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Supplemental Figure 1. Wild-type (strain NCN233) and knockout (KO) versions of the 

NCU08319 locus. A) Wild-type locus for the NCU08319 gene encoding flbA. The white box 

represents the coding region of the gene. The positions of the start (ATG) and stop (TGA) 

codons are shown. The black bar to the left represents the 5′ flanking region used to promote 

integration of the knockout construct at the correct locus by the N. crassa knock out project. The 

grey bar to the right represents the flanking sequence for the 3′ region integration. The position 

and orientation of primers used in PCR of genomic DNA isolates from wild-type and knockout 

strains are shown as small arrows with the primer name. B) The structure of the locus following 

replacement of the NCU08319 gene by the HygR (Hygromycin resistance) cassette. PCR 

primers are shown as in panel A. C) Results of PCR using primers 08319-4 and 08319-3 and 

with template genomic DNA isolated from the indicated strains. NCN233 contains a wild-type 

locus (panel A) while the KO strains contain the HygR replacement (panel B). HindIII fragments 

of lambda phage DNA were used as standards and their size in kilobase pairs is indicated on the 

right. The predicted sizes of PCR products are given at the bottom of the panel. D) As in C 

except the PCR primers were 08319-1 and 08319-3. PCR analysis was conducted by Frank 

Nargang. 
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mating types of the knock out were analyzed: ∆NCU08319 (position 13D1 in the knock out 

library) mating type a and ∆NCU08319 mating type A (position 13D2 in the knock out library 

plate array). The knock out strains were grown in medium lacking CM, RNA was isolated and 

cDNA was synthesized. Following qPCR, ∆∆CT values for both mating types of ∆NCU08319 

were compared to strains T1P11 and NCN233, both grown in the absence of CM. The analysis 

revealed that ∆NCU08319 (13D1) had elevated aod-1 transcript levels as observed in T1P11. 

However, ∆NCU08319 (13D2) had a wide range of results between biological replicates, 

resulting in the large error bars seen in Fig. 3.12. It should be noted that three out of four of the 

biological replicates for mating type A (13D2) had very low CT values (i.e.; high aod-1 mRNA 

levels). Therefore, one biological replicate gave rise to the large error bar. Thus, mating type A 

most likely also has elevated transcript levels. CT values for 𝛽-tubulin were consistent for all 

strains analyzed. Taken together, all these data suggest that the deletion mutation in flbA 

identified by genomic sequencing analysis results in the high uninduced levels of aod-1 mRNA 

in strain T1P11. 

 

3.3 Evidence for regulation of aod-1 mRNA Translation 

3.3.1  aod-1 mRNA amount and AOX protein amount are not strongly correlated 

As discussed in section 3.2, the original strains observed with high uninduced levels of 

aod-1 mRNA appeared to be devoid of AOD1 protein (Descheneau et al., 2005). I wished to 

investigate this observation further and began by determining if any strains with high uninduced 

levels of aod-1 mRNA contained AOD1 protein. The strains were examined by Western blot of 

mitochondria isolated from cells grown in both –CM and +CM conditions. All strains produced 

AOD1 in the presence of CM. Interestingly, faint bands of AOD1 protein were observed  
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Figure 3.14. Western Blot analysis for AOD1 protein in cytosolic fractions. NCN233, T1P11, 

and three biological replicates (I, II, III) of strain 23, were grown in both the absence (–CM) and 

presence of chloramphenicol (+CM). Cytosolic fractions (cytosol) were isolated, proteins were 

separated by SDS-PAGE, blotted to PVDF membrane and probed with the antibodies indicated 

on the right. Wild-type NCN233 mitochondria (Mito) isolated from cells grown in the presence 

of CM served as a control for AOD1. Arginase served as a cytosolic protein loading control, and 

HSP70 as a mitochondrial loading control. Two exposures were taken for AOD1. 
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3.3.3 AOD1 is not made and rapidly degraded in the absence of an inducing signal 

As mentioned in the previous section, another possibility for the lack of AOD1 protein in 

strains expressing high uninduced levels of aod-1 transcript, was that the AOD1 protein is made 

in –CM growth conditions but has a short half-life due to rapid degradation. Thus, there may be 

signals produced in the presence of CM that serve to prevent the degradation. If so, it is possible 

that the lack of a substantial AOD1 band observed in strains such as T1P11, 9, 23 and 26 in non-

inducing conditions is due to protein degradation. Therefore, I wished to determine if previously 

synthesized AOD1 protein would be rapidly degraded once the inducing signal was removed. 

Strains NCN233 and T1P11 were grown in +CM medium. A small sample of the culture was 

taken following 18 hr growth and mitochondria were isolated. The remaining culture was then 

filtered and washed to remove medium containing CM. The mycelium pads were then 

transferred to medium without CM and growth was continued. Samples were taken after 2, 4, 

and 6 hr of growth in –CM. Mitochondria were isolated and subjected to Western blotting for 

AOD1. If rapid degradation occurred in the absence of inducing signal, I would expect 

disappearance of the AOD1 band. This was not the case. Protein amounts gradually decreased at 

similar rates in both T1P11 and NCN233 (Fig. 3.15). Thus, rapid degradation of AOD1 in the 

absence of inducing signal can be excluded as a general mechanism because there was detectable 

protein for at least 6 hr after the signal was removed. The small decrease of AOD1 protein seen 

over the course of the experiment is likely due to the dilution of the protein with continued 

growth in the absence of an inducing signal. The data described above remove two possible 

explanations for the absence of AOD1 protein and suggest that aod-1 mRNA present under non-

inducing conditions may be subject to translational control as the most obvious explanation. 
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Figure 3.15. The AOD1 protein is not rapidly degraded in the absence of an inducing signal. The 

wild-type strain NCN233 and strain T1P11 were grown in –CM (-) for 16 hr and +CM (+) 

conditions for 18 hr. After growth in +CM medium for 18 hr, mycelia were harvested under 

sterile conditions and suspended in medium without CM. These cultures were grown for 2 hr 

(2h), 4 hr (4h), and 6 hr (6h). After each time point, cultures were harvested and mitochondria 

were isolated. Proteins were subjected to SDS-PAGE followed by Western blotting for the 

AOD1 protein. HSP70 served as a loading control.  
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3.4 5′ and 3′UTR replacements of aod-1  

If translational control was the reason for observing little to no AOD1 protein, despite the 

presence of aod-1 mRNA in certain strains grown under non-inducing conditions, this could be 

achieved in one of two ways. First, it is possible that a regulatory protein(s) is bound to the 

mRNA and prevents its translation in the absence of the appropriate inducing signal. 

Alternatively, a protein(s) required for translation may not bind to the mRNA unless an inducing 

signal is present. There are precedents for both these negative and positive types of translational 

control in the literature (Abdelmohsen, 2012; Oliveira et al., 2017). Furthermore, such effects are 

most often mediated by proteins binding to the 5′ and/or 3′ UTR regions of the target mRNAs 

(Oliva et al., 2015; Szostak and Gebauer, 2013). Preliminary work on constructs with modified 5′ 

and 3′ UTRs is described in the Appendix.  

 

3.5 High variability in levels of aod-1 mRNA in certain strains 

An interesting observation from the qPCR data was the variable results seen for certain 

progeny strains as shown by the large range of ΔCT values and large error bars. Originally, four 

biological replicates that appeared to be consistent were graphed (Fig. 3.6). However, further 

analysis revealed that there was high variance among replicates in some strains. To gain a better 

understanding of the range in data, additional qPCR experiments were performed and all ΔCT 

values obtained from all qPCR runs were collected and graphed for all the strains. Strains 19, 23 

and 26 had the widest range of ΔCT values obtained from the biological replicates, with strain 23 

having the greatest range in values (Fig. 3.16) 

Due to the wide range in the values for aod-1 mRNA in certain strains, it was 

conceivable that, by chance, in the studies described above (Fig. 3.13, section 3.3.1), the –CM  
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Figure 3.16. Variation in expression levels of aod-1 transcript. Aod-1 ΔCT values for parental 

and progeny strains are shown as box and whisker plots. Parental (T1P11 and wild-type 

NCN233) and progeny (3, 4, 6, 9, 16, 19, 23, 26, 33, 34 and 36) cultures were grown in the 

presence (+CM), or absence (-CM) of CM. RNA was isolated, converted to cDNA and analyzed 

by qPCR. ΔCT values for aod-1 were calculated by standardizing to B-tubulin. Each dCT value 

is denoted by a purple dot (•). Whiskers were generated to span the maximum and minimum 

points while box plots show the median with 50% of values (indicated by the line inside the 

box).    
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cultures examined by Western blot happened to correspond to cultures with low aod-1 mRNA 

(since qPCR samples and mitochondrial isolation samples were from different cultures). Thus, it 

could be that uninduced cultures with high aod-1 mRNA levels actually do contain large 

amounts of AOD1 protein, but were simply missed in my previous analysis. To explore this 

concept further, a greater number of biological replicates for strains 19 and 23, which had the 

largest ΔCT ranges (Fig. 3.16) and had observable AOD1 protein in the first Western analysis 

(Fig. 3.13), were examined for the presence of AOD1 protein. The replicates were grown in –

CM conditions, mitochondria were isolated, and blotted for AOD1 protein. Strain 19 had no 

observable AOD1 protein at the shortest exposure time, but the longer exposure showed very 

faint bands in all the biological replicates (Fig. 3.17A). One replicate (A) for strain 23 had an 

observable AOD1 protein band at the low exposure time. A longer exposure revealed the 

presence of AOD1 protein for biological replicates C and E (Fig. 3.17B). In these experiments, 

all of the replicates were grown at the same time, under the same conditions, with no known 

variations in medium, temperature, growth time, or stress conditions. Thus, unknown factors 

appear to cause variability in AOD1 content between cultures of the same strain.  

As mentioned above, up to this point, cultures had been grown and either processed only 

for RNA extraction or for mitochondrial isolation to be used for Western analysis. There had 

been no simultaneous comparison of a single culture’s transcript and protein levels. Because of 

the variation in transcript and protein amounts of strain 23 cultures, five biological replicates 

were grown and each was examined individually via both qPCR and Western Blot analysis in the 

absence of CM. Samples for qPCR were taken after 14 hrs. The remainder of the culture was 

harvested after an additional 2 hr of growth for isolation of mitochondria. qPCR results were 

converted to ΔΔCT values and graphed. Replicate E had the greatest amount of detectable  
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Figure 3.17. AOD1 protein in different cultures of strains 19 and 23. Eight biological replicates 

(A to H) of strain 19 (A) and seven biological replicates (A to G) of strain 23 (B) were grown in 

the absence of CM (-CM) for 16 hr. Mitochondria were isolated and subjected to SDS-PAGE 

and Western blotting. Fractions were analyzed for the presence of AOD1 protein using an 

antibody to the protein. Hsp70 served as a loading control. Long and short exposures were taken 

to detect varying amounts of protein. NCN233 +CM and –CM mitochondrial fractions were 

included as an AOD1 control.  

A. 

B. 
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transcript, followed by biological replicate A (Fig. 3.18A). Therefore, replicate E would be 

predicted to have the greatest abundance of AOD1 protein, followed by replicate A. However, 

Western Blot analysis revealed that biological replicate A had more AOD1 protein than replicate 

E (Fig. 3.18B). Western blot results revealed no detectable protein for replicates B, C and D (Fig. 

3.18B). Thus, it appears that the amount of aod-1 mRNA in uninduced cultures does not directly 

correlate with the amount of AOD1 protein.  

To quantify the level of AOD1 protein in biological replicate A, I prepared two-fold 

serial dilutions of NCN233 mitochondrial fractions isolated from +CM cultures and 

electrophoresed these on the same gel as a mitochondrial sample from the strain 23, replicate A,  

-CM culture. A Western blot was then done to estimate levels of AOD1 protein. The Western 

analysis revealed that the protein abundance for replicate A grown in the absence of CM is 

approximately four fold less than the protein amount of NCN233 grown in the presence of CM 

(Fig. 3.18C). However, the transcript amount for NCN233 +CM cultures are typically about 10-

fold more aod-1 mRNA than NCN233 -CM cultures (Fig. 3.6), while the strain 23 replicate A 

has over 100-fold as much transcript as NCN233-CM (Fig. 3.18A). Based on these numbers for 

the transcripts, it would be predicted that replicate A would have approximately 10-fold more 

AOD1 protein than NCN233 +CM rather than 4-fold less. Again, these data support the 

hypothesis for a mechanism of post-transcriptional control, most likely at the level of translation.  
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Figure 3.18. qPCR and Western blot results for aod-1 transcript and protein of five biological 

replicates of strain 23. NCN233 and five biological replicates (A to E) of strain 23 cultures were 

grown in the presence (+CM), or absence (-CM) of CM. A) Samples from cultures grown in the 

absence of CM were taken for RNA extraction after 14 hours, while the bulk of the culture was 

harvested after 16 hours for mitochondrial isolation. RNA extracts were converted to cDNA, 

analyzed by qPCR, and ΔΔCT values were graphed.  Error bars represent the standard error of the 

mean but they are representative of technical replicates, and are therefore very small and cannot 

be readily seen. B) Isolated mitochondria were subjected to SDS-PAGE and analyzed for AOD1 

protein by Western Blot. Wild-type NCN233 grown in both media (+CM and –CM) served as a 

control. Hsp70 served as a loading control. Two different exposures were taken to detect varying 

amounts of protein. C) Relative AOD1 protein abundance in replicate 23 A was determined 

relative to to serially-diluted NCN233 +CM mitochondrial fractions. Hsp70 served as a loading 

control. 

 

 

C. 
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4.0 Discussion 
 
4.1 NCU06940 
 

ChIP-seq experiments performed by Zhigang Qi in our lab confirmed the binding of the 

AOD2 and AOD5 transcription factors to the aod-1 promoter (Qi et al., 2016). In addition, 

binding to the upstream region of several other genes was detected. The most robust peaks were 

found to be upstream of a gene that encodes the hypothetical protein NCU06940. Using qPCR 

analysis on strains lacking AOD2 or AOD5, I demonstrated that the expression of NCU06940 

was dependent on these proteins. Furthermore, qPCR analysis revealed an increase in the 

expression of the gene when cells were grown in the presence of CM. Therefore, the knockout 

strain, available from the N. crassa knockout project, was grown in the presence of CM and AA 

to determine if NCU06940 played a role in the response to these two inhibitors, perhaps related 

to AOX function. However, no effect on growth rate compared to wild-type was detected (Figure 

3.4). Similarly, no effect was seen by altering the growth temperature. Studies conducted in P. 

anserina and A. nidulans, organisms with AOD2 and AOD5 orthologues, revealed a role for the 

transcription factors in the expression of gluconeogenic genes (Bovier et al., 2014; Suzuki et al., 

2012). Similarly, the ChIP-seq work with N. crassa revealed that the AOD2 and AOD5 

transcription factors have a role in regulating PEPCK (phosphoenolpyruvate carboxykinase), a 

gene involved in gluconeogenesis, as well as other genes involved in energy metabolism (Qi et 

al., 2016). Therefore, the growth of the knock-out strain was also tested on different carbon 

sources (Figure 3.4). However, there were no differences in growth between the NCU06940 

knockout and the wild-type strain.  
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The stress tests conducted for the NCU06940 knockout were by no means exhaustive. 

Other tests might include nutrient deprivation, osmotic stress, or acidic and alkaline growth 

environments. However, given that the predicted protein has no functional domains based on 

bioinformatics analysis, it does not seem warranted to examine random possible functions. In 

summary, since NCU06940 has no known functional domains, is not an essential gene, and only 

exists in some members of the order Sordariomycetes, it is difficult to hypothesize what its 

function may be. 

  

4.2 High level of aod-1 transcript in strain T1P11 

My second project began with an attempt to determine the cause of high levels of aod-1 

transcripts observed under non-inducing conditions in strain T1P11. Because T1P11 was known 

to be mutated in the tyrosinase gene, I set out to determine if the loss of tyrosinase played a role 

in aod-1 transcription. This was done by analyzing the progeny of a cross between a wild-type 

strain and T1P11 that had been set up by an undergraduate student. Analysis of aod-1 transcript 

levels and identifying strains with the T- mutation showed no correlation between progeny strains 

that have the tyrosinase mutations and high aod-1 expression. This result was not unexpected, as 

the main function of tyrosinase is in the biosynthesis of the pigment melanin (Kupper et. al. 

1989).  

I then examined the aod-1, aod-2, and aod-5 genes in T1P11 to determine if any 

mutations in these genes or flanking regions could explain the effect. No mutations in these 

genes relative to any sequenced wild-type strain were found except for one change in the 

upstream region of aod-5. Thus, alterations in these genes could be ruled out as a cause of the 

effect.  
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The only remaining possibility was that one or more gene mutation(s) elsewhere in the 

genome was responsible for the overexpression of aod-1, therefore implicating a role for such a 

gene(s) in the regulation of transcription of the aod-1 gene. Genomic DNA from an equal 

number of high and low expressing aod-1 progeny strains, as well as the parental NCN233 and 

T1P11 strains, was sent to our collaborates at Oregon State University for sequencing. The 

sequence was determined for all the strains and the data entered into a VCF (variant call format) 

file. Upon receiving the sequencing data, I analyzed it to find gene mutations that might be 

responsible for the high uninduced expression of aod-1 by comparing the sequence from all 

strains.  

Many programs exist for analyzing whole genome sequencing data. For example, the 

sequenced genomes were initially launched on a Java program called Integrative Genomics 

Viewer or IGV (Robinson et al 2011; Thorvaldsdóttir et. al. 2013). The individual genomes of 

the strains were compared to the Neurospora crassa OR74A (Assembly 10) genome. IGV allows 

the user to scroll through a genome. Although the ease of using the application was appealing, it 

was extremely time consuming and prone to human errors when it came to analyzing mutations. 

Opening the VCF file sequencing results in Excel provided a list of all changes in each strain in 

separate columns. Each change was also associated with a precise position of the N. crassa 

genome. There were tens of thousands of mutations to annotate in eight different strains. It was 

likely that most of the mutations existed in intergenic regions, or, if they were within a gene, they 

would be in non-coding regions that would likely have no effect on gene function. For example, 

strain T1P11 had 19166 changes in its genome compared to the reference sequence. Changes 

also present in low-expressing strains were filtered out, for a total of 4435 changes to analyze. 
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Out of these 4435 changes, 1297 were in coding regions of known genes. Many genes had 

multiple changes so that the total number of genes with changes in coding regions was 124. 

It should be noted that the data would have been easier to analyze if an annotated SNP 

library existed for Neurospora crassa. SNP libraries are readily available for many human cell 

lines (https://www.ncbi.nlm.nih.gov/dbvar/content/org_summary/), as well as other organisms 

including Arabidopsis thaliana (Schmid et. al. 2003) and Saccharomyces cerevisiae (Otero et. a. 

2010). The availability of SNP-related data and software for these organisms makes it possible to 

analyze, interpret, and manage thousands of mutations. Unfortunately, no SNP-library or SNP-

related software for N. crassa was available to use. Therefore, I used a combination of filtering 

tools in Excel, along with a FindData program written in Visual Basics for Application (VBA) 

(see Materials and Methods section 2.11 for details) to identify changes in coding regions of 

genes exclusive to high-expressing aod-1 strains (detailed below).   

   

4.3 A mutation in FlbA (NCU08319) results in the upregulation of aod-1 transcripts 

The FindData code in VBA identified two candidate genes that are mutated relative to the 

reference sequence and present in all four high aod-1 expressing strains (strains 19, 23, 26 and 

T1P11) but not mutated in any of the low aod-1 expressing strains (3, 4, 6, and NCN233). One of 

the genes was NCU05180 and was identified in fungiDB as kinesin-9 (kin-9). NCU05180 had 

four mutations, one of which was in a coding region. Kinesin proteins are grouped into 14 

different families. They are involved in the maintenance and function of the cytoskeleton, and, 

more specifically, in microtubule plus-end-directed transport. Kinesin proteins are characterized 

by their conserved motor domain where ATP and microtubule binding occur (Berk et. al. 2000). 

Although nothing in the literature exists to evaluate the specific role of the N. crassa kin-9, 
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function predictions based on MIPS_funcat available on FungiDB indicate that it may be 

involved in vesicle-mediated transport. Although there are kinesins known to have transcription 

regulating activity by acting as transcription factors and binding to promoters of specific genes 

(such as OSGDD1 discussed in section 3.2.3), the lack of DNA-binding domains in kin-9 

suggests that it would most likely not have this function. The mutation in NCU05180 results in 

an amino acid change from aspartic acid to asparagine. However, the Asp affected is near the C-

terminal end of the protein. It is conserved in the Sordariomycetes and some other fungal phyla, 

but not all. It does not seem likely that this relatively conservative mutation would grossly affect 

the function of the protein. Furthermore, it is not immediately obvious how a small alteration in a 

kinesin would play a role in the regulation of aod-1 transcription. To confirm that NCU05180 

does not play a role in regulating AOX, qPCR for aod-1 transcripts could be conducted on an 

ΔNCU05180 knock-out strain.  

The second gene identified seems more likely to be involved in the upregulation of aod-1 

transcripts in non-inducing conditions. The mutation in flbA (NCU08319) is a deletion of a 

single base pair within the coding region resulting in a frameshift that severely truncates the 

protein. A transcriptome microarray study in A. niger reported 1152 genes whose expression was 

altered by two-fold or more in a ΔflbA mutant (Krijgsheld et al., 2013). The genes reported were 

altered by a factor of equal to or greater than 2-fold in expression level. One of the top 

upregulated genes was aox1, which encodes the A. niger AOX. Gene expression was measured 

in three different concentric zones of colony growth on agar plates: zone 1 was the oldest, 

central-most zone, zone 3 was the intermediate zone, and zone 5 was the youngest, most 

peripheral zone. These zones were examined because ΔflbA strains have altered secretomes. For 

example, a larger number of proteins can be identified in the ΔflbA secretome as compared to 
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wild-type (Krijgsheld et al., 2013). Interestingly, the level of upregulation of aox1 varied 

between zones. In the central zone, the expression of aox1 was increased 5.5 fold over wild-type. 

At the intermediate zone, the increase in expression was almost 8-fold. The periphery saw the 

most upregulation of aox1 at almost 18-fold more expression than wild-type A. niger. It is 

currently unknown how or why the flbA mutation affects aod-1 (or aox1 in A. niger) 

transcription. Based on studies done in Aspergillus, flbA negatively regulates the G-alpha subunit 

of the heterotrimeric G-protein complex (Seo et. al. 2005). However, to my knowledge, it is 

unknown if the G-protein complex is involved in the regulation of aod-1. 

Interestingly, although the N. crassa aod-1 transcripts are upregulated in the flbA 

mutants, these transcripts are not translated into AOD1 protein. Presumably, a signal(s) that is 

present when the sETC is perturbed is not present in the mutated flbA strains to allow these 

upregulated transcripts to be translated. Although Western blot analysis on the knockout flbA 

strain (∆NCU08319) has not been done, it is presumed that there would be no protein in the 

absence of an inducing signal, as seen in the strains containing the deletion frameshift mutation. 

The possibility that the mutation affects the activity of the aod-1 transcription factors seems 

unlikely. The A. niger transcriptome study did report 20 transcription factors that are upregulated 

in the ΔflbA strain. Although many of those were zinc cluster transcription factors, the 

orthologues of AOD2 and AOD5 were not among those listed as affected in the mutant strain 

(Krijgsheld et. al. 2013).   

Although my results have shown that the flbA knock out strain from the N. crassa knock 

out library has a phenotype similar to the deletion mutant strains analyzed in this study, it would 

be prudent to perform a gene rescue of the ∆NCU08319 strain or T1P11 with the wild-type flbA 

gene. This should restore wild-type levels of uninduced aod-1 transcripts and would verify the 
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involvement of the flbA gene in the regulation of aod-1 transcription. This is being conducted by 

our collaborators at the Freitag Lab at Oregon State University. This proof is especially desirable 

because of known problems with strains in the N. crassa knock out library (Chinnici et al., 2014; 

Fu et al., 2011; Nishka Kishore, thesis). Even though we have shown that the strains do contain 

the correct deletion, it has been observed that many other mutations may exist in a given knock 

out strain from the library.  

 
4.4 Evidence for post-transcriptional regulation of aod-1 expression 

The high amount of uninduced aod-1 transcript but very low to undetectable AOD1 

protein levels observed in some N. crassa strains such as T1P11 was puzzling. It was 

conceivable that in the absence of an inducing signal, the protein was either not imported into the 

mitochondria or was rapidly degraded. I showed that the protein did not accumulate in the 

cytosol and that there was no apparent system for rapid degradation without the presence of an 

inducing signal. Thus, it was most likely that the protein was not being made, and some form of 

translational control was in place to prevent synthesis of the AOD1 protein under non-inducing 

conditions.  

I hypothesized that a post-transcriptional regulatory region may exist in the aod-1 

mRNA. Such regions have been identified in other transcripts. For example, in c-myc mRNA, a 

cis-acting sequence element, contains a ~250 bp sequence in the coding region called the coding-

region instability determinant (CRD). This region is bound by a protein called the coding-region 

instability determinant binding protein (CRD-BP). CRD-BP is highly expressed in fetal and 

neonatal tissues, and is found in most cell lines. When bound to the CRD, the protein protects the 

c-myc mRNA from endonucleolytic cleavage resulting in enhanced expression (Noubissi et. al. 

2010). However, the majority of proteins that control translation of mRNAs bind to either the 
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5′UTR or 3′UTR of those transcripts (Gebauer et. al. 2012). Several specific protein binding sites 

on mRNAs have been identified in both the 3′UTR and 5′ UTR of transcripts in mammalian 

cells, as summarized in Table 4.1. Sequencing of cloned cDNAs in our lab has shown that the 5′ 

UTR of the aod-1 mRNA is variable in length and generally quite short (Tanton et. al. 2003). 

Most transcripts were found to have a 19-56 nucleotide 5′UTR with multiple transcript start sites 

identified (Fig. 4.1A). The relatively short length of the 5′UTR region in many transcripts makes 

it seem unlikely that it serves as a site for binding proteins involved in translational control. The 

3′UTR is over 150 nucleotides long and may be more likely to be involved as a control region 

(Fig. 4.1B). As illustrated in Table 4.1, AU-rich sequences in particular have been well 

characterized as 3′UTR binding motifs for several RNA-binding proteins (RBPs) in mammalian 

cells. The 3′UTR of the aod-1 gene does appear to be rich in AU/U regions. Some potential RBP 

motifs, based on results from the RNA-binding protein database (RBPDB) binding site 

prediction tool (http://rbpdb.ccbr.utoronto.ca/) are underlined in Fig. 4.1B.  

In many eukaryotes, micro-RNAs (miRNAs) play a regulatory role by interacting with 

the UTR regions. miRNAs are encoded in the genome of most, if not all, eukaryotes. They are 

transcribed as small (approximately 21-22 nucleotides), non-coding RNA molecules that regulate 

translation in eukaryotes (He and Hannon, 2004). In plants and animals, the most common role 

of miRNAs is to post-transcriptionally downregulate genes by blocking translation or by 

promoting degradation of mRNA (Bartel, 2004; Shabalina and Koonin, 2008). Pre-miRNAs are 

processed by DICER, an enzyme present in the cytoplasm of the cell that cuts the pre-miRNA 

into mature miRNA (Macrae et al., 2006). In plants and animals, miRNAs regulate genes 

involved in a wide range of cellular activities, and have been shown to be players in disease,  
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Table 4.1. Examples of some RNA-binding proteins and their binding sites as described in the 

literature. The RNA-binding proteins (RBP), the locations of their binding sites within an 

untranslated region (UTR) of the transcript, general binding sequence (Sequence), known 

binding motifs (Known Motifs), and their functions (Function) are summarized from various 

literature sources given as references. Motifs were obtained from the Attract database 

(https://attract.cnic.es/). * indicates that that up to 64 known motifs were identified by the 

database. 29 were selected for the table based on strongest binding affinity measured by a quality 

score determined by the probability of observing a motif bound by the below indicated RBPs in 

an experiment from the literature analyzed by the database, such as UV cross-linking or EMSA.  
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Figure 4.1. Defining UTRs for the aod-1 gene. A) Promoter and 5′-UTR sequence of aod-1. 

Transcription start sites were identified by sequencing of cloned cDNAs and PCR products 

(Chae et al., 2007). The putative TATA box is bolded and the ATG translation start site is bolded 

in green. Single digit numbers beneath the underlined bases indicate the number of times a 

position was identified as a transcription start site. B) 3′UTR and transcription end sites 

preceding the position of the poly-A tail were also identified by sequencing of cloned cDNAs 

and PCR products (Chae et al., 2007). The TGA translation stop codon is indicated in bold red. 

The numbers beneath the underlined bases indicate the number of times a position was identified 

as immediately preceding the poly-A tail. The closest such site occurred over 150 base-pairs 

away from the stop codon. Potential RBP motifs obtained from the RNA-Binding Protein 

DataBase (http://rbpdb.ccbr.utoronto.ca/) are underlined in panel B.   
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development, and metabolism (Frost and Olson, 2011; Lu et al., 2007; Vidigal and Ventura, 

2015; Wang et al., 2008). Studies conducted on the fungus Cryptococcus neoformans using 

reporter genes showed that miRNAs miR1 and miR2 were able to suppress the expression of 

URA5 (involved in the biosynthesis of uracil) and CLC1 (encodes a chloride channel necessary 

for pigmentation in C. neoformans) (Jiang et al., 2012). While this study was able to show that 

miR1 and miR2 are capable of silencing gene targets in vitro, the span of their gene targets is 

unknown. 

milRNAS (MicroRNA-like microRNAs) have been found in some plants, some fungi, 

and some bacteria, and are produced much like miRNAs, which are derived from stem-loop 

structures processed by DICER. However, they differ in that they do not require certain proteins, 

such as QDE-1 (an RNA-dependent RNA polymerase) and QDE-3 (a DNA helicase) for 

processing that would categorize them as true miRNAs (Chen et al., 2014). A qPCR study 

conducted on the fungus Fusarium oxysporum f. sp. niveum (Fon) revealed the down-regulation 

of toxin-related gene expression by milRNAs (Jiang et al., 2017). The role of milRNAs in N. 

crassa is not as clear. As with C. neoformans, studies done on Neurospora milRNAs 

demonstrated their ability to silence reporter-gene constructs with complimentary milRNA 

sequences, demonstrating that they have the potential to silence endogenous gene targets (Lee et 

al., 2010). However, further studies are needed. 

If proteins or other molecules that post-transcriptionally regulate aod-1 recognize specific 

sequences in the 3′UTR, then altering the sequence of the UTR would be expected to have an 

effect on aod-1 expression. To determine if this was the case, I replaced the 3′UTR region of the 

aod-1 transcript with the UTR of 𝛽-tubulin. Although studies in mammalian cells have found 

that 𝛽-tubulin has an auto-regulation mechanism that controls the degradation of 𝛽-tubulin 
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mRNA, the region involved in the control consists of 13 bp that includes the first 4 translated 

codons (Saussede-Aim et. al. 2009; Gay et. al. 1989). Because of this, I decided to replace the 

5′UTR of aod-1 with the 5′UTR of the MOM protein porin. In the literature, I was unable to find 

any evidence for a control mechanism in the 3′ UTR region of 𝛽-tubulin transcripts, nor any 

evidence for a control mechanism in the 5′UTR region of porin. Furthermore, UTR replacements 

for the purpose of promoter or UTR function studies have been undertaken in other organisms, 

such as C. elegans, with 𝛽-tubulin as the replacement gene (Merritt et. al. 2008). As discussed in 

the Appendix, my experiments (outlined in Fig. 4.2) using the modified 5′ and 3′UTR constructs 

did not yield clear data on the function of these regions. 

 

4.5 Neurospora crassa aod-1 exhibits biological noise in some strains  

An interesting observation from the qPCR data was the variable results seen for certain 

progeny strains, as shown by the large range of ΔCT values and large error bars (Figure 3.14). 

Originally, four biological replicates were graphed that appeared to be quite consistent (Figure 

3.6). However, further analysis revealed that there was high variance among replicates in some 

strains. To gain a better understanding of the range in data, all ΔCT values obtained from all 

qPCR runs were collected and graphed for all the strains. Strains 19, 23 and 26 had the widest 

range of ΔCT values obtained from the biological replicates, with 23 having the greatest variance 

(Fig. 3.14).  

One possible explanation for this variation may be related to the differing effect of the 

flbA mutation on AOX expression in regions of the A. niger hyphal system depending on age, as 

mentioned previously (Section 4.3). That is, the cultures from which RNA was extracted for my  
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Figure 4.2. Replacement of 5′ and 3′UTR regions in aod-1. The transforming base plasmid is 

shown as a circle at the top left. The red line connecting to the box at the top right shows the 

three different variants constructed. For all three variants, the light green, curved bar indicates 

native aod-1 sequence, while the dark green box is the triple (3x) HA tag. The 3′UTR of 𝛽-

tubulin is indicated in red (construct 2), while the 5′UTR of porin is indicated in blue (construct 

3). Strain T1P11 was transformed with each of the three constructs in separate experiments. The 

first transforming plasmid contained hygromycin resistance (HygR) with the coding region of the 

aod-1 gene (tagged with HA at the C-terminus) and the native aod-1 3′ and 5′UTRs. The second 

construct was identical except that the aod-1 3′UTR was replaced with that of 𝛽-tubulin. The 

third construct was identical to the first except that the 5′UTR of aod-1 was replaced with that of 

porin. All vectors were linearized with KpnI prior to transformation to maximize integration. 

Transformants were plated and grown on hygromycin-containing medium. Colonies were picked 

into slants with medium containing hygromycin, and then streaked on hygromycin-containing 

plates to obtain single colony isolates. Individual colonies were picked to fresh slants without 

hygromycin. The chosen transformed strains were grown in media with and without CM. 

Mitochondria were isolated to determine protein levels in both +CM and –CM conditions via 

Western blot using antibodies against both the HA tag and the AOD1 protein. 
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qPCR analysis of aod-1 transcript levels, were liquid cultures. Typically, the total culture  

amounted to about 8 g wet weight when harvested. I took only 100 mg from these culture for 

RNA extraction. The larger culture would consist of both young hyphal regions at growing tips 

as well as older regions where growth had initiated. I would not have been able to tell the 

difference between such regions, but my random sampling may have helped generate the large 

variation observed due to different ages of the cultures that were taken.   

Another possibility is that the variation in aod-1 mRNA in different cultures of the same 

strain may be similar to that observed for other genes in other systems. Plants and fungi, due to 

their sessile nature, may be more susceptible to the effects of minor environmental perturbation. 

Similar to the variation observed in strain 23 among replicates for transcription amount and 

protein levels, variations in replicates have also been observed in the plant Arabidopsis thaliana. 

For example, replicate plants grown in the same macroenvironment within one genotype of an 

Arabidopsis thaliana line harbored differences in measurable plant traits such as height and total 

flower number (Hall et. al. 2007). Stochastic variation in gene expression among isogenic cells 

grown in the same environment is referred to as “noise”, and is not uncommon (Blainey et. al. 

2014).  

While qPCR is generally regarded as the “gold standard” for mRNA quantification, noise 

in qPCR analysis is inevitable and well documented. Human line (HEK293) cell clones have 

been shown to have 20% to 40% variability in transcript levels (Kempe et al., 2015a). The 

reasons for this heterogeneity are not entirely clear. One possibility that has been considered is 

the effect of certain molecules, such as transcription factors, occurring in low numbers in the 

cell. Such molecules tend to display large stochastic deviations on an individual cell-by-cell basis 

compared to their mean number in a cell population. Such fluctuations can be caused by cell 
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division or “transcriptional bursting”, whereby mRNAs are transcribed in sporadic bursts, 

followed by a variable period of inactivity  (Kempe et al., 2015). Noise attributed to gene 

expression is typically categorized as either intrinsic noise or extrinsic noise (Elowitz et. al. 

2002). Intrinsic noise is defined as the stochasticity of biochemical interactions between particles 

in the cell, such as interactions between RNA polymerase and DNA, which rely on collisions 

between the interactants. Extrinsic noise is generated by external factors, ranging from other 

cellular processes to external environmental factors.  

One method to correct or account for such issues is to conduct qPCR analysis on 

individual cells. The field of mRNA analysis appears to be progressing towards this method for 

certain applications (Taniguchi et al., 2009). However, this process can be laborious as it 

involves obstacles such as isolating single cells and amplifying tiny amounts of mRNA from a 

cell. A qPCR design parameter to minimize technical noise may be to limit the reverse-

transcriptase reaction, which converts the mRNA into cDNA, to a single cycle, as efficiency of 

the reverse transcriptase reaction varies and introduces additional noise (Bengtsson et al., 2008). 

At present, the most common way to bypass qPCR is to use next-generation sequencing (NGS) 

technology through RNA-seq. Single-cell-RNA-seq has been utilized in various recent studies of 

gene expression, ranging from deciphering embryonic development (Hashimshony et. al. 2015) 

to identifying transcriptional regulatory networks involved in blood development (Moignard et. 

al. 2015). However, single-cell RNA-seq also has its challenges (Arzalluz-Luque et al., 2017). 

The low amount of RNA from a single cell introduces technical variability, especially in low 

expressed transcripts. To alleviate this issue, 30 or more single-cell transcriptomes are pooled 

together. However, this once again introduces inter-cell variability. Therefore, cell filtering 
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criteria must be applied to account for differences in cell cycle, as well as size, and is another 

factor to take into consideration  (Buettner et al., 2015; Stegle et al., 2015). 

The variation in aod-1 transcript levels was the greatest in strain 23. One possible 

explanation for this might be a mutation in the promoter region of aod-1 strain 23. A study 

conducted in S. cerevisiae examined promoter-mutation-mediated gene expression noise in 

response to acute antibiotic stress (Blake et. al. 2006). Certain strains with certain mutations did 

exhibit higher intrinsic noise compared to other strains. However, our genomic sequence of 

strain 23 revealed no mutations in the aod-1 gene or its upstream region. Another possible 

explanation for the high variation in aod-1 expression observed comes from consideration of a 

proteomic analysis examining single-cell biological noise in S. cerevisiae. This study observed 

noise in >2500 proteins in rich and minimal media (Newman et. al. 2006). A trend was 

discovered wherein proteins involved in stress response were shown to have higher levels of 

noise compared to their housekeeping counterparts, such as ribosomal proteins involved in 

protein synthesis, that exhibit low noise. One explanation for this observation is that it benefits 

cell survival. The plasticity introduced by noise may allow cells to modulate at higher gene 

expression levels and ultimately, allow for better survival under very high stress levels by 

sampling variability to maximize survival (Zhuravel et. al. 2010). Since N. crassa aod-1 is 

regulated in response to mitochondrial stress, it may fall into a class of genes that exhibits high 

variation of expression.  

 

4.6 Future Directions 

The discovery of the flbA mutation and its involvement in the regulation of aod-1 

transcripts was an unexpected but interesting finding. Further work on flbA could include 
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analyzing rescued ∆flbA strains by qPCR to determine if aod-1 transcript levels are comparable 

to wild-type when the gene function is restored. The A. niger ∆flbA paper (Krijgsheld et al., 

2013) also reported the variable expression of aod-1 transcripts in different concentric zones. 

Therefore, testing the sections of N. crassa hyphae in T1P11 for changes in expression of aod-1 

with age could also be performed. Because flbA regulates the FadA Gα subunit in Aspergillus, it 

would be interesting to see if the N. crassa flbA regulates gna-1, the N. crassa FadA homologue. 

N. crassa interestingly has another two Gα subunits (gna-2 and gna-3) (Won et al., 2012) that 

may also be regulated by flbA. In Aspergillus, a dominant loss of function of FadA resulted in 

similar phenotypes to flbA loss of function mutations (Yu et al., 1996). Using the N. crassa 

knock out library, it would be interesting to see if aod-1 transcript levels are elevated in gna-1, -

2, or -3 loss of function strains.  
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Appendix 

5′ and 3′ UTR modification of aod-1 

To examine the possibility that the 5′ and/or 3′ UTR of aod-1 transcripts were involved in 

translational control, I replaced 100 bp of the aod-1 5′UTR sequence with 60 bp of the N. crassa 

porin 5′UTR and 150 bp of the aod-1 3′UTR with 200 bp of the N. crassa 𝛽-tubulin 3′UTR 

sequence. 𝛽-tubulin UTRs have been used to replace other UTRs in similar studies (Merritt et 

al., 2008). The replacements should eliminate any binding sites either for a positive or negative 

regulatory factor that may be present in the native aod-1 UTRs. Thus, I would expect that there 

would be detectable AOD1 protein in -CM conditions in those strains that produce aod-1 mRNA 

in non-inducing conditions. The constructs would be inserted randomly into the genome of strain 

T1P11 and the resident aod-1 gene would remain.  

To differentiate between AOD1 protein produced from the native or modified aod-1 

gene, I designed the UTR-modified constructs to encode an AOD1 protein with a triple HA tag. 

As a control, I also designed an aod-1 gene with its native UTRs and a triple HA tag. The 

constructs were synthesized by BioBasic Inc (Markham, Ontario) and are shown in Appendix 

Fig. 1. The modified and native aod-1 constructs were subcloned by BioBasic into a kanamycin 

resistant plasmid, pUC57, and then sent to the Nargang lab for further manipulation and analysis. 

The aod-1 constructs were amplified by PCR primers containing HindIII and NotI sites. The 

pCSN44 hygromycin and ampicillin resistant plasmid (Staben et al., 1989) was digested with 

HindIII and NotI, the 5′ ends were dephosphorylated, ligated to the digested amplified PCR 

product, and transformed into E. coli XL Gold Competent cells (Appendix Fig. 2). 

Transformants were plated on ampicillin-containing LB agar plates. Plasmids were isolated, 

digested with HindIII, and checked for the desired size on an agarose gel. The plasmids were  
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CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC 
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG 
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT 
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA 
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA 
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG 
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC 
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG 
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT 
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA 
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA 
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC 
CCGTGTCTAGTGCTGTCCGACACATATGGACCATCATCACAAACCTCAAGCGAGTTCCAT 
TACAACTTCACATCACTCCCTAAACTCTCGATGAACACCCC  ... ... 
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC 
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCCTGAtcttgggcg 
gaaggtcttgacagatggttgtggtttgggttcatgaagccaggcgtttttggaccaagt 
tgttgtattatgcgtgttacactagataccccccactctctttgctgtttctggcgtttt 
ggtaaaaaagatactgggttc 
 
 
 
 
 
 
CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC 
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG 
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT 
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA 
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA 
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG 
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC 
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG 
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT 
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA 
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA 
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC 
CCGTGTCTAGTGCTGTCCGACACATATGGAcaacctcactttctccattca 
ccatcatacccgtgtcgccctcacacaacatctttcacaATGAACACCCC  ... ... 
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC 
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCCTGAtcttgggcg 
gaaggtcttgacagatggttgtggtttgggttcatgaagccaggcgtttttggaccaagt 
tgttgtattatgcgtgttacactagataccccccactctctttgctgtttctggcgtttt 
ggtaaaaaagatactgggttc 
 
 
 
 
 
 
 
 

A. 

B. 
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CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC 
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG 
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT 
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA 
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA 
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG 
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC 
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG 
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT 
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA 
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA 
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC 
CCGTGTCTAGTGCTGTCCGACACATATGGACCATCATCACAAACCTCAAGCGAGTTCCAT 
TACAACTTCACATCACTCCCTAAACTCTCGATGAACACCCC  ... ... ... ... 
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC 
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCCTGA 
atcattccactcaacattcaggctcctctgcgcacgtaaagtgccaaaggcaataccctgc 
tcggtggaatgccgccgggcttgtcgattttacgcacatatgcgcattcttgacttgaagc 
ggaggagttcttcgttgcgggttacagtgttttaataaaagaatggtcaaatcaaactgct 
agatatacctgtcagac 
 
 
Appendix Figure 1. Synthetic genes synthesized by BioBasic (Markham, Ontario) for 

subcloning. For all panels, the triple HA tag is highlighted in gray, the start codon is highlighted 

in green, and the stop codon is highlighted in red. The coding sequence is not fully shown and is 

represented with periods (…) shortly after the start codon. The native 5′UTR region is 

highlighted in turquoise, while the native 3′UTR region is highlighted in yellow. A. Unmodified 

native 3′ and 5′UTR of aod-1 with triple HA tag. B. Triple HA-tagged aod-1 modified with 

5′UTR of porin. The native 5′UTR region is replaced with 60 bp of the 5′UTR of the N. crassa 

porin gene (lower case blue). C. Triple HA-tagged aod-1 modified with β-tubulin. The native 

3′UTR region is replaced with 200 bp of the 3′UTR of the N. crassa β-tubulin gene shown in 

lower case blue font.  
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Appendix Figure 2. Strategy of transforming plasmid construction. A) Synthetic gene sequences 

(refer to Appendix Fig. 1) were synthesized by BioBasic Inc. (Markham, Ontario) and were 

cloned into the pUC57 plasmid with kanamycin resistance. The native aod-1 sequence with the 

triple HA-tag was cloned into a StuI and EcoRV site. The triple HA-tagged aod-1 with the 

5′UTR replaced by the 5′UTR sequence of porin was cloned into an EcoRV and SalI site. The 

triple HA-tagged aod-1 with the 3′UTR replaced by the 3′UTR sequence of the β-tubulin was 

cloned into a SmaI site. B) The triple HA-tagged synthetic genes were PCR amplified from the 

pUC57-Kanamycin resistant plasmid with PCR primers (shown as arrows outside the top left 

plasmid circle) containing NotI and HindIII sites (only the aod-1 sequence with native UTRs is 

shown as an example, but all three constructs from the plasmids shown in panel A were 

amplified and cloned as described below). The fragments were ligated into a NotI and HindIII 

digested pCSN44 plasmid that encodes ampicillin (AmpR) and hygromycin (HygR) resistance 

(Staben et al., 1989). XL10-Gold Ultracompetent E. coli cells were transformed with the ligation 

mixture and plated on LB + ampicillin plates. Colonies were isolated and grown in liquid LB + 

ampicillin. The plasmids were isolated, linearized, size checked via gel electrophoresis, and used to 

transform N. crassa conidia. 
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also sequenced as an additional measure to ensure that the final constructs were as designed. 

Prior to transforming N. crassa conidia, the plasmids were linearized to increase N. crassa 

transformation efficiency. T1P11 conidia were then electroporated with the linearized pCSN44 

plasmid containing either the HA-tagged modified UTR constructs, or the native HA-tagged 

aod-1 gene (summarized in Appendix Fig. 2). Electroporation was as described previously 

(Margolin et al., 1997, 2000; Tanton et al., 2003). 

Ten isolates containing the 3′UTR modified construct (isolates 6, 8, 11, 12, 21, 34, 36, 

38, 39 and 40), ten isolates containing the native HA-tagged AOD1 (isolates 10, 19, 24, 25, 26, 

29, 30, 36, 40, 50) and 5 isolates containing the 5′UTR modification (1, 2, 8, 19, 31) were 

obtained based on their ability to grow on medium containing hygromycin. Since the 

transformation protocol results in random, and possibly incomplete integration of the entire 

construct into the genome, it was possible that some transformants took up only the hygromycin-

resistant portion of the constructs. Therefore, the isolates were examined for expression of the 

HA tagged AOD1 protein. Strains were grown in liquid media containing CM and mitochondria 

were isolated. To confirm the presence or absence of the different aod-1 constructs, Western 

blots were conducted on mitochondria from the isolates using an HA antibody. Six isolates of the 

3′UTR modification (isolates 6, 8, 11, 12, 21, and 38), 2 isolates of the 5′UTR modification 

(isolates 1 and 2) and 5 isolates of the native HA-tagged AOD1 isolates (isolates 19, 24, 30, 40 

and 50) were confirmed to contain the modified or native HA-tagged AOD1 (summarized in 

Appendix Table 1).  

To determine if there was a difference in expression of AOD1 protein in the isolates 

containing the modified constructs as compared to strain T1P11, the six 3′UTR modified isolates 

(6, 8, 11, 12, 21 and 38) as well as two 5′UTR modified isolates (1 and 2) were grown in the 

absence of CM and examined by Western blot for AOD1 protein. If either the 5′ or 3′ aod-1 



 181 

 

 
 

Appendix Table 1. List of isolates tested for presence or absence of HA-containing construct. 

T1P11 was transformed with constructs containing a hygromycin resistance marker and either a 

modified 3′UTR aod-1 construct, a modified 5′UTR aod-1 construct, or the native aod-1 5′ and 

3′-UTR sequences. All constructs encoded a C-terminal 3X HA-tagged AOD1 protein. Isolates 

were grown in +CM containing media, and mitochondria were isolated. Western blots were 

performed for each isolate using an HA antibody to determine the presence or absence of the 

construct in each isolate. Y (yes) and N (no) indicate if an isolate expressed the HA-tagged 

AOD1 protein.  
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 UTR sequence was bound by sequence-specific regulatory proteins that played a role in 

translational regulation of transcripts, I expected to see HA-tagged AOD1 protein in the –CM 

UTR-modified mitochondrial fractions. Western blot analysis was conducted on samples using 

both an HA antibody to detect the modified protein, as well as an AOX antibody to detect the 

native, untagged protein. The AOX antibody was expected to detect HA-tagged AOD1 protein as 

well, resulting in two bands migrating at slightly different molecular weights due to the extra 4.3 

kb added by the triple HA tag.  

As expected, since the endogenous aod-1 gene was still present in all strains examined, 

the AOD1 antibody detected AOD1 protein in all isolates grown in the presence of CM 

(Appendix Fig. 3). Interestingly, all strains containing the 5′ and 3′UTR modified constructs 

(except the 3′-modified isolates 12 and 21) gave rise to detectable HA-tagged protein in the 

absence of CM (Appendix Fig. A, B). It is unclear why the AOD1 antibody did not detect the 

HA-tagged protein. Conceivably, the C-terminal HA-tag disrupts an epitope(s) for the antibody 

which was made to a C-terminal fragment of AOD1 (Tanton et al., 2003). The band seen in the 

transformants was not detected in NCN233 or T1P11 in either the presence or absence of CM. 

This observation makes it highly unlikely that the band seen in the constructs is a non-specific 

protein that reacts with the HA antibody.  

At first glance, the above results seemed to support the involvement of both the 5′ and 

3′UTRs in controlling translation of the aod-1 mRNA. However, examination of the isolates 

expressing the HA-tagged AOD1 protein in the context of the native aod-1 5′ and 3′UTR 

sequences (Appendix Fig. 3 C) revealed a band of similar size in the mitochondria of these 

strains. Thus, the results for the modified constructs cannot be attributed to the altered 5′ and/or 

3′UTRs. 
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Appendix Figure 3. Western blot analysis of AOD1 proteins in UTR modified and native 

constructs expressed in strain T1P11. Cultures of wild-type NCN233, untransformed T1P11, and 

isolates of T1P11 transformed with the 5′UTR modified construct and the 3′UTR modified 

construct, and the native HA-tagged AOD1 protein constructs were grown in –CM conditions (-) 

for 16 hours, and +CM conditions (+) for 18 hours. Mitochondria were isolated and subjected to 

SDS-PAGE. Proteins were transferred to PVDF membrane and examined with antibodies shown 

on the right. The presence of the native, untagged and unmodified AOD1 protein was detected 

using an AOD1 antibody while the tagged version was detected with an HA antibody. Hsp70 

served as a loading control. A) 5′UTR modified and 3′UTR modified isolates with HA-tagged 

AOD1 construct. B) 3′UTR modified isolates with HA-tagged AOD1 construct. C) Isolates with 

native 5′ and 3′UTR sequences with HA-tagged AOD1 construct.  
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In conclusion, the experiments described above did not allow conclusions about the role 

of the UTRs to be reached. Explanations for the data seen in the transformants containing the 

native UTRs with the HA-tagged AOD1 are not obvious. One possibility is that the sequence 

encoding the HA-tag at the 3′ end of the aod-1 coding sequence interferes with a bonafide role of 

the 3′UTR in translational control. However, investigation into this possibility is beyond the 

scope of this thesis. 
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