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Abstract 

Nutrient acquisition is an essential and controlled process in all living organisms. 

In the model fungus Aspergillus nidulans, the transcription factor AreA regulates 

nitrogen utilization genes. The areA102 pleiotropic altered function mutant shows 

increased growth on histidine as a nitrogen source, which is suppressed by the 

suppressor of areA102 mutants sarA and sarB. The sarA gene (AN2350) encodes an L-

amino acid oxidase (LAAO), but sarB has remained unidentified. Whole genome 

sequencing led to identification of AN8875 as a sarB candidate. By complementing the 

sarB7 mutant phenotype on histidine with a wild-type AN8875 gene and phenocopying 

the areA102 sarB7 mutant phenotype on histidine in an areA102 AN8875 mutant, we 

conclusively showed that sarB is AN8875.  

sarB encodes a putative uridine diphosphate (UDP)-N-acetylglucosamine (UDP-

GlcNAc) transporter that is conserved in fungi and animals. The SarB protein is likely 

localized to the ER or Golgi. Through generation of a sarB sarA double mutant, we 

confirmed that sarB and sarA are in the same genetic pathway. Using in-gel and 

spectrophotometric LAAO assays on cell-free protein extracts we demonstrated that 

SarA LAAO activity was greatly reduced in areA102 sarB mutants compared to the 

areA102 parent strain. SarA activity was increased and activity of a second putative 

LAAO, AN1808, was detected at a later timepoint. 

Through treatment of growing mycelia with tunicamycin, we found evidence that 

SarA is N-glycosylated and that N-glycosylation is necessary for full SarA activity. 

However, deletion of genes involved in N-glycosylation (N-acetylglucosamine 

transferase, GNT) and O-GlcNAcylation (O-GlcNAc transferase, OGT) did not 



  

phenocopy sarB and sarA mutants on histidine. Deletion of the GNT-encoding gene 

altered the electrophoretic mobility of SarA LAAO activity, suggesting a lack of GlcNAc 

decoration on N-glycans attached to SarA in the GNT mutant. Using RNA-seq analysis, 

we determined that sarA is upregulated on non-repressing nitrogen conditions and that 

sarB shows constitutive expression. Neither gene is regulated by the AreA co-repressor 

nmrA. 

The Ndt80-like transcription factor XprG plays important roles in regulation of 

nutrient acquisition, including catabolism of GlcNAc. Extracellular GlcNAc is imported by 

the GlcNAc transporter NgtA (AN1427), phosphorylated by the hexokinase HxkC 

(AN4255) to GlcNAc-6-phosphate, deacetylated by DacA (AN1428) to glucosamine-6-

phosphate, and deaminated by DamA (AN1418) to ammonium and fructose-6-

phosphate, which can enter nitrogen and carbon metabolism, respectively. We 

confirmed the necessity of XprG in utilization of GlcNAc as a nitrogen source and 

identified a putative GlcNAc sensor and histone deacetylase, NgsA (AN1416). 

We identified a second GlcNAc transporter in A. nidulans, NgtB (AN8127) that, 

when deleted, caused slightly reduced growth on GlcNAc as a nitrogen or carbon 

source. Simultaneous deletion of ngtA and ngtB was lethal. We showed that the GlcNAc 

utilization regulatory genes xprG and ngsA exhibit genetic interaction in GlcNAc 

catabolism and extracellular protease activity. RNA-seq experiments provided evidence 

that GlcNAc utilization is regulated by nitrogen metabolite repression and nmrA. 

Overall, our work shows that GlcNAc has multiple roles in nutrient acquisition in 

A. nidulans and suggests that its recycling may be essential for hyphal growth. 
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Abstract 

Nutrient acquisition is an essential and controlled process in all living organisms. 

In the model fungus Aspergillus nidulans, the transcription factor AreA regulates 

nitrogen utilization genes. The areA102 pleiotropic altered function mutant shows 

increased growth on histidine as a nitrogen source, which is suppressed by the 

suppressor of areA102 mutants sarA and sarB. The sarA gene (AN2350) encodes an L-

amino acid oxidase (LAAO), but sarB has remained unidentified. Whole genome 

sequencing led to identification of AN8875 as a sarB candidate. By complementing the 

sarB7 mutant phenotype on histidine with a wild-type AN8875 gene and phenocopying 

the areA102 sarB7 mutant phenotype on histidine in an areA102 AN8875 mutant, we 

conclusively showed that sarB is AN8875.  

sarB encodes a putative uridine diphosphate (UDP)-N-acetylglucosamine (UDP-

GlcNAc) transporter that is conserved in fungi and animals. The SarB protein is likely 

localized to the ER or Golgi. Through generation of a sarB sarA double mutant, we 

confirmed that sarB and sarA are in the same genetic pathway. Using in-gel and 

spectrophotometric LAAO assays on cell-free protein extracts we demonstrated that 

SarA LAAO activity was greatly reduced in areA102 sarB mutants compared to the 

areA102 parent strain. SarA activity was increased and activity of a second putative 

LAAO, AN1808, was detected at a later timepoint. 

Through treatment of growing mycelia with tunicamycin, we found evidence that 

SarA is N-glycosylated and that N-glycosylation is necessary for full SarA activity. 

However, deletion of genes involved in N-glycosylation (N-acetylglucosamine 

transferase, GNT) and O-GlcNAcylation (O-GlcNAc transferase, OGT) did not 



  

phenocopy sarB and sarA mutants on histidine. Deletion of the GNT-encoding gene 

altered the electrophoretic mobility of SarA LAAO activity, suggesting a lack of GlcNAc 

decoration on N-glycans attached to SarA in the GNT mutant. Using RNA-seq analysis, 

we determined that sarA is upregulated on non-repressing nitrogen conditions and that 

sarB shows constitutive expression. Neither gene is regulated by the AreA co-repressor 

nmrA. 

The Ndt80-like transcription factor XprG plays important roles in regulation of 

nutrient acquisition, including catabolism of GlcNAc. Extracellular GlcNAc is imported by 

the GlcNAc transporter NgtA (AN1427), phosphorylated by the hexokinase HxkC 

(AN4255) to GlcNAc-6-phosphate, deacetylated by DacA (AN1428) to glucosamine-6-

phosphate, and deaminated by DamA (AN1418) to ammonium and fructose-6-

phosphate, which can enter nitrogen and carbon metabolism, respectively. We 

confirmed the necessity of XprG in utilization of GlcNAc as a nitrogen source and 

identified a putative GlcNAc sensor and histone deacetylase, NgsA (AN1416). 

We identified a second GlcNAc transporter in A. nidulans, NgtB (AN8127) that, 

when deleted, caused slightly reduced growth on GlcNAc as a nitrogen or carbon 

source. Simultaneous deletion of ngtA and ngtB was lethal. We showed that the GlcNAc 

utilization regulatory genes xprG and ngsA exhibit genetic interaction in GlcNAc 

catabolism and extracellular protease activity. RNA-seq experiments provided evidence 

that GlcNAc utilization is regulated by nitrogen metabolite repression and nmrA. 

Overall, our work shows that GlcNAc has multiple roles in nutrient acquisition in 

A. nidulans and suggests that its recycling may be essential for hyphal growth. 
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Chapter 1 - Introduction and Objectives 

 1.1 Introduction 

 1.1.1 Nutrient acquisition 

Nutrient acquisition is essential in all organisms, and mechanisms must exist to 

allow continued intake of nutrients during times of starvation. Many fungi have the ability 

to scavenge nitrogen from diverse sources. This allows pathogenic species to exploit 

resources available in their hosts and saprophytes to decompose a wide array of 

materials in the environment. Ammonium or glutamine are usually preferred nitrogen 

sources which can be assimilated easily. Other nitrogen sources require dedicated 

enzymatic pathways to enable their use. Nitrogen metabolism and the transcription 

factors that regulate nitrogen metabolism genes are implicated in virulence of human 

and plant pathogens, but many of these pathways are still poorly understood. 

 1.1.2 Aspergillus nidulans as a model fungus 

The filamentous ascomycete fungus Aspergillus nidulans is a valuable model for 

study of the genetics of nutrient acquisition (Pontecorvo et al. 1953). This saprophyte is 

found throughout nature. While A. nidulans can infect persons with chronic 

granulomatous disease (Henriet et al. 2012), its primary value comes as a model for 

filamentous fungi, especially aspergilli. Many Aspergillus species, such as Aspergillus 

oryzae, Aspergillus fumigatus, Aspergillus niger, and Aspergillus flavus, have industrial, 

human health, and plant pathogenic relevance, but they are primarily asexual and thus 

difficult to manipulate genetically. A. nidulans is haploid but can survive as a stable 

diploid or heterokaryon, and is homothallic and capable of outcrossing (Todd et al. 

2007a). It produces sexual ascospores inside of cleistothecia, which can be separated 
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from asexual spores and used for genetic analysis of progeny (Todd et al. 2007b) The 

A. nidulans draft genome sequence was published in 2005 (Galagan et al. 2005). It has 

recently been sequenced with telomere-to-telomere coverage and reannotated 

(provided by Adrian Tsang, Concordia University). A. nidulans has an approximately 30-

Mbp genome spread across 8 chromosomes with few repetitive elements (Galagan et 

al. 2005). Many selectable markers are available for DNA-mediated transformation and 

molecular manipulations (e.g., Upshall 1986; Oakley et al. 1987a, 1987b; Osmani et al. 

1999).  

A whole-genome knockout construct collection for A. nidulans is available at the 

Fungal Genetic Stock Center (McCluskey et al. 2010; De Souza et al. 2013). Constructs 

consist of the Aspergillus fumigatus pyrG (AfpyrG) gene selectable marker, flanked by 

sequences ~1 kbp upstream and downstream of the target genes. Transformation of the 

construct into a nkuA∆ non-homologous end-joining mutant recipient (Nayak et al. 2006) 

forces replacement of the target gene with the selectable marker via double 

homologous recombination. Transformation into a recipient with the pyrG89 mutation 

allows selection of transformants for pyrimidine prototrophy (Oakley et al. 1987a). 

These resources make A. nidulans an excellent system for genetic manipulation. 

 1.1.3 Nitrogen metabolism in A. nidulans 

Many fungi regulate nitrogen utilization through nitrogen metabolite repression 

(NMR; Arst and Cove 1973, reviewed in Todd 2016). This regulation ensures that the 

transporters and enzymes for nitrogen breakdown are produced only when needed. In 

A. nidulans, when the preferred nitrogen source ammonium or glutamine is present, the 

co-repressor NmrA is bound to the global GATA transcription factor AreA, which is 
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consequently unable to activate genes for utilization of other nitrogen sources, leading 

to their repression (Arst and Cove 1973; Kudla et al. 1990; Andrianopoulos et al. 1998). 

When preferred nitrogen sources are not available, NmrA is degraded and AreA is able 

to activate alternative nitrogen source utilization genes (Zhao et al. 2010; Li et al. 2021). 

This results in derepression of these genes and some degree of gene transcription. In 

many cases, the presence of an alternative nitrogen source can lead to induction of 

genes for degradation of that nitrogen source by binding of a pathway-specific 

transcription factor in the promoter(s) of the catabolic genes alongside AreA, leading to 

activation of high levels of gene transcription (Todd 2016). 

 1.1.4 Amino acids as nitrogen sources 

Proteins in the environment can be broken down by extracellular proteases into 

amino acids, which can be further catabolized and used as sources of nitrogen by fungi 

(Cohen 1972). Some amino acids serve as substrates for amino acid-specific enzymes 

and degradation pathways. In A. nidulans, proline is catabolized in multiple steps by 

enzymes encoded by the prn utilization gene cluster (Sophianopoulou and Scazzocchio 

1994), and the branched chain amino acids can be utilized by deamination via the 

Branched-chain amino acid Amino Transferase (BAT) enzymes (Steyer et al. 2021). In 

A. fumigatus, alanine can be broken down by alanine transaminase or alanine-

glyoxylate aminotransferase (Kerkaert et al. 2022). However, some amino acids can 

also or alternatively be deaminated by L-amino acid oxidases (LAAOs) to -keto acids. 

This process releases ammonium, which can enter nitrogen metabolism, and hydrogen 

peroxide (Davis et al. 2005).  
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 1.1.5 N-acetylglucosamine and fungi 

N-acetylglucosamine (GlcNAc) is a nitrogenous hexose sugar synthesized via 

the hexosamine pathway from glucose via fructose-6-phosphate. GlcNAc is ubiquitous 

throughout nature. Structurally, GlcNAc is a major component in the cell walls of fungi 

(in chitin) and of bacteria (in peptidoglycan), in the chitinous exoskeletons of insects, 

and in the mammalian extracellular matrix (Konopka 2012). 

GlcNAc is often bound to the carrier molecule uridine diphosphate (UDP) to form 

the nucleotide sugar UDP-GlcNAc. In this form, it is a donor substrate for chitin 

biosynthesis and glycosylation. UDP-GlcNAc is transported to the fungal cell wall and 

synthesized into chitin by plasma membrane-bound chitin synthases (Latgé 2007). 

During cell wall remodeling or autolysis, chitinases split chitin into multimeric units and 

-1,4-N-acetylglucosaminidases split multimeric units into individual GlcNAc molecules 

(Kim et al. 2002; Pusztahelyi et al. 2006; Yamazaki et al. 2008; Shin et al. 2009).  

GlcNAc also plays vital roles in glycosylation, post-translational modifications that 

can affect proper protein structure and function (reviewed in He et al. 2024a). Synthesis 

of N-glycans begins in the membrane of the endoplasmic reticulum, facing the 

cytoplasm, where two covalently linked GlcNAc molecules form the base of the N-

glycan (Anyaogu et al. 2021). After translocation of the growing glycan to the ER lumen, 

additional components are added to the mannose tree backbone of the glycan, 

including GlcNAc molecules in some fungi (Smith et al. 1975). This is catalyzed by N-

glycosyltransferase(s) in the Golgi (Guillen et al. 1999). GlcNAc can also be a 

component of canonical O-glycans, though evidence is lacking that this occurs in fungi. 

In the process of O-GlcNAcylation, individual GlcNAc molecules are added to serine or 
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threonine residues of proteins in the cytoplasm, nucleus, or mitochondria via O-GlcNAc 

transferase (OGT); O-GlcNAc can be removed from proteins by the O-GlcNAcase 

enzyme (OGA) (Ma and Hart 2014). 

 1.2 Objectives 

The objective of this research is to increase our understanding of amino acid and 

GlcNAc utilization in A. nidulans. In Chapter 3, we identify and characterize a UDP-

GlcNAc transporter, SarB, with a role in amino acid utilization. In Chapter 4, we seek to 

understand how SarB impacts the L-amino acid oxidase (LAAO) SarA through 

investigating its role in LAAO activity and glycosylation. In Chapter 5, we characterize 

the genetic pathway by which extracellular GlcNAc is transported into the cell and used 

as a source of nitrogen and carbon. Through our investigation of sarB, we show that 

UDP-GlcNAc is required for efficient amino acid utilization by the SarA LAAO and that 

SarA is glycosylated with GlcNAc-decorated N-glycans. We identify the genes of the 

GlcNAc utilization pathway in A. nidulans, demonstrate that GlcNAc can serve as a sole 

nitrogen, carbon, or nitrogen and carbon source for growth, and provide evidence that 

import of extracellular GlcNAc is necessary for hyphal growth. 
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Chapter 2 - Experimental Procedures 

 2.1 Strains 

 2.1.1 Aspergillus nidulans strains 

A. nidulans strains used in this research and developed in the lab of Michael J. 

Hynes at the University of Melbourne are listed in Table 2.1 

Table 2.1 "Michael Hynes" Aspergillus nidulans strains. 

Strain Genotype 
MH1 biA1 

MH8 biA1 areA102 niiA4 

MH10571 yA1 pyroA4 su(adE20) adE20 areA102 sarA∆::riboB+ riboB2  

MH10983 pyrG89 pabaB22 riboB2 

MH11068 pyrG89 pyroA4 nkuA∆::Bar amdA7 

 

A. nidulans strains used in this research and developed in the lab of Margaret 

Katz at the University of New England are listed in Table 2.2 

Table 2.2 "Margaret Katz" Aspergillus nidulans strains. 

Strain Genotype 
MK85 biA1 niiA4 xprG1 

MK160 areA102 biA1 niiA4 sarB7 

MK205 yA2 pabaA1 areA102 sarB7 xprG1 

MK414 argB2 pabaA1 xprG∆::argB+ yA2 

MK489 argB2 hxkC∆::argB niiA4 

 

A. nidulans strains used in this research and developed in the lab of Richard 

Todd by persons other than H. Forster are listed in Table 2.3 

Table 2.3 "Richard Todd" Aspergillus nidulans strains constructed by others. 

Strain Genotype 
RT626 amdA7 AN1418::AfpyrG+ nkuA::Bar pyrG89 pyroA4 

RT707 amdA7 AN1416::AfpyrG+ nkuA::Bar pyrG89 pyroA4 
 RT708 amdA7 AN1427::AfpyrG+ nkuA::Bar pyrG89 pyroA4 
 RT709 amdA7 AN1428::AfpyrG+ nkuA::Bar pyrG89 pyroA4 

RT763 pyrG89 sarA∆::riboB+ pyroA4 riboB2 
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RT765 areA102 pabaB22 pyrG89 pabaB22 riboB2 sarA∆::riboB+ 

RT774 AN1808::AfpyrG+ areA102 pabaB22 pyrG89 riboB2 

RT775 pyrG89 areA102 pyroA4 AN1808∆::AfpyrG+ riboB2 

RT776 pyrG89 areA102 pyroA4 sarA∆::riboB+ AN1808∆::AfpyrG+ riboB2 

 

A. nidulans strains used in and developed during this research by H. Forster are 

listed in Table 2.4 

Table 2.4 "Richard Todd" Aspergillus nidulans strains constructed by Forster. 

Strain Genotype 
RT803 pyrG89 pyroA4 nkuA::Bar xprG1 

RT804 pyrG89 pyroA4 nkuA::Bar xprG1 niiA4 

RT811 pyrG89 pyroA4 nkuA::Bar xprG::argB+ 

RT812 pyrG89 pyroA4 nkuA::Bar xprG::argB+ nkuA::Bar 

RT813 pyrG89 pyroA4 nkuA::Bar xprG::argB+ amdA7 nkuA::Bar 

RT818 pyrG89 pyroA4 nkuA::Bar AN1418::AfpyrG+ AN1418r  

RT822 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT823 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT824 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT825 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT826 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT827 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT828 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT829 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT830 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT831 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT832 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT833 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT834 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT835 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT836 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT843 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT844 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT845 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT851 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT852 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT853 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT854 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT855 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT856 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT857 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT858 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 
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RT859 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT865 pyrG89 pyroA4 nkuA∆::Bar  

RT890 areA102 pyroA4 AN8875::AfpyrG+ 

RT891 biA1 areA102 AN8875::AfpyrG+ niiA4 

RT892 areA102 AN8875::AfpyrG+ 

RT893 biA1 areA102 AN8875::AfpyrG+ niiA4 

RT927 biA1 areA102 sarB7 niiA4 AN8875c* 

RT928 biA1 areA102 sarB7 niiA4 AN8875c* 

RT929 biA1 areA102 sarB7 niiA4 AN8875c* 

RT930 biA1 areA102 sarB7 niiA4 AN8875c* 

RT931 biA1 areA102 sarB7 niiA4 AN8875c* 

RT943 biA1 areA102 pyroA4 AN8875::AfpyrG+ niiA4 

RT944 biA1 areA102 pyroA4 AN8875AfpyrG+ 

RT945 areA102 AN8875::AfpyrG+ niiA4 

RT946 biA1 areA102 AN8875 niiA4 nkuA::Bar 

RT947 biA1 areA102 niiA4 sarB7 AN8875c* 

RT948 biA1 areA102 niiA4 sarB7 AN8875c* 

RT949 biA1 areA102 niiA4 sarB7 AN8875c* 

RT950 biA1 areA102 niiA4 sarB7 AN8875c* 

RT951 biA1 areA102 niiA4 sarB7 AN8875c* 

RT952 biA1 areA102 niiA4 sarB7 AN8875c* 

RT953 biA1 areA102 niiA4 sarB7 AN8875c* 

RT954 biA1 areA102 niiA4 sarB7 AN8875c* 

RT955 biA1 areA102 niiA4 sarB7 AN8875c* 

RT957 biA1 areA102 niiA4  

RT958 areA102 

RT959 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT960 biA1 areA102 niiA4  

RT961 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT962 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT963 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT964 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT965 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT971 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT972 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT973 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT974 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT975 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT981 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT982 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT983 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT984 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT985 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT986 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  

RT987 pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* amdA7  
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RT988 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT989 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT990 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT991 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT992 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT993 pyrG89 AN1427∆::AfpyrG+ riboB2 

RT994 pyrG89 pabaB22 AN1427∆::AfpyrG+ riboB2 

RT995 pyrG89 pabaB22 AN1427∆::AfpyrG+ 

RT996 pyrG89 pyroA4 AN1427∆::AfpyrG+ 

RT997 pyrG89 pabaB22 pyroA4 AN1427∆::AfpyrG+ 

RT998 pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* amdA7 

RT999 pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* amdA7 

RT1000 pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* amdA7 

RT1001 pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* amdA7 

RT1002 pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* amdA7 

RT1003 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1004 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1005 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1006 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1007 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1008 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* amdA7 

RT1009 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1010 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1011 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1012 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1013 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1014 pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* amdA7 

RT1015 pyrG89 pyroA4 AN8875∆::AfpyrG+ riboB2 

RT1016 pyrG89 pyroA4 AN8875∆::AfpyrG+ 

RT1017 pyrG89 AN8875∆::AfpyrG+ riboB2 

RT1018 pyrG89 pabaB22 AN8875∆::AfpyrG+ 

RT1019 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG- 

RT1020 pyrG89 pabaB22 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1021 pyrG89 pyroA4 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1022 pyrG89 pabaB22 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1023 pyrG89 pyroA4 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1024 pyrG89 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1025 pyrG89 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2 

RT1035 pabaB22 areA102 AN8875∆::AfpyrG+ AN1808∆::AfpyrG+ 

RT1036 pyrG89 pyroA4 nkuA::Bar AN11141::AfpyrG+  

RT1037 pyrG89 pyroA4 nkuA::Bar AN0265::AfpyrG+ 

RT1045 areA102 AN11141::AfpyrG+niiA4 

RT1046 areA102 pyroA4 AN11141::AfpyrG+ 

RT1047 areA102 pyroA4 AN0265::AfpyrG+ 

RT1048 areA102 AN0265::AfpyrG+niiA4 
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RT1049 biA1 areA102 xprG::argB+ niiA4 

RT1050 biA1 areA102 AN1416::pyrG+ niiA4 

RT1051 biA1 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1052 areA102 pyroA4 AN1416::AfpyrG+ 

RT1053 areA102 AN1416::pyrG+ niiA4 

RT1055 yA1 areA102 pyroA4 xprG::argB+ AN1416::pyrG+ 

RT1056 yA2 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1057 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1058 areA102 xprG::argB+ AN1416::pyrG+ pabaA1 

RT1059 yA2 areA102 pabaA1 xprG::argB+ 

RT1060 yA2 areA102 xprG::argB+niiA4 

RT1064 areA102 AN11141∆::AfpyrG+ AN0265∆::AfpyrG+ niiA4 
#  “r”, repaired, denotes the wild type gene has replaced a gene knockout via homologous gene 
replacement. 
* “c”, complemented, denotes integration of a plasmid containing the indicated wild type gene by single 
crossover. 

 

 2.1.2 Escherichia coli strains   

Plasmid construction and manipulation used the Escherichia coli strain NM522 

[F’ proA+B+ lacIq (lacZ)M15/(lac-proAB) glnV thi-1 (hsdS-mcrB)5] (Gough and 

Murray 1983). Details of plasmid construction are provided in the applicable chapters. 

 2.2 Media and Growth Conditions 

 2.2.1 Aspergillus nidulans media and growth conditions 

A. nidulans growth conditions and media were as described in Cove (1966). 

Aspergillus nitrogen-free minimal media (ANM) was pH adjusted to 6.5 and contained 

1% (w/v) carbon source and 10 mM nitrogen source, unless otherwise stated, and 

supplemented for auxotrophic mutations. Genetic analysis was carried out using 

techniques described in Clutterbuck (1973) and Todd et al. (2007b). 

 2.2.2 Escherichia coli media and growth conditions 

E. coli were grown on Luria broth (LB) agar supplemented with 50 g/mL 

ampicillin to select for colonies containing an ampicillin resistance selectable marker. 
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For blue-white screening, 0.04 mM isopropyl--D-thiogalactopyranoside (IPTG) with 

0.005% 5-bromo-4-chloro-3-indoyl--D-galactoside (X-gal) were used as needed 

(Sambrook and Russell 2001). Bacterial stocks were made by growing E. coli overnight 

in LB broth, and mixing the bacterial suspension with an equal volume of 30% glycerol, 

flash freezing, and storing at -80 °C. 

 2.3 Chemical Reagents and Solutions 

DNA Lysis Buffer 
 50 mM Tris-HCl pH 7.2 
 50 mM EDTA 
 3% SDS 

 1% -mercaptoethanol 
 
RNA Extraction Buffer 
 7 M Urea 
 100 mM Tris-HCl pH 8.0 
 10 mM EDTA 
 1% Sodium dodecyl sulfate 
 
LAAO In-Gel Assay HRP-OPD Substrate Solution 
 5 mM amino acid 
 1 mM O-phenylenediamine 
 0.5 U/mL Horseradish peroxidase 
 In Tris-HCl pH 8.0 
 
LAAO In-Gel Assay Electrophoresis Buffer (10x) 
 250 mM Tris 
 2.5 M Glycine (pH 8.3) 
 1% Sodium dodecyl sulfate 
   
LAAO In-gel Assay Sample Buffer (2x) 
 0.15 M Tris-HCl pH 6.8 
 20% Glycerol 
 4% Sodium dodecyl sulfate 
 0.2% Bromophenol blue 
  
LAAO Spectrophotometric Assay HRP-OPD Substrate Solution 
 5 mM amino acid 
 2 mM O-phenylenediamine 
 0.81 U/mL Horseradish peroxidase 
 In Tris-HCl pH 8.0 
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 2.4 Standard Molecular and Microbiology Techniques 

 2.4.1 DNA manipulation 

Standard molecular techniques were generally performed as described in 

Sambrook and Russell (2001). A. nidulans genomic DNA was isolated according to Lee 

and Taylor (1990). PCR products and restriction enzyme digest products were isolated 

from agarose gels or PCR reaction tubes by the Wizard SV Gel and PCR Clean Up 

System (Promega) following the manufacturer’s instructions. Restriction enzyme digests 

(Promega), dephosphorylation with Arctic shrimp alkaline phosphatase (Promega), and 

ligations using the T4 DNA ligase (Promega) were performed according to the 

manufacturer’s instructions. Plasmid DNA was isolated using the Wizard Plus SV 

Miniprep DNA Purification Kit (Promega) according to the manufacturer’s instructions. 

DNA was separated on 1% agarose gels by electrophoresis in 1x TAE buffer. DNA was 

quantified using the Nanodrop One spectrophotometer (Thermo Scientific).  

 2.4.2 RNA isolation 

Total RNA was isolated by adding TRIzol Reagent (ThermoFisher), RNA 

extraction buffer, -mercaptoethanol, and chloroform to ground mycelia (Steyer 2022). 

After centrifugation, the supernatant was retained and subjected to a phenol-chloroform-

isoamyl alcohol extraction with chloroform purification. RNA was precipitated with 2 M 

ammonium acetate and 50% isopropanol and incubated overnight at -20 °C. A second 

precipitation was performed with DEPC water and 4 M lithium chloride and incubated 

overnight at -20 °C. RNA was resuspended in DEPC water and stored at -80 °C. RNA 

bands were visualized by electrophoresis in a 1.2% agarose gel containing 1.1% 
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formaldehyde in 1x MOPS buffer. RNA concentration was determined using a Nanodrop 

One spectrophotometer (Thermo Scientific). 

 2.4.3 Polymerase chain reaction 

PCR was performed using 0.3 L Ex-Taq (TaKaRa), GoTaq Flexi (Promega), or 

GoTaq G2 (Promega) DNA polymerase according to the manufacturer’s instructions. 

Template DNA quantity was usually 1 ng for DNA isolated from plasmids and 100 ng for 

genomic DNA. All reactions followed recommended denaturing, annealing, and 

extension conditions (~1 minute per 1000 bp) for 35 cycles. Primers were either self-

designed and purchased from IDT or provided by the Fungal Genetics Stock Center 

with the relevant A. nidulans knockout constructs. 

 2.4.4 Southern blot 

Southern Blot was conducted as outlined in Sambrook and Russell (2001). DNA 

samples were separated by electrophoresis on 1% agarose gels and treated with 0.25 

M HCl for depurination. DNA was transferred to Hybond XL positively charged 

membranes (Amersham) using capillary transfer with 0.4 M NaOH. DNA was 

crosslinked to the membranes using the autocrosslinking settings on a UV Stratalinker 

1800 (Stratagene). Probe generation, hybridization (42 °C overnight), and detection 

were performed using the DIG (Digoxigenin) High Primer DNA Labeling and Detection 

Starter Kit II (Roche) following the manufacturer’s instructions. Films exposed to blots 

were developed in an Economax X-ray film processor (Protec). 

 2.4.5 SDS-PAGE 

Soluble cell-free protein extracts were prepared by grinding 0.2 g of frozen 

mycelium in 2 mL 0.1M Tris-HCl ph8.0 with acid-washed glass beads (≤ 106 µm) 
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(Sigma) for 30 s with a mortar and pestle, followed by centrifugation for 10 m at 20,800 

x g at 4˚C twice to pellet and remove the insoluble fraction. Protein concentrations were 

determined by Nanodrop or Bradford determination (BioRad). Protein extract samples 

containing equal amounts of protein in 1x LAAO in-gel assay sample buffer (lacking 

dithiothreitol) were not heat-treated before loading into 7.5% SDS-PAGE gels with 5% 

stacking gels, made in-house. Gels were run on an Enduro Modular Vertical Gel System 

(Labnet) in Tris-glycine buffer. The Spectra Multicolor Broad Range Protein Ladder 

(Thermo Fisher) was used as a protein size marker.  

 2.5 Aspergillus Genetic Manipulation Protocols 

 2.5.1 Aspergillus nidulans growth testing and genetic analysis 

A. nidulans growth testing was performed as described in Pontecorvo et al. 

(1953). When testing ammonium as a nitrogen source, 10 mM ammonium tartrate was 

used. When testing alternative carbon sources in which ammonium served as the 

nitrogen source, 10 mM ammonium chloride was used. Fungal crosses and 

manipulations followed Todd et al. (2007b). Heterokaryon rescue analysis followed 

Osmani et al. (2006). 

 2.5.2 Aspergillus nidulans transformation 

A. nidulans transformations were performed as in Andrianopoulos and Hynes 

(1988) with modifications described in Downes et al. (2013). 

 2.6 Gene Expression Characterization Protocols 

 2.6.1 RNA sequencing 

Three biological replicates of total RNA were isolated as described above in 

Section 2.4.2. Libraries for RNA-seq were prepared and sequenced at the Kansas State 
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University Integrated Genomics Facility (Manhattan, Kansas, USA). Illumina NGS 

libraries were prepared using the TruSeq Stranded mRNA kit and sequenced using 

NextSeq high output single-end 75 cycles with a NextSeq500 Sequencing System. 

 2.6.2 Reverse Transcription-Quantitative PCR 

RNA samples were treated with qScript cDNA SuperMix (Quanta Biosciences) to 

generate cDNA. cDNA was added to iTAQ Universal SYBR Green Supermix (Bio-Rad) 

and analyzed on a My iQ thermocycler with the iQ5 v.21 program (Bio-Rad). Fold 

change was calculated using the CT method (Pfaffl 2001; Schmittgen and Livak 

2008). The -tubulin gene benA was used as a reference housekeeping gene (May et 

al. 1987). Primers (IDT) were designed to amplify cDNA by overlapping a splice junction 

within the target gene. 

 2.7 Bioinformatics and in silico analyses 

 2.7.1 Sequence identification and analysis 

DNA and protein sequences were obtained from FungiDB (fungidb.org; Alvarez-

Jarreta et al. 2024) or the NCBI database (ncbi.nlm.nih.gov). InterPro Registry (IPR) 

and Pfam protein domains were predicted by querying databases at InterPro 

(ebi.ac.uk/interpro/; Blum et al. 2025). Transmembrane domain number and locations 

were predicted by DeepTMHMM (Hallgren et al. 2022). AlphaFold 3 (Abramson et al. 

2024) and i-TASSER (Zhang 2008; Roy et al. 2010; Yang et al. 2015) provided 3D 

protein structure models. To predict the subcellular localization of proteins we used 

Psort II (Nakai and Horton 1999), DeepLoc 2.1 (Ødum et al. 2024), and LocTree3 

(Goldberg et al. 2014). ER-retention sequences were predicted by Psort II.  
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 2.7.2 Phylogenetic analysis 

Candidate orthologs were identified from predictions found in the OrthoMCL 

database (orthomcl.org; Li et al. 2003; Chen et al. 2006, 2007; Fischer et al. 2011),  

OrthoDB (orthodb.org; Tegenfeldt et al. 2025), and references in the literature. 

Candidates were further evaluated through sequence alignments and presence of key 

features. Pairwise sequence alignments were performed with EMBOSS Needle (EMBL-

EBI) with default parameters. Multiple sequence alignments were performed with 

Clustal Omega on the EMBL-EBI server (Sievers et al. 2011, 2020; Sievers and Higgins 

2018) or MAFFT 7 for phylogenetic tree generation with 100 bootstraps (mafft.cbrc.jp; 

Kuraku et al. 2013; Katoh et al. 2019). Alignments were visualized using Jalview 

2.11.4.1 (jalview.org; Waterhouse et al. 2009). Trees were visualized using Interactive 

Tree of Life (iTOL) 4 (itol.embl.de; Letunic and Bork 2024). 

 2.7.3 RNA sequencing analysis 

RNA-seq analysis was performed using the Galaxy Platform 25.0.2 

(usegalaxy.org; The Galaxy Community 2024). FastQC (Babraham Institute) was used 

to determine sequence read quality and reads were aligned to the A. nidulans version 5 

genome sequence (provided by Adrian Tsang, Concordia University) using HISAT2 

(Kim et al. 2019) with default settings. Differential expression analysis was performed in 

the SeqMonk Mapped Sequence Data Analyser 1.48.1 (Babraham Institute) using 

DESeq2 with the Benjamini-Hochberg (BH) false discovery rate (FDR) adjusted p-value 

of 0.05 (Love et al. 2014). 
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Chapter 3 - Identification of the sarB gene 

 3.1 Abstract 

In Aspergillus nidulans, the transcription factor AreA regulates nitrogen utilization 

genes. The areA102 pleiotropic altered function mutant shows increased growth on 

histidine as a nitrogen source. The suppressor of areA102 mutants sarA and sarB 

suppress this strong growth on histidine. The sarA gene (AN2350) is characterized and 

encodes an L-amino acid oxidase (LAAO), but sarB has remained unidentified. Whole 

genome sequencing led to identification of AN8875 as a sarB candidate. To investigate 

if sarB is AN8875, transformation of the wild-type AN8875 gene into the areA102 sarB7 

strain was performed. Introduction of the AN8875 gene led to restoration of the AreA102 

phenotype, indicating that AN8875 complemented the sarB7 mutant phenotype. The 

AN8875 gene was deleted by homologous gene replacement. In a wild-type 

background, the AN8875∆ mutant showed no growth phenotype on histidine. An 

areA102 AN8875 mutant was constructed by crossing, and this mutant phenocopied 

the weak growth on histidine characteristic of the areA102 sarB7 mutant, indicating that 

deletion of the AN8875 gene suppressed the AreA102 strong growth on histidine 

phenotype. Transformation of the wild-type AN8875 gene into the AN8875 areA102 

mutant complemented the AN8875 mutant phenotype and restored the areA102 

mutant strong growth on histidine phenotype. These experiments provide strong 

evidence that sarB is AN8875. 

AN8875 (sarB) encodes a putative uridine diphosphate (UDP)-N-

acetylglucosamine (UDP-GlcNAc) transporter. Growth of sarB mutants on media 

containing GlcNAc did not differ from wild type. Because GlcNAc is the building block of 



18 

chitin, we stained sarB mutant hyphae with calcofluor white and found a similar 

distribution of chitin, but lower levels of fluorescence compared with the wild-type strain. 

sarB is conserved in the fungal and animal kingdoms. A single gene copy is 

found in A. nidulans and nearly all fungal species surveyed. Protein sequence analysis 

predicts that SarB contains 10 transmembrane domains and is likely localized to the 

endoplasmic reticulum (ER) or Golgi. We identified an insertion located between 

transmembrane domains 7 and 8 in most fungal SarB orthologs outside of ascomycete 

yeasts. While the presence of the insertion is conserved, its sequence is not. 

 3.2 Contribution Statement 

Sara M. Hopkins and Dr. Joel T. Steyer of the Richard Todd lab performed 

complementation experiments with multiple sarB candidate genes prior to whole 

genome sequencing. Sara M. Hopkins and Dr. Cameron C. Hunter deleted several of 

these genes and assessed whether they suppressed the areA102 mutant phenotype on 

histidine. Dr. Joel T. Steyer performed whole genome sequencing analysis of the 

areA102 and areA102 sarB7 mutants.  

 3.3 Introduction 

Mutations in the A. nidulans transcription factor gene areA can have strong 

impacts on nitrogen metabolism. The areA102 mutant is characterized by pleiotropic 

changes in utilization of various nitrogen sources, such as enhanced growth on 

acetamide, normally a poor source of nitrogen (Hynes 1972). Poor growth of the 

areA102 mutant on uric acid, normally a good source of nitrogen, was also observed 

(Arst and Scazzocchio 1975). Growth of the areA102 mutant on the amino acids 

histidine and lysine, which are poor sources of nitrogen, was enhanced (Hynes 1973). 
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The areA102 strain MH8 was mutagenized and several mutants with weaker 

growth on histidine were isolated, suggesting that these mutants carried mutations 

which suppressed the AreA102 histidine growth phenotype (Polkinghorne and Hynes 

1975). These mutants mapped to two different genes, named “suppressor of areA102”, 

sarA and sarB (Polkinghorne and Hynes 1975). The sarA gene was cloned by 

complementation and shown to encode an L-amino acid oxidase (LAAO) involved in 

utilization of a range of amino acids (Davis et al. 2005) (see Chapter 4). However, sarB 

remained unidentified. 

The molecular mechanism underlying the AreA102 phenotype has been 

identified. An L683V amino acid substitution at a highly conserved position within the 

DNA-binding domain changes the DNA binding preference from HGATAR (where H = 

A, C, or T and R = G or A) to TGATAR (Kudla et al. 1990; Ravagnani et al. 1997). This 

causes higher affinity for some nitrogen utilization gene promoters, and lower affinity for 

others, of the mutant AreA102 protein compared with wild type AreA, leading to 

pleiotropic effects on nitrogen utilization. 

Our lab has attempted to identify the sarB gene. Mutations in sarB were mapped 

to chromosome VII (Polkinghorne and Hynes 1975). In a subsequent mapping cross 

between a sarB7 mutant and an xprG1 gain-of-function mutant, only three of 1149 

progeny were found to be double mutants (Katz et al. 2000). This suggests that sarB 

and xprG are located within 0.26 cM of each other on chromosome VII. In A. nidulans, 

the average physical to map distance ratio has been reported as 8.1 kilobase pairs 

(kbp) per cM across the genome and as 7.9 kbp per cM on chromosome VII (Christians 

et al. 2011). Therefore, sarB could be expected to lie within several kbp of xprG. Katz et 



20 

al. (2006) considered whether the sarB7 mutation might be allelic to xprG. However, a 

plasmid carrying the xprG gene failed to complement the sarB7 phenotype upon 

introduction into an areA102 sarB7 double mutant and sequence analysis of the xprG 

coding region in the sarB7 mutant identified no mutations, indicating that sarB7 is not an 

allele of the xprG gene (Katz et al. 2006). Other sarB candidate genes, identified by 

chromosome walking from xprG (which corresponds to AN1414 in the A. nidulans 

version 4 genome annotation), were assessed for the ability to complement the sarB7 

mutant histidine growth phenotype (Figure 3.1; S.M. Hopkins, J.T.Steyer and R.B. Todd, 

unpublished data). xprG and nine other candidate sarB genes (AN1406, AN1411, 

AN1412, AN1413, AN1415, AN1416, AN1417, AN1418, and AN1420) were each PCR-

amplified and separately transformed into the areA102 sarB7 double mutant MK160. All 

candidates failed to yield complementing transformants following direct selection for 

stronger growth on histidine (S.M. Hopkins, J.T. Steyer and R.B. Todd, unpublished 

data). Furthermore, four genes (AN1406, AN1418, and AN1420, which are near xprG, 

and a second LAAO-encoding gene, AN1808, which is also located on chromosome 

VII) were deleted, and the deletion mutants were crossed to the areA102 mutant to 

produce double mutants. None showed suppression of the AreA102 histidine growth 

Figure 3.1 sarB candidates were identified by chromosome walking from the xprG marker. 
xprG (in orange) and nine genes within 18 kbp upstream and 25 kbp downstream of xprG (in blue) on chromosome 
VII were transformed into MK160 (areA102 sarB7). Three genes, denoted with asterisks, and the predicted sarA 
paralog AN1808 (1250 kbp upstream of xprG) were also deleted and the mutants were crossed to MH8 (areA102) 
to observe the phenotype of the deletion in an areA102 background.  
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phenotype in the progeny, indicating that the candidates were not sarB (S.M. Hopkins, 

C.C. Hunter and R.B. Todd, unpublished data). xprG (and therefore sarB7) are proximal 

to the chromosome VII centromere (Katz et al. 2006). Discrepancies between genetic 

and physical map distance have been reported near the centromeres of A. nidulans 

chromosomes III and IV due to reduced recombination near the centromere (Espeso et 

al. 2005). We therefore considered that the sarB7 mutation may be a greater physical 

distance from xprG than the tight linkage suggests. This chapter describes an 

alternative approach using whole genome resequencing to identify the sarB gene. We 

provide robust evidence through complementation and construction of a deletion mutant 

by gene replacement that sarB corresponds to the gene AN8875. We reannotate 

AN8875 and characterize the sarB gene. 

 3.4 Materials and Methods 

 3.4.1 Whole genome sequencing 

Whole genome sequencing of MH8 and MK160 genomic DNA and analysis were 

performed by Dr Joel T. Steyer and are described in Steyer (2022). 

 3.4.2 Strains 

Strains used in Chapter 3 are found in Table 3.1. 

Table 3.1 A. nidulans strains used in Chapter 3. 

Strain Genotype 

MH1 biA1 

MH8 biA1 areA102 niiA4 

MH11068 pyrG89 pyroA4 amdA7 nkuA::Bar  

MK160 biA1 areA102 sarB7 niiA4 

RT855 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT856 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT857 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT858 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 

RT859 pyrG89 pyroA4 AN8875::AfpyrG+ amdA7 nkuA::Bar 
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3.4.3 PCR primers 

Genomic PCR primers used in Chapter 3 are found in Table 3.2. 

Table 3.2 Genomic PCR primers used in Chapter 3. 

RT890 areA102 pyroA4 AN8875::AfpyrG+ 

RT891 biA1 areA102 AN8875::AfpyrG+ niiA4 

RT892 areA102 AN8875::AfpyrG+ 

RT893 biA1 areA102 AN8875::AfpyrG+ niiA4 

RT927 biA1 areA102 sarB7 niiA4 AN8875c* 

RT928 biA1 areA102 sarB7 niiA4 AN8875c* 

RT929 biA1 areA102 sarB7 niiA4 AN8875c* 

RT930 biA1 areA102 sarB7 niiA4 AN8875c* 

RT931 biA1 areA102 sarB7 niiA4 AN8875c* 

RT943 biA1 areA102 pyroA4 AN8875::AfpyrG+ niiA4 

RT944 biA1 areA102 pyroA4 AN8875AfpyrG+ 

RT945 areA102 AN8875::AfpyrG+ niiA4 

RT946 biA1 areA102 AN8875 niiA4 nkuA::Bar 

RT947 biA1 areA102 niiA4 sarB7 AN8875c* 

RT948 biA1 areA102 niiA4 sarB7 AN8875c* 

RT949 biA1 areA102 niiA4 sarB7 AN8875c* 

RT950 biA1 areA102 niiA4 sarB7 AN8875c* 

RT951 biA1 areA102 niiA4 sarB7 AN8875c* 

RT952 biA1 areA102 niiA4 sarB7 AN8875c* 

RT953 biA1 areA102 niiA4 sarB7 AN8875c* 

RT954 biA1 areA102 niiA4 sarB7 AN8875c* 

RT955 biA1 areA102 niiA4 sarB7 AN8875c* 

RT957 biA1 areA102 niiA4  

RT958 areA102 

RT960 biA1 areA102 niiA4  

RT971 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT972 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT973 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT974 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

RT975 biA1 areA102 AN8875::AfpyrG niiA4 AN8875c* 

* “c” denotes integration of a plasmid containing the indicated gene. 

Target Primer Name Sequence (5’ → 3’) 
AN8875 AN8875_outside_5’F GGCCTACTCTTCTCTCTTCC 

 AN8875_outside_3’R GCACTCTATTGACACACCAC 

 AN8875_inside_5’F GGCCTACTCTTCTCTCTTCC 

 AN8875_inside_3’R GCACTCTATTGACACACCAC 
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 3.4.4 Plasmid construction 

The pHF273 and pHF275 plasmids (Table 3.3) were constructed by cloning the 

AN8875 gene (-874 to +2475) PCR product amplified from wild type (MH8) and from the 

areA102 sarB7 mutant (MK160), respectively, into the pGEM-T Easy vector (Promega).  

 

Table 3.3 Plasmids used in Chapter 3. 

Plasmid name Insert Backbone 
pHF273 AN8875 wild type pGEM-T Easy 

pHF275 AN8875 sarB7 pGEM-T Easy 

 

 3.4.5 Complementation of the sarB7 mutation 

The wild-type AN8875 gene (-874 to +2475) from the wild-type strain (MH1) was 

PCR amplified from genomic DNA and transformed into the areA102 sarB7 mutant 

(MK160) using the transformation protocol described in Downes et al. (2013). We 

separately transformed the wild-type AN8875 gene (-874 to +2475) PCR amplified from 

the areA102 strain (MH8) and the pHF273 plasmid containing the AN8875 gene from 

MH8 into the areA102 sarB7 mutant. As a negative controls, we transformed the mutant 

AN8875 gene (-874 to +2475) PCR-amplified from the areA102 sarB7 mutant and the 

pHF275 plasmid containing the AN8875 mutant gene (see Section 3.4.4) into MK160. 

Transformants were directly selected for restoration of the AreA102 phenotype of strong 

growth on protoplast media containing 10 mM histidine as the sole nitrogen source.  

 ANID_08875.1_5’F GTAACGCCAGGGTTTTCCCAGTCACGACGGGCCTACTCTT
CTCTCTTCC 

 ANID_08875.1_3’R GCGGATAACAATTTCACACAGGAAACAGCGCACTCTATTGA
CACACCAC 
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Plasmid integration was confirmed through Southern blotting (see Section 2.4.4), 

using the linear AN8875 wild type gene amplified from pHF273 as a probe. Five 

transformants (RT947, RT948, RT950, RT951, RT952) were assessed using single 

restriction digests of genomic DNA with BstXI, PstI, and SalI.  

 3.4.6 Strain construction  

 Construction of AN8875 deletion mutants 

AN8875 mutants (RT855-RT859;  -18 to +1508) were constructed using the 

AN8875::AfpyrG knockout construct made in the A. nidulans knockout project by De 

Souza et al. (2013) and obtained from the Fungal Genetics Stock Center, Manhattan, 

Kansas (McCluskey et al. 2010). Briefly, the construct consisted of the Aspergilus 

fumigatus pyrG (AfpyrG) gene selectable marker, flanked by sequences 850 bp 

upstream and 637 bp downstream of AN8875, which allowed for gene replacement by 

homologous recombination in a nkuA∆ non-homologous end-joining mutant recipient 

(Nayak et al. 2006). Transformation into a recipient with the pyrG89 mutation allowed 

selection of transformants for pyrimidine prototrophy (Oakley et al. 1987a). Knockout 

construct integration was confirmed using PCR by observing presence of a band the 

size of the construct (1.7 kbp) in the transformants RT855-RT859. The expected band 

size of the wild-type gene seen in the wild-type control was 1.55 kbp.  

 Construction of the areA102 AN8875 mutant 

An AN8875 mutant (RT855) was crossed with an areA102 strain (MH8) using 

protocols described in Todd et al. (2007b). Progeny with the areA102 allele were 

identified by poor growth on uric acid. areA102 progeny with the AN8875 deletion were 

detected by weak growth on histidine. Several progeny of each class were confirmed as 
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AN8875∆ or AN8875 wild type by PCR. To confirm the results of the first cross, a 

second cross was performed using an independent but identical AN8875 homologous 

gene-replacement transformant (RT856).  

 Complementation of the deletion mutant phenotype 

The pHF273 plasmid was transformed into an areA102 AN8875 strain recipient 

(RT891). Transformants were directly selected for increased growth on histidine (Figure 

3.4A). Southern blotting was used to confirm plasmid integration for five transformants 

(RT971-RT975) using AN8875 PCR product amplified from pHF273 as a probe, 

following single restriction digests of genomic DNA by BstXI, PstI, and SalI. 

 3.4.7 Analysis of sarB gene expression 

RNA was isolated from a wild-type strain (MH11068) and from a nmrA mutant 

(RT851) and sequenced, and the data analyzed as described in Chapter 2. To assess 

the role of nitrogen source in regulation of sarB, gene expression under glutamine, 

alanine, and nitrogen starvation conditions were each independently compared to 

expression on ammonium within each strain. Additionally, expression under each 

condition was compared between the two strains. 

 3.4.8 Sequence analysis of SarB 

SarB sequence analyses were performed using the 459-amino acid predicted 

protein sequence based on the version 5 AN8875 gene annotation. InterPro Registry 

(IPR) and Pfam protein domains were predicted by querying databases at InterPro 

(ebi.ac.uk/interpro/; Blum et al. 2025). SarB transmembrane domain number and 

locations were predicted by DeepTMHMM (Hallgren et al. 2022). AlphaFold 3 

(Abramson et al. 2024) and i-TASSER (Zhang 2008; Roy et al. 2010; Yang et al. 2015) 
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provided 3D protein structure models. To predict the subcellular localization of SarB we 

used Psort II (Nakai and Horton 1999), DeepLoc 2.1 (Ødum et al. 2024), and LocTree3 

(Goldberg et al. 2014). ER-retention sequences were predicted by Psort II.  

 3.4.9 Phylogenetic analysis of SarB 

Candidate sarB orthologs were identified from predictions found in the OrthoMCL 

database (orthomcl.org; Li et al. 2003; Chen et al. 2006, 2007; Fischer et al. 2011) and 

OrthoDB (orthodb.org; Tegenfeldt et al. 2025), protein BLAST of the version 5 AN8875 

sequence against the FungiDB (fungidb.org) and NCBI (ncbi.nlm.nih.gov) databases, 

and references in the literature. These candidates were evaluated through sequence 

alignments with the version 5 AN8875 protein sequence and presence of the PF08449 

(UAA transporter family) protein domain. 

Pairwise global sequence alignments and calculations of sequence identity and 

similarity were performed using EMBOSS Needle 

(ebi.ac.uk/jdispatcher/psa/emboss_needle). Sequence alignments for comparing 

sequences were performed using Clustal Omega (ebi.ac.uk/jdispatcher/msa/clustalo; 

Sievers et al. 2011, 2020; Sievers and Higgins 2018) and visualized using Jalview 

2.11.4.1 (jalview.org; Waterhouse et al. 2009). Sequence alignments for generating 

phylogenetic trees were performed using the neighbor joining method MAFFT 7 

(mafft.cbrc.jp/alignment/software; Kuraku et al. 2013; Katoh et al. 2019) with 100 

bootstraps. Trees were visualized in the Interactive Tree of Life (iTOL) 4 (itol.embl.de; 

Letunic and Bork 2024).  
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 3.4.10 Calcofluor white staining and microscopy 

Wild-type (MH1) and sarB (RT855) colonies were grown on complete media for 

48 h at 37°C. Conidia from one colony were suspended in 500 µl Tween 80, vortexed, 

then 5 µl was inoculated to one well of a six-well plate containing supplemented 

glucose-ammonium minimal media and a cover slip, The plate was incubated for 24 h at 

25°C. The cover slip, on which conidia had settled and germinated, was mounted over 5 

µL of 1 mg/ml calcofluor white and 5 µL of mounting medium containing 10 mg/ml 1,4-

diazabicyclo[2,2,2]octane (DABCO) dissolved in 100% glycerol on a sterile slide and 

observed under the microscope. Direct UV fluorescence microscopy was performed 

using an Olympus BX51 upright biological reflected fluorescence microscope equipped 

with Nomarski differential interference contrast (DIC), an EXFO X-Cite 120Q 

fluorescence illumination system, and a UPlanFLN Plan Semi Apochromat (field number 

FN26.5) Fluorite 100 oil objective (numerical aperture: 1.30). Calcofluor fluorescence 

was detected using a BrightLine DAPI (4, 6-diamidino-2-phenylindole) Hi Contrast filter 

set (excitation wavelength band pass, 387/11 nm; dichroic mirror, 409 nm; ZPIXEL). 

Images were captured using an Olympus DP72 12.8 Megapixel digital color camera and 

DP2-BSW digital camera software. Raw images are presented without adjustments to 

the tonal range. 

 3.5 Results 

 3.5.1 Identification of AN8875 as a sarB candidate 

Whole genome sequencing of genomic DNA from the areA102 parent (MH8) and 

the areA102 sarB7 mutant (MK160) was performed, and sequence differences of the 

two strains compared with the A. nidulans version 5 reference genome sequence 
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(provided pre-publication by Prof. Adrian Tsang, Concordia University) on chromosome 

VII were identified (J.T. Steyer and R.B. Todd, unpublished data). After removal of low-

quality variants (quality score <30), three single nucleotide polymorphisms (SNPs) 

specific to MK160 remained as potential sarB candidate causative mutations (Figure 

3.2). The SNPs were evaluated for both their proximity to xprG and the type of change 

they were predicted to produce in the genes in which they reside. The SNPs were 

located at positions 591530, 1128817, and 4480218, all exceeding the recombination-

based map distance predicted from xprG (AN1414), at position 709567. Previous work 

showed that the gene oliG, located at position 1390649, is not linked to xprG (Katz et al. 

2000). Because the SNP at 4480218 was far distal to this marker, it was unlikely to be 

sarB. The centromere is located between the SNP at 591530 and xprG. Because there 

is little recombination near centromeres, the physical distance between genes in such 

regions generally exceeds predicted map distances (Espeso et al. 2005) and thus the 

SNP at 591530 was a strong sarB candidate.   

The SNPs at positions 1128817 (within the coaT gene, AN1547) and 4480218 

(within AN2598) were predicted to be in introns and thus were unlikely to cause a 

Figure 3.2 Whole genome sequencing identified three sarB7 candidate SNPs.  
MH8 (areA102) and MK160 (areA102 sarB7) were whole genome sequenced and SNPs were compared to the wild-
type reference sequence. Three SNPs (SNP1 (G to A), SNP2 (C to T), SNP3 (G to A)) on chromosome VII unique to 
MK160 are shown with their sequence coordinates from the left telomere. The centromere (CEN) is indicated. Both 
SNP2 and SNP3 were predicted to be in the introns of the genes in which they were located, whereas SNP1 was 
predicted to cause a nonsense truncation mutation in the reannotated AN8875 gene. 
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phenotype. The SNP at 591530 lies within the reannotated (see Section 3.5.2 below) 

uncharacterized gene AN8875 and introduces a stop codon at W148 via a G to A 

substitution at +604. Based on the SNP location and the predicted effect, AN8875 was 

the most likely sarB candidate. 

 3.5.2 Reannotation of the AN8875 gene 

The A. nidulans genome sequence version 5 reannotation provided by A. Tsang 

(Concordia University) is improved based on stranded RNA-seq data (Steyer et al. 

2021; D.J. Downes and R.B. Todd, unpublished data) and resulted in reannotation of 

the AN8875 gene structure (Figure 3.3A). When compared with the version 4 

annotation, the second intron is lengthened from 34 bp to 53 bp, resulting in a shorter 

third exon, from 36 to 17 bp (Figure 3.3B-C). Additionally, the third intron is shortened 

from 326 to 55 bp and the fourth intron was eliminated, resulting in a longer final exon. 

The gene structure represented by the new annotation is conserved in aspergilli and is 

supported by existing RNA-seq data in multiple species, including A. nidulans. The 

version 4 annotation predicts a 345 amino acid-long protein, whereas the version 5 

annotation predicts a protein length of 459 residues. These changes impact 

interpretation of the predicted effects of the sarB7 mutation. Under the A. nidulans 

version 4 annotation, the mutation at position 591530 occurs in an intron within AN8875. 

However, in the version 5 reannotation it falls within the fourth exon and confers a 

nonsense mutation resulting in protein truncation at amino acid 148 in the predicted 

459-residue protein. Our success in experimentally establishing AN8875 as sarB, 

described below, provides additional evidence that the AN8875 reannotation represents 

the correct gene structure. 
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 3.5.3 Cloning of the sarB gene by complementation 

To investigate if sarB is AN8875, we initially PCR-amplified the wild-type AN8875 

gene from MH1 (areA+ sarB+), transformed it into the MK160 (areA102 sarB7) mutant, 

and directly selected transformants for enhanced growth on histidine (Figure 3.4A). 

Sixteen transformants were obtained and all exhibited the AreA102 phenotypes of 

strong growth on histidine and lysine as sole nitrogen sources (Figure 3.4B). We also  

 

Figure 3.3 Reannotation of AN8875. 
(A) The reannotation genome browser for AN8875 shows combined RNA-seq data, CAGE-seq data of transcription 
start sites, and the version 5 reannotation and version 4 annotation gene models. (B) Gene models are shown for 
clarity against RNA-seq data for growth on the repressing nitrogen source glutamine (Steyer et al. 2022). (C) 
Coordinates for the version 4 and new AN8875 gene model features are shown. 
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transformed MK160 using the wild-type AN8875 gene PCR-amplified from MH8  

(areA102 sarB+), the parent strain of MK160. Twenty transformants were obtained, all 

of which showed the AreA102 strong growth phenotypes on histidine and lysine media. 

As a control we transformed the PCR-amplified AN8875W148* mutant gene from MK160. 

No transformants were recovered following selection on histidine media (Fig. 3.4A). We 

then cloned the wild-type AN8875 gene PCR-amplified from MH8 and the AN8875W148* 

mutant gene from MK160 into pGEM-T Easy. The resultant plasmids, pHF273 (wild-

type AN8875) and pHF275 (AN8875W148*), were transformed into MK160 and 

transformants were directly selected for increased growth on histidine. Seven 

transformants were obtained with pHF273 and all exhibited the AreA102 phenotypes of 

strong growth on histidine or lysine as a sole nitrogen source (Fig. 3.4B). No 

Figure 3.4 The wild-type AN8875 gene complemented the sarB7 mutant phenotype. 
(A) PCR-amplified AN8875 from the areA102 mutant (MH8; i.e. wild-type AN8875) or from the areA102 sarB7 mutant 
(MK160) were transformed into MK160 and transformants were directly selected for growth on histidine as a sole 
nitrogen source after 72 h at 37⁰C. Transformants were recovered only for the wild-type transforming DNA. (B) 
Complementing transformants with PCR-amplified wild-type AN8875 (“linear”) DNA or pHF273 containing the wild-
type AN8875 gene (“plasmid”) integrated into the MK160 genome restored the AreA102 phenotypes of strong growth 
on histidine and on lysine as a sole nitrogen source. Strains of indicated genotypes were grown on supplemented 1% 
glucose-minimal media containing 10 mM nitrogen source for 48 h at 37⁰C. Top to bottom: MH1, MH8, MK160, 

RT927, RT947. 
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transformants were obtained with the pHF275 plasmid containing the AN8875W148* 

mutant gene. Together, these transformation experiments indicate that the wild-type 

AN8875 gene, but not the mutant AN8875W148* gene, complemented the sarB7 mutant 

phenotype. 

To confirm integration of pHF273 into the genome, Southern blot analysis was 

performed. Genomic DNA from five complementing transformants was restriction 

digested separately with BstXI, PstI, and SalI. The wild-type AN8875 gene PCR-

amplified from pHF273 was used as a probe (Figure 3.5A). The recipient control 

Figure 3.5 Southern analysis confirmed integration of wild-type AN8875 into the areA102 sarB7 mutant genome.  
The plasmid pHF273 containing the wild-type AN8875 gene was transformed into MK160 (areA102 sarB7). Single 
restriction digests of genomic DNA from five transformants were performed with BstXI (B), PstI (P), and SalI (S). (A) 
Predicted band sizes for integration of the pHF237 insert, carrying AN8875, into MK160 by double homologous 
recombination. White boxes indicate UTRs, thick black lines indicate genomic DNA, and the cyan bars represent the 
probe. Note that integration may occur by homology or ectopically (not shown). (B) MK160 had only bands of the 
sizes predicted for a single copy of AN8875. Transformants 1, 2, 3, and 5 had multiple bands indicative of ectopic 
integrations of the plasmid, including the same bands as the recipient and bands the same size as the plasmid, 
indicating tandem repeat integrations. Transformant 4 had only the same bands as the recipient, indicating 
integration occurred by double homologous recombination.  
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(MK160) showed only bands of the sizes predicted from the presence of the 

AN8875W148* mutant gene, which does not differ from wild type (Figure 3.5B). Four 

transformants (Transformants 1, 2, 3, and 5) had the recipient bands and multiple 

additional bands indicating ectopic integrations of the plasmid, including a band 

corresponding to the size of the plasmid representing tandem repeat integrations. One 

transformant (Transformant 4) had only the same bands as the recipient, indicating that 

integration occurred by homologous gene replacement.  

 3.5.4 Deletion of AN8875 phenocopies the sarB7 mutant phenotype 

To determine the sarB complete loss-of-function phenotype, we deleted the 

AN8875 gene by transforming the AN8875::AfpyrG+ knockout construct obtained from 

the FGSC into a pyrG89 recipient strain MH11068 (pyrG89 nkuA∆) (Figure 3.6A) and 

selecting for growth without pyrimidine supplementation. Five transformants were 

chosen for further analysis and were confirmed by PCR to have the correct gene 

Figure 3.6 Deletion of AN8875 phenocopies the sarB7 mutant phenotype. 
(A) Deletion mutants were constructed by transforming a knockout construct containing the Aspergillus fumigatus 

pyrG gene (AfpyrG+) into a nkuA A. nidulans recipient and integration by homologous recombination. (B) The 

AN8875 mutant did not have a discernable growth phenotype on histidine or lysine as a sole nitrogen source. 
Strains of the indicated genotype were grown on supplemented 1% glucose-minimal media containing 10 mM 
nitrogen source and incubated for 48 h at 37⁰C. Top to bottom: (B) MH1, MH11068, RT855; (C) MH1, MH8, MK160, 
RT891. 
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replacement of AN8875 (data not shown). These AN8875 mutants, similar to wild type, 

showed poor growth on histidine or lysine as sole nitrogen sources (Figure 3.6B). 

To assess whether the AN8875 mutation suppressed the AreA102 strong 

growth on histidine phenotype, we crossed an AN8875 mutant (RT855) with MH8 

(areA102). Based on Mendelian genetics for haploid organisms, we predicted half of the 

progeny to be areA102, and half of the areA102 progeny to be AN8875+ and half 

AN8875 (Fig 3.7A). If sarB is AN8875, the AN8875 mutation should suppress the 

AreA102 phenotype. Out of 92 progeny resulting from the cross, 49 progeny had the 

AreA+ phenotype of strong growth on uric acid as a sole nitrogen source, while 43 

showed weak growth on uric acid expected for the areA102 progeny. Of the areA102 

progeny, 26 showed the Are102 strong growth phenotype on histidine as a sole nitrogen 

source, but 17 had weak growth, indicating suppression of the Are102 phenotype. This 

Figure 3.7 The areA102 AN8875 mutant phenocopies the areA102 sarB7 mutant on histidine and lysine. 

(A) An AN8875 mutant was crossed to the MH8 areA102 mutant. As predicted by Mendelian genetics for 

haploid organisms, phenotypic classes conformed to the expected 2:1:1 ratio (MH8 x RT855: 2 = 2.2; df = 2; 

p = 0.34; MH8 x RT856: 2 = 2.9; df = 2; p = 0.24). Expected (exp.) and observed (obs.) data for two crosses 

are shown. (B) Like the sarB7 mutation, the AN8875 mutation suppressed the AreA102 phenotype of 
strong growth on histidine or lysine as a sole nitrogen source. Strains of the indicated genotypes were grown 
on supplemented 1% glucose-minimal media containing 10 mM nitrogen source and incubated for 48 h at 
37⁰C. Top to bottom: MH1, MH8, MK160, RT891. 
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observed phenotypic ratio (49 AreA+:26 AreA102:17 AreA102 suppressed) was not 

significantly different from the ratio expected if deletion of AN8875 suppresses the 

AreA102 phenotype of strong growth on histidine (46 AreA+:23 AreA102:23 Are102 

suppressed; 2 = 2.152 df = 2, p = 0.3409) (Figure 3.7B). Three progeny assessed as 

areA102 AN8875 through growth tests were confirmed to contain AN8875::AfpyrG+ 

using PCR (data not shown). Three progeny which growth tested as areA102 AN8875+ 

were confirmed by PCR to carry the wild-type AN8875 gene. The cross to MH8 was 

replicated using a second AN8875 mutant (RT856). Of 92 progeny examined, 49 

showed the AreA+ phenotype and 43 showed the AreA102 decreased growth 

phenotype on uric acid as a nitrogen source. Of the areA102 progeny, 27 showed 

strong growth on histidine, while 16 showed weak growth, indicating suppression of the 

AreA102 growth phenotype. As with the first cross, the observed phenotypic ratio (49 

AreA+:27 AreA102:16 AreA102 suppressed) was not significantly different from the ratio 

expected if deletion of AN8875 suppresses the AreA102 phenotype of strong growth on 

histidine (2 = 2.870, df = 2, p = 0.2382). These crosses showed that the AN8875 

mutation suppresses the AreA102 histidine growth phenotype in a manner similar to the 

sarB7 mutation. 

To restore the wild-type phenotype in a AN8875∆ strain, we transformed the wild-

type AN8875 plasmid pHF273 into an areA102 AN8875 mutant (RT891) and directly 

selected transformants for increased growth on histidine. Forty-six transformants 

exhibited restoration of the wild type AreA102 phenotype of strong growth on histidine 

or lysine as a sole nitrogen source (Figure 3.8A). To confirm integration of pHF273, 

single restriction digests of genomic DNA from five transformants were performed using 



36 

BstXI, PstI, and SalI. Southern blot analysis, using the AN8875 wild-type gene PCR-

amplified from pHF273 as a probe, showed that the RT891 recipient had only bands 

predicted for the AN8875∆::AfpyrG gene replacement (Figure 3.8B-C). Four 

transformants (Transformants 2, 3, 4, and 5) showed the recipient bands and multiple 

Figure 3.8 The wild-type AN8875 gene complemented the AN8875 deletion phenotype. 

(A) The pHF273 plasmid containing the wild-type AN8875 gene was transformed into RT891 (areA102 AN8875), 
resulting in restoration of the AreA102 phenotype of strong growth on histidine and on lysine. Strains of the indicated 
genotypes were grown on supplemented 1% glucose-minimal media containing 10 mM of the indicated nitrogen 
source and incubated for 48 h at 37⁰C. Top to bottom: MH1, RT891, MH8, RT971. (B) Single digests of genomic DNA 
from five transformants were performed with BstXI (B), PstI (P), and SalI (S). Southern blotting using the wild-type 
AN8875 gene PCR-amplified from pHF273 as a probe showed the recipient contained only bands predicted for the 

AN8875::AfpyrG gene replacement, depicted in (C). Transformants 2, 3, 4, and 5 showed multiple bands indicating 
that they contained ectopic integrations of the plasmid, with 3, 4, and 5 also containing a band the size of the plasmid, 
indicating tandem repeat integrations. Transformant 1 had a band pattern suggesting complex integration including a 

single homologous crossover on the 3’ flank of the AN8875::AfpyrG construct. Because the PstI control DNA did not 
cut properly, a second the blot for the PstI single digests was performed. The recipient (R) had bands expected for 

the AN8875::AfpyrG construct, and transformants had bands identical to those seen in the first blotting experiment. 
In (C), white boxes indicate UTRs, thick black lines indicate genomic DNA, and the cyan bars represent the probe. 
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additional bands, indicating that they contained ectopic integrations of the plasmid, with 

three of them (Transformants 3, 4, and 5) also containing a band the size of the 

plasmid, indicating tandem repeat integrations. Transformant 1 had a band pattern 

suggesting complex integration including a single homologous crossover on the 3’ flank 

of the AN8875∆::AfpyrG knockout. Because PstI did not cut in the control, a second 

experiment was performed using a PstI single digest only. The resulting blot showed 

that the control had the bands expected for the AN8875∆::AfpyrG deletion, while all 

results for the transformants were the same as in the original blot.  

At the conclusion of these experiments and analyses, we had three strong pieces 

of evidence that sarB is AN8875: 1) A nonsense truncation mutation found in the sarB7 

mutant lies within the coding region of the reannotated AN8875 gene; 2) AN8875 

complements the sarB7 mutant phenotype; and 3) The areA102 AN8875 mutant 

phenocopies the areA102 sarB7 mutant. Thus, we will refer to AN8875 as sarB. 

 3.5.5 sarB is constitutively expressed  

To determine the sarB expression profile we examined publicly available RNA-

seq datasets and RNA-seq datasets generated in the Todd lab at Kansas State 

University. In this study, sarB expression levels in a wild-type strain indicated 

constitutive expression across repressing (ammonium, glutamine) and de-repressing 

(alanine, nitrogen starvation) nitrogen regimes (Figure 3.9). Differences between the 

ammonium treatment and the other treatments were not statistically significant. Similar 

results were obtained for a deletion mutant of nmrA, a co-repressor of areA (data not 

shown). Differences between strains under each nitrogen condition were also not 
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statistically significant. These data are similar to those obtained by Steyer et al. (2021) 

for sarB expression in wild type (MH1) under ammonium, glutamine, and alanine 

nitrogen conditions. Overall, we found little evidence that sarB is regulated by nitrogen. 

 3.5.6 sarB encodes a putative transmembrane UDP-GlcNAc transporter 

To assess the predicted function and localization of SarB, we used online tools to 

predict features of the reannotated 459-residue SarB protein. Interpro 

(ebi.ac.uk/interpro/; Blum et al. 2025) predicts UDP-GlcNAc transporter protein domains 

in multiple classification systems across the bulk of the protein length: IPR013657 

(SLC35B1-4/HUT1; amino acids 74-449), PTHR10778 (solute carrier family 35 member 

B; 74-449), and PF08449 (UAA transporter family; 78-444).  

DeepTMHMM (Hallgren et al. 2022) predicts SarB to be an alpha-type 

transmembrane protein with 10 transmembrane domains (Figure 3.10A-B) with the N- 

and C-termini on the inside of the organelle. This model also predicts an extended 

stretch of residues between transmembrane domains 7 and 8, outside the organelle.  

Figure 3.9 sarB is constitutively expressed. 
Expression of sarB under four nitrogen conditions was examined 
using RNA-seq in a wild-type strain (MH11068), normalized to 
transcripts per million (TPM). Cultures were grown for 16 h at 
37°C and 120 opm in glucose minimal medium with ammonium, 
glutamine, or alanine as a nitrogen source. The nitrogen-free 
treatment was grown with ammonium for 16 h and transferred to 
nitrogen-free media for 4 h. Expression under the glutamine, 
alanine, and nitrogen-free treatments did not differ significantly 
from the ammonium treatment.  
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AlphaFold 3 (Abramson et al. 2024) and i-TASSER (Zhang 2008; Roy et al. 2010; Yang 

et al. 2015) 3D models of SarB predict 10 alpha helices, with long stretches of low 

confidence at the N-terminal end and between helices 7 and 8 (Figure 3.10C). This 

Figure 3.10 SarB and its orthologs have 10 transmembrane domains. 
(A-B) DeepTMHMM predicted 10 transmembrane domains in SarB and all orthologs, with spacing that was roughly 
consistent between species. The insertion in diverse fungi relative to ascomycete yeasts and humans was observed 

to be on the inside of the organelle. (C) The AlphaFold3 prediction of the SarB structure predicted ten -helices. 
The non-conserved region upstream of the annotated UDP-GlcNAc protein domain and the insertion observed in 
the protein sequence alignment (Figure 3.11) were low-confidence regions with no predicted structure. Asterisks in 
all three panels denote the insertion in filamentous fungi and non-ascomycete yeasts. 
. Asterisks denote the insertion in non-ascomycete fungi. 
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region corresponds to an insertion described below (see Section 3.5.7). To predict the 

subcellular localization of SarB we used Psort II (Nakai and Horton 1999), DeepLoc 2.1 

(Ødum et al. 2024), and LocTree3 (Goldberg et al. 2014). Each tool predicted 

localization to the endoplasmic reticulum (ER), Golgi, or plasma membrane (Table 3.4). 

Psort II also predicted a KKXX-like ER retention sequence at the C-terminus (AQKK at 

residues 455-458). There is no evidence in other species of SarB orthologs with plasma 

membrane localization. 

 

Table 3.4 SarB localization as predicted by online tools. 

Compartment PsortII DeepLoc 2.1 LocTree3 
Golgi 0 60.45% 83% 

ER 55.6% 59.01% 0 

Plasma membrane 44.4% 12.18% 0 

Lysosome/vacuole 0 29.85% 0 

Nucleus 0 21.31% 0 

Mitochondria 0 12.05% 0 

Cytoplasm 0 8.46% 0 

Peroxisome 0 8.27% 0 

Extracellular 0 5.33% 0 

Plastid 0 4.23% 0 

 

 3.5.7 sarB is a conserved, single copy gene in most fungi 

To determine whether sarB is a single copy gene or whether sarB paralogs 

occur, the A. nidulans genome was searched with the SarB protein sequence using 

BLASTp and tBLASTn. No candidate sarB paralog was found searches.  

To examine conservation of SarB, protein sequence searches of the NCBI 

(https://www.ncbi.nlm.nih.gov) and FungiDB (fungidb.org) databases were conducted 

using the reannotated SarB protein sequence as a query. We found predicted orthologs 

of SarB across the fungal and animal kingdoms, but not in plants or prokaryotes. Most 
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fungal species have only one copy of a sarB ortholog. However, the Kluyveromyces 

lactis and Coprinopsis cinerea genomes contains two sarB orthologs. The SarB 

orthologs YEA4 in Saccharomyces cerevisiae and MNN2-2 in Hansenula polymorpha, 

have been characterized as involved in cell wall integrity whereas MNN2-2 in K. lactis 

and SLC35B4 in humans have roles in glycosylation (Smith et al. 1975; Douglas and 

Ballou 1982; Guillen et al. 1999; Roy et al. 2000; Sesma et al. 2009; Park et al. 2011). 

We aligned the predicted reannotated SarB protein sequence with orthologs from 

members of the fungal and animal kingdom (Table 3.5; Figure 3.11). Among these, 

SarB is 64.4-81.4% similar to its orthologs in other aspergilli, 50.0-61.4% similar to its 

orthologs in other filamentous ascomycetes, 47.1% similar to a basidiomycete ortholog, 

33.5-42.5% similar to orthologs in ascomycete yeasts, and 38.9-40.6% similar to its 

counterparts in animals (Table 3.5). The ten transmembrane domains show strong 

sequence conservation in the aspergilli (Figure 3.11) and are predicted by 

DeepTMHMM modeling in each ortholog examined (Figure 3.9A). The C-terminal 

KKXX-type endoplasmic reticulum motif was observed in all species included in the 

multiple sequence alignment except for K. lactis KLLA0_D13926g (Figure 3.11). SarB 

contains an insertion from amino acid ~300 to ~363 relative to ascomycete yeasts and 

humans (Figure 3.10). This insertion is present in SarB orthologs in all fungi we 

examined outside of the ascomycete yeasts. Protein sequence alignment of the SarB 

orthologs for several Aspergillus species shows the insertion sequence is poorly 

conserved, even amongst closely-related species (Figure 3.11). Its location corresponds 

to the extended stretch of residues between transmembrane domains 7 and 8 in SarB 
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described in Section 3.5.6. This topology was not observed in humans or ascomycete 

yeasts but was present for all other fungi examined (Figures 3.9A and 3.11). 

Table 3.5 Protein sequence alignments between reannotated AN8875 and 
selected orthologs. 

Species Gene % identity / % similarity 
Aspergillus mulundensis DSM5745_09692 72.2 / 81.4 

Aspergillus versicolor ASPVEDRAFT_144129 68.4 / 79.4 

Aspergillus sydowii ASPSYDRAFT_522209 66.7 / 78.5 

Aspergillus fumigatus Afu8g02830 60.3 / 69.7 

Aspergillus oryzae AO090010000775 (reannotated) * 57.6 / 69.1 

Aspergillus niger NRRL3_08260 55.0 / 67.8 

Aspergillus clavatus putative * 51.9 / 64.4 

Fusarium fujikuroi FFUJ_01572 41.2 / 55.1 

Magnaporthe oryzae MGG_05631 40.5 / 53.9 

Neurospora crassa NCU02980 38.2 / 50.0 

Ustilago maydis UMAG_11841 31.0 / 47.1 

Kluyveromyces lactis KLLA0_D13926g 25.5 / 41.9 

Kluyveromyces lactis KLLA0_B03157g (MNN2-2) 26.6 / 41.7 

Saccharomyces cerevisiae YEL004W (YEA4) 27.7 / 41.4 

Homo sapiens SLC35B4 (isoform 1) 26.3 / 40.6 

Drosophila melanogaster Dmel_CG14511 24.9 / 39.0 

Caenorhabditis elegans nstp-2 25.3 / 38.9 

Hansenula polymorpha MNN2-2 20.0 / 33.5 

* See Appendix A for information on the annotation of these genes. 

 

 

 

 

We constructed a phylogenetic tree for SarB and its fungal orthologs using 

MAFFT v7 (mafft.cbrc.jp; Kuraku et al. 2013; Katoh et al. 2019) (Figure 3.12). Protein 

sequences clustered according to species evolutionary relationships. The two K. lactis 

homologs clustered together in the same clade indicating that these genes arose from a 

recent gene duplication. In contrast, the two C. cinerea homologs clustered in different 

Basidiomycete clades suggesting gene duplication early in the Basidiomycete lineage.  



43 

  

Figure 3.11 Alignment of SarB with its orthologs reveals conserved features. 
Alignment shading is by percent identity. The orange bar denotes the protein domain PF08449, UAA 
transporter. Turquoise bars represent predicted transmembrane domains. Predicted C-terminal XXKK-type 
endoplasmic reticulum retention motifs are shown in purple boxes. Key: Anid – Aspergillus nidulans AN8875 
(version 5 annotation); Am – Aspergillus mulundensis DSM5745_09692; Af – Aspergillus fumigatus 
Afu8g02830; Ao – Aspergillus oryzae AO090010000775 (reannotated); Kl_D – Kluyveromyces lactis 
KLLA0_D13926g; Kl_B – K. lactis KLLA0_B03157g (MNN2-2); Sc = Saccharomyces cerevisiae YEL004W 
(YEA4); Hs – Homo sapiens SLC35B4; Hp – Hansenula polymorpha MNN2-2. Alignment generated by Clustal 
Omega (ebi.ac.uk/jdispatcher/msa/clustalo) and visualized in Jalview 2.11.4.1). 
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3.5.8 The sarB mutant has reduced levels of cell wall chitin  

In S. cerevisiae, the SarB ortholog YEA4 is involved in cell wall chitin 

biosynthesis (Roy et al. 2000; Sesma et al. 2009). To determine whether this function is 

conserved for SarB, we performed microscopic examination of a sarB mutant (RT855) 

and a wild-type strain (MH1). Because GlcNAc is the building block of the chitin found in 

the fungal cell wall, we used calcofluor white staining to compare chitin distribution and 

content in 24-hour germlings of both strains. The distribution of chitin in the hyphal cell 

walls and septa was similar for both wild-type and sarB mutant strains (Figure 3.13). 

However, the sarB mutant exhibited lower levels of fluorescence, suggesting an 

overall lower chitin content than in wild type. This provides evidence that SarB is 

necessary for normal cell wall development. 

Figure 3.12 The relationships of SarB to its orthologs follows species evolutionary relationships. 
Phylogenetic tree developed using neighbor joining following multiple sequence alignment using MAFFT v7 and 
visualized with Interactive Tree of Life v7 (iTOL; itol.embl.de). The number at each node indicates bootstrap support 
from 100 bootstrap trials. 
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 3.5.9 The sarB mutant has a wild-type growth phenotype on GlcNAc 

GlcNAc can potentially serve as either a carbon source, or a nitrogen source, or 

as both a source of carbon and nitrogen (see Chapter 5). In A. nidulans, the utilization 

Figure 3.13 sarB deletion confers decreased cell wall chitin content. 

Germlings from wild type (MH1) and a sarB mutant (RT855) were stained with calcofluor white. The chitin 
distribution in cell walls and septa appeared similar in both strains. However, the intensity of brightness was lower 

in the sarB strain at the same exposure (60 ms). Only at an increased exposure duration of 357 ms does the 

sarB mutant show a brightness similar to wild type. DIC, Differential Interference Contrast. 
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of compounds as either a carbon source or as a nitrogen source can be examined 

separately by addition of the preferred nitrogen source (ammonium or glutamine) or the 

preferred carbon source (glucose), respectively (Arst and Cove 1973). 

Because sarB encodes a putative UDP-GlcNAc transporter, we assessed the 

growth of sarB mutants on GlcNAc as a substrate. The AN8875∆ mutant exhibited a 

growth morphology similar to wild type when GlcNAc served as a sole carbon source, a 

sole nitrogen source, a sole nitrogen and carbon source, or on the preferred carbon 

source glucose and preferred nitrogen source ammonium (Figure 3.14). All areA102 

strains showed a slightly inhibited or more compact growth morphology when GlcNAc 

served as a sole nitrogen source or as a sole carbon and nitrogen source. There were 

no obvious effects of sarB mutations on growth on any media tested. 

 3.6 Discussion 

We have provided strong evidence that sarB is AN8875. Previous work 

established that sarB is on chromosome VII tightly linked to xprG (Polkinghorne and 

Figure 3.14 AN8875 mutations confer no detectable 
growth phenotype on GlcNAc. 
The areA102 mutation conferred decreased growth on 
media using GlcNAc as a sole nitrogen source but did not 
affect use of GlcNAc as a carbon source. AN8875 
mutations or complemented strains did not affect growth 
on GlcNAc. Strains of the indicated genotypes were grown 
on supplemented minimal media with the indicated carbon 
and nitrogen sources for 48 h at 37⁰C. Top to bottom: 
MH1, MH8, RT855, MK160, RT947, RT891, RT971. 
GlcNAc = N-acetylglucosamine; Glc = glucose; NH4 = 
ammonium. 
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Hynes 1975; Katz et al. 2000). Whole genome sequencing showed that AN8875 is the 

only gene on chromosome VII containing a SNP unique to the sarB7 mutant in its 

coding region. The sarB7 SNP is 117,423 bp from the xprG1 mutation, i.e., 0.26cM 

equates to the physical distance 117,423 bp. This corresponds to a physical to genetic 

distance ratio of 451.627 kb per cM. Notably the chromosome VII centromere, 

positioned within the 60,426 bp interval between AN8871 and AN9418 in the version 5 

genome sequence, lies between the sarB7 SNP and the xprG1 mutation. The presence 

of the centromere between xprG and AN8875 and their proximity to the centromere 

explains the physical location of sarB being further than predicted from xprG by 

recombinational mapping. Increased physical to map distance ratios have been 

reported previously proximal to the centromeres on chromosome III between phenA2 

and halA2 (37.6 kb/cM) and on chromosome IV between hisA10 and gdhB1 (51.8 

kb/cM) (Espeso et al. 2005). We successfully used the wild-type AN8875 gene to 

complement sarB7 suppression of the AreA102 phenotype on histidine. We showed 

that, like the sarB7 mutation, deletion of AN8875 suppresses the strong growth of the 

areA102 mutant on histidine or lysine. Combined, these experiments demonstrate that 

sarB is AN8875. 

The sarB gene encodes a putative UDP-GlcNAc transporter containing ten 

transmembrane domains. sarB orthologs are present in species throughout the fungal 

and animal kingdoms but are not found in plants or prokaryotes. The S. cerevisiae sarB 

ortholog, YEA4, encodes a UDP-GlcNAc transporter that supplies GlcNAc for inclusion 

into chitin, a major component of the fungal cell wall (Roy et al. 2000). The sarB 

ortholog MNN2-2 has been studied in the yeast H. polymorpha. As with the Scyea4 



48 

mutant, the Hpmnn2-2 mutant exhibited decreased cell wall chitin content (Park et al. 

2011). Hpmnn2-2 mutants showed sensitivity when treated with aminoglycoside 

antibiotics, which may be indicative of a change of cell wall permeability caused by 

defects in N-glycosylation of mannoproteins (Dean 1995). However, while Hpmnn2-2 

mutants showed sensitivity to treatment with the N-glycosylation inhibitor tunicamycin, 

the N-glycosylation profiles of total cell wall mannoproteins did not differ from wild type 

(Park et al. 2011). 

Unlike S. cerevisiae and H. polymorpha, the yeast K. lactis produces N-glycans 

with terminal GlcNAc moieties (Kim et al. 2003). Two mutants that produced N-glycans 

lacking GlcNAc on their side chains were identified in K. lactis (Smith et al. 1975). One 

mutant contained defects in the sarB ortholog MNN2-2, which codes for a UDP-GlcNAc 

transporter. The second mutant contained defects in MNN2-1 (now called GNT1), which 

is adjacent to the MNN2-2 gene and encodes a UDP-GlcNAc transferase which accepts 

UDP-GlcNAc from MNN2-2 (Douglas and Ballou 1982; Guillen et al. 1999). However, 

Klmnn2-2 mutants synthesized chitin at a similar rate to wild type (Douglas and Ballou 

1982). Therefore, KlMNN2-2 is involved in N-glycosylation and whether it plays a role in 

cell wall synthesis is unclear. Unlike other SarB orthologs examined, KlMNN2-2 does 

not contain an ER retention sequence at the C-terminus. We identified in the K. lactis 

genome a MNN2-2 paralog (KLLA0_D13926g) that encodes a protein 43.7% identical 

and 63.8% similar to MNN2-2. KLLA0_D13926g and contains the UDP-GlcNAc 

transporter domain seen in MNN2-2 plus an ER retention sequence at the C-terminus. 

The KLLA0_D13926g gene has not been studied, and it is unknown if it is expressed or 

if the protein it encodes is functional. It is unclear whether MNN2-2 or KLLA0_D13926g 
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is the true sarB functional ortholog, as the proteins they encode show comparable 

degrees of identity and similarity to SarB. 

In addition to fungal genes, AN8875 exhibits orthology with a UDP-GlcNAc 

transporter gene in humans, SLC35B4. This protein transports UDP-GlcNAc from the 

cytoplasm to the ER and/or Golgi (Ashikov et al. 2005) and acts in the post-translational 

modification of proteins by O-linked N-acetylglucosaminylation (O-GlcNAcylation; Park 

et al. 2021), further discussed in Chapter 4. 

The discovery of sarB as a putative ER- or Golgi-localized UDP-GlcNAc 

transporter was surprising. Involvement of sarB orthologs, or of nucleotide sugar 

transporters in general, in amino acid deamination or nitrogen utilization has not been 

suggested in other species. In Chapter 4, we discuss the connection between sarB and 

sarA and the role of glycosylation in SarA activity.  
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Chapter 4 - The Relationship between sarB and sarA 

 4.1 Abstract 

L-amino acid oxidases (LAAO) deaminate L-amino acids, liberating ammonium 

that can be used as a nitrogen source. In Aspergillus nidulans, sarA (AN2350) encodes 

an LAAO. We identified a second LAAO-encoding gene in the A. nidulans genome, 

AN1808, and the presence of multiple distinct LAAOs throughout the fungal kingdom. A 

sarB sarA double mutant produced a phenotype on histidine similar to the sarB and 

sarA single mutants, confirming that sarB and sarA are in the same genetic pathway. 

To test the effect of sarB mutation on SarA activity, we performed in-gel and 

spectrophotometric LAAO assays on cell-free extracts. Both assay methods showed 

that SarA activity was detected in the areA102 parent strain after 4 hours of growth on 

histidine but was greatly reduced in the areA102 sarA and areA102 sarB mutants. No 

indication of AN1808 activity was found. At a later timepoint (72 hours), LAAO activity 

was elevated, and, in addition to SarA activity, an AN1808 activity that appeared to be 

SarA-dependent was detected, suggesting that AN1808 is active as a heterodimer with 

SarA under these conditions. 

Treatment of growing mycelia with tunicamycin and treatment of cell-free extracts 

with PNGase F revealed evidence that SarA is N-glycosylated and that N-glycosylation 

is necessary for full SarA activity. However, deletion of genes involved in N-

glycosylation (N-acetylglucosamine transferase, GNT) and O-GlcNAcylation (O-GlcNAc 

transferase, OGT) did not phenocopy the sarB and sarA mutants on histidine, and 

thus we found no genetic evidence either of these genes is part of the sarB-sarA 

genetic pathway. The putative areA102 GNT deletion mutant, however, showed 
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increased electrophoretic mobility of SarA LAAO activity and exhibited slightly higher 

SarA LAAO activity than the areA102 mutant suggesting that GlcNAc decorates SarA 

glycans. Furthermore, SarA activity in the areA102 OGT deletion mutant was slightly 

lower than wild type, providing further evidence of the importance of glycosylation to 

SarA function. Through RNA-seq analysis of a wild-type strain, we determined that sarA 

is upregulated on non-repressing nitrogen conditions and that sarB shows constitutive 

expression. Neither gene is regulated by the areA co-repressor nmrA. 

 4.2 Contribution Statement 

Sara M. Hopkins of the Richard Todd lab made the AN1808∆ deletion mutant 

and the areA102 sarB7 AN1808∆ strain. Dr Richard B. Todd constructed areA102 

AN1808∆ and areA102 sarA∆ and areA102 sarA∆ AN1808∆ mutants. Preliminary 

analysis of the AN1808∆ mutant and its derivatives were carried out by Sara M. Hopkins 

and Richard B. Todd. 

 4.3 Introduction 

SarA (AN2350) is an L-amino acid oxidase (LAAO), an enzyme that performs 

oxidative deamination of L-amino acids, releasing ammonium that can be directly 

utilized as a nitrogen source (Davis et al., 2005). SarA activity was detected in soluble 

cell-free extracts by detecting urocanoate production by histidine deamination using a 

histidase assay, before it was known that SarA was an LAAO (Polkinghorne and Hynes 

1975). LAAOs are ubiquitous throughout taxa but are poorly characterized in fungi. The 

LAAO route is not the only means of amino acid breakdown, nor are all amino acids 

deaminated by all LAAOs (Polkinghorne and Hynes 1975; Davis et al. 2005). For 

example, branched-chain amino acids (BCAA) may be also broken down in A. nidulans 
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by BCAA amino transaminases (Steyer et al. 2021). The human LAAO, Interleukin 4 

Induced 1 (IL4i1), is an N-glycosylated protein that is processed in acidic endosomes 

and, while primarily secreted, shows some intracellular activity (Mason et al. 2004; 

Boulland et al. 2007). It plays an important role in immunoregulation, tumor 

microenvironments, and proliferation of cancers (Grobben et al. 2023; Ye et al. 2023; 

Zeitler and Murray 2023; Zhang et al. 2023; Zhu et al. 2023). LAAOs are abundant 

proteins in snake venom, where generation of hydrogen peroxide by LAAOs contributes 

to the apoptotic activity of the venom (reviewed in Du and Clemetson 2002).  

The identification of SarB as a putative UDP-GlcNAc transporter (see Chapter 3) 

was surprising, as it is unclear how the absence of such a protein in sarB∆ mutants 

would suppress the increased growth on histidine of the areA102 mutant. Some SarB 

orthologs identified in other species play roles in glycosylation, in which trees of 

mannose sugars are decorated with other sugar residues. In K. lactis, the sarB ortholog, 

Golgi-bound MNN2-2, provides UDP-GlcNAc to the GlcNAc transferase (GNT) GNT1 

(formerly MNN2-1), which adds GlcNAc to N-glycan trees (Smith et al. 1975; Douglas 

and Ballou 1982; Guillen et al. 1999). N-glycosylation can be necessary for protein 

activity, folding, stability, or solubility (reviewed in He et al. 2024).  

In humans, the sarB ortholog SLC35B4 influences O-GlcNAcylation, a non-

canonical form of protein glycosylation that covalently attaches a single GlcNAc sugar to 

the oxygen atom of the hydroxyl group of a serine or threonine residue (Torres and Hart 

1984). O-GlcNAcylation acts on cytoplasmic, nuclear, and mitochondrial proteins; is 

mechanistically and functionally similar to phosphorylation; and may occur in response 

to nutrient and stress stimuli (reviewed in Hart 1997, 2019; Hart et al. 2011). While O-
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GlcNAcylated proteins have been identified in A. oryzae (Machida and Jigami 1994), the 

O-GlcNAcylation process and the genes involved have not been studied in fungi. In 

animals, the enzyme O-GlcNAc transferase (OGT) adds GlcNAc and O-GlcNAcase 

(OGA) removes it in a dynamic cycling (Ma and Hart 2014). In humans, three OGT 

isoforms are found, each operating where their target proteins are localized (Hanover et 

al. 2002). In humans, defects in O-GlcNAcylation contribute to multiple cancers, 

neurodegeneration, and metabolic disorders such as diabetes (Ma and Hart 2013; 

Ferrer et al. 2016; Wani et al. 2017) 

In this chapter, we sought to characterize the SarA LAAO and determine the 

relationship between sarB and sarA.  

 4.4 Materials and Methods 

 4.4.1 Strains used in this chapter 

Strains used in Chapter 4 are listed in Table 4.1  

Table 4.1 Aspergillus nidulans strains used. 

Strain Genotype 
MH1 biA1 
MH8 biA1 areA102 niiA4 

MH10571 yA1 adE20 su(adE20) pyroA4 areA102 sarA∆::riboB+ riboB2  

MH10983 pyrG89 pabaB22 riboB2 

MH11068 pyrG89 pyroA4 nkuA∆::Bar amdA7 

MK160 biA1 areA102 sarB7 niiA4 

RT763 pyrG89 sarA∆::riboB+ pyroA4 riboB2 

RT765 pyrG89 pabaB22 areA102 sarA∆::riboB+ riboB2 

RT774 pyrG89 pabaB22 areA102 AN1808::AfpyrG+ riboB2 

RT775 pyrG89 areA102 pyroA4 AN1808∆::AfpyrG+ riboB2 

RT776 pyrG89 areA102 pyroA4 sarA∆::riboB+ AN1808∆::AfpyrG+ riboB2 

RT865 pyrG89 pyroA4 nkuA∆::Bar 

RT1015 pyrG89 pyroA4 AN8875∆::AfpyrG+ riboB2 

RT1016 pyrG89 pyroA4 AN8875∆::AfpyrG+ 

RT1017 pyrG89 AN8875∆::AfpyrG+ riboB2 

RT1018 pyrG89 pabaB22 AN8875∆::AfpyrG+ 

RT1020 pyrG89 pabaB22 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  
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RT1021 pyrG89 pyroA4 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  

RT1022 pyrG89 pabaB22 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  

RT1023 pyrG89 pyroA4 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  

RT1024 pyrG89 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  

RT1025 pyrG89 areA102 sarA∆::riboB+ AN8875∆::AfpyrG+ riboB2  

RT1035 pabaB22 areA102 AN8875∆::AfpyrG+ AN1808∆::AfpyrG+  

RT1036 pyrG89 pyroA4 nkuA::Bar AN11141::AfpyrG+  

RT1037 pyrG89 pyroA4 nkuA::Bar AN0265::AfpyrG+ 

RT1045 areA102 AN11141::AfpyrG+niiA4 

RT1046 areA102 pyroA4 AN11141::AfpyrG+ 

RT1047 areA102 pyroA4 AN0265::AfpyrG+ 

RT1048 areA102 AN0265::AfpyrG+niiA4 

RT1052 areA102 pyroA4 AN1416::AfpyrG+ 

RT1055 yA1 areA102 pyroA4 xprG::argB+ AN1416::pyrG+ 

RT1058 areA102 xprG::argB+ AN1416::pyrG+ pabaA1 

RT1064 areA102 AN11141∆::AfpyrG+ AN0265∆::AfpyrG+ niiA4 

 

 4.4.2 PCR primers 

Genomic PCR and RT-qPCR primer sets used in Chapter 4 are shown in Tables 

4.2 and 4.3, respectively. 

Table 4.2 Genomic primers sets. 

Target Primer Name Sequence (5’→ 3’) 

AN8875 AN8875_outside_5’F GGCCTACTCTTCTCTCTTCC 

 AN8875_outside_3’R GCACTCTATTGACACACCAC 

 AN8875_inside 5’F CACGGAAGTAGTGTATGTG 

 AN8875_inside 3’R GGTAAGCCATCCTACTGAAG 

 ANID_08875.1_5’F GTAACGCCAGGGTTTTCCCAGTCACGACGGGCCTACTCTT
CTCTCTTCC 

 ANID_08875.1_3’R GCGGATAACAATTTCACACAGGAAACAGCGCACTCTATTGA
CACACCAC 

AN11141 AN11141_outside_5’F ATATGCTATGCTTCGACTCGG 

 AN11141_outside_3’R CCATCTACGGAAGATATGAGC 

 AN11141_inside_5’F CACGGAAGTAGTGTATGTG 

 AN11141_inside_3’R GGTAAGCCATCCTACTGAAG 

 ANID_11141.1_5’F 
GTAACGCCAGGGTTTTCCCAGTCACGACGCCACGGAAGTA
GTGTATGTG 

 ANID_11141.1_3’R 
GCGGATAACAATTTCACACAGGAAACAGCGGTAAGCCATCC
TACTGAAG 

AN0265 AN0265_outside_5’F CATCCAGCATTACTGCCAAG 

 AN0265_outside_3’R GATAATAGTTGGACGACCGC 

 AN0265_inside_5’F CTAGGACCGTGACTCTGAAT 

 AN0265_inside_3’R AGCAACAGAGCCTAAGAGAG 
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 ANID_00265.1_5’F 
GTAACGCCAGGGTTTTCCCAGTCACGACGCTAGGACCGTG
ACTCTGAAT 

 ANID_00265.1_3’R 
GCGGATAACAATTTCACACAGGAAACAGCAGCAACAGAGC
CTAAGAGAG 

AN1808 AN1808_5’F GACATATAGACCAGGCGAGAC 

 AN1808_3’R GATTCTGAACGACTGGTCTG 

 

Table 4.3 RT-qPCR primer sets. 

Target Primer name Sequence (5’→ 3’) 
sarA sarA qPCR 5’F TTACGTGGGAATCGTACAGCG 

sarA sarA qPCR 3’R CATTGACGGTTGTATATACCGG 

 

 4.4.3 Strain construction 

 Construction of the sarB sarA double mutant 

A pyrG89 sarB::AfpyrG+ riboB2 mutant (RT1015) was crossed with a pyrG89 

areA102 sarA::riboB+ riboB2 mutant (RT765) using protocols described in Todd et al. 

(2007b). Progeny with the areA102 allele were identified by poor growth on uric acid. 

Progeny with the sarB::AfpyrG+ gene replacement were identified by pyrimidine 

prototrophy, and sarA::riboB+ gene replacement progeny were identified by riboflavin 

prototrophy. areA+ sarB sarA progeny (RT1020, RT1021, and RT1024) and areA102 

sarB sarA progeny (RT1022, RT1023, and RT1025) were obtained.  

 Construction of the sarB AN1808 double mutant 

An areA102 AN1808 mutant (RT774) was crossed to a sarB mutant (RT855). 

Progeny with the areA102 allele were identified by poor growth on uric acid and strong 

growth on sucrose-acetamide media. areA102 progeny with the sarB::AfpyrG+ 

construct were identified by suppression of the AreA102 strong growth phenotype on 

histidine as a sole nitrogen source. Progeny with the sarB::AfpyrG+ gene, 

AN1808::AfpyrG+ gene, or both in an areA+ background were identified by pyrimidine 
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prototrophy. To discriminate the gene deletions present in these progeny, several 

progeny were chosen for genomic DNA extraction, followed by PCR to confirm the 

presence of the knockout deletions. One areA102 sarB AN1808∆ progeny (RT1035) 

was obtained. 

 Construction of glycosylation deletion mutants 

An AN11141 mutant (RT1036; AN11141 -9 to +1304) and an AN0265 mutant 

(RT1037; AN0265 -10 to +5894) were constructed using knockout constructs made in 

the A. nidulans knockout project by De Souza et al. (2013) and obtained from the 

Fungal Genetics Stock Center, Manhattan, Kansas (McCluskey et al. 2010). Briefly, 

each construct consisted of the Aspergillus fumigatus pyrG (AfpyrG) gene selectable 

marker, flanked by ~1 kbp of sequences upstream and downstream of the gene of 

interest, which allowed for gene replacement by homologous recombination in a nkuA∆ 

non-homologous end-joining mutant recipient (Nayak et al. 2006). Transformation into a 

pyrG89 mutant recipient allowed selection of transformants for pyrimidine prototrophy 

(Oakley et al. 1987a). Knockout construct integration by homology in each transformant 

was confirmed by the presence of a PCR band of the construct size (1.7 kb) and 

absence of a PCR band of the deleted gene size. 

To construct AN11141 and AN0265 mutants in an areA102 background, the 

AN11141 mutant (RT1036) and the AN0265 mutant (RT1037) were separately 

crossed to an areA102 mutant (MH8) using protocols outlined in Todd et al. (2007b). 

Progeny with the areA102 allele were identified by poor growth on uric acid and strong 

growth on sucrose-acetamide media, and progeny with the AN11141::AfpyrG+ or 

AN0265::AfpyrG+ construct were identified among pyrimidine prototrophic progeny 
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using PCR. areA102 AN11141 mutants (RT1045 and RT1046) were PCR confirmed 

for the presence of the AN11141::AfpyrG+ band and absence of the wild-type gene 

bands. areA102 AN0265 mutants (RT1047 and RT1048) were PCR confirmed for the 

presence of AN0265::AfpyrG+ and absence of the wild-type gene bands.  

To create AN11141 AN0265 double mutants, the AN11141 mutant RT1036 

was crossed to the areA102 AN0265 mutant RT1047. areA102 progeny were 

identified by poor growth on uric acid as a sole nitrogen source and strong growth on 

sucrose-acetamide media. Progeny potentially containing the AN11141::AfpyrG+ 

gene, AN0265::AfpyrG+ gene, or both were identified by pyrimidine prototrophy. 

AN11141 AN0265 double mutant progeny were PCR-confirmed for the presence of 

band sizes corresponding to both knockout genes and the absence of both wild-type 

gene bands. Two double mutants in an areA+ background (RT1061 and RT1062) and 

two in an areA102 background (RT1063 and RT1064) were obtained. 

 Construction of xprG and AN1416 mutants in an areA102 background 

A crossing strategy was adopted to produce GlcNAc regulatory deletion mutants 

in an areA102 background. Because xprG and AN1416 are tightly linked, three separate 

crosses were performed. MH8 was crossed to MK414 (xprG) to produce the areA102 

xprG mutants RT1049 and RT1058-RT1060. MH8 was crossed to RT707 (AN1416) 

to produce the areA102 AN1416 mutants RT1050 and RT1052-RT1053. MH8 was 

crossed to RT827 (xprG AN1416∆) to produce the areA102 xprG AN1416 mutants 

RT1051 and RT1055-RT1057. 
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 4.4.4 In silico analyses of LAAOs 

InterPro Registry (IPR) and Pfam protein domains of SarA and AN1808 were 

predicted by querying databases at InterPro (ebi.ac.uk/interpro/; Blum et al. 2025) with 

each protein sequence. Protein transmembrane domain number and locations were 

predicted by DeepTMHMM (Hallgren et al. 2022). To predict the subcellular localization 

of LAAOs we used Psort II (Nakai and Horton 1999), DeepLoc 2.1 (Ødum et al. 2024), 

and LocTree3 (Goldberg et al. 2014). The presence of signal peptides was assessed by 

DeepTMHMM, Psort II, and SignalP 6.0.0.56 (https://biolib.com/DTU/SignalP-6:0.0.56/; 

Teufel et al. 2022). ER-retention sequences were predicted by Psort II.  

Candidate sarA and AN1808 orthologs were identified from predictions found in 

the OrthoMCL database (orthomcl.org; Li et al. 2003; Chen et al. 2006, 2007; Fischer et 

al. 2011) and OrthoDB (orthodb.org; Tegenfeldt et al. 2025), protein BLAST of the two 

protein sequences against the FungiDB (fungidb.org) and NCBI (ncbi.nlm.nih.gov) 

databases, and references in the literature. 

Pairwise global sequence alignments and calculations of sequence identity and 

similarity were performed using EMBOSS Needle 

(ebi.ac.uk/jdispatcher/psa/emboss_needle). Sequence alignments for comparing 

multiple sequences were performed using Clustal Omega 

(ebi.ac.uk/jdispatcher/msa/clustalo; Sievers et al. 2011, 2020; Sievers and Higgins 

2018) and visualized using Jalview 2.11.4.1 (jalview.org; Waterhouse et al. 2009). 

Multiple sequence alignments for generating phylogenetic trees were performed using 

the neighbor joining method MAFFT 7 (mafft.cbrc.jp/alignment/software; Kuraku et al. 
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2013; Katoh et al. 2019) with 100 bootstraps. Trees were visualized in the Interactive 

Tree of Life (iTOL) 4 (itol.embl.de; Letunic and Bork 2024).  

The SarA protein sequence was assessed for possible glycosylation sites. We 

used Deep O-GlcNAc (Zhang et al. 2024) to predict possible O-GlcNAc modification 

sites in SarA. NetNGlyc 1.0 (Gupta and Brunak 2002) was used to assess possible N-

glycosylation sites.  

 4.4.5 LAAO activity assays 

Colorimetric assays to assess LAAO activity were performed using cell-free 

protein extracts. This methodology detects release of hydrogen peroxide, a byproduct of 

the deamination reaction of LAAOs, using horseradish peroxidase (HRP)-catalyzed 

oxidation of the hydrogen peroxide-sensitive probe o-phenylenediamine (OPD) 

(Kishimoto and Takahashi 2001). When hydrogen peroxide is present, a golden-brown 

color is produced.  

To assess intracellular activity, fungal cultures were grown for 16h at 37 °C and 

120 opm in supplemented liquid 1% glucose-10mM ammonium liquid minimal media. 

Mycelia were harvested and washed in minimal media, then transferred to liquid 1% 

glucose-10 mM histidine minimal media for an additional 4h growth. Mycelia were 

harvested and cell-free soluble protein extracts made by grinding with a mortar and 

pestle for 30 s in 0.1 M Tris-HCl pH 8.0 buffer, followed by centrifugation to separate the 

soluble and insoluble fractions. This pH was chosen based on previous work with A. 

nidulans LAAOs by Polkinghorne and Hynes (1975, 1982). To evaluate possible 

extracellular SarA activity, we used the same protocol as described above. However, 
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when transferring to media containing histidine, only 2 mL of media was used, in an 

attempt to concentrate the enzyme and increase the likelihood of its detection.  

To qualitatively visualize LAAO activity and assess potential differences in 

protein mobility between strains, in-gel assays were performed. Protein concentrations 

were determined by Nanodrop One Microvolume UV-Vis Spectrophotometer (Thermo 

Scientific) or Bradford determination (BioRad) to standardize loadings of equal amount 

of protein. SDS-PAGE (7.5%) gels were loaded with 30-90 µg of protein extract in 1x 

LAAO in-gel sample buffer lacking dithiothreitol and run for 4h in 1x Tris-glycine buffer. 

Following electrophoresis, gels were soaked for 10 minutes in 0.1 M Tris-HCl pH 8.0 

buffer and transferred to LAAO in-gel assay HRP-OPD substrate solution (0.1 M Tris-

HCl pH 8.0 with 5 mM histidine or ornithine, 0.5 U/mL HRP, and 1 mM OPD) for 16 h at 

room temperature to allow detection of LAAO activity as brown band(s) (Žun et al. 

2017). In-gel assays were generally performed at least in duplicate.  

To measure differences in LAAO activity between strains, a quantitative 

microplate-based spectrophotometric approach was used, as described in Kishimoto 

and Takahashi (2001). 20 µL of each soluble cell-free extract was treated with 180 µL of 

LAAO spectrophotometric assay HRP-OPD substrate solution (5 mM ornithine, 0.8 

U/mL HRP, and 2 mM OPD) incubated for 1h at 37 ˚C, then treated with 2 M sulfuric 

acid (100 µL) to stop the reaction. Two technical replicates of samples were loaded 

across four wells into 96-well plates and absorbance was measured at the 492-nm 

wavelength. Following protein quantification via Bradford determination (BioRad), LAAO 

specific activity of each sample was calculated. Three biological replicates of each 

experiment were performed. Results were assessed for statistical significance using 
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analysis of variance (ANOVA) tests followed by Tukey’s honest significance tests (HSD) 

in R Studio (2025.05.0, Posit Software; R version 4.5.0). A p-value of 0.05 was 

considered statistically significant. For thermolability experiments comparing two strains, 

the proportion of activity remaining following heat inactivation were assessed using 

ANOVA considering, proportion of activity remaining, replicate, strain, and the time-

strain interaction. Line slopes were evaluated for the best-fit model followed by a 

likelihood ratio test. A p-value of 0.05 was considered statistically significant.  

 4.4.6 RT-qPCR of sarA 

Three biological replicates of the areA102 mutant (MH8) and the areA102 sarB 

mutant (RT891) were grown for 16 h in liquid 1% glucose-10 mM ammonium minimal 

media, washed, and transferred to liquid 1% glucose-10 mM histidine media for an 

additional 4 h. RNA was isolated as outlined in Section 2.4.2. RT-qPCR was performed 

as described in Section 2.6.2. Data were analyzed using a two-way ANOVA using R 

Studio (2025.05.0, Posit Software; R version 4.5.0). A p-value of 0.05 was considered 

statistically significant. 

 4.4.7 Determination of glycosylation of SarA 

We used the N-glycosylation inhibitor tunicamycin to assess the impact of 

preventing the formation of N-glycans in SarA. Cultures were grown for 16h at 37 °C 

and 120 opm in supplemented 1% glucose-10 mM ammonium liquid minimal media. 

Mycelia were harvested and washed in minimal media, then transferred to 1% glucose-

10 mM histidine minimal media containing or lacking 20 µg /mL tunicamycin 

(Calbiochem) (Hill et al. 2006) for an additional 4h. LAAO activity in protein extracts 
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made from the mycelia were assessed using in-gel and microplate-based methods 

described in Section 4.4.5. 

To evaluate the effect of possible de-glycosylation on SarA, we used PNGase F 

to cleave N-glycans from mature proteins. 40 µg of protein extract was treated with 4 µL 

of PNGase F (10 u/µL) (Promega) and incubated for 4h at 37 °C. LAAO activity was 

then assessed qualitatively and quantitatively, as described in Section 4.4.5.  

To evaluate the effects of treatment with tunicamycin or PNGase F, treated 

versus untreated samples were compared within each strain using a two-way ANOVA 

considering strain, replicate, and treatment group, and analyzed separately. A p-value 

of 0.05 was considered statistically significant. 

4.4.8 Analysis of gene expression 

RNA was isolated from a wild-type strain (MH11068) and from a nmrA mutant 

(RT851) and sequenced at the Integrated Genomics Facility (Kansas State University), 

and the data analyzed as described in Chapter 2. To assess the role of nitrogen source 

in regulation of sarA, AN1808, AN11141, and AN0265, gene expression under 

glutamine, alanine, and nitrogen starvation conditions were each independently 

compared to expression on ammonium within each strain. Additionally, expression 

under each condition was compared between the wild type and nmrA strains. 

Statistical analyses were performed using DESeq2 as described in Section 2.7.3. 

 4.5 Results 

 4.5.1 The A. nidulans genome encodes two distinct LAAOs 

To better understand the role of sarB in amino acid utilization, we sought to 

better characterize putative LAAOs in A. nidulans. Public databases predicted the 
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uncharacterized gene AN1808 as a paralog of sarA. To confirm this and identify any 

other possible paralogs, we performed BLASTp using the SarA sequence against 

annotated A. nidulans protein sequences. Aside from itself, the first hit was the protein 

encoded by the uncharacterized gene AN1808, which exhibited similarity along nearly 

the entire length of the protein. Pairwise sequence alignment using EMBOSS Needle 

(https://www.ebi.ac.uk/jdispatcher/psa/emboss_needle; Madeira et al. 2024) showed 

that SarA and the AN1808 protein share 37.7% identity and 54.4% similarity. We thus 

considered AN1808 a probable LAAO and sarA paralog. To check for possible 

unannotated sarA paralogs, we used tBLASTn to compare the SarA and AN1808 

sequences to the A. nidulans genome. No additional regions with strong homology were 

found. 

We characterized sarA and AN1808 through manual sequence inspection and 

use of online tools. sarA is predicted to have one intron and produce a protein of 685 

amino acid residues in length with a predicted molecular weight of 74.9 kDa, while the 

AN1808 gene has no introns and encodes a protein of 698 amino acid residues in 

length and a predicted molecular weight of 79 kDa. Interpro predicted an LAAO- 

characteristic amine oxidoreductase domain (IPR002937/PF01593) from amino acids 

179-657 in SarA and 187-673 in AN1808. Manual inspection revealed a dinucleotide 

binding motif at amino acids 171-200 in SarA and 179-208 in AN1808, and a GG-motif 

at 204-211 of SarA and 212-219 of AN1808, both conserved in LAAOs (Figure 4.1; 

Vallon 2000). DeepTMHMM predicted that SarA and AN1808 are globular proteins with 

cleavable signal peptides. SignalP 6.0.0.56 (https://biolib.com/DTU/SignalP-6:0.0.56/; 

Teufel et al. 2022) also predicted 22-residue signal peptides in both proteins, 
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suggesting they are secreted. Psort II predicted ER retention sequences at the C- 

Figure 4.1 SarA contains conserved LAAO domains and shares some potential glycosylation sites with orthologs. 
 A signal peptide (SP) at the N-terminus of SarA was predicted by SignalP 6.0.0.56. Manual inspection revealed a 
dinucleotide binding motif (DBM) and GG motif (GG), both conserved in LAAOs. An ER-retention sequence (ER) 
was predicted by Psort II. Multiple potential N-glycosylation (purple highlight) NetNGlyc 1.0. Of these, one was 
conserved with a confirmed N-glycosylation site in the basidiomycete fungus H. cylindrosporum LAAO4 (*), one 
with human IL4i1 (#), and one with zebrafish LAAO (%). Blue highlight shows potential O-GlcNAcylation sites 
predicted by Deep O-GlcNAc. Abbreviations: A. nidulans = Aspergillus nidulans SarA; A. mulundensis = 
Aspergillus mulundensis DSM5745_05734; A. versicolor = Aspergillus versicolor ASPVEDRAFT_25720; A. sydowii 
= Aspergillus sydowii ASPSYDRAFT_140934; A. niger = Aspergillus niger An08g10800; A. clavatus = Aspergillus 
clavatus ACLA_062240; A. oryzae = Aspergillus oryzae putative LAAO.  
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terminus of each protein. 

While LAAOs have not been found in ascomycete yeasts, LAAO production has 

been observed in many other fungi (Sikora and Marzluf 1982; Stasyk et al. 2010; Yang 

et al. 2011; Nuutinen et al. 2012; Isobe et al. 2014; Žun et al. 2017; Peng et al. 2021). 

However, the underlying LAAO genes are largely unstudied. We used the SarA and 

AN1808 sequences to search for orthologs among fungi. We found that SarA is more 

Figure 4.2 SarA has greater identity to orthologs in other species than to AN1808. 
A sequence alignment between SarA, the SarA ortholog in A. mulundensis (DSM5745_05734), and AN1808 shows 
SarA is more identical to its ortholog than to AN1808. Alignment made with Custal Omega and visualized with 
Jalview 2.11.4.1. 
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similar to its orthologs than to AN1808, indicating they are different LAAOs (Figure 4.2). 

In aspergilli, we found at least three phylogenetically-distinct LAAOs (Figure 4.3)  

In aspergilli, SarA-like LAAOs exhibit 60.7-87.2% identity and 75.5-93.9% to 

each other, while AN1808-like LAAOs have 59.3-80.8% identity and 66.2-89.0% 

similarity (Table 4.4). A third LAAO not present in A. nidulans was found in Aspergilus 

oryzae, Aspergillus sydowii, Aspergillus versicolor, Aspergillus clavatus, and other 

aspergilli. We confirmed the absence of this LAAO from A. nidulans by using the protein 

Figure 4.3 Multiple evolutionarily-distinct LAAOs are found in filamentous fungi. 
SarA orthologs (pink), AN1808 orthologs (blue), and a third LAAO (yellow) are found in aspergilli. Tree 
developed using MAFFT v7 and visualized with Interactive Tree of Life v7 (iTOL; itol.embl.de). 
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sequence from its close relative A. sydowii for tBLASTn against both the version 4 A. 

nidulans genome and the version 5 unpublished telomere-to-telomere genomic 

sequence. Neither search yielded any likely candidate sequences. Phylogenetic 

analysis indicated the existence of other LAAOs in non-Aspergillus fungi, some of which 

cluster with Aspergillus LAAOs and some of which are evolutionarily distinct (Figure 

4.3). LAAOs are found outside of the fungal kingdom. The human LAAO IL4i1 shares 

17.7% identity and 26.8% similarity with SarA and 18.9% identity and 32.4% similarity 

with AN1808. 

Table 4.4 . Comparison of SarA and AN1808 to other Aspergillus LAAOs. 

 

 4.5.2 sarB and sarA are in the same genetic pathway 

Because mutations in sarB and sarA produce similar suppression of AreA102 

growth phenotypes (Polkinghorne and Hynes 1975), we sought to determine if they did 

so through two different pathways of action or if they were in the same genetic pathway. 

Thus, we investigated the effect of deletion of both genes on the AreA102 phenotype of 

Species Gene % identity / % similarity to SarA 

A. mulundensis  DSM5745_05734 87.2 / 93.9 

A. versicolor   ASPVEDRAFT_25720 77.9 / 87.0 

A. sydowii  ASPSYDRAFT_140934 76.3 / 86.3  

A. oryzae  (putative) 68.1 / 82.4 

A. clavatus  ACLA_062240 66.9 / 80.0 

A. niger  An08g10800 60.7 / 75.5 

  % identity / % similarity to AN1808 

A. versicolor   ASPVEDRAFT_50032 80.8 / 89.0 

A. sydowii  ASPSYDRAFT_192337 79.8 / 88.7  

A. fumigatus Afu7g06810 79.8 / 88.0 

A. oryzae  AO090010000640 59.3 / 66.2 
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strong growth on histidine. We crossed a sarB mutant (RT1015) with a sarA areA102 

mutant (RT765) to produce sarB sarA mutants. areA102 progeny were identified by 

weak growth on uric acid and strong growth on sucrose-acetamide media, and sarB 

progeny, with the sarB::AfpyrG+ selectable marker in a pyrG89 background, were 

identified by pyrimidine prototrophy. sarA progeny, with the sarA::riboB+ selectable 

marker in a riboB2 background, were identified by riboflavin prototrophy. Because we 

predict SarB is necessary for full SarA function, we hypothesized that no additive effect 

would be seen in the sarB sarA mutants. sarB sarA progeny in an areA+ 

background, like the single mutants, were phenotypically indistinguishable from wild 

type. areA102 sarB sarA progeny did not show a greater degree of suppression of 

the AreA102 strong growth phenotype on histidine compared to the single mutants 

(Figure 4.4). Because deleting both genes did not increase the severity of the 

phenotype, sarB and sarA are in the same genetic pathway. 

Figure 4.4 The sarB and sarA mutations are not additive.  

An areA102 sarB sarA mutant did not suppress the 
AreA102 strong growth on histidine to a greater degree than 

did an areA102 sarA mutant or an areA102 sarB mutant. 
Strains were grown on supplemented 1% glucose minimal 
media containing 10 mM nitrogen source and incubated for 
48 h at 37 °C. Top to bottom: MH1, MH8, RT765, RT891, 
RT1022. 



69 

 4.5.3 SarA requires sarB for full function 

To test the effects of sarB mutations on SarA function, we used LAAO assays to 

assess SarA activity. To ensure any LAAO activity measured in sarB mutants was due 

to SarA and not AN1808, we generated an areA102 sarB AN1808 mutant by 

crossing a sarB (AN8875) mutant (RT855) to an areA102 AN1808 mutant (RT774). 

Progeny exhibiting pyrimidine prototrophy were identified as having the 

AN8875::AfpyrG and/or AN1808::AfpyrG deletions. areA102 progeny were identified 

by weak growth on uric acid as a sole nitrogen source and among these, areA102 

AN8875 progeny were identified by suppression of the areA102 strong growth 

phenotype on histidine as a sole nitrogen source. To identify areA102 AN8875 

AN1808 mutants, several areA102 AN8875 progeny were chosen for PCR 

confirmation. All were confirmed to have the AN8875::AfpyrG+ gene replacement, with 

a subset also containing the AN1808::AfpyrG+ gene replacement.  

LAAO activity can be detected using in-gel or spectrophotometric assays 

(Kishimoto and Takahashi 2001; Žun et al. 2017). We adapted these assays to detect 

LAAO activity in A. nidulans protein extracts. We used in-gel LAAO assays to visually 

detect SarA activity. Mycelia were grown for 16 h with ammonium as a sole nitrogen 

source, harvested, washed, and transferred to growth media with histidine as a sole 

nitrogen source for 4 h to upregulate sarA expression. Cell-free extracts were made by 

grinding harvested mycelia with glass beads in 0.1 M Tris-HCl pH 8.0 buffer followed by 

centrifugation to separate the soluble cell-free extract from the pellet. Equal amounts of 

non-denatured proteins in each sample were separated by SDS-PAGE on a 7.5% 

resolving gel in 1x Tris-glycine buffer. The gel was incubated with a substrate solution 
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consisting of either histidine or ornithine to provide a substrate for SarA, HRP, to 

interact with the hydrogen peroxide byproduct of the LAAO reaction, and OPD, to stain 

the HRP reaction products brown. If SarA activity was present, we expected to see a 

band at 75.9 kDa, the size predicted from the SarA 685-residue amino acid sequence. 

Because most LAAOs are active as dimers, and dimerization would likely not be 

disrupted in our samples, we also considered the possibility of a band at around twice 

that size. Because the predicted AN1808 and SarA proteins are similar in size, we 

expected AN1808 activity, if any, would produce bands at approximately the same 

locations as SarA. 

Figure 4.5 SarA activity is lower in sarB mutants than wild type.  
(A) SarA activity is visible as a brown band with increased color intensity indicating higher activity. Bands for 
the sarB mutants are indicated by the black arrow. (B) Color intensity was similar for the areA102 and areA102 

AN1808 mutants. Mycelia were grown in supplemented 1% glucose-10 mM ammonium minimal media for 16 
h, washed, and transferred to supplemented 1% glucose-10 mM histidine for 4.h before harvesting. Soluble 
cell-free extracts in 0.1 M Tris-HCl pH 8.0 were separated on a 7.5% SDS-PAGE gel in 1x Tris-glycine buffer 

for 1.5 h. Protein concentrations were quantified using Nanodrop One to ensure equal loading of 30 g of 
protein per well. Following electrophoresis the gel was soaked in a substrate solution of 5 mM histidine, 1 mM 
OPD, and 0.5 U HRP for 16 h at room temperature. Strains from left to right: MH8, RT765, RT891, MK160. A 
minimum of 2 biological replicates for each sample was performed. 
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After incubation overnight, a strong brown band was detected at ~150 kDa for the 

areA102 mutant MH8, with a weak band at ~300 kDa (Figure 4.5A-B). These results 

strongly indicated activity of one or more LAAO proteins. As the protein samples were 

not denatured prior to electrophoresis due to the need to retain enzyme activity, the 

proteins may not run strictly according to size. However, the observed size is consistent 

with the LAAO activity in dimer form, with less abundant activity in a possible tetramer. 

No bands were visible for the areA102 sarA mutant, indicating that the observed 

activities are SarA or sarA-dependent and AN1808 activity was not detected. Less 

intense LAAO activity bands of both sizes were seen for the areA102 sarB and 

areA102 sarB7 mutants, indicating that sarB is required for full SarA activity. No effect 

on LAAO activity was observed in the areA102 AN1808∆ mutant, suggesting that the 

detected activity was independent of AN1808. These in-gel LAAO assay observations 

were reproducible in at least two biological replicates for each sample.  

To quantify the effects of sarB mutations on SarA activity, we performed a 

quantitative LAAO assay by adding an amino acid-HRP-OPD substrate solution directly 

to soluble protein extracts from wild type and multiple mutant strains, and measured 

absorbance at 492 nm with a microplate reader. In cultures transferred to histidine for 4 

h, LAAO activity was barely detectable in the (areA+) wild-type strain (MH1) and in the 

sarA and sarB sarA mutants (Figure 4.6A). The areA102 mutant showed 

significantly higher LAAO specific activity (~11.5-fold) compared with wild type. This 

elevated specific activity was lost in the areA102 sarA∆ mutant, indicating that this 

increased LAAO specific activity observed in the areA102 mutant was SarA-dependent 

and was likely SarA activity. The areA102 sarB mutant exhibited ~30% of the specific 
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Figure 4.6 SarA specific activity varies between strains and timepoints. 
(A) Mycelia were grown in supplemented 1% glucose-10 mM ammonium minimal media for 16 h, washed, and 
transferred to supplemented 1% glucose-10 mM histidine for 4.h before harvesting. Whole protein extracts in 0.1 M 
tris-HCl pH 8.0 were treated with a substrate solution of 5 mM ornithine, 2 mM OPD, and 0.8 U HRP for 1 h at 37 °C. 
Strains from left to right: MH1, RT763, RT1020, MH8, MH10571, RT891, MK160, RT1023, RT775, R1035, RT776. 
(B) Mycelia were grown in supplemented 1% glucose-10 mM ammonium minimal media for 16 h, washed, and 
transferred to supplemented 1% glucose-10 mM histidine for 72.h before harvesting. Whole protein extracts in 0.1 M 
Tris-HCl were treated with a substrate solution of 5 mM ornithine, 2 mM OPD, and 0.8 U HRP for 1 h at 37 °C. 
Strains from left to right: MH1, R763, MH8, MH10571, RT891, MK160, R775, RT1035. Two-way ANOVAs followed 
by Tukey’s HSD tests were used to evaluate significant differences between strain activities within each timepoint. 
Letters indicate strains not significantly different from one another. p-values can be found in Appendix B. n=3 
biological replicates with 2 technical replicates. 
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activity of the areA102 mutant, supporting the visual evidence from the in-gel assay that 

sarB is necessary for full SarA activity. The areA102 sarB7 mutant (MK160) exhibited 

slightly lower specific activity than the areA102 sarB mutant, but the difference was not 

statistically significant. 

To ensure the activity detected was specifically from SarA, we included AN1808 

mutants in our experiment. Activity in the areA102 AN1808 mutant was similar to that 

observed in the areA102 mutant (Figure 4.6A), indicating AN1808 activity played no 

detectable role in LAAO activity in the areA102 mutant. Likewise, activity in an areA102 

sarB AN1808 mutant did not differ from the areA102 sarB (AN1808+) mutant, 

indicating the LAAO activity detected in both strains was due only to SarA.  

The mechanism by which SarA activity is detectable in an areA102 background 

is likely due to the nature of the areA102 mutation. The sarA gene contains seven 

potential AreA binding sites in its promoter, five of which are the TGATAR sequence to 

which AreA102 has increased affinity (Ravagnani et al. 1997; Davis et al. 2005). When 

sarA was expressed under a constitutive promoter in an areA+ background, it 

phenocopied the AreA102 strong growth on histidine phenotype (Davis et al. 2005). 

Thus, sarA is effectively upregulated in areA102 mutants. However, AN1808 has only 

two potential AreA binding sites, CGATAG at -914 and AGATAA at -55. Both are 

sequences to which the AreA102 mutant protein has decreased affinity (Ravagnani et 

al. 1997). Thus, AN1808 may be downregulated in an areA102 background. However, 

we did not detect LAAO activity in wild type, an areA+ sarA mutant, or an areA+ sarB 

sarA mutant. Therefore, AN1808 does not contribute to LAAO activity in the wild type 
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or areA102 mutant during growth on histidine 4 h after transfer. A full list of p-values 

associated with this experiment are found in Appendix B. 

Because sarA was upregulated when grown in nitrogen-free conditions (see 

Section 4.5.8), we assessed SarA activity at a later timepoint when nutrients are 

depleted. Mycelia were grown for 16 h in supplemented 1% glucose-10 mM ammonium 

minimal media, washed, and transferred to supplemented 1% glucose-10 mM histidine 

for an additional 72 h of growth. Mycelia were harvested, cell-free soluble protein 

extracts were made, and LAAO specific activity was assessed using the quantitative 

assay. LAAO activity in wild type and the sarA mutants remained low at levels similar 

to those observed at 4 h (Figure 4.6B). Therefore, even in older cultures, LAAO activity 

is still not experimentally detectable outside of an areA102 background. LAAO activity 

was substantially higher in the areA102 mutant at 72 h compared with 4 h. Similar to the 

observations at 4 h, LAAO activity was lost in the areA102 sarA∆ mutant indicating that 

the observed LAAO activity was SarA or SarA-dependent. LAAO activity was reduced to 

similar levels in the areA102 sarB, areA102 sarB7, and areA102 sarB AN1808 

mutants, but these levels were higher than at 4 h. Additionally, the areA102 AN1808 

mutant also had higher SarA activity than at 4 h, but unlike at 4 h, at 72 h it was 

significantly lower than that seen in the areA102 mutant MH8. This indicated that 

AN1808 activity accounted for around half of the LAAO activity seen in MH8 at this 

timepoint. The absence of AN1808 activity in sarA mutants suggests that SarA must 

be present for AN1808 activity, perhaps involving a heterodimer. A full list of p-values 

associated with this experiment are found in Appendix B. 



75 

Because SarA has a predicted signal peptide at its N-terminus, we assessed 

SarA activity in the extracellular fraction of the growth cultures by growing mycelia for 16 

h in our standard amount of supplemented 1% glucose-10 mM ammonium minimal 

media and then transferring to only 2 mL of media with histidine for 4 h, in an attempt to 

concentrate the enzyme and increase the likelihood of its detection. In-gel LAAO assays 

using 45 µg of proteins did not show any discernable secreted LAAO activity bands in 

the growth media for the areA102 or areA102 sarB mutants (data not shown). 

 4.5.4 sarB does not affect sarA at the transcriptional level 

To determine the influence of sarB on transcription of SarA, we performed RT-

qPCR to compare SarA expression in an areA102 mutant versus an areA102 sarB 

mutant (n = 3 biological replicates). We grew mycelia for 16 h in supplemented 1% 

glucose-10 mM ammonium minimal media before washing and transferring mycelia to 

1% glucose-10 mM histidine media, then isolating RNA from both strains. Statistical 

analysis indicated there was no difference in sarA transcript abundance between the 

two strains (F = 0.105, p = 0.78). This indicates the effect of sarB on SarA activity is not 

due to regulation of transcription or mRNA stability and is post-transcriptional in nature. 

 4.5.5 SarA is N-glycosylated 

sarB orthologs in K. lactis and humans both encode products that play roles in 

glycosylation of proteins. We thus considered one or more roles for SarB in 

glycosylation of SarA. To examine this possibility, we first sought to determine if SarA is 

glycosylated and if glycosylation is necessary for activity. Using online tools, we 

analyzed the SarA protein sequence for predicted glycosylation sites. We found no 

evidence in the literature that canonical O-glycans in fungi contain GlcNAc. Additionally, 
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we used BLASTp to compare the sequences of eleven human proteins involved in 

adding GlcNAc to O-glycans (GCNT1/2/3/4/7, MFNG, LFNG, RFNG, MGAT5B, 

POMGNT1/2; Schjoldager et al. 2020) against annotated proteins in A. nidulans. No 

likely orthologs of the human proteins were found. Therefore, we did not further 

consider canonical O-glycosylation and investigated the likelihood of only N-

glycosylation and O-GlcNAcylation in A. nidulans. Although O-GlcNAcylation sites are 

difficult to predict and proteins with signal peptides are generally not O-GlcNAcylated, 

we used Deep O-GlcNAc (Zhang et al. 2024) to predict possible modification sites in 

SarA. Six potential O-GlcNAcylation sites were identified (Figure 4.1, blue), some of 

which are conserved in other aspergilli surveyed. We identified eight potential N-

glycosylation sites in SarA (Figure 4.1, purple) using NetNGlyc 1.0 (Gupta and Brunak 

2002). One, N168, aligned with the site identified in the basidiomycete fungus 

Hebeloma cylindrosporum as most crucial for LAAO4 function (Heß et al. 2021). N378 

aligned with a confirmed N-glycosylation site in human IL4i1 (Chavan et al. 2002) and 

N427 aligned with a confirmed site in the zebrafish LAAO (Huang et al. 2021). No 

predicted N-glycosylation sites in A. nidulans SarA aligned with confirmed sites in 

LAAOs from snake venoms (Moustafa et al. 2006; Georgieva et al. 2011; Feliciano et al. 

2017). Other predicted N-glycosylation sites in A. nidulans SarA were entirely or 

partially conserved in aspergilli (Figure 4.1). 

Glycosylation can be required for mature protein activity, stability, solubility, or 

proper protein folding. To both test for the presence of N-glycosylation in SarA and 

assess the effects of preventing N-glycosylation establishment, growing mycelia were 

treated with tunicamycin, an antibiotic that inhibits the first step in N-glycan formation 
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(Elbein 1981). This approach allowed us to evaluate whether N-glycosylation plays any 

role in SarA activity, whether through influencing mature protein activity, stability, 

solubility, or folding. Mycelia from the areA102 and areA102 sarB mutants were each 

grown for 16 h in supplemented 1% glucose-10 mM ammonium minimal media, 

harvested, washed, and transferred to 1% glucose-10 mM histidine minimal media with 

or without tunicamycin for an additional 4 h. We expected that the majority of SarA 

protein would be produced during growth on histidine based on the low levels of SarA 

activity observed after transfer to ammonium and high levels of SarA activity after 

transfer to histidine in the areA102 mutant (Polkinghorne and Hynes 1975). Our work in 

Section 4.5.3 established that only SarA LAAO activity is detected at this timepoint, 

without contribution from AN1808. After harvesting mycelia and preparation of protein 

extracts, we performed an in-gel LAAO assay to see if an increase in SarA mobility 

occurred that would indicate a lack of addition of N-glycans. The SarA activity band 

observed on the gel for the tunicamycin-treated areA102 sample traveled further than 

the untreated sample band and was less intense in color, indicative of a smaller protein 

size and reduced activity (Figure 4.7A). The tunicamycin-treated band for the areA102 

sarB mutant was not visible, most likely due to loss of activity. We used the protein 

extracts to perform a quantitative LAAO assay. SarA activity in tunicamycin-treated 

samples from the areA102 mutant was 74% of that in the untreated sample (p < 

0.000001), and activity in the areA102 sarB mutant was 62% of that in the untreated 

sample (p < 0.00001; Figure 4.7B). Therefore, the addition of tunicamycin to the growth 

media reduces SarA activity in the presence and absence of SarB. The in-gel and 
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quantitative assays together provide strong evidence that SarA is N-glycosylated and 

that N-glycosylation is necessary for full SarA activity. 

To assess the effects of de-glycosylation of mature proteins, we used PNGase F 

to remove N-glycans from proteins in the areA102 mutant and areA102 sarB mutant. 

This enzyme breaks the linkage between the asparagine residue of the protein and the 

base of the N-glycan (Tarentino et al. 1989). Like the tunicamycin experiment, this 

protocol tests for the presence of N-glycans on SarA through observation of a mobility 

change in the in-gel assay. However, this approach additionally tests specifically for the 

Figure 4.7 Treatment with the N-glycosylation inhibitor tunicamycin causes a change in mobility and a decrease in 
activity in SarA. 
(A) In an in-gel LAAO assay, treatment with tunicamycin led to a mobility change of SarA and a less intense LAAO 
activity band compared to the untreated sample for the areA102 mutant. The tunicamycin-treated sample band was 

not discernable for the areA102 sarB mutant. The protein extracts were separated by electrophoresis for 4 h on a 
7.5% SDS-PAGE gel in 1x Tris-glycine buffer, then soaked in a substrate solution of 5 mM ornithine, 1 mM OPD, and 
0.5 U HRP for 16 h at room temperature. Protein concentrations were quantified through Bradford assay to ensure 

equal loading of 90 g of protein per well. n = 2 biological replicates with samples run in duplicate. (B) Tunicamycin-

treated samples showed less LAAO enzyme activity than untreated samples in both the areA102 and areA102 sarB 
mutants in a quantitative LAAO assay. Protein extracts in 0.1 M Tris-HCl pH 8.0 were treated with a substrate 
solution of 5 mM ornithine, 2 mM OPD, and 0.8 U HRP for 1 h at 37 °C. For both assays, mycelia were grown in 
supplemented liquid 1% glucose-10 mM ammonium minimal media for 16 h, washed, and transferred to 
supplemented liquid 1% glucose-10 mM histidine minimal media lacking or containing 20 µg/mL tunicamycin for an 
additional 4 h before harvesting. Asterisks denote treated samples that were significantly different in activity from the 
corresponding untreated sample: *, p < 0.05, **, p < 0.01, *** p < 0.001. Two-way ANOVAs compared treated to 
untreated condition within each strain. n=3 biological replicates with 2 technical replicates. 
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effect of N-glycosylation on mature protein activity, allowing a more granular 

examination of the SarA mechanism of activity. The manufacturer’s instructions 

recommended incubation of proteins with PNGase F at 37 ˚C for 1-18 h and stated that 

the duration needed is target protein-dependent, particularly if the proteins are not 

denatured. Because we needed to measure LAAO enzyme activity after incubation and 

wanted to minimize loss of SarA activity during the incubation, we used an incubation 

time of only 4 h for both treated and untreated protein extracts in an attempt to balance 

the time needed for glycan removal and maintaining LAAO activity. In an in-gel LAAO 

assay, the gel showed bands of the same size in both the PNGase F-treated and 

untreated samples (Figure 4.8A). Treatment of the singly-N-glycosylated purified 

chicken ovalbumin protein with PNGase F under the same conditions as A. nidulans 

extracts confirmed partial de-glycosylation (Appendix C). For our experiments, we used 

whole cell-free extracts, and it is possible 4 h was insufficient to de-glycosylate SarA in 

the treated samples. If only a portion of SarA proteins in the sample were of a smaller 

size due to deglycosylation, they may have been of insufficient quantity to be visible on 

the gel, especially coupled with an overall decrease in activity in all samples from 

heating during the PNGase F treatment process. However, in the quantitative LAAO 

assay, the treated protein extracts of both strains showed a modest but statistically 

significant reduction in SarA activity compared with the untreated extracts, with SarA 

from the treated areA102 mutant extract exhibiting 89% of that from the untreated (p < 

0.0001), and the treated areA102 sarB mutant extract having 72% as much activity as 

the untreated sample (p = 0.0042; Figure 4.8B). Despite the inconclusive results from 
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the in-gel assay, the microplate reader assay suggests that de-glycosylation of mature 

SarA protein negatively affects its activity level. 

 4.5.6 Glycosylation mutants do not phenocopy sarB mutants 

After establishing that SarA is N-glycosylated, we sought to establish a 

connection between sarB and glycosylation of SarA. During the in-gel assay of sarB 

mutants described earlier (Section 4.5.3), no change in mobility was noted for the 

areA102 sarB or areA102 sarB7 mutants, suggesting that mutation of sarB does not 

Figure 4.8 Treatment with the de-glycosylation agent PNGase F causes a slight reduction of SarA activity. 
(A) In an in-gel LAAO assay, treatment with PNGase F did not lead to visible change in mobility of SarA in the 

areA102 mutant. The PNGase F-treated sample band was not discernable for the areA102 sarB mutant. The protein 
extracts were separated by electrophoresis for 4 h on a 7.5% SDS-PAGE gel in 1x Tris-glycine buffer, then soaked in 
a substrate solution of 5 mM ornithine, 1 mM OPD, and 0.5 U HRP for 16 h at room temperature. Protein 

concentrations were quantified by Bradford assay to ensure PNGase F treatment of 40 g of protein per sample. n = 
2 biological replicates with samples run in duplicate. (B) PNGase-F-treated samples showed less protein activity than 

untreated samples in both the areA102 and areA102 sarB mutants in a quantitative LAAO assay. Protein extracts in 
0.1 M Tris-HCl pH 8.0 were treated with a substrate solution of 5 mM ornithine, 2 mM OPD, and 0.8 U HRP for 1 h at 
37 °C. For both assays, mycelia were grown in supplemented 1% glucose-10 mM ammonium minimal media for 16 h, 
washed, and transferred to supplemented 1% glucose-10 mM histidine minimal media for an additional 4 h before 
harvesting. Extracts were treated or not treated with PNGase F and incubated for 4 h at 37 °C before the assays. 
Asterisks denote treated samples that were significantly different in activity from the corresponding untreated sample: 
*, p < 0.05, **, p < 0.01, *** p < 0.001. Two-way ANOVAs compared treated to untreated condition within each strain. 
n=3 biological replicates with 2 technical replicates. 
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affect glycosylation of active SarA. However, in these mutant strains, SarA activity is 

reduced, not abolished. Given the role of K. lactis MNN2-2, we had no reason to believe 

that mutation of sarB would cause total loss of N-glycosylation of SarA, and thus it 

would be possible for the effects of sarB mutation on SarA protein size to be subtle and 

a mobility change difficult to detect. If SarB provides GlcNAc for N-glycosylation, its loss 

would eliminate terminal GlcNAc molecules on N-glycans and confer only a small 

change in mobility. Additionally, the in-gel LAAO assay does not produce tight activity 

bands, making discrimination of small changes in size difficult.  

To better evaluate a possible role for sarB in glycosylation of SarA, we 

considered involvement N-GlcNAc transferase (GNT) required for N-glycosylation, and 

O-GlcNAc transferase (OGT) required for O-GlcNAcylation. Both use UDP-GlcNAc as a 

substrate and thus it is plausible that action of SarB, a putative UDP-GlcNAc 

transporter, affects their activities. Using the K. lactis GNT1 protein sequence, we 

queried a database of A. nidulans annotated proteins and found AN11141 as a possible 

ortholog. This gene has been reannotated in the version 5 reannotation of the A. 

nidulans genome, so we used the reannotated sequences going forward. Aligning 

KlGNT1 and AN11141 showed they are 20.2% identical and 33.3% similar. AN11141 

contains an IPR030518 (glucose N-acetyltransferase) domain and is annotated as a 

GNT. To search for an A. nidulans OGT, we used the full-length human OGT protein 

sequence (NCBI accession number NP_858058.1) to BLAST a database of annotated 

A. nidulans proteins. The best hit was for AN0265, which was 18.1% identical and 

27.8% similar to human OGT.  
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We hypothesized that if either or both of AN11141 and AN0265 were in the sarB-

sarA genetic pathway, mutants deficient in these genes should phenocopy the sarB 

and sarA mutant suppression of the AreA102 strong growth on histidine. To test this 

hypothesis, we constructed single deletion mutants for each gene. To construct an 

AN11141 mutant, the AN11141::AfpyrG knockout construct obtained from the FGSC 

was transformed into a pyrG89 recipient strain RT865 (pyrG89 nkuA∆) (Figure 4.9A). To 

construct an AN0265 mutant, the AN0265::AfpyrG knockout construct was 

transformed into RT865 (Figure 4.9B). Transformants were selected for pyrimidine 

prototrophy. Five transformants from each experiment were chosen for further analysis 

and were confirmed by PCR to have the correct gene replacement of AN11141 or 

AN0265 (data not shown). 

Like sarB and sarA mutations in an areA+ background, neither the AN11141 

mutant nor the AN0265 mutant showed a detectable growth phenotype on minimal 

media containing histidine as a sole nitrogen source (Figure 4.9C). To examine the 

mutant phenotypes in an areA102 background, we crossed both strains to the areA102 

mutant strain MH8 to construct double mutants. areA102 progeny were identified by 

weak growth on uric acid as a sole nitrogen source and strong growth on sucrose-

acetamide media. In both crosses, no areA102 progeny exhibited suppression of the 

AreA102 strong growth on histidine or lysine characteristic of sarA∆ or sarB∆ mutations. 

We used PCR to confirm that a subset of the areA102 progeny in the AN11141∆ mutant 

cross were areA102 AN11141 mutants and a subset of the progeny in the AN0265∆ 

mutant cross were areA102 AN0265 mutants. Thus, deletion of neither gene 

phenocopied sarA or sarB mutants in an areA102 background. If sarB affects SarA 
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activity via both the N-glycosylation and O-GlcNAcylation pathways, we considered that 

deletion of a single enzyme may mask the impact of sarB mutations. Therefore, we 

constructed AN11141 AN0265 double mutants by crossing an areA102 AN11141 

mutant to an AN0265 mutant. areA102 progeny were identified as described above, 

but none exhibited suppression of AreA102 strong growth on histidine or lysine. To 

Figure 4.9 Deletion strategy for two key genes involved in 
glycosylation. 
Deletion mutants for the N-GlcNAc transferase AN11141 (A) 
and O-GlcNAc transferase AN0265 (B) were constructed by 
transforming a knockout construct containing the Aspergillus 

fumigatus pyrG gene (AfpyrG+) into a nkuA A. nidulans 
recipient and integration by homologous recombination. (C) 
Deletion of AN11141 nor AN0265 produce phenotypes on 
supplemented glucose minimal media with 10 mM histidine or 
ammonium. Strains of the indicated genotypes were grown for 
48 h at 37 °C. From top to bottom: RT865, RT1036, RT1037, 
RT1045, RT1047, RT1064. Note that the AN11141 deletion in 
an areA background produces colonies that are slightly smaller 
than other strains on all tested media. We have no evidence this 
is indicative of suppression of the AreA102 phenotype on 
histidine. 
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ensure deletion of both genes was not synthetic lethal, we PCR confirmed double 

mutants in a proportion of the progeny. Therefore, neither AN11141 nor AN0265 appear 

to be part of the sarB-sarA genetic pathway. 

To assess the effect of these gene deletions on SarA activity, we performed the 

LAAO assays using protein extracts from the areA102 AN11141 and areA102 

AN0265 mutants. In the in-gel assay, neither mutant exhibited SarA LAAO activity 

obviously different than that of the areA102 mutant (Figure 4.10A). However, subtle 

changes in activity would be difficult to detect through this method. For the areA102 

AN0265 mutant, no change in protein mobility was observed, but because OGTs add 

only single GlcNAc molecules to a threonine or serine residue, electrophoretic methods 

generally lack the sensitivity required to detect a loss of O-GlcNAcylation (Fu and Aalten 

2020). However, the SarA activity band for the areA102 AN11141 mutant migrated 

slightly further on the gel than for the areA102 strain, indicative of a small change in 

mobility of at least a portion of SarA protein molecules. To ensure the observed change 

was reproducible, two biological replicates with two gels each were run. As a GNT, 

AN11141 is predicted to add GlcNAc molecules to N-glycan trees, and its absence 

would cause only a small reduction in N-glycan size and in overall protein size. The 

activity shift observed in the areA102 AN11141∆ compared to the areA102 samples 

suggests that, unlike S. cerevisiae and H. polymorpha (Kim et al. 2003), A. nidulans is 

capable of producing N-glycans decorated with GlcNAc and that SarA is glycosylated 

with at least one GlcNAc-decorated glycan. However, the observed change in protein 

size exceeded what was observed for sarB mutants in the in-gel assay, making the 

relationship between sarB and AN11141 unclear.  
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In quantitative microplate reader LAAO assays, the are102 AN11141 mutant 

surprisingly showed 112% of the activity the areA102 mutant, a difference that was 

statistically significant (p < 0.0000001; Figure 4.10B). The areA102 AN0265 mutant 

showed a significant reduction in activity at 90% of the areA102 mutant activity (p < 

0.00001).  

Figure 4.10 Mutation of glycosylation genes causes changes in SarA mobility and activity. 

(A) In an in-gel LAAO assay, the areA102 AN11141 mutant had slightly greater mobility of the SarA enzyme activity 

than the areA102 mutant. Mobility of the SarA enzyme activity for the areA102 AN0265 mutant did not change. The 
samples were separated by electrophoresis for 4 h on a 7.5% SDS-PAGE gel in 1x Tris-glycine buffer, then soaked in 
a substrate solution of 5 mM ornithine, 1 mM OPD, and 0.5 U HRP for 16 h at room temperature. Protein 

concentrations were quantified by Bradford assay to ensure equal loading of 90 g of protein per well. n = 2 biological 

replicates with samples run in duplicate. (B) The areA102 AN11141 mutant showed greater activity than the 

areA102 mutant in the quantitative LAAO assay, while activity of the areA102 AN0265 mutant was less than the 
areA102 mutant. Protein extracts in 0.1 M Tris-HCl pH 8.0 were treated with a substrate solution of 5 mM ornithine, 2 
mM OPD, and 0.8 U HRP for 1 h at 37 °C. For both assays, mycelia were grown in supplemented 1% glucose-10 mM 
ammonium minimal media for 16 h, washed, and transferred to supplemented 1% glucose-10 mM histidine minimal 
media for an additional 4 h before harvesting. Two-way ANOVAs followed by Tukey’s HSD tests were used to 
evaluate significant differences between strain activities. Letters signify different statistical significance groups. p < 
0.00001 for all comparisons. n=3 biological replicates with 2 technical replicates. 
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 4.5.7 Deletion of sarB or AN11141 does not affect thermolability of SarA in 

protein extracts 

To further attempt to discover the role of sarB on SarA activity, we hypothesized 

that sarB mutations may increase the thermolability of the SarA protein. To test this 

hypothesis, we heat-inactivated soluble protein extracts from the areA102 mutant MH8 

and the areA102 sarB mutant RT891 for 0, 1, 2, 3, or 5 minutes at 56 °C, then 

performed the quantitative LAAO assay. Because previous experiments had shown the 

specific activity of the two strains to be very different, activity was assessed as the 

proportion of specific activity remaining at each timepoint. There was no difference in 

LAAO thermolability between the strains (p = 0.6528; Figure 4.11A), suggesting that the 

absence of SarB does not affect thermolability of SarA. 

Figure 4.11 Deletion of sarB or AN11141 does not change the thermolability of SarA in protein extracts. 

Soluble cell-free extracts (20 g) were heat-inactivated at 56˚C for 0, 1, 2, 3, or 5 minutes and subjected to a 
quantitative LAAO assay. (A) Loss of SarA specific activity in extracts, expressed as proportion of activity remaining, 

from the areA102 sarB mutant and the areA102 mutant did not differ (p = 0.6528) (B) Loss of SarA specific activity 

in extracts from the AN11141 mutant did not differ from that in extracts from the areA102 mutant (p = 0.8862). For 
both assays, protein extracts in 0.1 M Tris-HCl pH 8.0 were treated with a solution of 5 mM ornithine, 2 mM OPD, and 
0.8 U HRP for 1 h at 37 °C. Mycelia were grown in supplemented 1% glucose-10 mM ammonium minimal media for 
16 h, washed, and transferred to supplemented 1% glucose-10 mM histidine minimal media for an additional 4 h 
before harvesting. Strains were compared using ANOVA considering time, replicate, strain, and the time-strain 
interaction. Line slopes were evaluated for the best-fit model followed by a likelihood ratio test. n = 3 biological 
replicates with 2 technical replicates for (A) and (B). 
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We additionally tested the effect of GlcNAc decoration of N-glycans on SarA 

thermolability in protein extracts by conducting a similar heat-inactivation experiment 

with protein extracts from the areA102 AN11141 mutant. Again, there were no 

differences in proportion of specific activity remaining over time between the two strains 

(p = 0.8862; Figure 4.11B). We concluded that terminal GlcNAc molecules on N-glycans 

have no effect on thermolability of SarA.  

4.5.8 sarA is upregulated in nitrogen-free conditions 

To determine if sarA, sarB, AN1808, AN11141, and AN0265 are regulated by 

nitrogen, we used RNA-seq to assess the expression of these genes in a wild-type areA 

strain on ammonium, glutamine, and alanine as sole nitrogen sources and under 4-h 

nitrogen starvation. sarA had low expression under ammonium, glutamine, and alanine 

conditions but was upregulated under the nitrogen-free condition compared to 

ammonium (Figure 4.12). AN1808 had negligible expression under all tested conditions. 

sarB, AN11141, and AN0265 were expressed constitutively and under all 

conditions, though there was a non-statistically-significant trend toward higher 

expression of the latter two under derepressing conditions. Constitutive expression of 

AN11141 and AN0265 suggests both N-glycosylation and O-GlcNAcylation may occur 

widely in A. nidulans. We also evaluated the role of the AreA co-repressor NmrA as a 

regulator of sarB, sarA, AN11141, and AN0265 by examining their expression in a 

nmrA mutant. None of the genes were differentially expressed in the nmrA mutant 

compared with wild type under any conditions (data not shown). 
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 4.5.9 Assessment of regulation of SarA activity by xprG and AN1416 

The transcription factor xprG regulates multiple processes triggered by nutrient 

scarcity or starvation in A. nidulans, including GlcNAc utilization (see Chapter 5), 

autolysis, and extracellular protease and acid phosphatase production (Cohen 1973; 

MacRae et al. 1993; Katz et al. 2006, 2013, 2015). In C. albicans, an ortholog of the A. 

nidulans gene AN1416, Ngs1, encodes a protein that associates with the ortholog of 

XprG, Rep1, and helps lead to transcription of GlcNAc utilization genes (Su et al. 2016). 

Our work suggests that AN1416 also plays a role in extracellular protease production 

(see Chapter 5). Because SarA shows elevated expression under nitrogen-free 

Figure 4.12 sarA is upregulated under nitrogen starvation conditions. 
A wild-type strain was subjected to four nitrogen regimes and gene expression was assessed using RNA-seq. sarA 
was significantly upregulated under nitrogen-free conditions compared to growth on ammonium. The other genes 
shown showed no differential expression on glutamine, alanine, or nitrogen-free compared to ammonium. Mycelia 
were grown for 16 h in supplemented 1% glucose-10 mM nitrogen for 16 h at 37 °C before harvesting. For the 
nitrogen-free condition, mycelia were washed and transferred to media lacking nitrogen for 4 h at 37 °C before 
harvesting. Statistical analyses used DESeq2 in RStudio. p-values can be found in Appendix B. n=3 biological 
replicates. 
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conditions and increased activity in 72-h cultures, we considered whether its expression 

could be regulated by xprG, AN1416, or both.  

We examined the nucleotide sequence of the sarA promoter for potential XprG 

binding sites. Because the promotor region is not delineated for sarA, we searched 

within 1.5 kbp upstream of the start codon. At position -1208 we discovered a 

CGCAAAT sequence that matches a possible XprG binding site sequence based on 

that defined for the S. cerevisiae ortholog Ndt80 (Sopko and Stuart 2004). Though this 

sequence is from a yeast, there is evidence of high conservation in DNA-binding 

domains of Ndt80-family transcription factors across eukaryotes (Montano et al. 2002; 

Min et al. 2018; Liu et al. 2025) To evaluate the effect of deleting xprG and AN1416 on 

SarA activity, we crossed the areA102 mutant MH8 with xprG, AN1416, and xprG 

AN1416 strains to generate areA102 xprG, areA102 AN1416, and areA102 xprG 

AN1416 mutants. areA102 progeny were identified by poor growth on uric acid as a 

sole nitrogen source and strong growth on sucrose-acetamide media. xprG and 

AN1416 progeny were identified by poor growth on GlcNAc as a nitrogen source. 

AN1416 progeny exhibited enhanced clearing on media containing milk as a nitrogen 

source, whereas xprG progeny were unable to clear milk. The presence of the AN1416 

deletion was further confirmed in the areA102 xprG AN1416 progeny through PCR 

(data not shown). 

We used the microplate reader LAAO assay to quantify SarA activity in these 

mutants relative to the areA102 strain. Mycelia were grown for 16 h in supplemented 

1% glucose-10 mM ammonium minimal media, harvested, washed, and transferred to 

1% glucose-10 mM histidine for 4 h. Soluble protein extracts were assessed for SarA 
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LAAO activity in a quantitative assay. The areA102 xprG mutant had 85% of the 

activity of the areA102 mutant MH8 (p = 0.0000005), and the areA102 AN1416 mutant 

had 83% of the activity (p = 0.0000074; Figure 4.13). This decreased activity suggests 

xprG and/or AN1416 play only a minor role in regulation of sarA after 4 h growth on 

histidine. The areA102 xprG AN1416∆ mutant did not differ in activity from areA102. 

 4.6 Discussion 

We have shown that sarB and sarA act in the same genetic pathway, as the 

sarB∆ sarA∆ double mutant did not suppress the AreA102 strong growth on histidine 

phenotype to a greater extent than either single mutant. Additionally, we showed 

through quantitative and qualitative LAAO assays that SarA activity is significantly 

decreased in sarB mutants, indicating sarB is required for full SarA activity. 

Based on the function of SarB orthologs as UDP-GlcNAc transporters affecting 

glycosylation, SarB may play a role in glycosylation in A. nidulans. We hypothesized 

Figure 4.13 Deletion of xprG or AN1416 
slightly decreases SarA activity. 

Both the areA102 xprG and areA102 

AN1416 mutants exhibited lower SarA 
activity than the areA102 mutant in a 
quantitative LAAO assay. There was no 

difference between the areA102 xprG 

AN1416 double mutant and areA102. 
Soluble cell-free extracts in 0.1 M Tris-HCl 
pH 8.0 were treated with a substrate 
solution of 5 mM ornithine, 2 mM OPD, and 
0.8 U HRP for 1 h at 37 °C. For both assays, 
mycelia were grown in supplemented 1% 
glucose-10 mM ammonium minimal media 
for 16 h, washed, and transferred to 
supplemented 1% glucose-10 mM histidine 
minimal media for an additional 4 h before 
harvesting. Letters signify different statistical 
significance groups. Two-way ANOVAs 
followed by Tukey’s HSD tests were used to 
evaluate significant differences between 
strain activities. p-values are found in 
Appendix B. n=3 biological replicates with 2 
technical replicates. 
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that SarB may provide UDP-GlcNAc to AN11141, a GNT, for use in N-glycosylation, a 

function seen in K. lactis MNN2-2. LAAOs in humans, snake venoms, and in limited 

studies of other fungi, are N-glycosylated (Geyer et al. 2001; Chavan et al. 2002; Yang 

et al. 2011; Abdelkafi-Koubaa et al. 2014; Heß et al. 2020). We found evidence that 

SarA is N-glycosylated through experimental disruption of N-glycans. Treatment of 

growing A. nidulans mycelia with tunicamycin, an antibiotic that prevents formation of N-

glycans, led to evidence of smaller SarA proteins in protein extracts, providing strong 

evidence that SarA is N-glycosylated. Extracts from tunicamycin-treated mycelia 

exhibited decreased SarA activity. In the basidiomycete fungus H. cylindroporum, near 

abolition of activity in LAAO subjected to site-directed mutagenesis of all confirmed N-

glycosylation sites was observed (Heß et al. 2021). Taking into account the possibility 

that tunicamycin did not prevent N-glycosylation of all available SarA proteins, our 

results are in line with these findings. 

No obvious change in SarA mobility was observed after treatment of extracts with 

PNGase F, an enzyme that removes N-glycans. This differed from LAAOs in multiple 

fungal species and in venom of the snake Cerastes cerastes, all of which exhibited in-

gel mobility changes following PNGase F treatment (Abdelkafi-Koubaa et al. 2014; Heß 

et al. 2021). However, these studies used purified LAAOs whereas we did not purify 

SarA from whole cell-free extracts. The presence of a signal peptide at the N-terminus 

and an ER retention sequence at the C-terminus of SarA made epitope-tagging for 

purification unlikely to be successful without disruption to localization or function. 

Therefore, because our extracts contained many species of N-glycosylated proteins, it 

is likely that the quantity of PNGase F used or incubation time of the reaction was 
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insufficient to fully de-glycosylate all of them and the proportion of de-glycosylated SarA 

was insufficient to produce a visible band on the gel. It is also possible that had more 

SarA been de-glycosylated, the observed loss of activity in the quantitative assay may 

have been greater. However, in contrast to our findings, no change in LAAO activity was 

seen in samples de-glycosylated by PNGase F in H. cylindrosporum or C. cerastes 

(Abdelkafi-Koubaa et al. 2014; Heß et al. 2020). N-glycosylation sites are not 

necessarily highly conserved, even among close relatives, and thus the impact of N-

glycosylation on SarA could differ from its orthologs in other species (Chavan et al. 

2002; Ullah 2020; Huang et al. 2021). Overlaying possible N-glycosylation sites 

predicted by NetNGlyc on a SarA structural model generated by AlphaFold3 could allow 

for exploration of possible impacts of N-glycosylation on SarA based on the proximity of 

N-glycans to structural features. 

Deletion of the AN11141 gene, which encodes the putative A. nidulans GNT, 

caused a small change in mobility of SarA. This is the first indication that A. nidulans 

produces N-glycans with terminal GlcNAc molecules and provides additional evidence 

that SarA is N-glycosylated and decorated with GlcNAc moieties. SarA activity was, 

however, slightly higher in an AN11141 mutant compared with wild type. The reasons 

for this are unclear, as a defect in N-glycosylation of a protein would be expected to 

decrease its activity or have other negative effects on its function. However, deletion of 

a glycosylation gene can be expected to have pleiotropic effects, and this change in 

activity may be attributable to changes in N-glycosylation of another protein that exerts 

influence over SarA and not to the changes in N-glycosylation of SarA itself. 
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Because SarA has a signal peptide at its N-terminus, it is not predicted to be O-

GlcNAcylated by OGT (AN0265). However, there is strong evidence for involvement of 

SarB orthologs in the O-GlcNAcylation pathway in animals. OGT is active in the 

cytoplasm, nucleus, or mitochondria, where it uses UDP-GlcNAc as a source of GlcNAc 

to attach to a serine or threonine residue in a target protein. SarB orthologs transport 

UDP-GlcNAc into the ER and/or Golgi, perhaps decreasing the amount available in the 

cytoplasm for use by OGT (Kang et al. 2025). In A. nidulans, deletion of the OGT 

AN0265 led to slightly reduced SarA activity. Deletion of sarB should cause an increase 

in O-GlcNAcylation system-wide due to accumulation of UDP-GlcNAc in the cytoplasm. 

However, sarB deletion causes a decrease in SarA activity. Therefore, perturbation of 

O-GlcNAcylation levels in either direction negatively impacts SarA function. However, in 

mammals, decrease in expression of the SarB ortholog SLC35B4 in RNAi knockdown 

experiments led to decreased O-GlcNAcylation of proteins in extracellular mitochondria 

in cerebrospinal fluid and of the oncogenic transcription factor c-Myc (Park et al. 2021; 

Jiang et al. 2022). Decreased expression of the human SarB ortholog led to greater O-

GlcNAcylation of the transcription factor GATA4 (Kang et al. 2025). This highlights the 

pleiotropic nature by which SarB orthologs influence O-GlcNAcylation. 

Despite finding that deletion of the GNT and OGT glycosylation enzymes 

impacted SarA activity, neither deletion mutant phenocopied the sarB or sarA 

suppression of AreA102 strong growth on histidine, nor did a double AN11141 

AN0265 mutant. Because that phenotype is the defining feature of the sarB-sarA 

relationship, we were thus unable to establish that glycosylation genes are part of the 

sarB-sarA genetic pathway or that SarB plays a role in glycosylation in A. nidulans. Our 
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finding that SarA activity decays more slowly in a sarB mutant than in a sarB+ strain 

provides additional evidence against a hypothesis that SarB directly contributes to N-

glycosylation of SarA, as a loss of N-glycans would be more likely to decrease protein 

stability. An alternative possibility is that another enzyme may provide a redundant GNT 

or OGT activity. No paralogs for AN11141 or AN0265 are identified in the orthology 

analyses through OrthoMCL. However, we note that AN7983 encodes a predicted 

protein of 293 amino acid residues containing, like AN11141, an IPR030518 Glucose N-

acetyl transferase 1 domain and, therefore, could potentially provide an activity 

redundant with that of AN11141. 

The potential involvement of SLC35B4 in N-glycosylation in animals is poorly 

understood. Even its localization is unconfirmed, with studies differentially finding it in 

the ER, Golgi, or both (Ashikov et al. 2005; Maszczak-Seneczko et al. 2011; Bazan et 

al. 2018; Wex et al. 2018; Wang et al. 2025). Yet for N-glycosylation, its localization 

could be key to function. ER localization, such as observed in S. cerevisiae and H. 

polymorpha, would make it unlikely to provide substrate to GNT enzymes, which are 

located in the Golgi, whereas an apparent Golgi localization in K. lactis allows MNN2-2 

to provide GlcNAc to GNT1. In vitro studies of SLC35B4 knockouts have failed to find 

changes in the composition of N-glycans produced (Bazan et al. 2018; Szulc et al. 

2020). However, the contributions to N-glycosylation of the UDP-GlcNAc transporters 

SLC35A2 and SLC35A3, which have well-established Golgi localizations in humans, 

also remain difficult to ascertain (Szulc et al. 2020; Wiktor et al. 2021). 

Given an inability to establish connections between sarB and AN11141 or 

AN0265, we considered other possible pathways in which SarB may be involved. Two 
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GlcNAc molecules comprise the base of all N-glycans. We thus considered that SarB 

may supply UDP-GlcNAc to the complex of enzymes involved in synthesis of this base. 

However, this phase of N-glycan synthesis occurs in the cytoplasm, where UDP-GlcNAc 

is formed, and thus no transmembrane transporter would be involved (He et al. 2024a). 

We also considered that SarB may not be the only UDP-GlcNAc ER- or Golgi-

localized transporter in A. nidulans, and that downstream proteins may receive UDP-

GlcNAc from other sources when sarB is mutated. Humans have many nucleotide sugar 

transporters, some of which have specificity for multiple nucleotide sugars (Maszczak-

Seneczko et al. 2022). A. nidulans appears to have orthologs of some of these 

transporters, though they differ significantly in sequence and in Pfam domains from 

SarB and do not appear to be paralogs. We could find no evidence that these proteins 

have been studied in fungi. 

Through this work, we expanded the limited knowledge of LAAOs in fungi. Our 

phylogenetic analyses show evidence of expansion of the LAAO family in the fungal 

kingdom, with many species having multiple distinct LAAOs. This, coupled with our 

observation of AN1808 activity only in late-stage cultures, provides evidence that fungi 

have evolved the ability to efficiently exploit diverse amino acid resources under a 

variety of environmental conditions. Phytopathogenic fungi are known to use host amino 

acids as nutrient pools during pathogenesis (Struck 2015), and therefore a better 

understanding of LAAO diversity and function can help uncover key events during host 

infection. 

We additionally provided evidence of a SarA-AN1808 heterodimer active in late 

cultures. Heterodimeric structures were observed during crystallization of C. cerastes 
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LAAOs and in LAAOs of the fish Scomber japonicus (Jung et al. 2000; El Hakim et al. 

2015), however this is the first evidence for a heterodimeric LAAO in fungi. We also 

observed a weak band of LAAO activity at the size predicted for a SarA tetramer. 

Asymmetrical tetramer structures have been observed in snake LAAOs (Pawelek et al. 

2000; Georgieva et al. 2011; Feliciano et al. 2017), but Feliciano et al. (2017) attributed 

the observations as artifacts caused by crystal packing during the structure 

crystallization process. We have provided evidence that SarA exhibits activity in 

tetrameric form, at least as a minor species. 

sarA was shown to be regulated by nitrogen, as its expression increased under 

nitrogen starvation. The gene encoding the secreted protease PnmB, which may 

provide substrates for LAAOs in addition to its role in promoting derepression by 

cleavage of NmrA, is also highly upregulated during nitrogen starvation (Li et al. 2021). 

sarB expression did not differ across nitrogen treatments. There is evidence SLC35B4 

is upregulated upon exposure to exogenous glucose (Wex et al. 2018) and may thus be 

regulated by carbon, a condition we did not explore.  

Finally, we established sarB as an ortholog of the human gene SLC35B4, which 

is implicated in cancers, diabetes, and other diseases and plays important roles in 

glucose metabolism in humans. A survey of essential genes in Caenorhabditis elegans 

listed the sarB ortholog nstp-2 as likely essential (Li-Leger et al. 2021), and even the 

most recent mammalian in vivo studies use RNAi-mediated knockdown to study 

SLC35B4 function in place of gene deletion (Wex et al. 2018; Liu et al. 2019; Park et al. 

2021; Jiang et al. 2022; Wang et al. 2025). These studies suggest that deletion of 

SLC35B4 is lethal or near-lethal in animals, which complicates development of effective 



97 

research strategies into its function. However, because sarB is not essential in A. 

nidulans, this species can serve as a research model through which to provide insights 

into SLC35B4 function. 

 4.7 Future Directions 

Through our work, we were unable to definitively find the connection between 

sarB and sarA. We conclude that SarB does not have a straightforward, direct effect on 

glycosylation of SarA. However, the SarB ortholog in S. cerevisiae, YEA4, has physical 

interactions documented with the proteins SEC61 and ERD1 (Miller et al. 2005; Cohen 

et al. 2023), orthologs of A. nidulans AN7721 and AN5682, respectively. SEC61 is part 

of a channel protein complex necessary for protein translocation into and export of 

misfolded proteins out of the ER (Plath et al. 2004; Tretter et al. 2013; Hosomi et al. 

2020). ERD1 is necessary for retention of proteins in the ER lumen and recycling of 

GNTs between the late and early Golgi compartments (Pelham et al. 1988; Hardwick et 

al. 1990; Sardana et al. 2021). Further investigation of sarB in the context of either of 

these genes could lead to new insights about the sarB-sarA relationship. 

The sarB7 mutant produces a truncated SarB protein about one-third the length 

of the wild-type protein. In our quantitative LAAO assays, we observed slightly reduced 

LAAO activity in the areA102 sarB7 mutant relative to the areA102 sarB mutant and 

areA102 sarB7 activity values clustered statistically with both the areA102 sarB mutant 

and with several low-activity mutants. It is difficult to know if the observed sarB versus 

sarB7 difference is genuine or if it is biologically meaningful. If it is real, this would 

indicate the sarB7 mutation acts in a dominant negative manner and suggests the 

presence of SarB in a protein complex. Further experiments to target the potential 
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difference between sarB and sarB7 could lead to a greater understanding of activity of 

SarB. 

A greater understanding of glycosylation of SarA could lead to insights of ways in 

which it may be affected by SarB. It would be important to purify SarA either through 

epitope tagging or chromatography to further analyze the number and locations of its N-

glycans and determine the importance of each with regard to SarA activity. Additionally, 

it would be beneficial to investigate the impacts of N-glycosylation on SarA folding and 

solubility. To assess the impact of N-glycosylation on growth of the areA102 mutant 

media on solid media, the effects of treatment with tunicamycin on growth on histidine 

should be determined. If N-glycosylation of SarA is required for SarA LAAO activity, 

treatment with tunicamycin may be expected to suppress the AreA102 phenotype of 

increased growth on histidine. As mentioned in Section 4.6, AN7983 is a possible 

second GNT in A. nidulans. Generation of AN7983 and AN7983 AN11141 mutants 

could lead to a greater understanding of the impact of N-glycosylation on SarA activity 

and of growth of sarA mutants on histidine and perhaps uncover a role for either or both 

genes in the sarB-sarA genetic pathway. 

We were unable to assess a possible role for O-GlcNAcylation in SarA. This 

could be done using a pulldown experiment using succinylated wheat germ agglutinin-

coated beads, which bind specifically to GlcNAc moieties on glycans, would be used to 

purify all GlcNAc-containing glycosylated proteins in cell-free extracts from areA102 

strains. Detection of SarA activity in the purified fraction would add to evidence that 

SarA is glycosylated with N-glycans containing terminal GlcNAc molecules. Detection of 

SarA activity, following succinylated wheatgerm agglutinin pull-down purification, in 
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extracts from a GNT deletion mutant but not a GNT OGT double mutant would reveal 

the presence of O-GlcNAcylation modifications on SarA. 

Though we could not establish that SarB provides UDP-GlcNAc to GNT for N-

glycosylation, there are other possible pathways by which SarB might be involved in 

glycosylation and/or influence SarA LAAO activity. Further investigation will provide new 

insights into the functions of UDP-GlcNAc transporters  
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Chapter 5 - Characterization of the genes for N-

acetylglucosamine transport and catabolism 

 5.1 Abstract 

The Aspergillus nidulans Ndt80-like transcription factor XprG plays important 

roles in regulation of nutrient acquisition, including catabolism of N-acetylglucosamine 

(GlcNAc). We identified putative genes of the GlcNAc catabolic pathway in A. nidulans, 

primarily clustered on chromosome VII. Extracellular GlcNAc is imported by the GlcNAc 

transporter NgtA (AN1427), phosphorylated by the hexokinase HxkC (AN4255) to 

GlcNAc-6-phosphate, deacetylated by DacA (AN1428) to glucosamine-6-phosphate, 

and deaminated by DamA (AN1418) to ammonium and fructose-6-phosphate, which 

can enter nitrogen and carbon metabolism, respectively. As hxkC was previously 

deleted and characterized, we deleted the ngtA, dacA and damA genes using 

homologous recombination. Each deletion mutant showed impaired growth on media 

containing GlcNAc as a sole nitrogen, carbon, or nitrogen and carbon source. We also 

identified a putative GlcNAc sensor and histone deacetylase, NgsA (AN1416), expected 

to interact with XprG based on interactions of their orthologs in Candida albicans. 

Deletion of the ngsA gene confers inability to utilize GlcNAc. We used repair and 

complementation strategies to restore wild-type growth on GlcNAc in the ngtA∆, dacA∆, 

damA∆, and ngsA∆ deletion mutants. We thus completed identification of the genes 

comprising the GlcNAc utilization pathway in A. nidulans. 

We identified a second potential GlcNAc transporter in A. nidulans, NgtB 

(AN8127), located on chromosome II, outside of the GlcNAc catabolic gene cluster. We 

deleted the ngtB gene and the resulting mutant showed reduced growth on GlcNAc as a 
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nitrogen or carbon source. Therefore, NgtB is part of the GlcNAc utilization pathway. To 

determine if deletion of both transporter genes leads to abolition of growth on GlcNAc, 

we constructed a ngtA ngtB double mutant. Putative diploid and heterokaryotic 

transformants were obtained. A heterokaryon rescue test indicated that simultaneous 

deletion of both transporter genes is lethal and that transport of extracellular GlcNAc 

into the cell is necessary for hyphal growth.  

We showed that the GlcNAc utilization regulatory genes xprG and ngsA exhibit 

genetic interaction in GlcNAc catabolism and extracellular protease activity. RNA-seq 

on a wild-type strain to examine the effect of different nitrogen conditions on gene 

expression. xprG, ngtA, hxkC, dacA, and damA all showed increased expression on 

non-repressing nitrogen sources (alanine and/or nitrogen-free) when compared to 

growth on the repressive nitrogen source ammonium. ngsA showed constitutive 

expression across all nitrogen sources and ngtB showed negligible expression under all 

conditions. We show evidence that GlcNAc utilization genes are regulated by nitrogen 

metabolite repression and the gene nmrA. 

 5.2 Contribution Statement 

Sara M. Hopkins, Joel T. Steyer and Dr. Cameron C. Hunter of the Richard Todd 

Lab deleted several of the GlcNAc utilization genes and assessed their phenotypes on 

GlcNAc and glucosamine. The hxkC∆ mutant and xprG mutants were generous gifts of 

Prof. Margaret E. Katz, the University of New England, Australia.  

 5.3 Introduction 

In fungi, members of the Ndt80-like transcription factor family play roles in fruiting 

body development, conidiation, secondary metabolite production, hyphal growth, 
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anastomosis, and are meiotic checkpoints, while in animals, as part of the p53-like 

protein family, they act as tumor suppressors (reviewed in Katz 2019). In A. nidulans, 

xprG, which encodes a member of the Ndt80-like transcription factor family, has been 

studied primarily in the context of nutrient acquisition, particularly its responses to 

nutrient limitation. It is a regulator of autolysis, a programmed cell death mechanism 

initiated during starvation, in which some cells are destroyed and their components 

harvested for nutrients (Katz et al. 2013, 2015). In response to nutrient starvation, xprG 

also regulates production of enzymes, such as extracellular proteases, necessary for 

utilization of extracellular proteins as nutrients (Katz et al. 2006). A gain-of-function 

mutation, xprG1, displays constitutive extracellular protease activity, while loss-of-

function mutants xprG2 and xprG3 show decreased extracellular protease activity (Katz 

et al. 1996, 2000). xprG additionally regulates expression of acid phosphatases during 

phosphate starvation (MacRae et al. 1993; Katz et al. 2006).  

Differential expression studies using microarrays showed that XprG regulates 

expression of genes predicted to be involved in catabolism of extracellular N-

acetylglucosamine (GlcNAc) during carbon starvation (Katz et al. 2013). GlcNAc is the 

building block of chitin, a major component of the fungal cell wall, and can be an 

abundant nutrient source in the environment. It is released during autolysis occurring in 

A. nidulans and/or neighboring fungi and is found in the cell walls of bacteria, 

exoskeleton of insects, and extracellular matrix of mammalian cells (Konopka 2012). 

Orthologs of xprG in other fungi are regulators of GlcNAc breakdown. This 

process is best studied is the mammalian fungal pathogen Candida albicans, where the 

XprG ortholog, CaRep1, recruits the GlcNAc sensor protein CaNgs1 to activate 
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expression of GlcNAc utilization genes (Su et al. 2016; Naseem et al. 2017; Min et al. 

2020). The CaNgs1 protein has a glycoside hydrolase family 3 (GH3) domain capable 

of binding GlcNAc and thus acting as a GlcNAc sensor, and a GCN5-related N-

acetyltransferase (GNAT) domain, which acetylates histones in the region of the 

promoter bound by the CaRep1-Ngs1 complex (Su et al. 2016). Extracellular GlcNAc is 

transported into the cell by the GlcNAc transporter CaNgt1 (Alvarez and Konopka 2007) 

and binds to CaNgs1. This triggers binding of CaRep1 to the promoters of GlcNAc 

catabolism genes, and coupled with histone acetylation by CaNgs1, leads to their 

transcription. GlcNAc catabolism occurs via CaHxk1 (CaNag5), a hexokinase, which 

phosphorylates GlcNAc, and is followed by deacetylation of GlcNAc-6-phosphate by 

CaDac1 (CaNag2; Kumar et al. 2000; Yamada-Okabe et al. 2001). Next, deamination of 

glucosamine-6-phosphate by CaNag1 produces fructose-6-phosphate, which enters the 

glycolytic pathway (Natarajan and Datta 1993). The genes encoding CaHxk1, CaDac1 

and CaNag1 are clustered together in the C. albicans genome and are co-regulated at 

the transcriptional level (Kumar et al. 2000). xprG orthologs have also been shown to be 

necessary for GlcNAc catabolism in Beauveria bassiana, Trichoderma reesei, and 

Magnaporthe oryzae (Kappel et al. 2016; Bhatt et al. 2020; Qiu et al. 2022)  

Study of the GlcNAc utilization genes in C. albicans has focused on its role in 

triggering a morphogenetic change leading to onset of pathogenesis (Simonetti et al. 

1974; Lo et al. 1997; Konopka 2012). This control of morphogenesis also occurs in 

Histoplasma capsulatum and Blastomyces dermatiditis (Gilmore et al. 2013). GlcNAc 

utilization genes are essential for pathogenesis in M. oryzae where mutants lacking the 

xprG ortholog or GlcNAc utilization structural genes are unable to successfully colonize 
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host plants (Kumar et al. 2016). Mutants of the insect pathogen B. bassiana lacking 

orthologs of xprG or the GlcNAc sensor AN1416 are likewise unable to exhibit 

pathogenicity (Qiu et al. 2022; Zhang et al. 2024). 

The role of GlcNAc as a nutrient source is poorly studied in fungi, especially as a 

source of nitrogen. In Trichoderma reesei, the genes for utilization of GlcNAc have been 

characterized in the context of it being a source of carbon (Kappel et al. 2016; Ullah et 

al. 2025) The T. reesei genes encoding the GlcNAc hexokinase (hxk1), the GlcNAc-6-

phosphate deacetylase (dac1), and glucosamine-6-phosphate deaminase (dam1) form 

a GlcNAc utilization gene cluster that also includes the transcription factor gene ron1 

(the xprG ortholog) and the GlcNAc sensor gene (nag3), while the GlcNAc transporter 

gene (ngt1) is located separately (Kappel et al. 2016). GlcNAc utilization and regulatory 

genes are similarly clustered across fungal species (Bhatt et al. 2020; Ye et al. 2022), 

including in A. nidulans. In A. nidulans, the putative GlcNAc hexokinase hxkC (AN4255) 

gene, located on chromosome V outside the GlcNAc utilization gene cluster, was 

originally identified as an atypical regulatory hexokinsase (Bernardo et al. 2007). HxkC 

has since been shown to be involved in utilization of GlcNAc as a carbon source (Katz 

et al. 2016), but the remaining GlcNAc utilization pathway genes have not been 

characterized.   

In this work, we identify and characterize the A. nidulans GlcNAc utilization 

pathway genes. We identify a second GlcNAc transporter gene and show that 

simultaneous deletion of both transporter genes confers a synthetic lethal phenotype. 

We also examine regulation of GlcNAc utilization by xprG, AN1416, and the areA co-

repressor nmrA. 
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 5.4 Materials and Methods 

 5.4.1 Strains 

A. nidulans strains used in Chapter 5 are described in Table 5.1.  

Table 5.1 A. nidulans strains used in Chapter 5. 

Strain Genotype 

MH1 biA1 

MH11068 pyrG89 pyroA4 amdA7 nkuA∆::Bar  

MH11132 yA1 adE20 areA217 riboB2 su(adE20) 

MK85 biA1 xprG1 niiA4 

MK205 yA2 pabaA1 areA102 sarB7 xprG1 

MK414 yA2 pabaA1 xprG∆::argB+ 

MK489 hxkC∆::argB+ argB2 niiA4 

RT626 pyrG89 pyroA4 nkuA::Bar AN1418::AfpyrG+ amdA7  

RT707 pyrG89 pyroA4 nkuA::Bar AN1416::AfpyrG+ amdA7  

RT708 pyrG89 pyroA4 nkuA::Bar AN1427::AfpyrG+ amdA7  

RT709 pyrG89 pyroA4 nkuA::Bar AN1428::AfpyrG+ amdA7  

RT803 pyrG89 pyroA4 nkuA::Bar xprG1 

RT804 pyrG89 pyroA4 nkuA::Bar xprG1 niiA4 

RT811 pyrG89 pyroA4 nkuA::Bar xprG::argB+ 

RT812 pyrG89 pyroA4 nkuA::Bar xprG::argB+ nkuA::Bar 

RT813 pyrG89 pyroA4 nkuA::Bar xprG::argB+ amdA7 nkuA::Bar 

RT818 pyrG89 pyroA4 nkuA::Bar AN1418::AfpyrG+ AN1418r  

RT822 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT823 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT824 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT825 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT826 pyrG89 pyroA4 nkuA::Bar xprG1 AN1416::AfpyrG+  

RT827 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT828 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT829 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT830 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT831 pyrG89 pyroA4 nkuA::Bar xprG AN1416::AfpyrG+  

RT832 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT833 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT834 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT835 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT836 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT843 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT844 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT845 pyrG89 pyroA4 nkuA::Bar AN1427r# 

RT851 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  
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RT852 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT853 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT854 pyrG89 nmrA::AfpyrG+ pyroA4 nkuA::Bar amdA7  

RT865 pyrG89 pyroA4 nkuA∆::Bar 

RT959 pyrG89 pyroA4 nkuA::Bar AN1428r# 

RT961 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT962 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT963 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT964 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT965 pyrG89 pyroA4 nkuA::Bar AN1418r# 

RT981 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT982 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT983 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT984 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT985 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT986 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT987 
pyrG89 pyroA4 nkuA∆::Bar AN1416∆::AfpyrG+ AN1416c* 
amdA7  

RT988 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT989 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT990 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT991 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT992 pyrG89 AN8127∆::AfpyrG+ pyroA4 nkuA∆::Bar 

RT993 pyrG89 AN1427∆::AfpyrG+ riboB2 

RT994 pyrG89 pabaB22 AN1427∆::AfpyrG+ riboB2 

RT995 pyrG89 pabaB22 AN1427∆::AfpyrG+ 

RT996 pyrG89 pyroA4 AN1427∆::AfpyrG+ 

RT997 pyrG89 pabaB22 pyroA4 AN1427∆::AfpyrG+ 

RT998 
pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* 
amdA7 

RT999 
pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* 
amdA7 

RT1000 
pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* 
amdA7 

RT1001 
pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* 
amdA7 

RT1002 
pyrG89 pyroA4 nku∆::Bar AN1428∆::AfpyrG+ AN1428c* 
amdA7 

RT1003 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 

RT1004 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 

RT1005 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 
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RT1006 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 

RT1007 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 

RT1008 
pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG+ AN1427c* 
amdA7 

RT1009 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1010 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1011 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1012 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1013 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1014 
pyrG89 pyroA4 nku∆::Bar AN1418∆::AfpyrG+ AN1418c* 
amdA7 

RT1019 pyrG89 pyroA4 nku∆::Bar AN1427∆::AfpyrG- 

RT1049 biA1 areA102 xprG::argB+ niiA4 

RT1050 biA1 areA102 AN1416::pyrG+ niiA4 

RT1051 biA1 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1052 areA102 pyroA4 AN1416::AfpyrG+ 

RT1053 areA102 AN1416::pyrG+ niiA4 

RT1055 yA2 areA102 pyroA4 xprG::argB+ AN1416::pyrG+ 

RT1056 yA2 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1057 areA102 xprG::argB+ AN1416::pyrG+ niiA4 

RT1058 areA102 xprG::argB+ AN1416::pyrG+ pabaA1 

RT1059 yA2 areA102 pabaA1 xprG::argB+ 

RT1060 yA2 areA102 xprG::argB+niiA4 
#  “r”, repaired, denotes the wild type gene has replaced a gene knockout via homologous gene 
replacement. 
* “c”, complemented, denotes integration of a plasmid containing the indicated wild type gene by single 
crossover. 
 

 5.4.2 PCR primers 

Genomic PCR primers used in Chapter 5 are shown in Table 5.2.  

Table 5.2 Genomic primers used in Chapter 5. 

Target Primer Name Sequence (5’→ 3’) 
AN1416 AN1416_5’F CCTCAAGCGACACTAGAAAC 

 AN1416_3’R AGACGGACTGTAGACGAATC 

 AN1416_5’F GACTATTCCTAAGCTACTCCTAC 

 AN1416_3’R CAAAGCATCACCCAATGACG 

AN1418 5fAn1418 GATCCGCGTTAGCTG 

 3fAn1418 GCACTAGCGGGGTTA 

 AN1418_5’F CTTTGGCGTTGACTGTATCAG 
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5.4.3 Plasmid construction 

Plasmids containing wild-type GlcNAc utilization genes were constructed by 

cloning the PCR product of each gene of interest amplified from the deletion recipient 

strain (MH11068) individually into the pGEM-T Easy vector (Promega). The AN1418 

gene fragment was excised from pGEM-T Easy using NotI restriction enzyme. AN1416, 

AN1427, and AN1428 were each excised using NotI and SpeI. Each resulting gene 

fragment was subcloned separately into the wA-targeting vector pCW6500 (Hunter et al. 

2014). Plasmid names and insert specifications are shown in Table 5.3.  

Table 5.3 Plasmids used in Chapter 5. 

Plasmid name Insert Backbone 
pHF280 AN1416 (-637 to +3719) pGEM-T Easy 

pHF281 AN1427 (-919 to +2814) pGEM-T Easy 

pHF279 AN1428 (-770 to +2165) pGEM-T Easy 

pHF278 AN1418 (-1211 to +2358) pGEM-T Easy 

pHF285 AN1416 (-637 to +3719) pCW6500 

 AN1418_3’F CTTACCGTGCTTCTTACAAG 

AN1427 AN1427_5’F AGTAGGTGTGGAGTGGAAGT 

 AN1427_3’R GAGGGACCCTACTACAGCTA 

 AN1427_5’F_2 GGTACAGCACCATACAGACG 

 AN1427_3’R_2 CGTACTTCTACCTGAGACTCTG 

AN1428 AN1428_5’F CACTCCACACCTACTGTC 

 AN1428_3’R CTATGACACTCCTGTCGATG 

 AN1428_5’F_2 CACGGATTCTGGAACGATTG 

 AN1428_3’R_2 GATTCCCTTCTGTCTCAACAC 

AN8127 AN8127_5’F_outside GAGCAGTACCGTATTCCCAT 

 AN8127_3’R_outside GAGTCAAGCTGATCTGACAG 

 AN8127_5’F_inside GCCCTAGTCATTATCTCCTG 

 AN8127_3’R_inside CTACAGAGCCCGTATTGAC 

 ANID_08127.1_5’F 
GTAACGCCAGGGTTTTCCCAGTCACGACGGCCCTAGTCATT
ATCTCCTG 

 ANID_08127.1_3’R 
GCGGATAACAATTTCACACAGGAAACAGCCTACAGAGCCC
GTATTGAC 

 AN8127_5’R TGCGTGTAGGTTCGATAAAC 

 AN8127_3’F GGCGAAGAGAAGACAATGAG 

AfpyrG AfpyrG_5’R ATCCACTTAACGTTACTGAAATC 

 AfpyrG_3’F CTCCTTCAATATCATCTTCTGTC 
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pHF287 AN1427 (-919 to +2814) pCW6500 

pHF289 AN1428 (-770 to +2165) pCW6500 

pHF291 AN1418 (-1211 to +2358) pCW6500 

 

 5.4.4 Strain construction 

 Construction of GlcNAc utilization gene deletion mutants 

AN1416 (RT707;  -17 to +3004), AN1427 (RT708;  +9 to +1942), 

AN1428 (RT709;  -28 to +1288), AN1418 (RT626;  -113 to +1359), and AN8127 

(RT988-RT992;  -22 to +1508) mutants were constructed using knockout constructs 

made in the A. nidulans knockout project by De Souza et al. (2013) and obtained from 

the Fungal Genetics Stock Center, Manhattan, Kansas (McCluskey et al. 2010). Briefly, 

each construct consisted of the Aspergillus fumigatus pyrG (AfpyrG) gene selectable 

marker, flanked by ~1 kbp of sequences upstream and downstream of the gene of 

interest, which allowed for gene replacement by homologous recombination in a nkuA∆ 

non-homologous end-joining mutant recipient (Nayak et al. 2006). Transformation into a 

recipient with the pyrG89 mutation (MH11068 for AN1416∆, AN1427∆, AN1428∆, and 

AN1418∆; RT865 for AN8127∆) allowed selection of transformants for pyrimidine 

prototrophy (Oakley et al. 1987a). Knockout construct integration was confirmed by the 

presence of a PCR band of the construct size (1.7 kb) and absence of a PCR band of 

the deleted gene size.  

 Repair of GlcNAc utilization gene deletion mutations 

Wild-type AN1416 (-637 to +3719), AN1427 (-919 to +2814), AN1428 (-770 to 

+2165), and AN1418 (-1010 to +2451) genes were each PCR amplified from MH11068 

genomic DNA and transformed into the corresponding deletion mutants (RT708, RT707, 

RT709, and RT626, respectively) using methods described in Downes et al. (2013). 
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Two selection methods were used for each transformation. Transformants were directly 

selected for restoration of the wild-type GlcNAc growth phenotype on protoplast media 

containing 10 mM GlcNAc as the sole nitrogen source. Additionally, transformants were 

selected on media containing 1 mg/mL 5-fluoroorotic acid (5-FOA), which is 

metabolized into a toxic product via the product of the pyrG gene. Because the recipient 

strains have the pyrG89 mutation, growth on 5-FOA is only possible following gene 

replacement of the AfpyrG gene used as the selectable marker during construction of 

the deletion mutants. 

 Complementation of GlcNAc utilization deletion mutant phenotype 

The pHF285 plasmid containing the wild-type AN1416 gene, the pHF287 plasmid 

containing the wild-type AN1427 gene, the pHF289 plasmid containing the wild-type 

AN1428 gene, and the pHF291 plasmid containing the wild-type AN1418 gene were 

each transformed into their corresponding deletion mutants (RT708, RT707, RT709, 

and RT626, respectively) containing the pyroA4 mutation. Transformants were selected 

for pyridoxine prototrophy, conferred by the AfpyroA selectable marker in the pCW6500 

plasmid. 

 Construction of an AN1427 AN8127 double mutant 

Crossing and transformation strategies were both used during construction of an 

AN1427 AN8127 double mutant. Two AN1427 mutants (RT993 and RT995) were 

each separately crossed with an AN8127 (RT988) mutant using protocols described in 

Todd et al. (2007b). 

To facilitate the transformation strategy, we recycled the AfpyrG selectable 

marker used to delete the AN1427 gene by selection of an AfpyrG- loss-of-function 
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mutant. A pyrG89 AN1427AfpyrG- mutant (RT1019) was generated for use as a 

transformation recipient by growing a pyrG89 AN1427AfpyrG+ mutant (RT996) on 

complete media with pyrimidine supplementation and containing 1.25 mg/mL 5-FOA, 

selecting for spontaneous mutations in the AfpyrG gene. The AN8127::AfpyrG+ 

knockout construct described above was transformed into RT1019, and transformants 

were selected by pyrimidine prototrophy conferred by the AfpyrG gene. Transformants 

were initially picked by conidial transfer to complete media lacking pyrimidines, and 

simultaneously picked to 1% glucose-10 mM GlcNAc (i.e., GlcNAc as nitrogen source) 

and 1% GlcNAc-10 mM ammonium (i.e., GlcNAc as carbon source) minimal media.  

Heterokaryon rescue experiments were performed by obtaining multiple conidia 

from each transformant on the primary selection plates with a flat toothpick and 

streaking them to pyrimidine-supplemented and unsupplemented complete media 

(Osmani et al. 2006). 

 Construction of xprG−AN1416 double mutants 

To construct the xprG AN1416 mutants (RT827-RT831), the 

AN1416::AfpyrG+ knockout construct from the Fungal Genetics Stock Center was 

transformed into a pyrG89 xprG::argB+ strain (RT811). Transformants were selected 

for pyrimidine prototrophy conferred by the AfpyrG selectable marker. 

To construct the xprG1 AN1416 mutants (RT822-RT826), the 

AN1416::AfpyrG+ knockout construct was transformed into a pyrG89 xprG1 strain 

(RT803). Transformants were selected for pyrimidine prototrophy conferred by the 

AfpyrG selectable marker. 
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 5.5 Results 

 5.5.1 Genetic analysis of the GlcNAc utilization pathway 

A. nidulans can utilize GlcNAc as a sole carbon or nitrogen source (Katz et al. 

2016; S.M. Hopkins and R.B. Todd, unpublished data). Previous work in our lab 

identified putative A. nidulans genes encoding the GlcNAc utilization transporter and 

structural genes orthologous to those studied in C. albicans (Table 5.4; Figure 5.1A; 

R.B. Todd, unpublished data). The putative GlcNAc transporter that imports 

extracellular GlcNAc into the cell is encoded by AN1427 (Figure 5.1A). hxkC (AN4255) 

encodes a GlcNAc hexokinase that phosphorylates GlcNAc to produce GlcNAc-6-

phosphate (Katz et al. 2016). This is followed by deacetylation by the GlcNAc-6-

phosphate deacetylase enzyme encoded by AN1428, producing glucosamine-6-

phosphate. Finally, AN1418 encodes a deaminase that acts on this product to release 

fructose-6-phosphate and ammonium used as carbon and nitrogen sources, 

respectively, for growth. In A. nidulans, the GlcNAc utilization gene cluster is on 

chromosome VII and is split into two parts due to a chromosomal inversion (Figure 

5.1B; Kappel et al. 2016). AN1427 and AN1428 are adjacent in the genome on 

chromosome VII, approximately 25 kbp distal to AN1418, which lies adjacent to the 

GlcNAc transcription factor gene xprG (AN1414) and the GlcNAc sensor gene AN1416. 

hxkC is located on chromosome V and is not associated with the GlcNAc utilization 

gene cluster. Deletion mutants were constructed for AN1427, AN1428, and AN1418 

(S.M. Hopkins, J.T. Steyer, C.C. Hunter, and R.B. Todd, unpublished data). Growth of 

these mutants, along with a previously-constructed hxkC mutant (Bernardo et al. 

2007), did not differ from wild type on glucose-ammonium minimal media (Figure 5.1C). 
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However, all mutants exhibited weaker growth when provided with GlcNAc as a sole 

nitrogen, carbon, or nitrogen and carbon source. This establishes their roles in 

utilization of GlcNAc. We have named AN1427 ngtA (N-acetylglucosamine transporter 

A), AN1428 dacA (deacetylase A), and AN1418 damA (deaminase A). Genes regulating 

GlcNAc utilization will be discussed later in this chapter. 

Figure 5.1 The proposed model for GlcNAc catabolism in A. 
nidulans consists of one transporter gene and three catabolic 
genes. 
(A) GlcNAc enters the cell through a GlcNAc transporter 
(AN1427) and is catabolized by a GlcNAc hexokinase (HxkC), 
a GlcNAc-6-phosphate deacetylase (AN1428), and a 
glucosamine-6-phosphate deaminase (AN1418), to produce 
ammonium and fructose-6-phosphate, which can enter nitrogen 
and carbon metabolism, respectively.(B) GlcNAc utilization and 
regulatory genes are clustered on chromosome VII, except for 
hxkC on chromosome V. (C) Deletion of any of the four genes 
encoding the steps in the proposed GlcNAc utilization pathway 
results in reduced ability to catabolize GlcNAc indicated by 
reduced growth. Strains of the indicated genotypes were grown 
on supplemented minimal media containing the indicated 
compounds as carbon and/or nitrogen sources for 48 h at 37⁰C. 
From top to bottom: MH11068, RT708, RT489, RT709, RT626. 
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Table 5.4 GlcNAc utilization protein comparisons between A. nidulans and C. 
albicans. 

A. nidulans C. albicans % identity / % similarity 
NgtA (AN1427) Ngt1 45.4 / 60.9 

HxkC (AN4255) Hxk1 23.9 / 41.9 

DacA (AN1428) Dac1 35.0 / 54.7 

DamA (AN1418) Nag1 35.0 / 46.9 

 

To further establish the role of the putative GlcNAc pathway genes in GlcNAc 

utilization, we repaired and/or complemented the ngtA∆, dacA∆ and damA∆ deletion 

mutants with the corresponding wild-type gene copies. The GlcNAc utilization mutant 

strains carry the nkuA∆ non-homologous end-joining (NHEJ) mutation, which facilitates 

integration by homologous double crossover at high frequency. Therefore, it should be 

possible to repair the deletion mutants by gene replacement with linear fragments 

containing the corresponding wild-type gene and flanking sequences (Figure 5.2A). 

These three deletion mutants were made with the AfpyrG gene as the selectable marker 

in a pyrG89 auxotrophic mutant background. We attempted to repair gene deletions in 

the ngtA, dacA, and damA mutants by transforming the corresponding wild-type 

genes PCR amplified from the strain used as the deletion recipient (MH11068: pyrG89 

pyroA4 nkuA∆) into their respective deletion mutants and directly selecting for wild-type 

growth on GlcNAc as a nitrogen source in the presence of pyrimidines. Although the 

background growth for each of the GlcNAc utilization mutant recipients was high in this 

novel selection, we were able to identify, with low efficiency, several transformants with 

very diffuse growth stronger than background. These putative transformants showed 

repair of the GlcNAc utilization phenotypes in growth tests (Figure 5.2B). However, due 

to the high background and diffuse growth of the transformants, the GlcNAc utilization 

genes are not suitable for use as selectable markers. We additionally used an 
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alternative selective media containing 5-FOA to select for loss of the gene replacement 

AfpyrG selectable marker in each deletion mutant due to integration of the wild-type 

Figure 5.2 Wild-type phenotypes on GlcNAc were 
restored by repair or complementation. 
(A) ngtA (AN1427), dacA (AN1428), and damA 
(AN1418) genes PCR-amplified from the wild-type 
recipient from which the deletion mutants were 
generated were transformed into the non-homologous 

end joining-deficient ngtA, dacA, and 

damA mutants, respectively, allowing for 
replacement of the knockout construct via double 
homologous crossover between the AN14XX flanking 
regions of both the wild-type gene and the knockout 
construct. Transformants were directly selected by 
restoration of wild-type growth on GlcNAc as a 
nitrogen source or by growth on media containing 5-
fluoroorotic acid facilitated by loss of the AfpyrG allele 
and restoration of the PyrG89 phenotype. (B) Direct 
selection on GlcNAc produced transformants for the 

dacA and damA repairs, and the 5-FOA selection 

yielded transformants for the ngtA repair (“repair”). 
Transformation of a plasmid containing the wild-type 
genes as shown in Figure 5.3 resulted in varying 
levels of complementation of the mutant phenotypes 
(“comp.”). Strains of the indicated genotypes were 
grown on supplemented minimal media containing the 
indicated compounds as carbon and/or nitrogen 
sources for 48 h at 37⁰C. From top to bottom: 
MH11068, RT708, RT843, RT1003, RT1008, RT709, 
RT832, RT998, RT1000, RT1001, RT626, RT961, 
RT1009, RT1014. Glc: glucose; GlcNAc: N-
acetylglucosamine. 
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gene by double crossover of the flanking sequences. Each transformation experiment 

produced zero to five transformants.  

Using selection for growth on GlcNAc as a nitrogen source, transformations of 

the dacA wild-type gene into the dacA mutant produced six total transformants 

(RT832-RT836; RT959) and transformations of the damA wild-type gene into the 

damA mutant yielded a total of six transformants (RT818; RT961-RT965). 

Transformation of the ngtA wild-type gene into the ngtA mutant yielded three 

transformants using 5-FOA selection (RT843-RT845). Each transformant was confirmed 

as genuine through pyrimidine auxotrophy conferred by loss of the AfpyrG gene, 

restoration of growth on GlcNAc (Figure 5.2B), and PCR product size confirming loss of 

the knockout construct (data not shown). 

Because of the low rate of transformant recovery experienced using the repair 

methodology, we used an alternative strategy to restore wild-type function by 

complementation of the mutant phenotype. Each PCR-amplified wild-type gene was 

separately cloned into a pGEM-T Easy vector, then subcloned into pCW6500. This 

vector contains the Aspergillus fumigatus pyroA (AfpyroA) selectable marker, which 

complements the pyroA4 mutation in each mutant, and allows for selection of pyridoxine 

prototrophs. The vector also contains an internal coding sequence fragment targeting 

the wA gene, disruption of which confers white conidia. Under this strategy, 

transformants of the circular plasmid with targeted integrations disrupting the wA gene 

by single homologous cross-over were white (Figure 5.3A) and those that integrated via 

single homologous crossover at the 5’ or 3’ flank of the GlcNAc utilization gene of 
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interest were green (Figure 5.3B-C). The overall observations are summarized in Table 

5.5.  

Transformation of the pHF287 plasmid containing the wild-type ngtA gene into 

the ngtA strain produced abundant white and green transformants (RT1003-RT1008), 

Figure 5.3 The pCW6500 plasmid targets the wA gene. 
Wild-type GlcNAc utilization genes were cloned into pCW6500, which contains a fragment of the wA gene. (A) 
The construct may integrate via single crossover between the wA fragment in the construct and the wA gene on 
chromosome II to produce white conidia in transformants. (B) Integration may occur at the 5’ end of the 

AN14XX::AfpyrG+ knockout construct via single crossover between the AN14XX 5’ flanking region and the 
homologous sequence upstream of the knockout construct. If a portion of the AN14XX promoter is missing, it 
can be recapitulated by the recipient, allowing for full complementation of the mutant phenotype. (C) Integration 
may occur at the 3’ end of the knockout construct via single crossover between the AN14XX 3’ flanking region 
and the homologous sequence downstream of the knockout construct. In scenarios (A) and (C), all 5’ elements 
necessary for gene expression must be intact for full complementation of the mutant phenotype to occur. 
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but none complemented the ngtA deletion phenotype when GlcNAc was either a 

nitrogen or carbon source (Figure 5.2B). This experiment was repeated and yielded the 

same results a second time. 

 

Table 5.5. Summary of GlcNAc utilization mutant complementation experiments. 

Gene Transformant types Complementation results 

ngtA • 19 white 

• 24 green 
• No complementation 

dacA • 3 white 

• 8 green 
• 2 whites transformant fully complemented 

on GlcNAc as a nitrogen source, partially 
complemented on GlcNAc as a carbon 
source 

• 1 white transformant partially 
complemented on GlcNAc as a nitrogen 
and as a carbon source 

• 4 green transformants fully complemented 
on GlcNAc as a nitrogen source, partially on 
GlcNAc as a carbon source 

damA • 9 white 

• 15 green 
• No whites complemented 

• 1 green transformant fully complemented on 
GlcNAc as a nitrogen and as a carbon 
source 

 

Transformation of the pHF289 plasmid containing the wild-type dacA gene into 

the dacA strain yielded 10 transformants (Figure 5.2B). A subset of the green 

transformants fully complemented the dacA deletion on media containing GlcNAc as a 

nitrogen source and as a carbon source (RT1001-1002), indicating they integrated by 

single homologous crossover at the 5’ end of the dacA∆::AfpyrG gene, reconstructing 

the complete 5’ regulatory region. Two white transformants fully complemented the 

deletion phenotype on GlcNAc as a nitrogen source but only partially on GlcNAc as a 

carbon source (RT998-999), consistent with the construct lacking the complete 5’ 

regulatory sequences. One white transformant complemented the deletion partially on 
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GlcNAc as a nitrogen and as a carbon source (RT1000), which could be explained by 

integrations both at the wA gene and via the 5’ flank of dacA. 

Transformation of the pHF291 plasmid containing the wild-type damA gene into 

the damA strain yielded numerous white transformants (RT1009-RT1013) but none 

complemented the deletion phenotype on GlcNAc either as a carbon or a nitrogen 

source (Figure 5.2B), indicating they lacked the full promoter sequence. One green 

transformant (RT1014) fully complemented the damA deletion on both media types, 

suggesting it integrated by single homologous crossover at the 5’ end of the 

damA::AfpyrG gene. 

Because we did not observe full complementation of the deletion phenotypes in 

all transformants, we examined the promoter sequences of ngtA, dacA, and damA. 

Specifically, we looked for binding sites for XprG and for AreA, the general transcription 

factor for relief of nitrogen metabolite repression. These were assessed in relation to the 

probable 5’ end of the transcript, as identified by available RNA-seq and CAGE-seq 

data, and the 5’ forward primer used for generating the cloned fragment for each gene 

(Figure 5.4). Gene expression data suggested that the primary transcription start site in 

ngtA is ~0.35 kb upstream of the currently-annotated (version 4) 5’ UTR. This places the 

potential XprG and AreA binding sites downstream of the ngtA (AN1427) 5’ F primer 

(and therefore within the construct) within the 5’ UTR, i.e., downstream of the 

transcription start site, and indicates that these DNA binding sites are not sufficient to 

drive expression of ngtA. Thus, there are likely no binding sites for either XprG or AreA 

in the promoter fragment of the construct transformed into the ngtA mutant. The dacA 

and damA fragments transformed into their respective deletion mutants both possess 
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potential AreA binding sites, however they, too, have no likely XprG binding sites 

present in the promoter fragments of either construct. For all three genes, putative XprG 

binding sites were observed further 5’ than the promoter region included in the 

complementation constructs. These results highlight the necessity of XprG binding for 

full function of these genes. 

 5.5.2 AN8127 encodes a second GlcNAc transporter 

The growth defect observed in the ngtA GlcNAc transporter mutant using 

GlcNAc as a nitrogen, carbon, or nitrogen and carbon source was less severe than that 

seen in the hxkC∆, dacA, and damA mutants (Figure 5.1C) or the xprG∆ and 

AN1416∆ GlcNAc utilization regulatory mutants (see Section 5.5.6 and Figure 5.10). 

This suggested that additional transporter(s) may be involved in transporting GlcNAc 

into the cell. Gilmore et al. (2013) showed experimental evidence for two GlcNAc 

transporter genes, HcNGT1 and HcNGT2, in Histoplasma capsulatum. While HcNGT1 

was widely conserved in fungi, HcNGT2 orthologs were absent in most fungal taxa, 

including C. albicans and other species in which GlcNAc catabolism has been 

Figure 5.4 Gene fragments transformed into GlcNAc utilization deletion mutants lacked necessary upstream elements. 
 The locations of consensus DNA binding sites for the transcription factors XprG (red bar), AreA (orange bar), and 
CreA (blue bar) were mapped in the 2-kb upstream region of ngtA, dacA, and damA. Also shown is the predicted 
transcription start site as indicated by CAGE-seq data (purple arrow) and the location of the 5’ forward primer used to 
make the PCR product cloned into pCW6500 for complementation experiments. White boxes indicate annotated UTR 
regions. 

 



121 

investigated. However, HcNGT2 has a predicted ortholog in A. nidulans, AN8127 

(Gilmore et al. 2013). We compared the AN8127 protein sequence with NgtA, HcNgt1 

and HcNgt2 (Table 5.6). AN8127 shows 37.2% identity and 54.3% similarity to NgtA. 

Both proteins are more similar to their predicted orthologs in H. capsulatum than they 

are to each other, providing evidence that AN8127 represents a second putative 

GlcNAc transporter in A. nidulans that is evolutionarily distinct from NgtA. 

 

Table 5.6 Percent sequence identity and similarity between GlcNAc transporters 
of A. nidulans and H. capsulatum. 

 NgtA (AN1427) AN8127 HcNgt1 HcNgt2 

NgtA (AN1427) 100 / 100 37.2 / 54.3 58.6 / 71.1 33.4 / 49.4 

AN8127  100 / 100 39.1 / 53.3 57.7 / 71.0 

HcNgt1   100 / 100 34.1 / 48.4 

HcNgt2    100 / 100 

 
 

To better understand the relationship between ngtA and AN8127, we used online 

tools to document and predict features of the genes and the proteins they encode 

(Table 5.7). ngtA is located within the GlcNAc utilization gene cluster on chromosome 

VII, while AN8127 is outside of this gene cluster on chromosome II. Although hxkC is 

outside of this gene cluster in A. nidulans, in most species its orthologs are clustered 

with other GlcNAc utilization genes, providing evidence this is its ancestral location 

(Kappel et al. 2016). However, AN8127 orthologs are located outside of the GlcNAc 

utilization gene cluster in all species we examined. 

Like NgtA, AN8127 belongs to the large Major Facilitator Superfamily of 

membrane-bound transporters (PF07690/IPR011701). Both proteins have 12 

transmembrane domains arranged in two groups of 6, as is typical of this family (Figure 
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5.5). Over 250 genes in A. nidulans encode proteins with this domain and they are 

predicted to transport a diverse array of molecules. BLASTp analysis using the NgtA 

protein sequence indicated AN8127 as the top hit within A. nidulans, followed distantly 

by fewer than 20 additional MFS-encoding genes. Thus, merely having the MFS protein 

domain does not confer any great degree of sequence homology or indicate similarity of 

function. The high degree of similarity in sequence between NgtA and AN8127 suggests 

they may transport the same or similar cargo. 

 

Table 5.7 Comparison of NgtA and AN8127. 

 NgtA AN8127 
Genomic location Chromosome VII, in the GlcNAc 

utilization gene cluster 
Chromosome II 

Gene structure 3 introns 1 intron 

Protein length (residues) 508 482 

Protein transmembrane domain 
predictions+ 

12 12 

InterPro domains MFS (PF07690) MFS (PF07690) 

Localization predictions# Plasma membrane, 
ER, lysosome/vacuole 

Plasma membrane, ER, 
lysosome/vacuole 

+ DeepTMHMM 1.0 
# Psort II and DeepLoc 2.1 

  

 

Figure 5.5 NgtA and AN8127 have the expected Major Facilitator Superfamily topology. 
NgtA and AN8127 both contain 12 transmembrane domains characteristic of MFS proteins, arranged in two clusters 
of six. H. capsulatum orthologs Ngt1 and Ngt2, respectively, are shown for comparison. Predictions made by 
DeepTMHMM 1.0. 
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Localization predictions using Psort II and DeepLoc3 were not definitive for either 

protein, giving high localization likelihoods to the plasma membrane, ER, and 

lysosome/vacuole. Plasma membrane-bound proteins often pass through the ER 

endomembrane system during transport, and re-localization of transporters to and from 

their target membranes is a primary method of regulation (Bauer et al. 2015). 

Fluorescence-tagged CaNgt1 was observed primarily at the plasma membrane within 

seconds of exposure to GlcNAc (Alvarez and Konopka 2007; Hanumantha Rao et al. 

2022). Degradation of CaNgt1 via an endosome-to-lysosome pathway has also been  

confirmed (Hanumantha Rao et al. 2022). These observations and the degree of 

sequence similarity between NgtA and AN8127, coupled with our direct evidence of 

their necessity for efficient utilization of extracellular GlcNAc presented below, provide 

strong evidence that both transporters are active in the plasma membrane but they may 

be located elsewhere transiently. 

A phylogenetic tree was constructed for the NgtA and AN8127 proteins including 

representative sequences throughout the fungal kingdom (Figure 5.6A-B). Results 

showed distinct clades corresponding to the predicted NgtA and AN8127 orthologs. 

To evaluate a possible role for AN8127 in utilization of extracellular GlcNAc, we 

deleted the AN8127 gene by transforming an AN8127::AfpyrG+ knockout construct 

into the pyrG89 recipient RT865 and selecting for pyrimidine prototrophy (Figure 5.7A). 

The resulting transformants did not differ from wild type when grown on glucose- 

ammonium minimal media but displayed reduced growth compared with wild type on 

media with GlcNAc as a sole nitrogen, carbon, or nitrogen and carbon source. However, 

growth of AN8127 mutants was leakier than that seen in ngtA mutants (Figure 5.7B), 
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Figure 5.6 AN1427 and AN8127 form two distinct clades within the Eurotiomycetes. 
Alignment of the protein sequences of fungal orthologs of A. nidulans AN1427 and AN8127 were used to construct 
rooted (A) and unrooted (B) trees. In the unrooted tree, two distinct clades are evident. Alignment by MAFFT and tree 
design by iTOL. 
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suggesting NgtA is the primary transporter and AN8127 plays a more minor role. Based 

on confirmation of its role in GlcNAc utilization, we named AN8127 ngtB. 

 5.5.3 Deletion of both GlcNAc transporter genes is lethal 

Because deletion of ngtA and ngtB individually produced leakier phenotypes on 

GlcNAc than other GlcNAc pathway mutants, we hypothesized that the two genes may 

be partially redundant and that a double deletion mutant might exhibit a tight GlcNAc 

utilization phenotype. We first attempted to generate ngtA ngtB mutants by crossing 

a ngtA mutant (RT993) with a ngtB mutant (RT988). As per our normal protocol, we 

screened for hybrid cleistothecia by isolating four cleistothecia, bursting them to release 

ascospores, and spreading the individual ascospore suspensions on selective media on 

which only wild-type recombinant progeny lacking crossing marker auxotrophies could 

grow (Todd et al. 2007b). To verify the presence of viable progeny, we also spread 

Figure 5.7 Deletion of AN8127 confers decreased growth on GlcNAc. 
(A) Deletion mutants were constructed by gene replacement with a knockout construct containing the Aspergillus 

fumigatus pyrG gene (AfpyrG+) following transformation into a nkuA A. nidulans recipient. (B) AN8127 mutants 
exhibited decreased growth on GlcNAc as a nitrogen source, carbon source, or nitrogen and carbon source. The 

decrease was not as pronounced as seen in ngtA mutants. Strains of the indicated genotype were grown on 
supplemented minimal media containing 1% carbon source or carbon and nitrogen source and 10 mM nitrogen 
source and incubated for 48 h at 37⁰C. Top to bottom: MH11068, RT708, RT988. 
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ascospore suspension on pyrimidine-supplemented complete media, on which all 

progeny could grow. Because no evidence of recombinant progeny was observed in our 

initial four cleistothecia, we screened an additional 12 cleistothecia. Again, there was no 

evidence any cleistothecia were hybrid. Additionally, a low number of progeny were 

observed for all ascospore suspensions on supplemented complete media. The cross 

was repeated and 12 additional cleistothecia were screened, without identifying any 

hybrid cleistothecia. 

We attempted the cross again using a ngtA mutant with different crossing 

markers (RT995). Of 16 cleistothecia examined, no hybrid cleistothecia were found. To 

further explore our observations, we selfed both parents. Visual inspection indicated the 

ngtA mutant produced abundant cleistothecia of normal size, while the ngtB mutant 

produced few cleistothecia of reduced size (data not shown). This indicated a fertility 

defect in the ngtB mutant. 

We devised a new strategy to construct the double mutant by transformation. 

First, we grew a ngtA mutant (RT996) on media containing 5-FOA to select 

spontaneous mutations in the AfpyrG marker contained within the ngtA∆ allele, viz., 

ngtA∆::AfpyrG. This, combined with the pyrG89 mutation already present, rendered the 

mutant unable to grow on media without pyrimidine supplementation, thereby recycling 

the AfpyrG pyrimidine prototrophy selectable marker. This allowed us to transform the 

ngtB∆::AfpyrG+ knockout construct used to make the ngtB mutant (see Section 5.5.3) 

into the new ngtA::AfpyrG- mutant and select for transformants by pyrimidine 

prototrophy (Figure 5.8).  
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We obtained transformants and, as per usual protocol, picked them by stabbing 

the colonies with a wire and transferring conidia to complete media lacking pyrimidines. 

To analyze the impacts of deletion of both transporters on growth using GlcNAc as a 

substrate, we also picked the same transformants to media containing GlcNAc as a 

nitrogen source or GlcNAc as a carbon source. Most of the transformants failed to grow 

on all three media types. However, four transformants grew normally on complete 

media and exhibited the NgtA recipient phenotype on media containing GlcNAc as a 

nitrogen or carbon source. Taken alone, the NgtA phenotype on GlcNAc could suggest 

that deletion of both transporters does not produce an additive effect on phenotype, but 

these four transformants could have arisen from gene conversion of the AfpyrG 

selectable maker or diploids arising from karyogamy of transformed and recipient nuclei 

(see below). The lack of growth on any of three types of media by most of the 

transformants that exhibited normal phenotypes on the transformation selection plates 

was surprising. 

Figure 5.8 The ngtA ngtB double mutant was created using a transformation strategy. 
The ngtB knockout construct containing the AfpyrG+ selectable marker was transformed into a pyrG89 

ngtA::AfpyrG- recipient exhibiting pyrimidine auxotrophy. The AfpyrG+ marker complemented the PyrG- phenotype 

of the recipient, resulting in double mutants that were pyrG89 ngtA::AfpyrG- ngtB::AfpyrG+ and exhibited 
pyrimidine prototrophy. Chr: chromosome. 
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We considered whether the transformants that failed to grow might be 

heterokaryons in which a lethal ngtB∆ mutation might be rescued by complementation 

by the wild-type ngtB allele in an untransformed nucleus. In A. nidulans, streaking the 

uninucleate conidia for single colonies separates the two nuclear types from a 

heterokaryon. To investigate further, we performed a heterokaryon rescue test by 

streaking conidia from transformants on the primary transformation selection plates for 

single colonies on both selective media lacking pyrimidines and non-selective media 

supplemented with pyrimidines. On selective media conidia carrying the PyrG- recipient 

nuclei (of pyrG89 and AfpyrG- genotype) will not germinate, whereas conidia carrying 

the transformed knockout nuclei will germinate but growth will arrest at the point the 

deleted gene is required (Figure 5.9A). On non-selective media, growth will be observed 

as the conidia carrying the PyrG- recipient nuclei will germinate and grow, even though 

the knockout conidia will arrest at the point the deleted gene is required. All 

transformants showed growth when streaked on non-selective media (Figure 5.9B). On 

selective media lacking pyrimidines, three transformants grew moderately well and one 

grew normally. All other transformants grew extremely poorly. We examined the poorly-

growing transformants using the dissecting microscope and observed ungerminated 

conidia and germinated conidia with severely aborted growth (Figure 5.9C). 

These observations suggest that simultaneous deletion of both ngtA and ngtB is 

lethal. In such an event, A. nidulans may form diploids and/or heterokaryons, that 

complement the lethal mutation(s) as a survival tactic. The transformation produced 

transformed nuclei which took in the knockout construct and replaced the wild-type ngtB 

gene. The resulting nuclei contained both the ngtA∆::AfpyrG- and ngtB∆::AfpyrG+ 
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deletions and were phenotypically PyrG+ (Figure 5.9A). Additionally, untransformed 

recipient nuclei remained, which were ngtA::AfpyrG-, ngtB+, pyrG89, and 

phenotypically PyrG-. When both types of nuclei were together in heterokaryotic 

mycelia, growth was possible because the wild-type ngtB gene complemented the ngtB 

deletion, but when separated via the uninucleate conidia, such as when stabbed or 

streaked for single colonies, each type of conidium exhibited different behavior. Conidia 

with untransformed nuclei exhibited the recipient (ngtA) phenotype: normal growth on 

non-selective media, no germination on selective media, and the ngtA level of growth 

reduction on media containing GlcNAc. Conidia with transformed nuclei grew only up to 

the point at which the deleted genes were necessary on all three media, however, this 

was masked on non-selective media by the abundant growth of the untransformed 

conidia. The heterokaryon rescue experiment also suggests at least one transformant 

formed a diploid which grew normally on both selective and non-selective media, 

because the AfpyrG-, pyrG89 and ngtB mutations were complemented in all 

transformed nuclei. Alternatively, transformants with this phenotype could have been 

recovered by gene conversion of ngtA∆::AfpyrG- to ngtA∆::AfpyrG+ from AfpyrG in the 

knockout construct (without gene replacement of ngtB).  

We used PCR to confirm the presence of two genotypes in transformants. In a 

heterokayron, because both the wild-type ngtB and ngtB::AfpyrG+ gene replacement 

are present, PCR should show bands of the sizes expected for each one. Transformant 

4 retained its heterokaryotic growth patterns and was used for DNA extraction. After 

PCR amplification using primers for the ngtA gene, all transformants produced band 

sizes consistent with ngtA knockout construct, as expected. Using primers for ngtB, we 
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Figure 5.9 Deletion of both ngtA and ngtB results in lethality. 
(A) In heterokaryon rescue experiments, uninucleate conidia from a putative heterokaryon are separated by 
streaking for single colonies. Growth after 48 h at 37 °C on complete media supplemented with pyrimidines (i.e., 
non-selective media) was observed for all 12 transformants shown as conidia carrying an untransformed nucleus 
can grow. On unsupplemented (selective) media, only one transformant grew normally, while three other 
transformants grew but appeared unstable or mixed, and most transformants grew extremely poorly. (B) Microscopic 
examination of poorly growing transformants after 48 h at 37 °C revealed ungerminated conidia (black arrows) and 
germinated conidia with aborted growth (yellow arrows). (C) In heterokaryotic mycelia, the presence of two types of 

nuclei allows complementation of the ngtB mutation and relief of the ngtA ngtB phenotype. Uninucleate conidia 
have only one nucleus type. On supplemented media, the aborted growth of conidia with transformed nuclei is 
masked by normal growth of conidia with untransformed nuclei. On unsupplemented media, transformed nuclei 
show aborted growth but untransformed nuclei do not germinate due to the AfpyrG- and pyrG89 mutations, thus 
revealing the heterokaryotic nature of the strain. Diploid transformants grow normally with or without pyrimidine 

supplementation because the ngtB, AfpyrG-, and pyrG89 mutations are complemented. 
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confirmed the presence of both the ngtB wild-type gene and the ngtB::AfpyrG+ 

knockout construct. The presence of both ngtB alleles within a single transformant, 

coupled with the growth phenotype when the nuclei were separated by streaking for 

single colonies, is strong evidence Transformant 4 was a heterokaryon. 

To ensure the original transformation and its results were genuine, we repeated 

the transformation of the ngtB knockout construct into the ngtA AfpyrG- mutant. The 

results were similar, with several putative diploid transformants and several putative 

heterokaryons observed in a heterokaryon rescue experiment. This strengthens 

evidence that simultaneous deletion of both GlcNAc transporters is lethal (or near-

lethal) in A. nidulans. 

 5.5.4 xprG and ngsA regulate GlcNAc utilization in A. nidulans 

The XprG transcription factor was previously established as necessary for 

utilization of GlcNAc as a carbon source (Katz et al. 2016). We confirmed the growth 

phenotypes of the xprG deletion mutant on GlcNAc as a carbon source and also 

assessed growth on GlcNAc as a nitrogen source or carbon and nitrogen source (Figure 

5.10A). The xprG∆ mutant showed partially reduced growth compared with wild type on 

GlcNAc as a nitrogen source and severely reduced growth compared with wild type 

when GlcNAc is either a sole carbon source or sole carbon and nitrogen source. The 

xprG1 gain-of-function mutant grew better than the xprG mutant but less robustly than 

wild type on GlcNAc as a nitrogen, carbon, or nitrogen and carbon source. 

Based on the C. albicans model, XprG is hypothesized to physically associate 

with the putative GlcNAc sensor and histone acetylase AN1416. Previous work in our 

lab identified the AN1416 gene adjacent to xprG and constructed an AN1416 mutant. 
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Using growth testing, we showed that AN1416 is required for efficient utilization of 

GlcNAc as a sole nitrogen, carbon, or carbon and nitrogen source (Figure 5.10A), with 

the AN1416∆ mutant showing a similar reduction in growth to the xprG∆ mutant in each 

of the GlcNAc utilization growth tests. We gave AN1416 the name ngsA (N-

acetyglucosamine sensor A). 

Evidence in C. albicans and T. reesei indicates their NgsA orthologs are 

descended from -N-acetylglucosaminidase proteins of the glycoside hydrolase 3 (GH3) 

family, enzymes that cleave terminal N-GlcNAc molecules from GlcNAc chains (Su et 

al. 2016; Ullah et al. 2025). An example in A. nidulans is NagA, which breaks down 

GlcNAc chains released from the cell wall during autolysis (Kim et al. 2002). Four 

Figure 5.10 GlcNAc catabolism is regulated by xprG and ngsA. 
(A) GlcNAc cannot be utilized efficiently without both xprG and ngsA. From top to bottom: MH11068, MK85, MK414, 
RT707, RT827, RT822. For 1% GlcNAc-10 mM ammonium medium, ammonium chloride was used. For 1% glucose-
10 mM ammonium medium, ammonium tartrate was used. (B) xprG is necessary for milk clearing by extracellular 
proteases, but ngsA has a repressive effect on milk clearing. The xprG1 ngsA+ mutant cleared milk slightly less in the 
presence of GlcNAc than without it. No differences were seen in any other strains. Strains of the indicated genotypes 
were grown on supplemented media containing the indicated compounds as carbon and/or nitrogen sources for 48 
hours at 37⁰ C. From top to bottom: MH11068, MK85, MK414, RT707, RT822, RT827. Glc: glucose; GlcNAc: N-
acetylglucosamine. 
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essential residues are necessary for interaction with GlcNAc, and an additional two are 

needed for hydrolytic activity. However, in NgsA orthologs, mutation of one or both of 

those two key catalytic residues has eliminated their hydrolytic ability. Therefore, the 

proteins can bind but not hydrolyze GlcNAc, allowing them to act as GlcNAc sensors. 

Compare this with the basal fungus Rhizomucor miehei RmNag protein. Like NgsA 

orthologs, RmNag contains both a GH3 and an acetyltransferase domain, but both 

residues required for hydrolysis of GlcNAc are intact and its hydrolytic capability has 

been experimentally confirmed (Qin et al. 2015). Sequence alignment of NgsA with 

related proteins reveals that the four residues required for GlcNAc interaction are intact 

Figure 5.11 NgsA is a GlcNAc sensor. 
Alignment of the NgsA protein sequence with its orthologs and other similar proteins shows conservation of four 
residues required for GlcNAc interaction (in blue). One or both of two key residues required for hydrolysis of terminal 
GlcNAc molecules from GlcNAc chains (in green) are not conserved in Aspergillus nidulans (Anid), Trichoderma 
reesei (Tree), and Candida albicans (Calb), indicated by purple stars. These key residues are intact in the basal 
fungus Rhizomucor miehei (Rmei).  
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but both residues necessary for hydrolysis of GlcNAc are mutated, providing additional 

evidence that it functions as a GlcNAc sensor in A. nidulans (Figure 5.11). 

Multiple attempts to repair the ngsA mutant phenotype using methodology 

outlined in Section 5.5.1 were unsuccessful, with no transformants obtained. To 

complement the ngsA phenotype, we transformed the pHF285 plasmid containing the 

wild-type ngsA gene in a wA targeting vector with the AfpyroA selectable marker into 

the ngsA mutant and selected for pyridoxine prototrophy. We obtained transformants 

with either green or white colored conidia that fully complemented the knockout 

phenotype by restoring wild-type growth on media containing GlcNAc as a nitrogen or 

as a carbon source (Figure 5.12; RT981-RT987; Table 5.5). Two white transformants 

complemented the mutant phenotype only partially, as indicated by growth that 

exceeded that of the deletion mutant but was poorer than wild type. PCR confirmation of 

five white transformants (two partially complementing and three fully complementing) 

indicated they contained both the ngsA::AfpyrG+ knockout construct and the ngsA 

wild-type gene, indicating successful integration of the pHF285 plasmid.  

Figure 5.12 Full complementation of the ngsA mutant 
phenotype. 
Using the complementation strategy depicted in Figure 5.3, the 
ngsA wild-type gene was cloned into the pCW6500 plasmid and 

transformed into a ngsA mutant, resulting in full 
complementation of the mutant phenotype and wild-type growth 
on GlcNAc as a nitrogen, carbon, or carbon and nitrogen 
source. Strains of the indicated genotypes were grown on 
supplemented minimal media containing the indicated 
compounds as carbon and/or nitrogen sources for 48 h at 37⁰C. 
From top to bottom: MH11068, RT707, RT983, RT981, RT985. 
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 5.5.5 xprG and ngsA exhibit genetic interaction 

We assessed xprG-ngsA genetic interactions by construction of two xprG ngsA∆ 

double mutants. As xprG (AN1414) and ngsA (AN1416) are tightly physically linked 

(~3.4 kbp apart), a crossing strategy was not used. An xprG ngsA double mutant was 

constructed by transforming a ngsA knockout cassette from the Fungal Genetics Stock 

Center into a pyrG89 xprG strain (RT811). Transformants were selected for pyrimidine 

prototrophy. xprG ngsA mutants showed slightly reduced growth on glucose-

ammonium medium, but like the xprG∆ mutant, showed less robust growth on GlcNAc 

as a nitrogen source and very reduced growth on GlcNAc as a carbon source or carbon 

and nitrogen source (Figure 5.10A). A xprG1 AN1416 double mutant was constructed 

by transforming the ngsA knockout construct into a pyrG89 xprG1 strain (RT803) and 

selecting for pyrimidine prototrophy. The resulting xprG1 ngsA∆ mutant also showed 

poor growth on GlcNAc as a nitrogen, carbon, and nitrogen and carbon source. This is 

similar to the xprG∆ mutant and the ngsA∆ mutant but in contrast to the stronger growth 

seen in the xprG1 ngsA+ strain, suggesting that the NgsA protein is necessary for XprG 

to function during growth on GlcNAc. 

We also examined whether ngsA plays a role in extracellular protease regulation 

by xprG. To assess extracellular protease activity, we used growth tests with milk as a 

nitrogen or carbon source. In these tests, a zone of milk clearing, due to degradation of 

milk proteins, occurs around colonies that are producing extracellular proteases. 

Comparing the milk clearing zones around colonies of different genotypes provides 

qualitative evidence for extracellular protease activity of each genotype. On 1% 

glucose-1% milk media, i.e., milk as a nitrogen source, milk clearing was observed for 
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the wild type strain, and the xprG1 gain-of-function mutant, and the levels of clearing 

appeared slightly increased in the ngsA∆ mutant and the xprG1 ngsA∆ double mutant, 

suggesting that NgsA may play a negative role in extracellular protease production 

(Figure 5.10B). However, milk clearing was not observed for the xprG∆ mutant or the 

xprG∆ ngsA∆ double mutant, consistent with activation of protease genes by XprG 

(Katz et al. 2006). Similar effects of each genotype were observed on 1% milk, i.e., milk 

as both a carbon and nitrogen source. On 1% milk-10 mM ammonium media, i.e., milk 

as a carbon source, the wild type strains produced little to moderate levels of milk 

clearing barely beyond the diameter of the colony, while xprG1 and xprG1 ngsA 

strains both showed enhanced milk clearing (Figure 5.10B). Surprisingly, the ngsA 

mutant also produced enhanced milk clearing, indicating increased extracellular 

protease activity. The xprG∆ mutant, as expected, did not clear milk. Furthermore, the 

xprG AN1416 double mutant did not clear milk, indicating ngsA cannot act 

independently of xprG in extracellular protease regulation. This observation indicates 

that NgsA acts to repress extracellular protease genes, in contrast to its role in 

activating GlcNAc utilization genes. To better understand the possible role of a GlcNAc 

sensor in extracellular protease regulation, we performed growth tests of the GlcNAc 

utilization regulatory gene knockout strains on media containing both milk and GlcNAc. 

No substantial change in phenotype was observed for any strains compared to milk 

alone, though the xprG1 (ngsA+) mutant showed slightly reduced milk clearing. This 

suggests that, in contrast to its positive role in GlcNAc utilization, NgsA acts as a 

repressor of extracellular protease genes even when GlcNAc is present indicating that 
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action as an activator or repressor is not simply due to the presence or absence of 

exogenous GlcNAc. 

 5.5.6 xprG and ngsA differ in their expression profiles 

We analyzed RNA-seq data for GlcNAc regulatory genesin a wild-type (with 

respect to nitrogen regulation) strain (MH11068) under different nitrogen utilization 

conditions. xprG was upregulated in the glutamine, alanine, and nitrogen-free conditions 

relative to ammonium (Figure 5.13). ngsA, however, showed similar expression levels 

under all conditions, as may be expected if the NgsA protein functions as a GlcNAc 

sensor.  

Figure 5.13 GlcNAc regulatory genes differ in their expression profiles. 
xprG shows upregulation under glutamine and non-repressing conditions, while ngsA was constitutively 
expressed and did not differ between conditions. Expression levels are shown as normalized transcripts per 
million (TPM). Cultures were grown in supplemented liquid glucose-minimal medium with ammonium, glutamine, 
or alanine as the sole nitrogen source for 16 h at 37˚C. For the nitrogen-free condition, cultures were grown for 
16 h in supplemented liquid glucose-ammonium minimal medium, washed, and transferred to nitrogen-free 
glucose-minimal media for 4 h before harvesting. Significance values of conditions are compared to ammonium: 
*, p < 0.05; **, p < 0.01; p < 0.001; N.S., not significant. Statistical analyses used DESeq2. n=3 biological 
replicates. 
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 5.5.7 GlcNAc utilization genes are regulated by nitrogen source 

We examined expression of the GlcNAc utilization genes in RNA-seq data in the 

same strains and nitrogen conditions used for analysis of xprG and ngsA in Section 

5.5.7. All GlcNAc utilization genes except ngtB were expressed under both repressing 

(ammonium and glutamine) and non-repressing (alanine and nitrogen-free) nitrogen 

regimes (Figure 5.14). Expression of damA under all conditions was considerably higher 

than the other GlcNAc utilization genes. ngtA and dacA were upregulated compared 

with ammonium on glutamine, alanine, and during nitrogen starvation. hxkC and damA 

were up-regulated compared with ammonium on glutamine and alanine, but 

interestingly, were not upregulated in the nitrogen-starvation condition. nagA, a gene 

involved in release of GlcNAc from chitin during autolysis (Reyes et al., 1989; Kim et al., 

2002), was not differentially expressed in any condition relative to ammonium. 

Figure 5.14 Most GlcNAc utilization genes are regulated by nitrogen. 
The ngtA GlcNAc transporter and structural GlcNAc utilization genes were upregulated on glutamine and non-
repressing conditions, relative to ammonium, except nagA. Transporter ngtB gene showed very low expression across 
all conditions. Expression is shown as normalized transcripts per million (TPM). Cultures were grown in supplemented 
liquid glucose-minimal medium with ammonium, glutamine, or alanine as the sole nitrogen source for 16 h at 37˚C. For 
the nitrogen-free condition, cultures were grown for 16 h in supplemented liquid glucose-ammonium minimal medium, 
washed, and transferred to nitrogen-free glucose-minimal media for 4 h before harvesting. Significance values of 
conditions are compared to ammonium: *, p < 0.05; **, p < 0.01; p < 0.001; N.S., not significant. Statistical analyses 
used DESeq2. p-values can be found in Appendix B. n=3 biological replicates. 
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 5.5.8 GlcNAc utilization is regulated by nitrogen metabolite repression  

To assess whether the major regulator of nitrogen metabolism, AreA, which 

activates genes for utilization of alternative nitrogen sources to relieve nitrogen 

metabolite repression, regulates GlcNAc utilization, growth tests to compare wild type 

and areA mutants have been performed. areA mutants grew very poorly compared 

with wild type on media with GlcNAc as a sole nitrogen or nitrogen and carbon source, 

but similar to wild type when GlcNAc was a sole carbon source (S.M. Hopkins and R.B. 

Todd, personal communication). Therefore, utilization of GlcNAc as a nitrogen source is 

regulated by the transcription factor AreA. 

One mechanism that modulates AreA activity is repression in response to 

ammonium and glutamine by the transcription corepressor NmrA. Analysis of RNA-seq 

data in wild type compared with the nmrA∆ mutant reveals evidence of nitrogen 

metabolite repression by NmrA on glutamine, as modest but statistically significant 

derepression of ngtA, hxkC, and dacA was observed (Figure 5.15). Furthermore, strong, 

two-fold derepression of damA, which encodes the step that releases ammonium, was 

observed. Surprisingly, no evidence of derepression of the GlcNAc utilization genes in 

the nmrA∆ mutant was observed on ammonium. Furthermore, no effect of nmrA 

deletion on xprG or ngsA expression was observed on either glutamine or ammonium. 

 5.6 Discussion 

GlcNAc was examined previously for its role in fungal pathogenicity and as 

source of carbon in C. albicans, T. reesei, H. capsulatum, M. oryzae, B. bassiana, and 

C. deneoformans (Simonetti et al. 1974; Gilmore et al. 2013; Kappel et al. 2016; Kumar 

et al. 2016; Vesely et al. 2017; Bhatt et al. 2020; Qiu et al. 2022, 2022; Ye et al. 2022; 
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Yang et al. 2023; Zhang et al. 2024; Ullah et al. 2025). However, there has been no 

prior focus on its role as a source of nitrogen. Our work establishes that extracellular 

GlcNAc can be transported into the cell and catabolized for utilization in growth as a 

sole nitrogen source, a sole carbon source, or a sole nitrogen and carbon source. We 

demonstrated decreased growth on GlcNAc and impaired GlcNAc utilization in deletion 

mutants of the putative GlcNAc sensor ngsA, GlcNAc transporter ngtA, GlcNAc-6-

phosphate deacetylase dacA, and glucosamine-6-phosphate deaminase damA (S.M. 

Figure 5.15 nmrA regulates GlcNAc utilization. 
The ngtA GlcNAc transporter and structural GlcNAc 
utilization genes were upregulated on glutamine in the 

nmrA mutant compared to wild type The hexosaminidase 
nagA, transporter ngtB, and the GlcNAc regulatory genes 
xprG and ngsA were not differentially expressed in the 

nmrA mutant. Expression is shown as normalized 
transcripts per million (TPM). Cultures were grown in 
supplemented liquid glucose-minimal medium with 
glutamine for 16 h at 37˚C. Significance values are the 

nmrA mutant compared to wild type: *, p < 0.05; **, p < 
0.01; p < 0.001; N.S., not significant. Data were analyzed 
using DESeq2. n = 3 biological replicates. 
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Hopkins, C.C. Hunter, J.T. Steyer, and R.B. Todd, unpublished data). We also revealed 

phenotypes for GlcNAc utilization as a nitrogen source for the previously-characterized 

mutants of the transcription factor XprG and GlcNAc hexokinase hxkC, which were 

known to be affected in utilization of GlcNAc as a carbon source (Katz et al. 2016).  

We complemented the decreased growth on GlcNAc as a nitrogen or carbon 

source in the ngsA mutant, confirming the role of this gene in GlcNAc utilization. 

Additionally, we attempted to use the corresponding wild-type genes to complement the 

growth defects of the ngtA, dacA, and damA mutants on GlcNAc as a carbon or 

nitrogen source. The construct we used for complementation of the ngtA∆ mutant 

phenotype failed to complement in the transformants generated, while dacA and damA 

transformants showed full, partial, or no complementation were obtained. Each 

construct contained the transcription start site, the full 5’UTR, coding sequence, and 

3’UTR. However, our analysis of upstream elements of each native gene indicates that 

some of the predicted binding sites for the nitrogen metabolism regulatory transcription 

elements were not included in the constructs used in our complementation experiments. 

The absence of XprG DNA binding sites, along with the site of integration (targeted to 

wA or integration via single crossover in the 3’ flanking sequence), likely account for the 

observed complementation failures in the structural genes. The complementing 

transformants obtained for the damA∆ and dacA∆ recipients indicate that the GlcNAc 

utilization phenotypes we observed are due to the deletion of these two genes. For the 

dacA∆ and damA∆ mutants, we obtained transformants with the corresponding linear 

gene using direct selection on GlcNAc as a nitrogen source, and for ngtA∆ we obtained 

transformants using 5-FOA selection. These transformants were indistinguishable from 
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the wild-type control when growth tested on GlcNAc as a nitrogen, carbon, or nitrogen 

or carbon source. Therefore, through deletion and complementation or repair 

experiments, we demonstrated that the three structural genes predicted to act in the 

GlcNAc utilization pathway showed GlcNAc utilization growth phenotypes and thus 

likely carry out their predicted role in GlcNAc utilization. Additionally, each gene is 

orthologous to one confirmed as involved in GlcNAc catabolism in C. albicans and T. 

reesei (Kumar et al. 2000; Yamada-Okabe et al. 2001; Kappel et al. 2016), the species 

in which the GlcNAc utilization pathway is best characterized. We therefore have 

completed identification of the genes comprising the GlcNAc utilization pathway in A. 

nidulans. 

An unusual phenotype was observed for transformants during repair of deletion 

mutants with wild-type genes via homologous recombination on protoplast media 

selection plates containing with GlcNAc as the nitrogen source. Protoplast media 

contains a very high concentration of sucrose. Although a high level of background 

growth was observed for each of the GlcNAc utilization mutants, we were able to 

identify transformants with slightly stronger than background diffuse growth. We also 

noticed that growth of our wild-type strain MH1 (biA1) displayed diffuse growth when 

GlcNAc was a carbon or carbon and nitrogen source, spread out more than on other 

carbon sources. While neither of these observations of diffuse spreading growth are 

central to our research, they are noteworthy and raise questions regarding 

morphological changes in hyphal growth possibly triggered by the presence of GlcNAc 

under different conditions. Such morphological changes are essential for pathogenesis 

in species such as C. albicans (Simonetti et al. 1974; Lo et al. 1997).  
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We identified NgtB as a second putative GlcNAc transporter required for 

utilization of GlcNAc as a carbon source and/or as a nitrogen source. NgtB orthologs 

are predicted only within the Eurotiomycetes (Gilmore et al. 2013) and are thus absent 

in the majority of other taxa in which GlcNAc utilization has been studied. Deletion of 

ngtB produced a GlcNAc growth defect less severe than that seen in ngtA∆ deletion 

mutants. Expression of ngtB was nearly absent under conditions supplying either 

ammonium, alanine, or glutamine as a nitrogen source or during nitrogen starvation. 

Presently, we do not have expression data for growth on GlcNAc in A. nidulans. In H. 

capsulatum, the ngtA ortholog HcNGT1, but not the ngtB ortholog HcNGT2, was up-

regulated on GlcNAc (Gilmore et al. 2013). These growth and expression data suggest 

that NgtB may have a primary function transporting GlcNAc under yet-undiscovered 

conditions and/or transporting an alternative sugar. Given the limited taxonomic 

distribution of the gene, this may represent a novel nutrient utilization function not seen 

in most fungi. Though most taxa do not have a ngtB ortholog, transporters of other 

hexose sugars can transport small amounts of GlcNAc into the cell in S. cerevisiae 

under high GlcNAc concentrations (Scarcelli et al. 2012). However, in T. reesei (which 

does not have a ngtB ortholog), Ullah et al. (2025) were unable to find a second 

transporter candidate that might contribute to GlcNAc transport. 

To investigate if the functions of NgtA and NgtB were partially redundant, we 

attempted to construct a ngtA ngtB double mutant. Repeated attempts to use a 

crossing strategy between ngtA and ngtB mutants failed to produce hybrid 

cleistothecia. Observation of tiny cleistothecia during diagnostic ngtB selfings suggests 

deletion of this gene causes defects in sexual reproduction. Upon switching to a 
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transformation strategy to generate a double mutant, only heterokaryon and putative 

diploid transformants were produced. Separation of uninucleate conidia from these 

transformants led to growth patterns that showed deletion of both genes confers a 

synthetic lethal phenotype. 

If simultaneous deletion of the two GlcNAc transporters represents abolition of 

import of extracellular GlcNAc in A. nidulans, it is not obvious why this would impact 

growth on media containing preferred nitrogen and carbon sources, viz., ammonium 

and glucose, and suggests a vital role for extracellular GlcNAc even when GlcNAc is not 

a predominant nutrient. In H. capsulatum, HcNgt1 and HcNgt2 were not deleted, but 

instead separately subjected to RNA interference-mediated transcript depletion and 

thus the impact of deleting both transporters is unknown (Gilmore et al. 2013). However, 

in C. albicans, a diploid yeast, exposure to GlcNAc triggers a switch to hyphal growth 

and pathogenesis. In the absence of both copies of CaNgt1, hyphal growth and 

pathogenicity do not occur (Alvarez and Konopka 2007). HcNgt1 and HcNgt2 play a role 

in a switch to filamentous growth in H. capsulatum (Gilmore et al. 2013). 

In addition to autolysis, cell wall remodeling during hyphal growth also generates 

extracellular GlcNAc (Figure 5.16; Konopka 2012). During hyphal extension and 

branching, the existing cell wall is broken down and reused to synthesize and deposit 

new chitin in at the extending hyphal tip. In A. nidulans, the chitinase ChiA is secreted 

during hyphal growth and GPI-anchored at the hyphal tip and secondary hyphal branch 

points to facilitate this breakdown (Yamazaki et al. 2008). UDP-GlcNAc is generated de 

novo through the hexosamine pathway (de Groot et al. 2009; Paneque et al. 2023). The 

anabolic hexosamine pathway acts in the opposite direction as the described catabolic 
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pathway, synthesizing GlcNAc-6-phosphate from fructose-6-phosphate using a different 

set of enzymes (Paneque et al. 2023). GlcNAc-6-phosphate is further metabolized to 

synthesize UDP-GlcNAc for use in processes such as glycosylation and chitin 

biosynthesis (Paneque et al. 2023). Additionally, extracellular GlcNAc transported into 

the cytoplasm can also be shunted into a recycling pathway and used for synthesis of 

new UDP-GlcNAc, which can then be used for glycosylation of proteins or for assembly 

into chitin (Kobae et al. 2015). Import and incorporation of extracellular GlcNAc into 

Figure 5.16 GlcNAc is involved in multiple metabolic pathways. 
The catabolic GlcNAc utilization pathway provides energy by taking in extracellular GlcNAc and catabolizing it 1) to 
fructose-6-phosphate for direct use as carbon in gluconeogenesis and 2) to ammonium that enters nitrogen 
metabolism by NADP-glutamate dehydrogenase. The anabolic hexosamine pathway synthesizes GlcNAc de novo 
using a starting product of fructose-6-phosphate, for production of UDP-GlcNAc. Extracellular GlcNAc derived from 
autolysis or cell wall remodeling during hyphal growth can also be phosphorylated by HxkC and shunted into the 
latter part of the hexosamine pathway to recycle it into UDP-GlcNAc. 
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chitin in the cell wall is confirmed in Cryptococcus neoformans (Camacho et al. 2017). 

Although fructose-6-phosphate can enter the hexosamine pathway through many 

routes, its ultimate origin is glucose. It is possible that uptake of glucose during early 

germination is insufficient to provide enough carbon for energy, carbon or nitrogen for 

chitin production, or both, due to the small surface area-to-volume ratio of the round 

conidium (or yeast cell, in other species). The energy and material demands inherent to 

transitioning to polar growth may require extracellular GlcNAc to serve as the building 

block for chitin.  

Like in ngtA and ngtB mutants, the decrease in growth seen in hxkC mutants 

on GlcNAc was less severe than that in other GlcNAc utilization mutants. This was also 

seen for the T. reesei hxkC ortholog mutant (Kappel et al. 2016). While hexokinases 

may have one primary substrate, hexokinases often have an affinity for multiple hexose 

sugars such as glucose, glucosamine, galactose, and GlcNAc, such as in the yeast 

Yarrowia lipolytica (Flores and Gancedo 2015). They can thus act in partially redundant 

manners. The A. nidulans genome contains multiple kinases of hexose sugars (Flipphi 

et al. 2003, 2009) and one or more of them could play a small role in GlcNAc 

phosphorylation during catabolism in the absence of hxkC. There is, however, no 

evidence that HxkD provides GlcNAc kinase activity, as the hxkC∆ hxkD∆ double 

mutant did not differ in growth on GlcNAc from the hxkC∆ mutant (Katz et al. 2016). 

We showed that genetic interactions occur between XprG and NgsA. In C. 

albicans, both the XprG and NgsA orthologs were found to be associated with the 

promoters of the GlcNAc catabolic genes in a GlcNAc-independent manner (Su et al. 

2016), indicating the presence of GlcNAc is required to trigger the NgsA histone 
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deacetylase activity necessary for transcription of the GlcNAc catabolic genes. This is 

consistent with our finding that the xprG1 gain-of-function mutation showed poor growth 

on GlcNAc when ngsA was deleted but strong growth when ngsA was intact. In 

addition, the poor growth of the xprG ngsA double mutant on GlcNAc was not more 

severe than that of either single mutant, indicating that the presence of NgsA does not 

affect GlcNAc catabolism in the absence of XprG. These experiments underscore the 

necessity of the XprG-NgsA relationship in GlcNAc utilization. 

Additionally, we showed a role for NgsA in regulation of extracellular proteases. 

XprG was previously shown to regulate extracellular proteases, and deletion of the xprG 

gene causes decreased extracellular protease activity (Katz et al. 2006). The ngsA 

mutant, however, produced a cleared zone on milk, suggesting NgsA acts by repressing 

extracellular protease activity. This suggests that GlcNAc sensing may have a role 

beyond GlcNAc catabolism under poor nutrient conditions. Deletion of xprG and ngsA 

orthologs in T. reesei each had wide-ranging impacts on the transcriptome, far beyond 

GlcNAc utilization genes (Ullah et al. 2025). However, in our growth tests on media 

containing both milk and GlcNAc, there were no differences in milk clearing compared 

with milk alone other than a slight reduction in clearing in the xprG1 gain-of-function 

mutant (Figure 5.10B), suggesting that the NgsA histone acetyltransferase has opposite 

gene regulation outcomes at GlcNAc utilization gene promoters and protease gene 

promoters. This indicates that GlcNAc does not convert NgsA to an activator, at least at 

protease gene promoters, and further suggests that promoter-specific differences occur 

in the molecular mechanisms of XprG-NgsA regulation at the promoters of GlcNAc 

utilization genes and those of protease genes.  
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Our work showed that GlcNAc utilization is subject to nitrogen metabolite 

repression and is regulated by areA and nmrA. In a wild-type strain, xprG and the 

GlcNAc structural genes (with the exception of ngtB) were upregulated under 

derepressive nitrogen conditions, while ngsA exhibited constitutive expression 

appropriate for a sensor. We saw additional upregulation under growth on glutamine in 

a nmrA mutant. The N-acetylhexosaminidase nagA showed low expression under all 

conditions in our study, but research on older cultures indicates nagA is upregulated 

under conditions in which autolysis is predicted (Pusztahelyi et al. 2006). Release of 

GlcNAc from fungal cells walls is common under autolytic conditions and could serve as 

an important nutrient source. We might thus expect to see high expression of GlcNAc 

utilization genes in older cultures, as well. Work in T. reesei suggests that GlcNAc 

utilization genes are also regulated by carbon catabolite repression and the creA 

ortholog, with genes being downregulated in the presence of glucose (Ullah et al. 2025). 

Manual sequence inspections showed that A. nidulans GlcNAc utilization genes contain 

potential CreA binding sequences in their promoters. At 48 h, growth of T. reesei on 

GlcNAc as a carbon source exceeded that on glucose. Additionally, in A. fumigatus, 

growth on GlcNAc was much stronger than on glucose (He et al. 2024b). Yet in A. 

nidulans, GlcNAc produces weak growth whether serving as a nitrogen, carbon, or 

nitrogen and carbon source. Differences in lifestyle between the species may explain 

this. GlcNAc is a core component of many glucosaminoglycans (GAGs) in the 

mammalian extracellular matrix, and spores of the pathogen A. fumigatus germinate in 

mammalian tissues. Thus, the ability to grow robustly on GlcNAc would be an 

adaptation for successful host infection. A. nidulans infects mammals only in very 
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limited circumstances. In T. reesei and H. capsulatum, GlcNAc is a strong inducer of 

GlcNAc utilization gene expression (Gilmore et al. 2013; Kappel et al. 2016; Ullah et al. 

2025). 

 It appears that the handling of GlcNAc within the cell at any given time, as 

outlined in Figure 5.16, is dependent on environmental conditions, intracellular GlcNAc 

levels, and other factors. Work in the mycorrhizal species Rhizophagus irregularis has 

provided some insight into this. Expression of GlcNAc anabolic genes is upregulated in 

long-lived mycelia that absorb minerals from the soil, but GlcNAc catabolic genes are 

upregulated in ephemeral mycelia that absorb nutrients from host roots, as the mycelia 

collapse and the cell wall GlcNAc is resorbed and used for energy (Kobae et al. 2015). 

 5.7 Future Directions 

Attempts to complement the GlcNAc mutant phenotypes with plasmids 

containing wild-type genes resulted in varying degrees of success. In ngtA, dacA, 

and damA, transformants differed in their abilities to complement fully or partially, 

using GlcNAc as a nitrogen source or as a carbon source. While all three wild-type 

fragments used for transformation appear to have lacked XprG binding sites and there 

were multiple ways in which the gene fragments could integrate into the deletion 

mutants, the array of observed transformant phenotypes suggests there are additional 

factors influencing the outcome. Comparison of ngtA, dacA, and damA promoter 

sequences with those of ngtB and hxkC could reveal patterns not yet noticed. CreA, the 

regulator of carbon catabolite repression, adds additional complexity. Every 

transformant in the ngsA complementation experiment fully complemented the mutant 

phenotype on GlcNAc as a nitrogen and as a carbon source. In fact, growth of the 
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transformants on GlcNAc appears to even slightly exceed that of wild type. While it is 

clear that XprG regulates GlcNAc utilization, little is known about the regulation of ngsA, 

as it shows constitutive expression across multiple nitrogen sources in A. nidulans and 

its ortholog is found at the promoters of GlcNAc utilization genes in a GlcNAc-

independent manner in C. albicans (Su et al. 2016). Altogether, there is much yet to 

learn about regulation of GlcNAc utilization and its regulators and how it fits into the 

larger pictures of nitrogen and carbon metabolic regulation. 

The finding that deletion of both GlcNAc transporters in A. nidulans is lethal was 

unexpected and suggests that import of extracellular GlcNAc is necessary for hyphal 

growth. Despite most fungal species having only one predicted GlcNAc transporter, it 

seems extremely likely that one or more additional transporters are active if the main 

transporter is deleted in these species. Understanding this better would shed light on 

the very basics of how filamentous fungi grow.  

ngsA appears to have a vital role in GlcNAc utilization, and our work additionally 

showed its possible role in regulation of extracellular proteases. In the insect pathogenic 

fungus B. bassiana, deletion of the ngsA ortholog leads to decreases in chitin 

degradation proteins and Pr1 proteases necessary for breakdown of the insect cuticle 

(Zhang et al. 2024), and in T. reesei deletion of NGS1 leads to differential expression of 

secondary metabolism and chitin degradation genes (Ullah et al. 2025). In C. albicans, 

the ngsA ortholog is required for utilization of sugars other than GlcNAc, such as 

maltose (Naseem et al. 2017). Thus, ngsA and its orthologs may play a regulatory role 

in diverse catabolic pathways related to nutrient acquisition. It would be valuable to 
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discover other XprG targets at which NgsA is found or if NgsA associates with proteins 

other than XprG. 

Further research into the GlcNAc utilization pathway and its regulation could 

open up new understandings of nutrient acquisition during times of starvation and 

cycling of GlcNAc during growth.  
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Chapter 6 - Discussion and Future Directions 

In Chapter 3, we identified the A. nidulans sarB gene and showed that it encodes 

a putative transmembrane UDP-GlcNAc transporter involved in amino acid utilization 

and cell wall and septal chitin deposition. The sarB∆ mutant was affected in histidine 

and lysine utilization. These two amino acids are catabolized via the LAAO SarA (Davis 

et al., 2005). In Chapter 4, we examined the relationship between SarB and SarA and 

confirmed that the sarB∆ and sarA∆ mutations do not have additive effects and 

therefore these genes are in the same genetic pathway. We showed that SarB is 

required for full SarA activity and explored whether the molecular mechanism may occur 

via a role for SarB in providing UDP-GlcNAc for glycosylation of SarA. While we 

provided evidence that SarA is N-glycosylated with a GlcNAc-decorated glycan, the 

molecular mechanism by which SarB is required for full SarA activity remains to be 

elucidated. Our inability to establish a clear link between SarB and N-glycosylation 

highlights difficulties encountered elucidating the roles for multiple UDP-GlcNAc 

transporters in humans. Knockdown of SLC35B4, the SarB ortholog, appeared to have 

no impact on N-glycans found in the Golgi (Bazan et al. 2018). Additional UDP-GlcNAc 

transporters, dissimilar in sequence to SLC35B4, are found in humans (e.g., Ishida et 

al. 2005; Zhao et al. 2023) and some appear to have orthologs in A. nidulans. 

Knockdown of one of these UDP-GlcNAc transporters, SLC35A3 (possible A. nidulans 

ortholog AN10676), led to a decrease in GlcNAc-branched tri-antennary and tetra-

antennary N-glycans but produced no changes in other GlcNAc-decorated N-glycans 

(Song et al. 2022). In this study, SLC35A5 was found to physically associate with only 

the N-GlcNAc transferase GNT-IV, but not GNT-V, indicating that different transporters 
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may contribute to different placements of GlcNAc in N-glycans. Lastly, these 

researchers found that SLC35A3 was modified by OGT, meaning that O-GlcNAcylation, 

a process in which SLC35B4 is involved, regulates some types of N-glycosylation. This 

example alone underscores the complexity of interplay between UDP-GlcNAc 

transporters and glycosylation. It would be beneficial to see the effects of deletion of 

other UDP-GlcNAc transporters on amino acid utilization and SarA activity in A. 

nidulans and further investigate SarA in the context of O-GlcNAcylation. 

To our knowledge, this study reflects the first deletion of the OGT gene in fungi. 

Despite seeing no obvious phenotypic effects on growth, we saw a slight reduction in 

SarA LAAO activity in the areA102 OGT mutant and our RNA-seq data indicate that 

OGT is expressed under multiple conditions in A. nidulans. O-GlcNAcylated proteins 

have been previously identified in A. oryzae (Machida and Jigami 1994).O-GlcNAc is 

established as a signal that helps regulate metabolism in animals (e.g., Ngoh and Jones 

2008; Wex et al. 2018; Morino and Maegawa 2021), but connections between these 

observations and fungal processes have not been developed.  As O-GlcNAc is an 

important metabolic signal in animals, further study of OGT function in fungi would be 

valuable. However, our preliminary investigations using publicly-available genome 

sequences indicate fungi differ from animals in a key aspect of O-GlcNAcylation: most 

fungi lack the gene encoding OGA, the enzyme that removes O-GlcNAc from proteins. 

Species that contain an OGA gene are scattered throughout the fungal kingdom. For 

example, close A. nidulans relatives A. versicolor and A. sydowii have clear OGA 

genes, but A. nidulans and most aspergilli do not. This suggests that O-GlcNAcylation 

may function differently in fungi, which would be a breakthrough in our understanding of 



154 

this process. Even understanding the evolution of the loss of the OGA gene in most 

fungi could be informative, given the sporadic appearance of the gene across fungal 

taxa. Further work on O-GlcNAc and O-GlcNAcylation in fungi could open up entirely 

new areas of knowledge. 

Human orthologs of SarB and SarA are implicated in multiple diseases. Elevated 

levels of SLC35B4 are found in prostate, gastric, and liver tumors (Huang et al. 2018; 

Liu et al. 2019; Jiang et al. 2022), where it stabilizes the c-Myc protein, a positive 

regulator of cancer-promoting genes that is constitutively expressed in many cancers 

(Jiang et al. 2022). SLC35B4 is also a gluconeogenesis inhibitor and is implicated in 

diabetes and obesity (Yazbek et al. 2011; Wex et al. 2018), and recent evidence 

suggests a role in development of osteoarthritis (Kang et al. 2025). The human SarA 

ortholog, IL4i1, has important immunosuppressive roles in immune regulation and may 

help cancer cells evade the immune system (Romagnani 2016; Castellano and Molinier-

Frenkel 2017; Zuo et al. 2023). IL4i1 additionally depletes essential amino acids, 

activating the aryl hydrocarbon receptor, which leads to tumor cell mobility, 

immunosuppression, and poor cancer outcomes (Sadik et al. 2020; Grobben et al. 

2023; Zeitler and Murray 2023; Hirose et al. 2024). IL4i1 activity, transcripts, and/or 

protein levels are elevated in gliomas, ovarian, thyroid, and lung tumors and are 

associated with poor prognoses (Ye et al. 2023; Zhang et al. 2023; Zhu et al. 2023). 

IL4i1 may also compete for binding the spike protein of the SARS-Cov-2 virus (Gatineau 

et al. 2022). Fungal models can provide for valuable insights into the mechanisms by 

which the orthologs of both SarB and SarA promote disease progression. 
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GlcNAc plays multiple vital roles in all living things, yet this diversity of functions 

is sparsely studied in fungi. GlcNAc can serve as both a nitrogen and carbon source in 

A. nidulans. Our work in Chapter 5 characterized the genes involved in the GlcNAc 

catabolic pathway. We also showed the necessity of the GlcNAc sensor ngsA for 

GlcNAc utilization in A. nidulans, as also occurs in C. albicans, T. reesei and B. 

bassiana (Su et al. 2016; Zhang et al. 2024; Ullah et al. 2025). This finding provides 

evidence that its role is conserved in fungi. However, there are unanswered questions 

about both the evolution of this unique gene and its orthologs, and its possible wider 

role in responses to poor nutrient conditions. ngsA is clearly a result of gene fusion, with 

its N-terminus homologous to N-acetylhexosaminidases, which hydrolyze individual 

GlcNAc molecules from longer chains, and its C-terminus is homologous to histone 

acetyltransferases (Qin et al. 2015; Su et al. 2016). Additionally, its hydrolytic activity is 

prevented by mutations at key residues, resulting only in binding of GlcNAc. Our 

preliminary sequence analyses suggest that the loss of hydrolytic function occurred in 

the basal fungi, where some species have the key mutations and some do not. 

However, these taxa are not well delineated, so it is difficult to be more precise than that 

at this time. We had less success tracing the evolution of the gene fusion between N-

acetylhexosaminidase and acetyltransferase genes, but it, too, appears to have 

occurred in fungi (Qin et al. 2015). Further research in this area could provide insights 

into gene evolution. 

We showed evidence that NgsA, in addition to regulating GlcNAc utilization, 

plays a role in regulating extracellular protease activity. The structure of NgsA clearly 

shows it binds only GlcNAc and not another substrate associated with extracellular 
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proteases. This suggests GlcNAc may play a signaling role in nutrient starvation 

responses outside of GlcNAc catabolism in fungi. Because fungi exhibit less complexity 

overall than animals, elucidating GlcNAc signaling in fungi on a more granular level 

could allow for transfer of this information to animal systems and a more detailed 

understanding of metabolic diseases. 

GlcNAc additionally serves as a trigger for virulence in fungi, as best studied in 

C. albicans (Min et al. 2020). For a mammalian pathogen, which is surrounded by 

GlcNAc in the extracellular matrix of its host, there is logic in using GlcNAc as a trigger. 

GlcNAc catabolism is also necessary for pathogenesis in B. bassiana, which as a 

pathogen of insects, encounters GlcNAc in the chitinous insect exoskeleton (Qiu et al. 

2022; Zhang et al. 2024). It makes sense that this species would require the ability to 

break down chitin, but it is unclear if GlcNAc also acts in wider role as a signal for 

virulence. The necessity of GlcNAc catabolism for virulence in a plant pathogen like M. 

oryzae is puzzling (Kumar et al. 2016; Bhatt et al. 2020), as it is unlikely to encounter 

significant amounts of GlcNAc in its host plants. Future efforts toward a thorough 

understanding of GlcNAc signaling in fungal virulence could lead to identification of 

targets for fighting fungal infections. ngsA and its orthologs are necessary for GlcNAc 

catabolism and appear to have evolved in fungi. They may thus serve as possible 

targets for the development of therapeutics. 

GlcNAc is important as an abundant sugar in the environment and is a 

component of vital signaling and structural features within the cell. A better 

understanding of the role of GlcNAc in nutrient acquisition, signaling, and fungal growth 

could lead to breakthroughs in treatment of fungal infections, metabolic diseases, and 
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cancers in humans, as well as general understandings of glycosylation and movement 

of nucleotide sugars like UDP-GlcNAc into the Golgi.  
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Appendix A - Aspergillus sarB ortholog annotations 

 A.1 Aspergillus oryzae RIB40 sarB ortholog reannotation 

AO090010000775 was identified as a sarB ortholog in the A. oryzae RIB40 

reference strain. The predicted gene structure differed markedly from that in other 

Aspergillus orthologs, including that of its closest relative, A. flavus AFLA_014279. After 

manual inspection of the gene sequence and its predicted protein, we reannotated the 

A. oryzae gene to follow the same gene structure as the orthologs in other aspergilli. 

Publicly-available RNA-seq data visualized in JBrowse at FungiDB (fungidb.org) support 

the reannotated gene structure. The start codon in A. oryzae (and A. flavus) is 

downstream of those in other aspergilli examined, but appears to be correct, as the next 

closest in-frame ATG sequence is far upstream of the annotated start codon. The 

predicted protein encoded by this reannotated gene is 435 amino acids in size and 

contains the same predicted UDP-GlcNAc transporter domain as SarB (Figure A.1). 

 A.2 Aspergillus clavatus putative sarB ortholog 

After noting that the A. clavatus NRRL 1 reference strain contained no annotated 

sarB ortholog, we used the reannotated A. nidulans SarB protein sequence to search 

the A. clavatus genome for a possible unannotated ortholog. A sequence located at 

123176..124694 translated to a sequence with high similarity to SarB. NRDB protein 

MSKQHAGTLEIDDHLTERDEPKEPHASLGSITTAAAYTVLPGWTTIVLMISLIFGGC

CANVFALEAIIKEQPSSGPLITFAQFIVTALLTSPSFLSLSAGPQSLFLSRRVIPLR

SWLVYTAFFVTVNLLNNWAFAYKISVPLHIILRSGGPVASMIVGYAFNAKRYSHGQI

LAVAMLTIGVIAAALADARTKGQSISVGYHQNDSTMASTFIGFSILALAMALSAFQG

IFADRLYESYGRNHWKEALFYSHTLSLPLFLPTYSHLLAQWRALLSSPSLLSGISAI

AARKGSVSSSPLLLGTGLATASKTAFVKSVPMPIINTTSHLLAELERFKSFQFVLAC

IPIQGFYLLMNALTQYLCIRGVHLLSAKSSSLTVTIVLNVRKLISLLLSIYLFGNDL

APGVLVGALFVFVGGALYGFEGARLRKTYKPSNKKD 

 
Figure A.1 Predicted protein sequence of the putative SarB ortholog in A. oryzae. 
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sequence data visualized at FungiDB show multiple protein alignments at this region, 

between ACLA_042880 and ACLA_042890. After manually inspecting the sequence, 

we annotated it using the same predicted gene structure as for the orthologs in other 

aspergilli. There are no publicly-available RNA-seq data with which to compare this 

reannotation, however NRDB protein alignment data supports our predicted gene 

structure. The resulting protein is 453 amino acids in length and contains the same 

predicted UDP-GlcNAc transporter domain as SarB (Figure A.2). Predicted gene 

structure details for A. oryzae and A. clavatus are shown in Table A.1. 

Table A.1. Gene structures of the reannotated A. oryzae and putative A. clavatus 
sarB orthologs. 

Feature 
A. oryzae RIB40 

AO090010000775 
A. oryzae reannotation 

A. clavatus putative 

sarB ortholog 

Exon 1 +1..+188 (188) +1..+180 (180) +1..+270 (270) 

Intron 1 +189..+367 (179) +181..+233 (53) +271..344 (53) 

Exon 2 +368..+1490 (1123) +234..+259 (26) +345..+370 (26) 

Intron 2  - +260..+315 (56) +371..+427 (57) 

Exon 3 - +316..+332 (17) +428..+444 (17) 

Intron 3 - +333..+405 (73) +445..+512 (68) 

Exon 41 - +406..+1490 (1085) +513..+1540 (1028) 

MRAIRSFMSMSGIKHYWSNQEGIRPRLMTEKMINRSGNGKVKDSSIDSPKLVDQEGY

KKTLYSSLETIADALVHANPASCISMVLMISLIFGGCCANVFALEAIIKQQPSSGPL

ITFAQFLVTALLTLPSFLSPSSGAYSLFLTPRVIPLRSWVIYTAFFVTVNLLNNWAF

AYRISVPLHIILRSGGPVASLIIGYFFNQKRYSHGQIVAVAMLTFGVFTAALTDART

KEKSLEMGPIKESSDLVTTATGFLILALAMILSAFQGIYADRLYETYGRNHWKEALF

YSHILSLPLFLPTYPQLLDQWRAMRSSPSLVCPALGSNTISENKGITGLMSSLSSAI

GSVTLSPLAVINTVPYFISQIPTQAAFLLLNALTQYLCIRGVHLLSAQTSSLTVTVI

LNVRKLVSLLLSIYIFGNDLAPGVLIGAVCVFSGGGLYALESTRLRQHGSSKRD 

Figure A.2 Predicted protein sequence of the putative SarB ortholog in A. clavatus. 
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Appendix B - Details of statistical analysis results 

 B.1 Quantitative LAAO assay strain comparisons 

Quantitative LAAO assays are described in Chapter 4. Differences in specific 

activities between strains were analyzed by analysis of variance (ANOVA) followed by 

Tukey’s Honestly Significant Difference (HSD) post-hoc test. For tests of the effect of 

sarB on SarA activity, significant differences were found between strains at 4 h (F = 

179.214, df = 10, p < 2 x 10-16) and at 72 h (F = 187.320, df = 7, p < 2 x 10-16). For tests 

of the effects of xprG and AN1416 on SarA activity, significant differences were found 

between strains (F -= 14.32, df = 3, p < 0.00001). Results of Tukey’s HSD comparisons 

are presented in Table B.1 and Table B.2. 

Table B.1 Effect of sarB mutations on SarA activity – 4 h. 

Strain comparison Tukey’s HSD p-value 

MH1-MH10571 0.9983087 

MH1-MH8 0.0000000 

MH1-MK160 0.2045985 

MH1-RT1020 0.9999951 

MH1-RT1023 0.9999993 

MH1-RT1035 0.0000002 

MH1-RT763 0.9999999 

MH1-RT775 0.0000000 

MH1-RT776 0.9901841 

MH1-RT891 0.0004560 

MH10571-MH8 0.0000000 

MH10571-MK160 0.0190311 

MH10571-RT1020 0.9999982 

MH10571-RT1023 0.9999862 

MH10571-RT1035 0.0000000 

MH10571-RT763 0.9826465 

MH10571-RT775 0.0000000 

MH10571-RT776 0.0000000 

MH10571-RT891 0.0000105 

MH8-MK160 0.0000000 

MH8-RT1020 0.0000000 

MH8-RT1023 0.0000000 
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MH8-RT1035 0.0000000 

MH8-RT763 0.0000000 

MH8-RT775 0.9999926 

MH8-RT776 0.0000000 

MH8-RT891 0.0000000 

MK160-RT1020 0.0656465 

MK160-RT1023 0.0823472 

MK160-RT1035 0.0169216 

MK160-RT763 0.3659219 

MK160-RT775 0.0000000 

MK160-RT776 0.0094098 

MK160-RT891 0.7025691 

RT1020-RT1023 1.0000000 

RT1020-RT1035 0.0000000 

RT1020-RT763 0.9995024 

RT1020-RT775 0.0000000 

RT1020-RT776 0.9999105 

RT1020-RT891 0.0000662 

RT1023-RT1035 0.0000000 

RT1023-RT763 0.9998246 

RT1023-RT775 0.0000000 

RT1023-RT776 0.9997215 

RT1023-RT891 0.0000950 

RT1035-RT763 0.0000009 

RT1035-RT775 0.0000000 

RT1035-RT776 0.0000000 

RT1035-RT891 0.8222352 

RT763-RT775 0.0000000 

RT763-RT776 0.9451465 

RT763-RT891 0.0014791 

RT775-RT776 0.0000000 

RT775-RT891 0.0000000 

RT776-RT891 0.0000039 
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Table B.2 Effect of sarB mutations on SarA activity – 72 h. 

Strain comparison Tukey’s HSD p-value 

MH1-MH10571 0.9998758 

MH1-MH8 0.0000000 

MH1-MK160 0.0000547 

MH1-RT1035 0.0000056 

MH1-RT763 1.0000000 

MH1-RT775 0.0000000 

MH1-RT891 0.0000043 

MH10571-MH8 0.0000000 

MH10571-MK160 0.0002882 

MH10571-RT1035 0.0000325 

MH10571-RT763 0.9996013 

MH10571-RT775 0.0000000 

MH10571-RT891 0.0000250 

MH8-MK160 0.0000000 

MH8-RT1035 0.0000000 

MH8-RT763 0.0000000 

MH8-RT775 0.0000000 

MH8-RT891 0.0000000 

MK160-RT1035 0.9992785 

MK160-RT763 0.0000395 

MK160-RT775 0.0000000 

MK160-RT891 0.9985270 

RT1035-RT763 0.0000040 

RT1035-RT775 0.0000000 

RT1035-RT891 1.0000000 

RT763-RT775 0.0000000 

RT763-RT891 0.0000030 

RT775-RT891 0.0000000 

 

Table B.3 Effect of xprG and AN1416 on SarA activity. 

Strain comparison Tukey’s HSD p-value 

MH8-RT1052 0.0000000 

MH8-RT1055 0.3864399 

MH8-RT1058 0.0000938 

RT1055-RT1058 0.0011983 

RT1058-RT1052 0.8597539 

RT1058-RT1055 0.0113876 
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 B.2 RNA-seq analysis by DESeq2 

RNA-seq experiments are described in Chapters 4 and 5. For each gene of 

interest, DESeq2 was used to assess differences in gene expression between the 

glutamine, alanine, and nitrogen-free conditions and ammonium in the wild-type strain. 

Details of statistical analyses methods are found in Section 2.8.3. Adjusted p-values 

(FDR) are shown in Table B.3. 

Table B.4 Comparisons between nitrogen conditions in wild type. 

Gene Glutamine vs NH4 Alanine vs NH4 Nitrogen-free vs NH4 

sarB N.S. N.S. N.S. 

sarA N.S. 0.00017 0.0000000000035 

AN11141 N.S. N.S. N.S. 

AN0265 N.S. N.S. N.S. 

xprG 0.0098 0.000000000017 6.6 x 10-19 

ngsA N.S. N.S. N.S. 

nagA N.S. N.S. N.S. 

ngtA 0.000095 0.0000013 0.000000018 

ngtB N.S. N.S. N.S. 

hxkC 0.00000000016 0.016 N.S. 

dacA 0.000000012 0.00000015 0.00000017 

damA 0.00085 0.000024 N.S. 

N.S. = not significant at p = 0.05 

 

 

For each gene of interest, DESeq2 was used to assess differences in gene 

expression between the ammonium, glutamine, alanine, and nitrogen-free conditions in 

wild type and the nmrA mutant. Significant differences between strains were found 

only in the glutamine treatment. Details of statistical analyses methods are found in 

Section 2.8.3. Adjusted p-values (FDR) are shown in Table B.4. 
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Table B.5 Comparisons between the glutamine condition in wild type and nmrA 

Gene Wild type vs nmrA 

sarB N.S. 

sarA N.S. 

AN11141 N.S. 

AN0265 N.S. 

xprG N.S. 

ngsA N.S. 

nagA N.S. 

ngtA 0.028 

ngtB N.S. 

hxkC 0.0035 

dacA 0.00020 

damA 0.0000051 

N.S. = not significant at p = 0.05 
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Appendix C - Deglycosylation of ovalbumin with PNGase 

F 

Ovalbumin was treated with PNGase F as described in Section 4.4.6, run on an 

SDS-PAGE gel, and stained with Coomassie Blue. Because we handled this protein in 

an identical manner to our A. nidulans soluble cell-free extracts, we did not treat the 

ovalbumin with additional heat or chemicals prior to running the gel. 

The PNGase F-treated sample showed a change in mobility in protein migration. 

Two bands on the gel at ~60 kDa represent glycosylated (top band) and deglycosylated 

(bottom band) ovalbumin after treatment with PNGase F (Figure 1). The presence of 

both bands in the treated sample indicates the sample was partially deglycosylated. 

 

Figure C.1 Deglycosylation of ovalbumin with PNGase F. 


