µl cell 

suspension was spread on SLAD agar medium containing 25 µg/ml calcofluor white 

and covered with a coverslip. Photos were captured by using the DeltaVision system 

(GE Healthcare) with an Olympus IX-71 inverted microscope equipped with a 

CoolSnap HQ2 high-resolution charged-coupled-device (CCD) camera and a 100X 

objective. The excitation and emission filter sets, CFP 438/24 and 470/24 and 

GFP/FITC 475/28 and 525/50, and mCherry/AF594 575/25 and 632/60 were used for 

observing calcofluor white and GFP, mCherry respectively. 

2.9 Generation of the wild-type and crk1/crk1 diploid strains 

To obtain the wild-type and crk1/crk1 diploid strains, we co-incubated the MAT 

ura5 and MATa ade2 strains, and the MAT crk1 ura5 and MATa crk1 ade2 strains 

respectively on V8 medium at 26oC for 24 h. Cells were then collected from the surface, 

transferred onto SD medium lacking uracil and adenine, and incubated at 37 oC for 5–
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7 days. The wild-type and crk1/crk1 diploid strains were confirmed by PCR with 

STE12 and STE12a primers, WC53/WC54 and WC64/WC65, and DAPI staining. 

2.10 Generation of the PGPD1::GFP-H2B construct 

To label C. neoformans nuclei, the PGPD1::GFP-H2B construct was generated by two 

steps fusion PCR. First, PCR primers WC900 and WC901 were designed to amplify 1 

kb genomic fragment containing the C. neoformans H2B gene open reading frame and 

downstream terminator sequence. Primers WC701 and WC702 were designed to 

amplify the GFP fragment. These two fragments were purified, mixed and amplified 

with primers WC701 and WC901 to generate the fused GFP-H2B fragment. PCR 

product was purified and cloned into pCR-Blunt II-TOPO vector (Invitrogen). Positive 

clones were verified by sequencing and further digested with BamHI and SmaI to 

release the GFP-H2B fragment. The fragment was then ligated with pYKL8 to generate 

the PGPD1::GFP-H2B construct. The construct was delivered into the MATa ura5 strain 

JEC34, MATa crk1 ura5 and MATa/ crk1/crk1 strain by biolistic transformation. 

Uracil prototrophic transformants were picked and screened by PCR. The candidate 

clones were further verified by GFP fluorescence. 
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2.11 Construction of fluorescently tagged proteins 

All the primers used in these experiments are listed in Table 2. To monitor the 

localization of Crk1 in yeast and hyphal cells, we tagged Crk1 with mCherry 

fluorescent protein at C-terminal and the construct was driven by GPD1 constitutive 

promoter. To generate the CRK1-mCherry overexpression construct, the CRK1 open 

reading fragment was first amplified by primers WC1440/WC1441; the mCherry open 

reading frame was then fused with CRK1 3’-UTR by overlapping PCR; finally, the 

fusion PCR product CRK1-mCherry-CRK1 3’-UTR was cloned into pCR-Blunt II-

TOPO (Invitrogen) and verified by sequencing. PCR fragment was digested with NotI 

and ligated into pKHL1 to generate the PGPD1::CRK1-mCherry construct, pCMH. The 

plasmid pCMH was delivered into the MATa/ crk1/crk1+PGPD1::H2B-GFP strain by 

biolistic transformation. Positive transformants were selected, confirmed by PCR using 

primers WC531/WC532 and fluorescent microscopy observation. 
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Chapter 3 

Results 

3.1 Meiotic features in the fruiting structures were intact in the crk1 mutant cross 

Characterization of mating differentiation revealed that fusion efficiency and 

sexual filamentation is increased in the crk1 mutant cross. To determine the effects of 

crk1 deletion on the meiotic features in C. neoformans, we further labelled the nuclei 

of the wild-type and crk1 mutant strains by the GFP::H2B fusion protein and conducted 

the slide mating assay to examine the nuclear features inside the mating structures. The 

Gfp::H2b tagged MATa wild-type and crk1 mutant strains were respectively crossed 

with the MATa wild-type and crk1 mutant strains on slides coating with V8 agar and 

the whole mating process was monitored till 48 h. When the samples were incubated 

up to 48 h, four nuclei were identified at the tips of hyphae both in the wild-type and 

crk1 bilateral mutant crosses, indicating meiotic division also normally occurred in the 

crk1 mutant cross (Figure 1Aa, Ab, Ba and Bb). In addition, we also observed four 

chains of basidiospores with fluorescent nuclei both in the wild-type and crk1 bilateral 

mutant crosses (Figure 1Ac, Ad, Bc and Bd). These results indicate that nuclear features 
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in the fruiting structures including basidia are normal in the crk1 mutant cross. Since 

meiotic division and nuclear behavior are normal in the crk1 mutant, we further 

investigated whether recombinant progeny were normally produced in the crk1 mutant 

cross. The MATa wild-type strain and crk1 mutant were marked with same auxotrophic 

markers, ura5 lys2, and crossed with the MATa wild-type strain and crk1 mutant 

respectively. Mating samples were incubated on V8 agar medium at 26 C in the dark 

for 14 days and recombinant spores with lys2+ and ura5 were selected to determine the 

efficiency. The results showed that recombinant spores were obtained both from the 

wild-type and bilateral crk1 mutant crosses (Figure 1C). However, higher efficiency, 

182 ± 9%, in the bilateral crk1 mutant cross was observed when compared to the wild-

type cross. According to these results, we conclude that the nuclear features in the 

fruiting structures are intact in the crk1 mutant cross and recombination efficiency is 

increased due to the CRK1 mutation. 

3.2 C. neoformans CRK1 did not affect the expression of early stage mating related 

genes 

   When C. neoformans MATa and MAT mating type cells are co-cultured under 
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starvation conditions, mating differentiation is initiated. The extracellular peptide 

pheromones are sexual signals between the opposite mating cells. In response to mating 

partner and nutritional starvation, pheromone and its transporter are induced during the 

early stages of sexual development in C. neoformans (Hsueh and Shen, 2005; Shen et 

al., 2002). To examine the expression of CRK1 and the effects of CRK1 deletion and 

overexpression on mating related genes during sexual development process, RNA was 

isolated from mating cells of the wild-type, bilateral crk1 mutant and bilateral CRK1 

overexpression strain crosses at 0, 2, 6, 9,12, 24 and 48 h post incubation and subjected 

to quantitative real-time PCR analyses. We first determined the expression of MF 

pheromone gene. The results revealed that the MF transcript levels started to 

accumulate at early stage and reached the highest levels around 9 h in the wild-type and 

bilateral crk1 mutant crosses; however, the bilateral crk1 mutant cross showed slightly 

higher induction at early time points. Although the MF levels started to decrease after 

12 h in both cases, much higher MF levels, 138.41, 104.98 and 36.64-fold, were seen 

in the bilateral crk1 mutant cross till 48 h when compared to the wild-type cross, 86.33, 

46.88 and 23.85-fold (Figure 2B). In the bilateral CRK1 overexpression cross, proper 
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regulation of the MF pheromone gene was perturbed. The MF transcript decreased 

down to the basal levels from 9 to 48 h, 4.17, 2.6, 0.69 and 0.53-fold respectively. High 

MF level, 23.46-fold, was unexpectedly observed at 6 h (Figure 2B). On the other 

hand, the CRK1 expression level was also examined in these samples and no CRK1 

transcript was detected in the bilateral crk1 mutant cross. In the wild-type cross, CRK1 

expression stayed low and no dramatic change was detected throughout the whole 

process; however, reduction of CRK1 transcript at early mating stages was detected and 

its levels at 48 h returned to the level where mating started (Figure 2A). In the CRK1 

overexpression bilateral cross, higher CRK1 expression was found but its levels did not 

stay constant. Lower expression levels were found during early period, and the CRK1 

transcript level went up around 9 h and stayed at higher levels toward the end of mating 

process (Figure 2A). To further reveal the roles of CRK1 in mating, we determined the 

effects of CRK1 alteration on the expressions of other sexual development related genes, 

including GPA2, MAT 2, ZNF2, SXI1 and SXI2a (Hull et al., 2005; Hsueh et al., 2007; 

Lin et al., 2010). The results from the wild-type cross showed that the expression 

patterns of these genes all went up during mating process, but reached the highest levels 
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at different stages (Figure 2C–G). For example, the highest level of GPA2, a 

heterotrimeric G protein a subunit functioning upstream of the Cpk1 MAPK pheromone 

response pathway, was found around 24 h; the transcript level of ZNF2, a transcription 

factor required for hyphal growth during mating, peaked late at 48 h. Overall, similar 

expression profiles were also found in the bilateral crk1 mutant cross. No significant 

difference from 0 to 6 h was detected between the bilateral crk1 mutant cross and the 

wild-type cross. At 9 h, these genes were induced to high levels both in the wild-type 

and bilateral crk1 mutant crosses, but higher levels were seen in the wild-type cross. 

Interestingly, more dramatic induction of these genes was found in the bilateral crk1 

mutant cross after 12 h. All the genes we examined consistently showed higher 

expression levels in the bilateral crk1 mutant cross except the SXI1 gene at 48 h. On 

the other hand, overexpression of CRK1 exhibited more repressive effects on the 

expressions of these genes including MF pheromone. Starting from 9 h, extremely 

low transcript levels of these genes were consistently detected in the CRK1 

overexpression bilateral cross (Figure 2C–G). According to our gene expression 

analyses, we conclude that the Crk1 protein kinase is an important regulator of mating 
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process and genes involved in sexual differentiation are negatively regulated by CRK1. 

3.3 C. neoformans Crk1 was localized in the cytoplasm of yeast, hyphal and 

basidial cells 

To investigate the subcellular localization of the C. neoformans Crk1 protein, we 

constructed a fusion protein of Crk1 fused at its C‐terminus with mCherry protein and 

under constitutive GPD1 promoter. The PGPD1::CRK1-mCherry construct was 

transformed into MATa/ crk1/crk1 strain, together with a construct containing 

a GFP ::H2B fusion protein to visualize nuclei and Crk1 localization. We cultured the 

MATa/ crk1/crk1 PGPD1::GFP-H2B+ PGPD1::CRK1-mCherry strain in YPD and 

harvested after 16 hr incubation. Yeast cells were observed by fluorescence microscopy. 

Our results indicated that the Crk1 was localized at cytoplasm (Figure 3A). Moreover, 

the Gfp-H2b and Crk1-mCherry tagged MATa/ crk1/crk1 strain was spotted on SLAD 

agar medium containing 25 µg/ml calcofluor white. Cells were harvested form 18 hr 

and 48 hr for observation. Fluorescence microscopy showed that PGPD1::Crk1-mCherry 

localized with the red fluorescence signal indicating that the C. neoformans Crk1 was 
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also localized at cytoplasm of hyphal and basidium cells (Figure 3B and 3C), Therefore, 

our results demonstrated that C. neoformans Crk1 protein might be a cytoplasm protein. 

3.4 Dikaryotic filamentation was altered but nuclear distribution was normal in 

the mating structures of C. neoformans bilateral crk1 mutant cross 

C. neoformans CRK1 is a negative regulator of sexual reproduction. Sexual 

reproduction efficiency in the bilateral crk1 mutant cross is increased and the 

production of basidiospores occurs earlier than the wild-type cross. Furthermore, 

dikaryotic filaments at the edges of the mating colony are shorter in the bilateral crk1 

mutant cross than the wild-type (Liu and Shen, 2011). To further investigate the detailed 

developmental features in the bilateral crk1 mutant cross and whether nuclear 

distribution in the dikaryotic filaments of the mutant cross is affected, we used the GFP-

H2B-tagged MATa wild-type and crk1 mutant strains, as previously described (Liu and 

Shen, 2011), to cross with the MAT wild-type and crk1 mutant strains, respectively. 

Bisexual mating was monitored every 2 hr up to 72 hr. On time-lapse observation, the 

length of dikaryotic filaments did not differ between the wild-type and bilateral crk1 

mutant crosses at the edge of mating colonies at 16 hr (Figure 4). Two GFP-tagged 

nuclei were observed in each hyphal cell in both the wild-type and bilateral crk1 mutant 



doi:10.6342/NTU202004095

 

 31 

crosses, and the morphology of dikaryotic filaments was maintained in a straight 

structure (Figure 5A and 5B). However, at 18 hr, the filament density on the surface of 

mating colonies was increased far more in the bilateral crk1 mutant cross than the wild-

type, and the length of dikaryotic filaments at the edge of mating colonies was slightly 

shorter in the mutant cross than the wild-type (Figure 4b). Furthermore, some aerial 

hyphae differentiated to generate basidia in the bilateral crk1 mutant cross, and two 

GFP-labeled nuclei moved to the basidium (Figure 5B). In contrast, in the wild-type, 

the morphology of dikaryotic filaments remained straight, with no basidia observed 

(Figure 5A). In the bilateral crk1 mutant cross, from 20 to 24 hr, the growth of 

dikaryotic filaments at the edge of mating colonies seemed to cease and the length was 

generally shorter when compared to the wild-type cross (Figure 4c~e). At the same time, 

GFP-labeled nuclei in the bilateral crk1 mutant cross underwent nuclear fusion and 

meiosis and generated four nuclei (Figure 5B); four long chains of basidiospores were 

apparently observed at 36 hr and continuously until 72 hr (Figure 5B). However, basidia 

emerged until 36 hr in the wild-type cross, then completed nuclear fusion and meiosis, 

and four long chains of basidiospores were observed at 48 hr and up to 72 hr (Figure 
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5A). Thus, during bisexual mating, the morphology of dikaryotic filaments and nuclei 

distribution did not differ between the wild-type and crk1 mutant. However, basidial 

formation, meiosis and the production of basidiospores were earlier in the bilateral crk1 

mutant cross than the wild-type by approximately 18 hr. 

   Despite no change in the length of dikaryotic filaments between the wild-type and 

the bilateral crk1 mutant cross before 18 hr, afterward, two genotypes showed distinct 

lengths of dikaryotic filaments. Therefore, by using clamp cells stained with calcofluor 

white, we compared dikaryotic filaments between the wild-type and bilateral crk1 

mutant crosses at 13 and 17 hr. The GFP-H2B-tagged MATa wild-type and crk1 strains 

were crossed with MAT wild-type and crk1 mutant strains, respectively, on SLAD 

agar medium containing 25 µg/ml calcofluor white. The intact fused clamp cells 

emerged from dikaryotic filaments in both the wild-type and bilateral crk1 mutant cross 

at 13 and 17 hr (Figure 6). At 13 hr, only one fused clamp was produced, and we 

measured the length from the tip of dikaryotic filaments to the junction of the yeast cell, 

which in the wild-type was a mean of 20.04 ± 4.6 μm and in the bilateral crk1 mutant 

cross was 19.57 ± 3.73 μm. Then at 17 hr, the extended and straight dikaryotic filaments 
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generated two fused clamp cells in both the wild-type and bilateral crk1 mutant crosses. 

However, the length of dikaryotic filaments differed: the mean length in the wild-type 

was 80.1 ± 7.22 μm and in the bilateral crk1 mutant cross was 38 ± 6.47 μm. 

   Collectively, our detailed cytological characterization revealed that short dikaryotic 

filament phenotype exhibited by the crk1 mutant was due to reduced length of the 

hyphal segment after 13 hr incubation but nuclear distribution and behavior were 

unaltered inside the mating structures, suggesting that progression of dikaryotic 

filamentation and further transition to basidium might be mediated by C. neoformans 

Crk1 (Liu and Shen, 2020). 

3.5 C. neoformans CRK1 repressed the expression of genes related to cell fusion, 

filamentation, karyogamy and meiosis in bisexual mating process 

    The Cpk1 MAPK cascade is one of the key signaling pathways that governs 

pheromone transduction, cell fusion, and dikaryotic filament emergence in C. 

neoformans. To determine the effect of C. neoformans CRK1 mutation on the 

expression of the genes involved in the Cpk1 MAPK signaling pathway, dikaryotic 

filamentation, and fruiting structure development, we conducted gene expression 
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analyses in the wild-type and crk1 mutant. Because we determined the morphological 

features of the wild-type and crk1 mutant in dikaryotic filamentation from 16 hr to 72 

hr during bisexual mating, mating samples at 0, 12, 14, 16, 18, 20, 22 and 24 hr post-

incubation on V8 medium were selected for gene expression study and analyzed by 

real-time qRT-PCR. In the wild-type, CRK1 expression was maintained at low levels 

from 12 to 24 hr, and the lowest mean mRNA expression for CRK1 was 0.66 ± 0.11-

fold at 12 hr but gradually increased and peaked at 1.62 ± 0.04-fold at 18 hr (Figure 

7A). 

   C. neoformans MAT2 gene is a major transcription factor that regulates pheromone 

production and stimulates cell fusion (Lin et al., 2010). We next examined the MAT2 

expression pattern in the wild-type and bilateral crk1 mutant crosses. The MAT2 

expression was higher in the bilateral crk1 mutant cross than the wild-type from 12 to 

24 hr. The mean level of MAT2 in the wild-type was 48.49 ± 3.9-fold at 12 hr, then 

peaked at 88.58 ± 13.7-fold at 20 hr. However, the mean mRNA level of MAT2 in the 

bilateral crk1 mutant cross was 79.03 ± 16.02-fold at 12 hr and the peak expression was 

208 ± 39.69-fold at 18 hr. After 18 hr, the mRNA level of MAT2 decreased (Figure 7B). 
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   C. neoformans ZNF2 gene is the major transcription factor that regulates filament 

development and also induces PUM1 to generate aerial hyphae during bisexual mating 

(Wang et al., 2014) ZNF2 expression was upregulated in the bilateral crk1 mutant cross 

as compared with the wild-type, with peak level of 53.87 ± 7.89-fold at 18 hr (Figure 

7C). In contrast, the level of ZNF2 peaked at 18.86 ± 2.52-fold at 20 hr in the wild-type 

but remained significantly lower than that for the bilateral crk1 mutant cross (Figure 

7C). The wild-type and bilateral crk1 mutant cross did not differ in the level of PUM1 

at 12 hr (94.33 ± 5.91-fold and 86.97 ± 26.56-fold) and 14 hr (83.28 ± 9.63-fold and 

105.82 ± 41.05-fold) (Figure 7D). At 16 and 18 hr, PUM1 expression increased 

significantly in the bilateral crk1 mutant cross and peaked at 18 hr (217.9 ± 45.8-fold). 

The peak expression for PUM1 in the wild-type was at 20 hr (176.61 ± 14.06-fold) 

(Figure 7D). Furthermore, both ZNF2 and PUM1 expression was downregulated in the 

bilateral crk1 mutant cross after 18 hr (Figure 7C and 7D). 

   We also assessed the transcript levels of karyogamy- and meiotic-related genes 

KAR7 and DMC1. In the wild-type, the level of KAR7 was stable from 12 to 18 hr, then 

increased at 20 hr (2.35 ± 0.11-fold). In the bilateral crk1 mutant cross, the expression 
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level of KAR7 was elevated earlier than the wild-type at 16 and 18 hr but decreased 

from 20 to 24 hr (Figure 7E). The expression of DMC1 in the wild-type initially showed 

no significant changes from 12 to 18 hr but increased at 20 hr and peaked at 22 hr 

(265.578 ± 79.15-fold)(Figure 7F). In the bilateral crk1 mutant cross, DMC1 expression 

was similar to that of the wild- type at 12 and 14 hr. However, the expression markedly 

increased at 16 hr and continuously increased until 24 hr (Figure 7F). Hence, our gene 

expression results showed that mutation of CRK1 resulted in upregulation of cell 

fusion-, filamentation-, karyogamy- and meiotic-related genes at about 16 to 18 hr 

during bisexual mating, indicating C. neoformans CRK1 played important roles in 

regulating various bisexual differentiation processes (Liu and Shen, 2020). 

3.6 The expression of CRK1 was decreased in the bilateral gpb1, ras1 and mat2 

mutant cross 

   In this research, we confirm that MAT2 expression was increased in the bilateral 

crk1 mutant cross. Our study showed that CRK1 overexpression downregulates the 

transcript level of MAT2 during bisexual mating (Figure 2). To further assess the 

relation between CRK1 and G protein and Cpk1 MAP kinase pathway, we generated 
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the crk1gpb1, crk1ras1 and crk1mat2 double mutant for phenotypic and gene 

expression analyses. Unilateral and bilateral crosses of the gpb1, ras1, mat2, crk1, and 

crk1gpb1, crk1ras1, crk1mat2 mutant strains were examined on V8 medium for 24 hr. 

Dikaryotic filaments were observed in the bilateral crk1 mutant cross but were reduced 

under gpb1, ras1 and mat2 deletion dramatically (Figure 8A, Figure 11 and Figure 12). 

Dikaryotic filaments in both unilateral and bilateral crk1gpb1, crk1ras1 and crk1mat2 

double mutants were also reduced, even when the crk1mat2 double mutant was crossed 

with the crk1 mutant strain (Figure 8A, Figure 11 and Figure 12). Furthermore, we 

examined CRK1 and MAT2 expression in the wild-type and crk1, mat2 and crk1mat2 

double mutant during bisexual mating on V8 medium at 0, 6, 18 and 24 hr. MAT2 

mRNA level was not detected in the bilateral mat2 or crk1mat2 double mutant cross, 

and CRK1 was not detected in the bilateral crk1 or crk1mat2 double mutant cross. In 

the bilateral crk1 mutant cross, the level of MAT2 was similar to that in the wild-type 

at 6 hr but then became higher than in the wild-type (Figure 8B), as also demonstrated 

in Figure 3B. Interestingly, the level of CRK1 was downregulated in the bilateral mat2 

mutant cross (Figure 8C). 



doi:10.6342/NTU202004095

 

 38 

    Because the mRNA level of CRK1 was decreased in the bilateral mat2 mutant 

cross, we further assessed the effect of MAT2 overexpression on the CRK1 level during 

bisexual mating. MAT2 overexpression was constructed in the C. neoformans MAT 

strain, and bisexual mating was conducted on V8 medium for 24 hr. Profuse filaments 

were observed around the edge of mating colonies in the MAT PGPD1::MAT2 strain 

cross in comparison with the wild-type cross (Figure 9A). The mRNA level of MAT2 

was greatly elevated in the MAT PGPD1::MAT2 strain (Figure 9B). The expression of 

SXI1, a downstream target of MAT2 (Lin et al., 2010), was also increased markedly 

at 0 and 24 hr and was significantly higher than in the wild-type (Figure 9C). The 

mRNA level of CRK1 at 0 and 24 hr was higher than in the wild-type (Figure 9D). Thus, 

mutation of MAT2 blocked dikaryotic filamentation of the crk1 mutants during the 

bisexual mating process; however, C. neoformans MAT2 likely regulated CRK1 at the 

transcription level (Liu and Shen, 2020). 

3.7 Deletion of C. neoformans ZNF2 gene blocked filamentation of crk1 mutant 

cross 

   C. neoformans ZNF2 is a positive regulator for filament generation; deletion of 



doi:10.6342/NTU202004095

 

 39 

ZNF2 abolished the formation of dikaryotic filaments (Lin et al., 2010; Wang et al., 

2012). Previously, the expression of ZNF2 was found negatively regulated by CRK1 

during bisexual mating. To assess whether crk1 deletion could restore filamentation in 

the znf2 mutant during bisexual differentiation, we generated the crk1znf2 double 

mutant to examine the bisexual mating phenotype and compared with the wild-type, 

crk1 and znf2 crosses. As previously described, abundant filaments were seen in the 

crk1 cross, and filamentation was blocked in the bilateral znf2 mutant cross. Similarly, 

no dikaryotic filaments were observed in the bilateral crk1znf2 mutant cross and ZNF2 

mutation blocked the filamentation phenotype of znf2 mutant (Figure 10A). 

   To further determine the relation between CRK1 and ZNF2, we examined the 

expression of CRK1 in the wild-type and znf2 deletion strains during bisexual mating 

on V8 medium for 6, 18 and 24 hr. MF pheromone gene is a positive indicator for 

bisexual mating process. The MF expression was upregulated, peaked at 18 hr in the 

znf2 cross and then decreased at 24 hr. In contrast, the expression of MF was lower in 

the wild-type than the znf2 cross (Figure 10B) as previously described (Lin et al., 2010). 

The mRNA levels of CRK1 did not differ between the wild-type and znf2 cross (Figure 
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12C). Our results suggested that CRK1 was not regulated by ZNF2, and deletion of the 

negative regulator CRK1 did not restore filamentation in the znf2 mutant background 

(Liu and Shen, 2020). 

3.8 Gat1 and Rgm1 contains the predicted Crk1 consensus phosphorylation site 

   C. neoformans CRK1 is a homologue of S. cerevisiae IME2 gene. The IME2 

phosphoacceptor consensus sequence R-P-X-S/T-R/P/A was characterized and 

predicted in several fungal species, including N. crassa and C. neoformans (Howard et 

al., 2014; Hutchison et al., 2010; Hutchison et al., 2012). To predict the putative 

phosphorylation targets of C. neoformans Crk1, we used a bioinformatic strategy to 

search the C. neoformans JEC21 database for proteins that contain the modified S. 

cerevisiae Ime2 phosphorylation consensus sequence R-P-X-S/T-R/P/A. Overall, 651 

putative phosphorylation targets of Crk1 were predicted from the C. neoformans JEC21 

genome and proteins containing DNA binding motif were further selected. From the C. 

neoformans JEC21 transcription factor database, 22 genes predicted as transcription 

factors were further identified, and these homologous genes in C. neoformans H99 were 

identified (Table 3). One of the candidate gene is CNH00870, which contained four 
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putative Crk1 phosphorylation site. Nitrogen starvation is one of the conditions that 

induces bisexual mating in C. neoformans (Kozubowski et al., 2012). The GATA type 

transcription activator Gat1 was predicted as a putative Crk1 phosphorylated substrate 

in our bioinformatic survey. C. neoformans GAT1 is homologous to N. crassa nit2 and 

Schizosaccharomyces pombe gaf1, the regulators of nitrogen metabolism (Won et al., 

1999; Kmetzsch et al., 2011; Kim et al., 2012). C. neoformans Gat1 contains the GATA 

zinc-finger domain at the C-terminus (1186 to 1230 aa), and the putative IME2 

phosphorylation consensus sequence was predicted at RPGT*1164. Previous studies 

indicated that GAT1 has a negative function for bisexual mating in C. neoformans H99 

(Lee et al., 2011; Jung et al., 2015). We further tested its function for bisexual 

differentiation in C. neoformans JEC21 and a genetic association with C. neoformans 

CRK1. 

3.9 Deletion of C. neoformans RGM1 gene resulted in bisexual mating defect 

   The C. neoformans CNH00870 was a zinc finger transcription factor, which is 

homologous to S. cerevisiae RGM1 gene. To dissect the function of RGM1 in bisexual 

mating, we generated rgm1 deletion strains by double-joint PCR in both MATa and 
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MAT wild-type strains. Bisexual mating assay for the unilateral and bilateral rgm1 

mutant crosses was conducted on V8 medium in the dark. After 24-hr incubation, the 

dikaryotic filaments around the edge of mating mixture was defected in the unilateral 

rgmt1 cross and no filaments were obviously seen in the bilateral rgm1 cross as 

compared with the wild-type cross (Figure 13A). The C. neoformans RGM1 might play 

a positive role in bisexual mating. 

3.10 Deletion of GAT1 enhanced pheromone expression and increased aerial 

hyphae formation 

   To dissect the function of GAT1 in bisexual mating, we generated gat1 deletion 

strains by double-joint PCR in both MATa and MAT wild-type strains. 

Complementation of the mutant strains with the wild-type GAT1 gene was also 

constructed. Bisexual mating assay for the unilateral and bilateral gat1 mutant crosses 

was conducted on V8 medium in the dark. After 24-hr incubation, the abundance of 

dikaryotic filaments around the edge of mating mixture was slightly enhanced in the 

unilateral gat1 cross and more profuse filaments were obviously seen in the bilateral 

gat1 cross as compared with the wild-type cross (Figure 14A). Increased filamentation 
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was similarly observed in the bilateral crk1 mutant cross, however, filaments were 

longer in the bilateral gat1 mutant cross than bilateral crk1 mutant cross. Furthermore, 

profuse aerial hyphae were generated in the bilateral gat1 mutant cross on the surface 

of mating mixture, which was similar to the bilateral crk1 mutant cross (Figure 14B). 

Bisexual mating is enhanced in the gat1 mutants, and we were also interested in 

examining if the mutation of GAT1 affects monokaryotic filamentation. C. neoformans 

MATα wild-type, gat1 mutant, gat1+GAT1 reconstitution strains and PGPD1::GAT1 

overexpression strains were tested for this assay. To our surprise, monokaryotic 

filamentation was blocked in the MATα gat1 mutant and this defect was fully reverted 

in the MATα gat1 + GAT1 reconstitution strain (Figure 15). 

   To investigate how C. neoformans GAT1 gene is involved in the signaling networks 

of mating process, the wild-type and gat1 bilateral mutant crosses were conducted on 

V8 medium, and mating cells were harvested at 12, 14, 16, 18, 20, 22 and 24 hr for 

gene expression studies by real-time qRT-PCR. The expression of GAT1 in the wild-

type cross was 3.88 ± 0.12-fold at 12 hr and reached to the highest expression level, 

5.72 ± 0.4-fold, at 20 hr (Figure 16A). The mRNA level of MF in the wild-type cross 
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was elevated during mating process, peaked at 18 hr and then decreased afterwards 

(Figure 16B). MF expression was increased greatly since 12 hr in the bilateral gat1 

mutant cross and maintained at high levels till 24 hr. In addition, we further analyzed 

the mRNA levels of MAT2 and PUM1 to correlate the pheromone expression and aerial 

hyphae formation. Interestingly, the expression levels of MAT2 between the wild-type 

and bilateral gat1 mutant cross were similar at 12 and 14 hr, but were increased since 

16 hr in the bilateral gat1 mutant cross (Figure 16C). The expression of PUM1 was 

generally increased in the bilateral gat1 mutant cross as compared with the wild-type 

cross and significantly up-regulated at 24 hr (Figure 16D). Thus, according to 

phenotypic and expression analysis, C. neoformans GAT1 also played a negative role 

in the regulation of mating-related genes and deletion of GAT1 resulted in abundant 

aerial hyphae formation (Liu and Shen, 2020). 

3.11 The C. neoformans crk1gat1 mutants phenocopied the crk1 mutant in bisexual 

mating 

    As we suggested before that Crk1 may phosphorylate Gat1 to regulate bisexual 

mating in C. neoformans, we further generated the crk1gat1 mutants to further dissect 
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the genetic relationship between CRK1 and GAT1 in bisexual mating. The bilateral 

crk1gat1 mutant cross were conducted on V8 medium in the dark. After 24 hr 

incubation, short dikaryotic filaments at the edge of mating colonies were observed as 

the bilateral crk1 mutant cross and basidia also emerged both in the bilateral crk1 and 

crk1gat1 mutant cross (Figure 17A and 17B). We also further examined the expression 

levels of MF and MAT2 genes. The wild-type, bilateral gat1 mutant, crk1 mutant and 

crk1gat1 mutant crosses were incubated on V8 medium and mating cells were 

harvested at 18 and 24 hr for real-time qRT-PCR analyses. As shown in Figure 18A and 

18B, MF and MAT2 expression levels in the bilateral crk1 and crk1gat1 mutant 

crosses were higher than those in the wild-type and gat1 mutant crosses. The transcript 

levels of MF in the bilateral crk1gat1 mutant cross were higher than those of the crk1 

mutant cross both at 18 and 24 hr (1691.79 ± 204.8 fold at 18 hr and 924.01 ± 99.17 

fold at 24 hr for the bilateral crk1gat1 mutant cross, and 1163.13 ± 93.22 fold, and 

604.53 ± 126.2 fold for the bilateral crk1 mutant cross). The transcript levels of MAT2 

at 18 hr in the bilateral crk1 and crk1gat1 mutant crosses were higher than those of the 

wild-type and bilateral crk1 mutant crosses. MAT2 expression level in the bilateral 
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crk1gat1 mutant cross was also higher in comparison to the bilateral crk1 mutant cross. 

The C. neoformans CSA1 gene is a key regulator for basidial formation (Liu et al., 

2018), and DMC1 is responsible for meiotic process. As expected, these two genes were 

expressed at the similar levels in the bilateral crk1 and crk1gat1 mutant crosses at 18 

and 24 hr, but significantly higher than the wild-type and bilateral gat1 mutant crosses 

(Figure 18C and 18D). Altogether, GAT1 and CRK1 regulated the expression of mating-

related genes and both genes may function in the same signaling pathway (Liu and Shen, 

2020). 

3.12 The predicted IME2 consensus phosphorylation site contributed negative 

regulation of Gat1 in bisexual mating 

   C. neoformans Gat1 was predicted as a putative phosphorylation substrate of Crk1 

and contained the Ime2 consensus phosphorylation site RPGT*1164. To test whether this 

site was important for Gat1 function to regulate bisexual mating, we conducted site-

directed mutagenesis to create a gat1 phospho-null allele with the Ime2 consensus 

phosphorylation site RPGT*1164 mutated to RPGA*1164, and also a gat1 phosphomimetic 

allele with RPGD*1164. The bilateral GAT1T1164A or GAT1T1164D mutant crosses were 
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conducted on V8 medium for 24 hr and compared with the wild-type and bilateral gat1 

mutant crosses. In the bilateral GAT1T1164A cross, the abundance of dikaryotic filaments 

and aerial hyphae were similar to that in the bilateral gat1 mutant cross (Figure 14B). 

For gene expression, GAT1 expression was not detected in the bilateral gat1 mutant 

cross. However, the expression levels at 24 hr were similarly up-regulated in the wild-

type, bilateral crk1 mutant cross and bilateral GAT1T1164A cross (8.81±0.4-, 10.08±0.83- 

and 8.25±1.63-fold, respectively) (Figure 26A). MF expression was upregulated in 

the bilateral crk1, gat1, and GAT1T1164A mutant crosses in comparison to the wild-type 

cross (Figure 26B). 

   On the other hand, the MATa and MAT wild-type strains or crk1 mutants 

containing the gat1 phosphomimetic allele were used to conduct bisexual mating on V8 

medium and filamentation was assessed and compared with the wild-type and bilateral 

crk1 mutant crosses at 16 hr and 24 hr. In the bilateral GAT1T1164D mutant cross, 

dikaryotic filaments were dramatically repressed at 16 hr and 24 hr as compared to the 

wild-type cross (Figure 24A). Gene expression studies revealed that the GAT1 mRNA 

levels at 18 hr and 24 hr in the cross of GAT1 phosphomimetic strains showed no 
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significant difference when compared to the wild-type and bilateral crk1 mutant cross 

(Figure 25A). In contrast, the transcript levels of MF and MAT2 were all significantly 

reduced (Figure 25B and 25C). In the bilateral crk1+ GAT1T1164D mutant cross, 

dikaryotic filaments at the edge of the mating mixture were less as compared to the 

bilateral crk1 mutant cross both at 16 hr and 24 hr, but still more than wild-type cross 

(Figure 24A). Interestingly, the detailed features in the crk1+ GAT1T1164D mutant cross 

mimicked those in the crk1 cross. Dikaryotic filaments were shorter and basidia could 

be seen at 24 hr; however, the amount of basidia in the crk1+ GAT1T1164D mutant cross 

was less than the bilateral crk1 cross (Figure 24B). Furthermore, the GAT1 mRNA 

levels at 18 hr and 24 hr in the cross of crk1+ GAT1T1164D mutants were also comparable 

to the levels in the wild-type and bilateral crk1 mutant cross (Figure 25A). The 

expression levels of MF and MAT2 in the crk1+ GAT1T1164D mutants cross were 

reduced as compared to the crk1 mutants cross, but still maintained at high levels in 

comparison to the wild-type cross (Figure 25B and 25C). The expression levels of CSA1 

for basidial formation and DMC1 for meiosis were similarly down-regulated in the 

crk1+ GAT1T1164D mutants cross when compared to the crk1 mutant cross (Figure 25D 
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and 25E). Taken together, our results demonstrated that the Ime2 consensus 

phosphorylation site of Gat1 was essential for the proper regulatory function of Gat1 in 

bisexual mating (Liu and Shen, 2020). 

3.13 Deletion of GAT1 resulted in partial dikaryotic filamentation under CRK1 

overexpressed strain background 

   Previous study showed that CRK1 overexpression represses the formation of 

dikaryotic filament and also reduces the expression levels of the mating-related genes 

(Liu and Shen et al., 2011). In this study, we revealed that GAT1 may be one of the 

downstream targets of CRK1. We hypothesized that deletion of GAT1 under the CRK1 

overexpression background may restore the production of dikaryotic filament. To 

address this question, we deleted the GAT1 gene in the MATa and MAT CRK1 

overexpression strains and bisexual mating was then conducted on V8 medium. After 

24-hr incubation, dikaryotic filamentation was repressed dramatically in the bilateral 

cross of CRK1 overexpression strains (Figure 22). As expected, filamentation was 

partially restored in the bilateral cross involved the MATa and MAT CRK1 

overexpression + gat1 mutants. However, and the level of filamentation was much less 
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than those observed in the wild-type and bilateral gat1 mutant cross (Figure 22). 

Gene expression analysis was further performed to confirm the phenotypic 

observation. Mating samples were harvested at 18 and 24 hr and the transcript levels of 

MF and MAT2 were examined. At 18 and 24 hr, the MF expression levels, 56 ± 

12.93 and 39.8 ± 8.57 fold respectively, in the bilateral CRK1 overexpression + gat1 

mutant cross were higher than those in the bilateral CRK1 overexpression cross (15.9 ± 

4.69 fold and 6.7 ± 1.6 fold) (Figure 23A). The MAT2 mRNA levels, 21.6 ± 0.97 fold 

at 18 hr and 28.9 ± 5.59 fold at 24 hr, in the bilateral CRK1 overexpression + gat1 

mutant cross were also higher than those in the bilateral CRK1 overexpression cross 

(11.5 ± 1.26 fold at 18 hr and 12.9 ± 1.65 fold at 24 hr) (Figure 23B). However, the 

expression levels of these two mating-related genes in the bilateral CRK1 

overexpression + gat1 mutant cross were not as high as the levels seen in the wild-type 

and bilateral gat1 mutant crosses (Figure 23A and 23B). Taken together, our results 

demonstrated that deletion of GAT1 can only partially restore the repression of 

dikaryotic filamentation and gene expression conferred by CRK1 overexpression, 

suggesting that Gat1 may not be the only downstream target of Crk1 to regulate bisexual 
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mating (Liu and Shen, 2020). 

3.14 C. neoformans CRK1 coordinates with GAT1 to repress bisexual 

differentiation 

   According to our previous results, deletion of C. neoformans GAT1 enhanced the 

formation of dikaryotic filaments and increased the mRNA level of MF pheromone 

gene. To examine the effect of GAT1 overexpression on bisexual differentiation, we 

expressed GAT1 under the C. neoformans GPD1 constitutive promoter in the JEC20 

and JEC21 strains. The GAT1 transcript level was markedly increased in the bisexual 

cross of GAT1 overexpression strains (Figure 20A). However, no discernible phenotype 

was observed when compared to the wild-type cross (Figure 19), and MF expression 

level was similar to that in the wild-type cross (Figure 20B). Hence, overexpression of 

GAT1 possibly had no effect on bisexual mating. 

   Previous studies demonstrated that the degree of bisexual mating inhibition depends 

on CRK1 expression (Liu and Shen et al., 2011). To examine whether overexpression 

of GAT1 required the proper level of CRK1 to exhibit the filament inhibition phenotype, 

we tried to elevate the expression levels of CRK1 and GAT1 under the GPD1 promoter 
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in the MAT crk1 strain. We transformed PGPD1::CRK1 plasmid into the MAT crk1 

mutant and selected the transformants which showed filamentation phenotypes like the 

wild-type strains when crossed with the MATa wild-type or crk1 mutant strain. We then 

further transformed PGPD1::GAT1 construct into the MAT crk1+PGPD1::CRK1 strain to 

generate the MAT crk1+PGPD1::CRK1+ PGPD1::GAT1 strain. Bisexual mating was 

conducted on V8 agar medium for 24 h. Dikaryotic filamentation of the MAT 

crk1+PGPD1::CRK1 was similar to that in the wild-type and MAT crk1 unilateral 

mutant cross (Figure 21A, 21B and 21C), and the mRNA levels of GAT1 and MF in 

the MAT crk1+PGPD1::CRK1 unilateral cross were similar and those in the wild-type 

cross (Figure 26A and 26B). Interestingly, dikaryotic filamentation was greatly 

decreased in the MAT crk1+PGPD1::CRK1+PGPD1::GAT1 strain (Figure 21D), and the 

expression level of MF was significantly decreased in the MAT crk1+PGPD1::CRK1+ 

PGPD1::GAT1 cross (Figure 26B). Thus, C. neoformans CRK1 likely coordinated with 

GAT1 to negatively regulate the process of bisexual mating (Liu and Shen, 2020). 
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Chapter 4 

Discussion 

The evolutionarily flexible functions of fungal Ime2/Crk1 kinases reported in 

several fungal species play an important role in sexual differentiation and also regulate 

programmed cell death, endosome motility, extracellular protease activity, mycotoxin 

production, and cellulase production (Hutchison et al., 2010; Hutchison et al., 2012; 

Bielska et al., 2014) . Although the conserved Ser/Thr domain of C. neoformans Crk1 

shared 59% identity with U. maydis Crk1, the role of Crk1 in the filamentation of two 

fungi are quite different (Liu and Shen, 2011). U. maydis Crk1 plays a positive role in 

filamentation, which is in contrast to the negative role of C. neoformans Crk1. This 

opposite role was also discovered in two model ascomycetes S. cerevisiae Ime2 and A. 

nidulans ImeB (Schindler et al., 2003; Bayram et al., 2009). Previous studies indicated 

that C. neoformans CRK1 plays a negative role in cell fusion and pheromone expression 

in bisexual mating (Liu and Shen, 2011). In this study, we provided detailed observation 

for dikaryotic filamentation and demonstrated that the formation of basidia and 
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basidiospores in the bilateral crk1 mutant cross was earlier than the wild-type cross 

approximately 18 hrs. The length of dikaryotic filaments in the bilateral crk1 mutant 

cross was shorter but still maintained typical fused clamp cells and normal nuclear 

distribution. Taken together, our results revealed that C. neoformans CRK1 was 

involved in maintaining proper dikaryotic filamentation and modulating the occurrence 

of karyogamy and meiosis to regulate accurate chronology in bisexual mating process. 

By bioinformatic search for the C. neoformans genes containing Ime2 consensus 

phosphorylation RPGT1164 site, we identified the GAT1 gene as a putative target of C. 

neoformans Crk1. Our functional studies revealed that GAT1 played a negative role in 

the transcription of MAT2 and pheromone production, and the crk1gat1 double mutant 

strain phenotypically copied the mating phenotypes of the crk1 mutant in bisexual 

differentiation. Mutations of RPGT1164 in Gat1 resulted in dramatic phenotypes of 

bisexual mating, indicating that RPGT1164 sequence played an important function of 

Gat1 and was essential for proper regulation of bisexual mating. We demonstrated that 

both C. neoformans CRK1 and GAT1 formed a regulatory circuit to negatively modulate 

MAT2 and potential other unidentified targets for pheromone production and other 
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processes in bisexual mating. 

   It is interesting to observe shorter dikaryotic filaments and earlier basidium 

formation associated with the crosses involved crk1 mutants. Early basidium formation 

was also reported in the C. neoformans mutant deleting the microtubule binding BIM1 

gene; however, mutation of BIM1 also results in loss of filament integrity (Staudt et al., 

2010). In contrast to the bim1 mutant, the features of dikaryotic filaments in the bilateral 

crk1 mutant cross, such as straight filament and typical clamp cell, did not differ from 

those in the wild-type cross (Figure 5). Moreover, the localization and distribution of 

nuclei in the bilateral crk1 mutant cross were the same as the wild-type cross. These 

findings suggest that the involvement of C. neoformans CRK1 gene in sexual 

development might be different from the BIM1 gene. 

Mitotic progression is one of the mechanisms affecting cell size or filamentation 

in fungi (Tobe et al., 2009; Haase and Wittenberg, 2014). Studies of the cell cycle 

machinery in S. pombe provide some insights for our study (Novak et al., 1998). The S. 

pombe wee1 gene is a mitotic inhibitor that controls G2/M transition. Deletion of the 

wee1 gene decreases the period in G2 phase and causes early entry into mitosis, thus 
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the cell size of wee1 mutant is smaller than the wild-type (Kellogg, 2003). Recently, the 

S. pombe wee1 homologues were identified in other fungi, such as U. maydis wee1 and 

Beauveria bassiana wee1. Mutation of wee1 results in short filaments in U. maydis and 

B. bassiana (Sgarlata and Pérez-Martín, 2005; Qiu et al., 2015). Furthermore, S. pombe 

cdc13 gene is an important B-type cyclin that promotes G2 phase to enter mitosis during 

cell cycle (Bueno et al., 1991; Sveiczer et al., 2000). In U. maydis, overexpression of 

clb2, the S. pombe cdc13 homologue, also results in shorter G2 phase and smaller cell 

size (Garcia-Muse et al., 2004). We assume that C. neoformans Crk1 may also regulate 

cell cycle transition. Preliminary bioinformatic survey in C. neoformans genome 

revealed the wee1 homologues, CNG02130 and CNG03960, and several putative 

kinases which are related to cell cycle progression may be potential substrates of Crk1. 

The phenotypes exhibited by the crk1 mutants may be caused by unscheduled cell-cycle 

progression. Whether Crk1 is involved in cell cycle progression in C. neoformans and 

how it connects to the sexual processes such as dikaryotic filamentation and basidium 

formation require further investigation. 

   The expression of CRK1 is lower during early stage of bisexual mating process (Liu 
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and Shen, 2011). We confirmed similar results in this study and also found the CRK1 

mRNA level was slightly elevated between 16 to 18 hr post-incubation (Figure 7). Thus, 

CRK1 may play a significant role during post-mating and dikaryotic filamentation stage. 

To further reveal the role of CRK1 in bisexual mating process, we determined the 

expression of genes related to mating, filamentation, karyogamy, and meiosis in the 

bilateral crk1 mutant cross. The expression of these genes was increased in the bilateral 

crk1 mutant cross, which is consistent with previous conclusion that CRK1 has a 

negative role in bisexual mating. Furthermore, as the CRK1 mRNA level increased 

around 18 hr in the wild-type cross, the expression of all the genes tested was also 

increased greatly at this stage in the bilateral crk1 mutant cross (Figure 7). Elevated 

mRNA levels of KAR7 and DMC1 supported the phenotypic observation of early 

initiation of karyogamy and meiosis in the bilateral crk1 mutant cross (Figure 5 and 

Figure 7E and 7F). These findings indicated that the C. neoformans CRK1 gene might 

regulate multiple signal transduction events in bisexual mating. 

    MAT2 and ZNF2 are two major transcriptional regulators that control cell fusion 

and filamentation in C. neoformans. We further addressed the genetic relationship 
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between CRK1, MAT2 and ZNF2. It was hypothesized that deletion of the negative 

regulator CRK1 could bypass the non-filamentation phenotype in the bilateral mat2 or 

znf2 mutant cross. Interestingly, dikaryotic filamentation was blocked in the bilateral 

znf2crk1 double mutant cross (Figure 10A); however, the expression level of CRK1 was 

not altered in the bilateral znf2 mutant cross (Figure 10B). These findings suggested 

that C. neoformans ZNF2 possibly functioned downstream of CRK1 in bilateral mating, 

thus resulting in non-filamentation phenotype in the bilateral crk1znf2 mutant cross. In 

addition, dikaryotic filamentation was also blocked in the bilateral mat2crk1 mutant 

cross; however, the expression of CRK1 was decreased significantly in the bilateral 

mat2 mutant cross and increased in the MAT2-overexpressed strain cross (Figure 8 and 

Figure 9B). In S. cerevisiae, IME1 activates the expression of IME2 at the initiation 

stage of meiosis, and then phosphorylation of Ime1 by Ime2 leads to the degradation of 

Ime1 for the completion of meiotic process (Mitchell et al., 1990; Smith et al., 1990; 

Guttmann-Raviv et al., 2002). Previous study showed that C. neoformans Mat2 

regulates pheromone responsive genes by binding to the pheromone response element 

(PRE; AAAGAACAAAAAGACA) in their promoter (Kruzel et al., 2012). An 
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example is the C. neoformans GPA3 gene which contains one PRE element at its 

promoter sequence and acts a negative regulator of sexual differentiation (Kruzel et al., 

2012). We searched 1000 bp region upstream the CRK1 open reading frame for the 

enriched motifs by the MEME algorithm, and one putative PRE 

(GGAAAAGAAAAGGTAT) was identified in the CRK1 promoter. Along with the 

analysis of CRK1 promoter sequence and our gene expression data, these findings 

suggest that MAT2 might regulate CRK1 expression during bisexual mating process. 

   C. neoformans Crk1 is a Ser/Thr protein kinase containing TXY activation motif. 

In this study, we predicted the potential targets of C. neoformans Crk1 based on Ime2 

consensus phosphorylation site and the GATA transcription factor Gat1 was identified 

and characterized. The bilateral mutant crosses involved the gat1 deletion mutants 

showed increased aerial hyphal formation and elevated expression of mating-related 

genes (Figure 14A and Figure 16). Strains containing the phospho-null GAT1 allele in 

the predicted Ime2 consensus phosphorylation site also showed similar phenotypes as 

the gat1 deletion mutants (Figure 14B). Our genetic and phenotypic findings indicated 

that C. neoformans GAT1 gene modulated the sexual processes such as regulation of 
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pheromone expression and aerial hyphae formation, which are overlapped with the 

roles of CRK1 during bisexual mating. Interestingly, GAT1 and CRK1 played divergent 

role in basidia formation; deletion of C. neoformans GAT1 gene did not result in early 

appearance of basidia during bisexual mating. In addition, C. neoformans wild-type and 

crk1 mutant strains containing the GAT1 phospho-mimetic allele both exhibited 

reduction of dikaryotic filamentation (Figure 24) and gene expression results also 

supported the roles of GAT1 during bisexual mating (Figure 25). Thus, our data 

supported that C. neoformans Gat1, as one of the phosphorylation substrates of Crk1, 

also played a negative role in bisexual mating. 

In our expression data, the transcript levels of the HMG transcription factor MAT2 

and MF pheromone genes were both elevated in the bilateral crk1 and gat1 mutant 

crosses (Figure 7 and Figure 16). Moreover, CRK1 was downregulated in the bilateral 

mat2 mutant cross (Figure 8C). Studies in S. pombe indicated that the HMG family 

transcription factor ste11 is a key regulator during sexual differentiation (Hoe et al., 

1998; Kim et al., 2012). Under nitrogen starvation, the S. pombe GATA type 

transcription factor Gaf1, the homologue of C. neoformans GAT1 gene, downregulates 
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the expression of ste11 via binding to the ste11 promoter region. Deletion of gaf1 results 

in increased ste11 mRNA level (Won et al., 1999). Fungal GATA type transcription 

factors have also been demonstrated to recognize and bind to the consensus sequence, 

5’-(T/A/C) GATA(A/G)-3’, of the promoter regions under regulation (Hoe et al., 1998; 

Hwang et al., 2012). We initially analyzed and identified one putative binding site 

(C/GATA/A) in the 1 Kb upstream region of the MAT2 promoter sequence. Thus, we 

hypothesize that CRK1 was transcriptionally activated by MAT2, then Crk1 

phosphorylated and activated Gat1, and then Gat1 repressed the expression of MAT2 

during bisexual mating process in C. neoformans. However, further studies for the 

evidences of the transcriptional and translational regulation are needed to support this 

regulatory circuit. 

Based on our studies, we propose a potential regulatory circuit to illustrate how 

Crk1 and Gat1 regulate bisexual mating via the key transcriptional regulator Mat2 in C. 

neoformans (Figure 27). C. neoformans CRK1 gene regulates pheromone production, 

formation and elongation of dikaryotic filaments and basidium formation. During 

bisexual mating process, pheromone is first sensed and transduced through the Cpk1-
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MAPK signaling pathway to activate the downstream transcription factor MAT2. MAT2 

plays a key role to modulate various sexual events including promoting cell fusion 

process and regulating ZNF2 expression to induce dikaryotic filamentation. Based on 

our studies, we propose a regulatory circuit to describe how Crk1-Gat1 modulate MAT2 

activity for mating regulation. Upon pheromone induction, MAT2 is activated via 

conserved signaling events to induce the expression of various genes including CRK1. 

Crk1 kinase regulates Gat1 activity by post-translational phosphorylation. The 

activated Gat1 will in turn inhibit MAT2 expression to modulate bisexual mating 

processes (Figure 27). Since GAT1 deletion and alleles with modified phosphorylation 

site could only partially recover or suppress the crk1 phenotypes, we hypothesize that 

GAT1 possibly is not the only downstream target of Crk1 for mating regulation. Future 

study is needed to further elucidate the complicated regulatory networks mediated by 

Crk1. 
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Table 1. Cryptococcus neoformans strains used in this study 

Strains Description Reference 

JEC20 MATa Kwon-Chung et al., 1992 

JEC21 MAT Kwon-Chung et al., 1992 

JEC43 MAT ura5 Moore and Edman, 1993 

DLC2 MAT crk1::NATR Liu and Shen, 2011 

DLC4 MATa crk1::NATR Liu and Shen, 2011 

 DLC18 MATa crk1+PGPD1::GFP-H2B ura5 This study 

 DLC21 MATa PGPD1::GFP-H2B ura5 This study 

 DLC22 MAT crk1+PGPD1::CRK1 This study 

 DLC23 MATa mat2::HYGR This study 

 DLC24 MAT mat2::HYGR This study 

 DLC25 MATa mat2::HYGR crk1::NATR This study 

 DLC26 MAT mat2::HYGR crk1::NATR This study 

 DLC27 MAT PGPD1::MAT2 This study 

 DLC28 MATa znf2::HYGR This study 

 DLC29 MAT znf2::HYGR This study 

 DLC30 MATa znf2::HYGR crk1::NATR This study 

 DLC31 MAT znf2::HYGR crk1::NATR This study 

 DLC32 MATa gat1::HYGR This study 

 DLC33 MAT gat1::HYGR This study 

 DLC34 MATa gat1+GAT1::NATR This study 

 DLC35 MAT gat1+GAT1::NATR This study 

 DLC36 MAT PGPD1::GAT1 This study 

 DLC37 MAT crk1+PGPD1::CRK1 This study 

 DLC38 MAT crk1+PGPD1::CRK1+PGPD1::GAT1 This study 

 DLC39 MATa GAT1T1164A::HYGR This study 

 DLC40 MAT GAT1T1164A::HYGR This study 

 DLC41 MATa crk1::NATR gat1::HYGR This study 

 DLC42 MAT crk1::NATR gat1::HYGR This study 

 DLC43 MATa PGPD1::GAT1 This study 

 DLC44 MATa GAT1T1164D::HYGR This study 
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 DLC45 MAT GAT1T1164D::HYGR This study 

 DLC46 MATa crk1+GAT1T1164D::HYGR This study 

 DLC47 MAT crk1+GAT1T1164D::HYGR This study 

 DLC48 MATa PGPD1::CRK1 gat1::HYGR This study 

 DLC49 MAT PGPD1::CRK1 gat1::HYGR This study 

 DLC50 MATa rgm1::HYGR This study 

 DLC51 MAT rgm1::HYGR This study 

 DLC52 MATa crk1 ura5 lys2 This study 

 DLC53 

MATa/ crk1/crk1 PGPD1::GFP-H2B+ 

PGPD1::CRK1-mCherry This study 
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Table 2. Oligonucleotide primers used in this study 

Primer      Sequences (5'-3') Description 

WC270 GCTGCGAGGATGTGAGCTGG HYG marker 

WC271 GGTTTATCTGTATTAACACGG HYG marker 

WC441 CAGGAAACAGCTATGAC M13 Forward 

WC442 TGTAAAACGACGGCCAG M13 Reverse 

WC701 ATACAGGATCCATGGTGAGC GFP ORF 

WC702 CGCGGCCGCCTTGATCAGCTCGTCCAT GFP ORF 

WC739 GTATTGACCGATTCCTTGCGGTCCGAA HYG marker 

WC759 TTGGTGACCTCCAGCCAG NAT marker 

WC760 CTTCACCCTGCGGGAGGT NAT marker 

WC765 GATGTAGGAGGGCGTGGATATGTCCT HYG marker 

WC885 AAATAGCTGCGCCGATGGTTT HYG marker 

WC886 CGAACCCGCTCGTCTGGCTAA HYG marker 

WC900 GGACGAGCTGTACAAGGCGGCCGCGGCTCCCAAGTCTGTTGCTTC H2B ORF 

WC901 CCCCCGGGAGTGGATGACGTGCTTTTCG H2B ORF 

WC1130 GCAGAGAACAGTTAGAAGCC MAT2 disruption 

WC1131 CTTCCGTGTTAATACAGATAAACCATCTGATCGATACAA MAT2 disruption 

WC1132 CTCTCCAGCTCACATCCTCGCAGCTGAGTGGTATACCCTA MAT2 disruption 

WC1133 GTTGCGTGTCGAACCATCTT MAT2 disruption 

WC1440 TATGCCTCCACCACCAGATGT CRK1 ORF 

WC1441 GGCTGTCGGGTCTACCAATC CRK1 ORF 

WC1734 CGGGATCCATGCTCAAGAGAATTAGTGA 

MAT2 

overexpression 

WC1735 CGGGGTACCTGTTGGCTGTCACTGC 

MAT2 

overexpression 

WC1256 TTCTGAGCCATATATCTGTC ZNF2 disruption 

WC1257 CTTCCGTGTTAATACAGATAAACCTGTCGTAAAGGATGGAGGAG ZNF2 disruption 

WC1258 CTCTCCAGCTCACATCCTCGCAGCCGTTAATCCAAAGTATTGAC ZNF2 disruption 

WC1259 CAAGACCTATAAAGCGAGAT ZNF2 disruption 

WC2317 CTTCCGTGTTAATACAGATAAACCGTTGTACGTGAGATGTGAAT RGM1 disruption 
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WC2318 CTCTCCAGCTCACATCCTCGCAGCGGCTGAAAGGATGTGAGATT RGM1 disruption 

WC2324 AAAGCTTGCCTCTGTGAGAT RGM1 disruption 

WC2325 CTACCCTTCACCTTTATCAC RGM1 disruption 

WC2432 GTTGACCCTTCCGGGGTGT GAT1 disruption 

WC2433 TTGCTACCGACAGTTTCCCT GAT1 disruption 

WC2434 CTTCCGTGTTAATACAGATAAACCTCTAGCCGCCGCTAGCTGCT GAT1 disruption 

WC2435 CTCTCCAGCTCACATCCTCGCAGCGCGAATGAATAGGAGCAGTG GAT1 disruption 

WC2436 TCAACTGCTAACAGTCCGGA GAT1 disruption 

WC2437 GCGCGGCGGCAGAAACTTTC GAT1 disruption 

WC2555 GCGGCCGCATGGACAAGCTTCCATGGCGCAC 

GAT1 

overexpression 

WC2556 GCGGCCGCGTTGAAAAGAAAGGCGCACG 

GAT1 

overexpression 

WC2594 ACTAGTCCTCTCAAGCCCTACGTATT GAT1 reconstitution 

WC2595 ACTAGTGTTGAAAAGAAAGGCGCACG GAT1 reconstitution 

WC1181 TGTAAAACGACGGCCAG 

GAT1 site-directed 

mutagenesis 

WC2567 GGATCCCAGCAAGCCGATCCCGTTCT 

GAT1 site-directed 

mutagenesis 

WC2573 ACTAGTGTTGAAAAGAAAGGCGCACG 

GAT1 site-directed 

mutagenesis 

WC2604 CCCGACCAGGTGCGCCGACGAGTGAA 

GAT1 site-directed 

mutagenesis 

WC2605 TTCACTCGTCGGCGCACCTGGTCGGG 

GAT1 site-directed 

mutagenesis 

WC2639 GTGAGTTACCGTGTCAACAT 

GAT1 site-directed 

mutagenesis 

WC3257 CCCGACCAGGTGACCCGACGAGTGAA 

GAT1 site-directed 

mutagenesis 

WC3258 TTCACTCGGGTCACCTGGTCGGG 

GAT1 site-directed 

mutagenesis 

WC316 TTCTGAGAGCCCTGAGT GPD1  qRT-PCR 

WC317 GGCATCAACACCAGCA GPD1  qRT-PCR 
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WC566 TGAACAGGGTGGAGAAAGGTAAG SXI1  qRT-PCR 

WC567 AGTGAAACGGTATTTGAAGGCG SXI1  qRT-PCR 

WC568 GCCTCTTATCCATCGCCTTTG SXI2a  qRT-PCR 

WC569 AGACTCTCCCTGCTGTTGCC SXI2a  qRT-PCR 

WC572 CTCGCTCATTAGACAGCAACTCA MF   qRT-PCR 

WC573 GAAGATGGCAGTGAAGGCGT MF   qRT-PCR 

WC617 AGTTGATGCTATGTTAGGTGGAGGA DMC1  qRT-PCR 

WC618 CGCACAAGGTATGACAAAGCTG DMC1  qRT-PCR 

WC745 CGGAACGACGAAAATGGCT GPA2  qRT-PCR 

WC746 CATGGCTTCTTGCATACGATTG GPA2  qRT-PCR 

WC875 CCAGATATCAGAGCGGTGTACG MAT2  qRT-PCR 

WC876 TTTTCGGCCTTCCTCTTAGGT MAT2  qRT-PCR 

WC879 GATGCTGCCGCTTGAAATG ZNF2   qRT-PCR 

WC880 TCGCGAGACATAGGCGTATTC ZNF2   qRT-PCR 

WC1428 CAGCAATGGCCATCTTTTCTC KAR7   qRT-PCR 

WC1429 CGGTTCGTCAGCCAACAGA KAR7   qRT-PCR 

WC1440 TATGCCTCCACCACCAGATGT CRK1   qRT-PCR 

WC1441 GGCTGTCGGGTCTACCAATC CRK1   qRT-PCR 

WC2133 AGGTGCAGAGGTTACGGTGATT GAT1   qRT-PCR 

WC2134 TTGTCGAGCCTGGAGAATGC GAT1   qRT-PCR 

WC2717 AGCCCGAGGACAGGAACAA PUM1  qRT-PCR 

WC2718 CGTGAATGAGGGCCTTTTCA PUM1  qRT-PCR 

WC3370 AGACTCGACCACAGGCAG CSA1   qRT-PCR 

WC3371 AAAGGACAGGGTCAGGGTT CSA1   qRT-PCR 
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Table 3. Potential transcription factor targets of C. neoformans Crk1 

JEC21 ID  H99 ID Gene Name 

CNA01820    CNAG_00193 GAT1 

CNA06480 CNAG_00670 FZC12 

CNA07670 CNAG_00791 HLH1 

CNB02070 CNAG_03710 ECM22 

CNC02140 CNAG_01708 GAT7 

CND02990 CNAG_01173 PAN1 

CNG03610 CNAG_03212 HCM101 

CNG04450 CNAG_03116 HCM1 

CNH00870 CNAG_05420 RGM1 

CNI01910 CNAG_04359 Hypothetical protein 

CNI02050 CNAG_04345 ARO8001 

CNJ00250 CNAG_04583 DDT1 

CNJ00280 CNAG_04586 HOB7 

CNJ00300 CNAG_04588 ERT1 

CNJ00330 CNAG_04594 FZC27 

CNJ00670 CNAG_04630 YAP2 

CNJ02030 CNAG_04774 FZC26 

CNJ02610 CNAG_04836 FZC10 

CNJ03310 CNAG_04908 CLR4 

CNK00590 CNAG_02566 FKH2 

CNM01040 CNAG_06097 Hypothetical protein 

CNM02250 CNAG_06223 MIZ1 
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Figure 1. C. neoformans crk1 mutant exhibited no defect in meiotic process and 

four-nuclei basidia were observed in the bilateral crk1 mutant cross. The 

PGPD1::GFP-H2B vector was constructed and transformed into the MATa wild-type 

strain and crk1 mutant to label the nucleus. Mating was conducted on slides coating 

with V8 agar medium and kept at 26 C in the dark for 48 h. Bright field and fluorescent 

images of the basidia and chains of basidiospores in the wild-type (A) and bilateral crk1 

mutant (B) crosses were observed and photographed at 400 x magnification. (C) 

Recombinant sexual progeny are obtained from the bilateral crk1 mutant cross. Crosses 

involved in the wild-type and crk1 auxotrophic and prototrophic partners as indicated 

were performed. Mating mixtures were incubated on V8 medium at 26 C for 14 days. 

The recombinant spores were selected on SD medium lacking lysine but containing 5-

fluoroorotic acid. Plates were photographed with a digital camera (SONY DSC-S85). 
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Figure 2. The expression of mating related genes was elevated at the later stage of 

mating process in the bilateral crk1 mutant cross. Bilateral crosses involved the 

MATa and MAT wild-type (1), crk1 mutants (2), and CRK1 overexpression strains (3) 

were conducted on V8 agar at 26 C in the dark. Samples were collected at 0, 2, 6, 9, 

12, 24 and 48 h post incubation and subjected to RNA extraction. The expression levels 

of the CRK1 (A), MF pheromone (B), GPA2 (C), MAT2 (D), ZNF2 (E), SXI1 (F) 

and SXI2a (G) genes were examined by quantitative real-time PCR analysis. Triplicate 

reactions for each sample were conducted. The results were normalized by the C. 

neoformans GPD1 gene. 
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Figure 3. Subcellular localization of Crk1 in C. neoformans yeast, filament and basidium 

cells. To illustrate the subcellular localization of C. neoformans Crk1, the fluorescence protein 

mCherry was fused to C. neoformans Crk1 in the C-terminal and under the GPD1 promoter 

and transformed into MATa/ crk1/crk1 strain. Nuclei were labeled by Gfp-H2b fusion protein. 

Cells were cultured in YPD liquid for 16 h at 30 C in the dark. (A) Yeast cells, (B) filament 

cells and (C) basidium cells were photographed at 1000× magnification. Yellow triangle 

indicates clamp cell, and white arrow indicates nucleus (A)and (B) or basidia (C). Scale bar = 

10 µm (A) and 15 µm (B)(C). 
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Figure 4. Dikaryotic filamentation of the wild-type and bilateral crk1 mutant 

crosses during mating process was examined. Bisexual mating of the MATa wild-

type PGPD1::GFP-H2B and MAT wild-type strains (A) and MATa crk1 PGPD1::GFP-

H2B and MAT crk1 mutants (B) was conducted on V8 agar plates incubated at 26 in 

the dark. Colony edges of mating mixtures were photographed from 16 to 72 hr post-

incubation at 100x magnification. 
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Figure 5. Nuclear distribution in the mating structures of the wild-type 

and bilateral crk1 mutant crosses during bisexual mating process. Mating 

of the wild-type (A) and bilateral crk1 mutant (B) crosses was conducted on 

V8 solid medium and incubated at 26 °C. Nuclei were visualized by Gfp-H2b 

fusion protein in the MATa wild-type and MATa crk1 mutant cells. Bright-

field (BF) and fluorescent (GFP) images of dikaryotic filaments, basidia and 

long chains of basidiospores were photographed at 400× magnification. Photos 

taken from 16 to 72 h were shown and merged photos were created with 

ImageJ. White star indicates clamp cell, white triangle indicates nucleus, and 

white arrow indicates basidia. Scale bar = 5 µm. 

 

 

 

 



doi:10.6342/NTU202004095

 

 104 

   

  



doi:10.6342/NTU202004095

 

 105 

Figure 6. Morphology of dikaryotic filaments in the wild-type and 

bilateral crk1 mutant crosses. Mating mixtures of the wild-type (A) and 

bilateral crk1 mutant (B) crosses were incubated on SLAD medium containing 

25 µg/mL calcofluor white and kept at 26 °C under dark condition. Nuclei 

were labeled by Gfp-H2b fusion protein. Cell wall was stained with calcofluor 

white. Dikaryotic filaments were photographed at 13 and 17 h post-incubation 

at 600× magnification. White star indicates clamp cell and white triangle 

marks nucleus. White double-headed arrow indicates the range of dikaryotic 

filament measurement. Scale bar = 15 µm. 
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Figure 7. The expression of mating-, hyphal extension- and sporulation-related 

genes was elevated at 18 hr in the bilateral crk1 mutant cross. Bilateral crosses 

involved the MATa and MAT wild-type and crk1 mutants were conducted on V8 agar 

plates and incubated at 26 C in the dark. Samples were collected at 0, 12, 14, 16, 18, 

20, 22 and 24 hr post-incubation. The expression of (A) CRK1, (B) MAT2, (C) ZNF2, 

(D) PUM1, (E) KAR7, and (F) DMC1 was examined by real-time qRT-PCR analysis. 

Triplicate reactions for each sample were conducted. The results were normalized to C. 

neoformans GPD1 expression. (** indicates P<0.005) 
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Figure 8. Sexual differentiation in the crk1 mutant was blocked by the mutation 

of MAT2 and CRK1 expression was reduced in the bilateral mat2 mutant cross. (A) 

C. neoformans MATa and MAT strains were crossed as indicated. Mating was 

conducted on V8 agar plates and incubated at 26 in the dark. Photos were taken 24 hr 

post-incubation at 100x magnification. Bilateral crosses involved the MATa and MAT 

wild-type and crk1, mat2, and mat2crk1 double mutants were conducted. Samples were 

collected at 0, 6, 18 and 24 hr post-incubation and subjected to RNA extraction. The 

expression of MAT2 (B) and CRK1 (C) during bisexual mating was examined by real-

time qRT-PCR analysis. Triplicate reactions for each sample were conducted. The 

results were normalized to C. neoformans GPD1 expression. (** indicates P<0.005) 

 

 

 

 

 

 



doi:10.6342/NTU202004095

 

 110 

 

 

 

 

 



doi:10.6342/NTU202004095

 

 111 

Figure 9. Overexpression of MAT2 increased bisexual filamentation and 

upregulated CRK1 expression. (A) Crosses involved C. neoformans MATa and MAT 

wild-type and MATa wild-type and MAT PGPD1::MAT2 strains were conducted on V8 

agar plates incubated at 26 in the dark. Photos were taken 24 hr post-incubation at 

100x magnification. The same crosses were also subjected to gene expression studies 

and samples were collected at 0 and 24 hr post-incubation. The expression of MAT2 

(B), SXI1 (C) and CRK1 (D) during mating was determined by real-time qRT-PCR 

analysis. Triplicate reactions for each sample were conducted. The results were 

normalized to C. neoformans GPD1 expression. (** indicates P<0.005; * indicates P< 

0.05) 
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Figure 10. ZNF2 mutation did not affect CRK1 expression, but blocked dikaryotic  

filamentation in the bilateral crk1 mutant cross. (A) C. neoformans MATa and 

MAT strains were crossed as indicated. Mating was conducted on V8 agar plates 

incubated at 26 in the dark. Photos were taken 24 hr post-incubation at 100x 

magnification. Bilateral crosses of the MATa and MAT wild-type and znf2 mutants 

were conducted. Samples were collected at 0, 6, 18 and 24 hr post-incubation and 

subjected to gene expression analysis. MF (B) and CRK1 (C) expression during 

bisexual mating was examined by real-time qRT-PCR analysis. Triplicate reactions for 

each sample were conducted. The results were normalized to C. neoformans GPD1 

expression. (** indicates P<0.005). The error bars represent the standard deviations 

from the mean for the three replicates. 
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Figure 11. Sexual differentiation in the crk1 mutant was blocked by the mutation 

of GPB1. C. neoformans MATa and MAT strains were crossed as indicated. Mating 

was conducted on V8 agar plate and incubated at 26C in the dark. Photos were taken 

24 h post incubation at 100x magnification. 
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Figure 12. Sexual differentiation in the crk1 mutant was blocked by the mutation 

of RAS1. C. neoformans MATa and MAT strains were crossed as indicated. Mating 

was conducted on V8 agar plate and incubated at 26C in the dark. Photos were taken 

24 h post incubation at 100x magnification. 
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Figure 13. Dikaryotic filamentation was defective in the bilateral rgm1 mutant 

cross. C. neoformans MATa and MAT rgm1 mutant strains were crossed as indicated 

and compared to the wild type cross. Mating was conducted on V8 agar plates and 

incubated at 26 in the dark. Photos were taken 24 hr post-incubation at 100x 

magnification. 
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Figure 14. Dikaryotic filamentation and aerial hyphae formation were enhanced 

in the bilateral gat1 mutant and GAT1T1164A mutant crosses. (A) C. neoformans 

MATa and MAT gat1 mutant and overexpression strains were crossed as indicated and 

compared to the wild type cross. (B) C. neoformans MATa and MAT GAT1T1164A 

bilateral mutant cross was performed and compared to the crosses as indicated. Small 

photos reveal the density of aerial hyphae. Yellow arrow indicates aerial hyphae. 

Mating was conducted on V8 agar plates and incubated at 26C in the dark. Photos 

were taken 24 hr post-incubation at 100x magnification. 
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Figure 15. Same sex mating was defective in the gat1 mutant but not in the GAT1 

overexpressed strain. C. neoformans strains of indicated genotypes were spotted onto 

filament agar and incubated at 26C in the dark for 7 days. Colony edges of each sample 

were photographed at 100x magnification. 
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Figure 16. The expression of mating- and hyphal extension-related genes was 

increased in the bilateral gat1 mutant cross. Bilateral crosses involved the MATa and 

MAT wild-type and gat1 mutants were conducted on V8 agar plates and incubated at 

26 in the dark. Samples were collected at 0, 12, 14, 16, 18, 20, 22 and 24 hr post-

incubation. The expression of GAT1 (A), MF (B), MAT2 (C) and PUM1 (D) was 

examined by real-time qRT-PCR analysis. Triplicate reactions for each sample were 

conducted. The results were normalized to C. neoformans GPD1 expression. (** 

indicates P<0.005; * indicates P< 0.05) 
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Figure 17. The crk1 and crk1gat1 mutants were phenotypically identical in 

bisexual mating. C. neoformans MATa and MAT gat1, crk1, and crk1gat1 mutant 

strains were crossed on V8 agar plates at 26 C in the dark and compared to the wild 

type strains. The edges of mating mixtures were photographed 16 hr and 24 hr post-

incubation at 100x magnification. Photos of mating filaments were also recorded at 

400x magnification. Small photos illustrate the tip of dikaryotic filament and yellow 

arrow indicates basidium. 
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Figure 18. The expression level of mating-related genes were upregulated slightly 

in the bilateral crk1gat1 mating cross. Bilateral crosses involved the MATa and MAT 

wild-type, gat1, crk1, and crk1gat1 mutants were conducted on V8 agar plates and 

incubated at 26 in the dark. Samples were collected at 0, 18, and 24 hr post-incubation. 

The expression of MF (A), MAT2 (B), CSA1 (C), and DMC1 (D) was examined by 

real-time qRT-PCR analysis. Triplicate reactions for each sample were conducted. The 

results were normalized to C. neoformans GPD1 expression. (* indicates P< 0.05). The 

error bars represent the standard deviations from the mean for the three replicates. 
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Figure 19. Overexpression of GAT1 did not repress dikaryotic filamentation. C. 

neoformans MATa and MAT strains GAT1 overexpression strains were crossed as 

indicated. Mating was conducted on V8 agar plates at 26 in the dark. Photos were 

taken at 24 hr post-incubation at 100x magnification. 
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Figure 20. The transcription level of MF in the GAT1 overexpression strains 

cross was similar to that in the wild-type cross. C. neoformans MATa and MAT 

wild-type and GAT1 overexpression strains were crossed and incubated on V8 agar 

plates at 26 in the dark. Samples were collected at 0 and 24 hr post-incubation. The 

expression of GAT1 (A) and MF (B) was examined by real-time qRT-PCR analysis. 

Triplicate reactions for each sample were conducted. The results were normalized to C. 

neoformans GPD1 expression. The error bars represent the standard deviations from 

the mean for the three replicates. 
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Figure 21. Dikaryotic filamentation was reduced with overexpression of GAT1 and 

CRK1. C. neoformans MATa and MAT strains were crossed as indicated. Mating was 

conducted on V8 agar plates at 26 in the dark. Photos were taken at 24 hr post-

incubation at 100x magnification. 
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Figure 22. Deletion of GAT1 partially recovered sexual filamentation of bilateral 

CRK1 overexpression strains cross. C. neoformans MATa and MAT strains were 

crossed as indicated. Mating was conducted on V8 agar plates at 26 in the dark. Photos 

were taken at 24 hr post-incubation at 100x magnification. 
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Figure 23. GAT1 negatively regulated MF and MAT2 gene expression during 

mating process. Bilateral crosses involved the MATa and MAT wild-type, gat1 

mutants, PGPD1::CRK1 overexpression strains, and PGPD1::CRK1+gat1 mutant strains 

were conducted on V8 agar plates at 26 in the dark. Samples were collected at 0, 18, 

and 24 hr post-incubation. The expression of MF (A) and MAT2 (B) was examined 

by real-time qRT-PCR analysis. Triplicate reactions for each sample were conducted. 

The results were normalized to C. neoformans GPD1 expression. (* indicates P< 0.05; 

* indicates P< 0.005). The error bars represent the standard deviations from the mean 

for the three replicates. 
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Figure 24. The GAT1T1164D phospho-mimetic active allele dramatically repressed 

dikaryotic filamentation in the wild-type cross but showed slight effects on mating 

under crk1 mutant background. (A) C. neoformans MATa and MAT strains were 

crossed as indicated. Mating was conducted on V8 agar plates and incubated at 26 C 

in the dark. Photos were taken 16 h and 24 h post-incubation at 100× magnification. 

(B) Small photos demonstrate the basidia in the crk1 and crk1GAT1T1164D bilateral 

mutant crosses respectively. Yellow arrow indicates basidium. Photos were taken 24 

h post-incubation at 400× magnification. 
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Figure 25. The expression of mating-related genes was down-regulated by the 

GAT1 phospho-mimetic allele. C. neoformans MATa and MAT strains were crossed 

as indicated. Mating was conducted on V8 agar plates and incubated at 26 C in the 

dark. Samples were collected at 0, 18, and 24 h post-incubation. The expression of 

GAT1 (A), MF (B), MAT2 (C), CSA1 (D), and DMC1 (E) was examined by real-time 

qRT-PCR analysis. Triplicate reactions for each sample were conducted. Error bar 

represents the standard deviation from the mean of three replicates. The results were 

normalized to C. neoformans GPD1 expression. (** indicates p < 0.005; * indicates p 

< 0.05). 
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Figure 26. Overexpression of GAT1 and CRK1 reduced MF expression during 

bisexual mating. Bilateral crosses involved the MATa and MAT wild-type, crk1, gat1, 

and GAT1T1164A mutants, and MATa wild-type crossed with MAT crk1 + PGPD1::CRK1, 

and MAT crk1 + PGPD1::CRK1+ PGPD1::GAT1 strains were conducted on V8 agar 

plates at 26 in the dark. Samples were collected at 0 and 24 hr post-incubation and the 

expression of GAT1 (A) and MF (B) was examined by real-time qRT-PCR analysis. 

Triplicate reactions for each sample were conducted. The results were normalized to C. 

neoformans GPD1 expression. The error bars represent the standard deviations from 

the mean for the three replicates. 
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Figure 27. C. neoformans Crk1 and Gat1 negatively regulated the expression of 

Mat2 to coordinately modulate sexual differentiation. Mat2 is a major transcription 

factor downstream the Cpk1-MAPK signaling pathway to regulate pheromone 

production and mating responses in C. neoformans. The protein kinase Crk1 

negatively regulated MAT2 expression via phosphorylating Gat1 or other target(s) to 

reduce the MAT2 transcript level and repress pheromone production and other mating 

responses. The expression of CRK1 was possibly also regulated by Mat2. Crk1-Gat1 

may form a regulatory circuit to properly regulate MAT2/Mat2 levels to control the 

progression of sexual filamentation and transition to basidium stage. We propose this 

model how Crk1 regulates pheromone production, elongation of dikaryotic filaments, 

and basidium formation during bisexual mating. 
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Appendix 




