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Auxotrophs for Use as Selectable Markers in Fusarium graminearum 

 

 

Introduction 

Fusarium graminearum as a Model Organism for Gene Expression Research 

 Packaging and expression of genetic information is regulated in intricate manners, which 

requires sophisticated research methods to analyze.  This genetic information is responsible for 

the expression of developmental programs to yield a cell’s ability to use energy, reproduce, 

respond to external and internal stimuli, adapt to their environment, and function as a biological 

entity [1].  DNA is categorized into coding and noncoding regions, where coding regions are 

units that hold the sequence of information to transcribe DNA into a specific messenger RNA 

and, by subsequent translation, proteins [1].   The transcription and translation of these genes is 

tightly controlled with several levels of usually complex regulation [1]. 

Gene expression, the degree to which the information found within DNA is transcribed, 

translated, and ultimately encoded into a functioning product, is essential for all cellular 

processes [1].  While some pathways to gene expression and regulation are well investigated, the 

larger field of “epigenetics”—the study of gene regulation switches that are inherited, persist 

through the cell cycle, are reversible but that do not rely on changes in DNA sequences—is still a 

burgeoning research field.  Research into gene expression has many pertinent applications, such 

as a more complete understanding of cell differentiation and development [2].  Second, many 

human and animal diseases have been found to be caused by abnormal gene expressions, 

especially with the development of cancers [1].  Lastly, regulation of gene expression plays a 
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role in how we feed our population, in both the crops that are consumed, and the plant pathogens 

that plague these crops [3]. 

Fusarium graminearum is a filamentous fungus and plant pathogen of cereal crops, 

especially wheat and corn, which affects harvests worldwide [4].  The fungus causes Fusarium 

Head Blight on wheat and barley, which makes these infected food crops inedible for human 

consumption through the production of toxic secondary metabolites termed mycotoxins [3].  

Investigating gene expression within this filamentous fungus may have applications in 

combatting the destruction of crops by F. graminearum by gaining greater insight into the 

mechanism of pathogenicity, in order to develop methods of inactivation. 

In particular, F. graminearum is known to have abundant trimethylation of lysine residue 

27 on histone H3, H3K27me3, a modification that governs regulation of secondary metabolite 

clusters and pathogenicity genes [2].  In F. graminearum, this mark is deposited by the 

Polycomb Repressive Complex 2 (PRC2) and functionally silences gene expression at and 

around locations of H3K27me3 enrichment [2].  This chromatin mark is of particular interest 

because it is not present in other traditional fungal models, such as budding or fission yeast, yet 

is of significant interest to human health [5].  Polycomb proteins in humans behave in similar but 

distinct manners, where the PRC1 complex reads H3K27me3 markings deposited by PRC2 [5]; 

PRC1 appear to be absent from fungi.  As illustrated in this case, F. graminearum functions as a 

promising, genetically tractable model organism in which to study gene expression regulation 

that may also affect human health.  One of my aims was to facilitate molecular biology and 

genetics research with F. graminearum, in order to establish parallels with human biology and to 

expedite research insights as they apply to humans. 
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Function of Selectable Markers 

 Without additional tools like antibodies, gene expression in the form of actual protein 

levels can be difficult to measure because the ultimate product of gene expression, proteins, can 

be difficult to isolate in a reliable and timely manner [6].  Instead, reporter genes are routinely 

utilized to track gene expression in the form of mRNA levels, where an endogenous gene is used 

or an additional gene is incorporated into the genome; many reporter genes, for example green 

fluorescent protein (GFP), also result in readily measurable protein products. 

Sometimes reporter genes are also used as selectable markers for genetic experiments.  In 

fungi, antibiotic resistance genes are widely used as selectable markers, for example hph 

(encoding hygromycin phosphotransferase and conferring resistance to Hygromycin B) or neo 

(encoding neomycin phosphotransferase and conferring resistance to neomycin or G418), where 

an inserted antibiotic resistance gene at any region of interest and subsequent growth on media 

with antibiotic is indicative of expression at that site.  Integration at the expected or “correct” 

endogenous location is determined by polymerase chain reaction (PCR) or Southern analyses [2].  

An alternative to an antibiotic reporter gene is to instead use genes encoding for enzymes 

catalyzing reactions in metabolism (from now on referred to as “metabolic genes” for brevity) as 

selectable markers.  In this case, a metabolic gene deletion strain, deficient in the enzymes 

required to autonomously synthesize an essential cell metabolite, is used [6].  Correct integration 

and expression of a complementing metabolic gene is also determined by PCR and Southern 

analyses and can be measured by growth on minimal media, respectively.  This approach is 

widely used in Saccharomyces cerevisiae, Schizosaccharomyces pombe, Neurospora crassa, and 

Aspergillus nidulans, all traditional model organisms that have been subjected to genetic studies 

as part of which many strains deficient in metabolic genes have been isolated and characterized. 
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Significance of Auxotrophs in Genetic Analyses 

Many studies in “non-model” fungi have used antibiotic resistance genes as a selectable 

marker, largely because selection and characterization of mutants deficient in metabolism is a 

labor-intensive and arduous process.  Nevertheless, “auxotrophs,” i.e. strains requiring a specific 

nutrient, thus separating them from “prototrophs” that can synthesize all nutritional 

requirements, are highly useful. 

While both methods are functionally valid, metabolic gene deletion strains are preferable 

because amino acid or other nutritional supplements are much less expensive than antibiotics and 

are readily available.  Additionally, some traditionally used antibiotics (such as Hygromycin B) 

are harmful, toxic compounds not just to fungi, but also to humans and to the environment.  

Perhaps most importantly, due to the toxicity, the addition of antibiotics may affect cellular 

functions even in resistant strains in unforeseen ways [6].  In summary, selection using 

nutritional supplements instead of antibiotics is less expensive, uses less toxic compounds, and is 

more likely to retain accurate cellular functions. 

While auxotrophs serve an important role in genetic analyses for other model organisms, 

such as Escherichia coli, S. cerevisiae, and N. crassa, not a single F. graminearum auxotroph 

has been used, and there has previously been only one approach to use metabolic markers in F. 

graminearum research [7].  Nitrate non-utilizing mutants, strains unable to utilize nitrate due to 

disruptions in their nitrate reduction pathways, were generated through UV mutagenesis and used to 

determine vegetative compatibility within strains of F. graminearum [7, 8].  Here, these nitrate non-

utilizing (nit) mutants are considered excellent genetic markers for determining vegetative compatibility 

through vegetative compatibility tests that identify complementary strains by pairing different nit mutants 

on minimal medium with nitrate [8, 9].   
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To generate F. graminearum auxotrophs for use as selectable markers in genetic 

analyses, I generated strains in which a single essential metabolic gene has been removed from 

the genome (“single gene deletion strain”) by replacement with antibiotic resistance genes (neo).  

After validation by selective media and PCR, these single auxotrophs were crossed in order to 

generate strains with multiple deletions of metabolic genes.  Progeny were again screened on 

selective media and by PCR, and prospective double auxotrophs were validated by Southern 

analyses to determine if the gene deletions were correct.  Finally, the reporter gene replacing 

each metabolic gene was removed by utilizing Cre recombinase, which targets loxP sites 

engineered around the neo reporter gene, a process that allows “marker recycling” [10].  The end 

products are single strains that are unable to synthesize two essential metabolites (e.g. 

nicotinamide and pyridoxine) and that have neither the hph nor neo genes, which will allow 

future use of these selectable antibiotic resistance genes. 

These strains are already being utilized for further study and characterization of the 

PRC2- and H3K27me3-dependent gene silencing of F. graminearum.  The availability of these 

auxotrophs and plasmids with selectable marker cassettes will undoubtedly advance research 

with F. graminearum worldwide. 

 

 

Materials and Methods 

Media and Culture Conditions 

Strains of F. graminearum were grown at room temperature in either Yeast Extract-

Peptone-Dextrose (YPD) broth to generate vegetative tissue or Carboxymethylcellulose (CMC) 

medium to collect asexual conidia [2].  Fusarium Minimal Medium (FMM), a growth medium 
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lacking essential amino acid and vitamin supplements, was used to assay transformant colonies 

[2].  To limit the exposure of metabolic gene-deficient strains to excess supplements, 

transformants were grown on FMM with required supplement prior to selective media assays. 

To store transformant tissues, cultures of tissue from solid YPD with 100 µg/mL G418 

were inoculated in liquid CMC, grown for 4-6 days, filtered through sterile cheesecloth and 

stored at -80C in 25% glycerol.  All tissues were collected and grown according to the previously 

published methods [2].  Since F. graminearum is a self-fertile, or homothallic, species, selfings 

of successfully transformed strains were performed to purify transformants; sexual crosses were 

performed at room temperature on carrot agar, as described in [11], to select for recombinant 

progeny with different marker combinations. 

 

Generation of Cassettes to Delete Metabolic Genes 

 Metabolic gene deletion cassettes with the selectable neomycin or G418 (neo+) resistance 

marker, encoding for neomycin phosphotransferase, were generated by two rounds of fusion 

PCR, as described elsewhere [12].  The plasmid pLC13-Tom-loxP-neo-loxP was used to amplify 

the loxP-neo-loxP cassette, using the primers OMF 1959 and OMF 1958 (Table 1).  The 

essential metabolic genes am (requires alanine without excess glycine), aro1 (requires aromatic 

compounds, phenylalanine, tyrosine, and tryptophan together), lys3 (requires lysine), met8 

(requires methionine), nic2 (requires nicotinamide), pdx1 (requires pyridoxine), ser3 (requires 

serine), thi2 (requires thiamine), thr2 (requires threonine), and trp3 (requires tryptophan) were 

selected as targets for deletion.  To target each essential metabolic gene, the 5’ and 3’ flanking 

regions of each gene were amplified from genomic DNA of the F. graminearum reference 

wildtype strain, PH-1, using primers specific for each metabolic gene (Table 1).  For example, 
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the 5’ and 3’ flanks of nic2 were amplified from genomic PH-1 DNA using the primers OMF 

3756 and OMF3757 or OMF 3758 and OMF 3759, respectively (Table 1). 

Each metabolic gene flank was independently fused to the loxP-neo-loxP cassette with 

the neo split marker primers OMF 3557 and OMF 3558 (Table 1).  All PCR products were 

separated by running through a 0.8% agarose gel to verify DNA fragment size and gel-purified 

using QIAgen QIAquick gel purification kits. 

 

Protoplasting and Transforming F. graminearum 

 Protoplasts of F. graminearum PH-1 were generated from fresh mycelia grown in liquid 

YPD for 24 hours, following methods previously described [2].  Approximately 107 protoplasts 

were transformed with 2 µg of split marker fragments including (a) the 5’ flank of each 

metabolic gene fused to the 5’ and center part of the neo gene and (b) the center and 3’ part of 

the neo gene fused to the 3’ flank of each metabolic gene, as described above.  The 

transformation protocol has been described previously [2].  Transformed protoplasts were plated 

on complete Regeneration Medium (RM).  After 24 hours, the plates were overlaid with RM 

containing 200 µg/mL G418 for a final concentration of 100 µg/mL G418 after diffusion into the 

lower part of the agar plate.  Colonies that displayed resistance to G418 were screened for 

correct metabolic gene deletion by selective media, PCR, and Southern blot analyses. 

 Transformations to complement the auxotroph host were conducted following the same 

protoplasting method.  Approximately 107 protoplasts were transformed with 1 µg of metabolic 

gene cassette, amplified from Fusarium asiaticum genome.  Transformed protoplasts were plated 

on FMM, and colonies formed between 4-7 days after transformation. 

 



- 8 - 
 

Sexual Crosses of F. graminearum Gene Deletion Strains 

 Transformants were selected for crosses according to their linkage group as determined 

by the Broad Institute BLAST analysis (Figure 1) [13].  Single gene auxotrophs were first 

crossed with a mating-type mutant FMF 433 (Δmat1-1-1::hph), which is deficient in one of the 

two mating-type gene clusters and thus prevents selfing, and then crossed with a single metabolic 

gene auxotroph of different linkage group to generate a single strain with multiple gene 

deletions. 

All sexual crosses were performed at room temperature on carrot agar plates according to 

methods described previously [11].  Carrot agar was inoculated with the female mating-type 

mutant strain, deficient in one of the two mating-type genes.  When the fungus completely 

covered the carrot surface (after 6-8 days), all mycelium was gently scraped off the agar surface 

and spread with a mixture of 600 µL 2.5% Tween and 15 µL dense conidial suspension of the 

male strain.  After an additional 5-10 days, perithecia formed and the dishes were flipped over to 

allow shooting of ascospores to the plate lid.  Discharged ascospores were collected in water and 

spread onto FMM with both required supplements according to parent genotype.  Progeny were 

isolated and individually screened again by selective media and PCR, as described above. 

 

Southern Blot Analyses of Auxotrophs 

 The isolated genomic transformant DNA for Δnic2::neo and the wildtype PH-1 DNA 

was digested with AseI.  Genomic transformant DNA for Δthi2::neo and PH-1 was digested with 

ScaI, and Δser3::neo was digested with NaeI.  The restriction enzyme EcoRI was used to digest 

Δnic2::neo and Δpdx1::neo double gene auxotrophs.  Southern blots were executed as described 
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in [14] or following the manufacturer’s protocol for generating Digoxigenin-labeled probes 

followed by NBT/BCIP detection (Roche). 

 

Removing neo Marker using Cre Recombinase 

 Cre recombinase was used to target the loxP sites engineered around the neo antibiotic 

resistance gene to remove the selective marker.  Cre recombinase was introduced by the plasmid 

pLC28Crehph_pLC15, integrated into FMF 180 (pan2::loxP, cre+, hph+). 

Equal counts of approximately 1.2×106 protoplasts of FMF 180 (pan2::loxP, cre+, hph+) 

and FMF 597 (Δnic2::neo, Δpdx1::neo) were mixed, combined with 1 mL 30% polyethylene 

glycol, and incubated for 15 minutes at room temperature.  Protoplasts were gently washed twice 

with 5 mL 0.6M NaCl using snip-tipped pipet tips, resuspended in sterile water, and then fused 

protoplasts were plated at a density of 2×105 protoplasts per petri dish onto FMM with 28% 

sucrose.  Fused colonies were transferred to and grown on FMM for 21-28 days, then screened to 

be neo- by selective media and PCR. 

 

 

Results 

 To generate useful F. graminearum auxotrophs for genetic analyses and for future use of 

the respective genes as positive selectable markers, I designed a pipeline of experiments to 

generate transformants, analyzed these primary transformants on selective media and PCR, and 

crossed positive transformants in order to generate strains with multiple deletions of metabolic 

genes.  Progeny were re-screened on selective media and by PCR, and prospective double 

auxotrophs were validated by Southern analyses to determine if gene deletions were as expected.  
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In total, seven single gene auxotrophs were generated (targeting aro1, met8, nic2, pdx1, ser3, 

thi2, and trp3, separately, for deletion), while the genes for am, lys3, and thr2 were never 

successfully deleted (Table 2).  From these strains, three separate double gene auxotrophs were 

generated: FMF 597 (Δnic2::neo, Δpdx1::neo), FMF 638 (Δnic2::neo, Δser3::neo), FMF 639 

(Δnic2::neo, Δtrp3::neo).  In one case, the antibiotic-resistance conferring reporter gene that 

replaced the metabolic gene was removed by utilizing Cre recombinase, in order to generate 

FMF 601 (Δnic2::loxP, Δpdx1::loxP). 

 

Screening Transformants by Selective Media 

 Transformants that grew through the antibiotic overlay were assayed on YPD with 100 

µg/mL G418, on FMM, and on FMM with respective supplement.  Correct integration of the 

neo+-metabolic gene deletion cassettes would leave transformants deficient in the enzymes 

and/or cofactors necessary for the organism to autonomously synthesize the respective essential 

amino acid or vitamin.  Therefore, transformants that were unable to grow on FMM while able to 

grow on FMM supplemented with the respective deficient amino acid were selected for further 

screening.  For example, transformants from a nic2 gene deletion that were unable to grow on 

FMM but did grow on FMM with nicotinamide supplement were selected for further screening 

by PCR, while any transformants that grew on FMM alone were not further studied. 

 

Screening Transformants by PCR 

 Genomic DNA from transformants was isolated according to a previously published 

method [15].  To assess the correct integration of the neo+ cassette, PCR was performed using 

primers specific to the desired area of integration to amplify the entire metabolic gene cassette 
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and specific to neo to verify presence of the marker (Figures 2-8).  From each transformant, the 

entire replacement cassette was first amplified and compared with wildtype alleles to assess size 

of metabolic gene versus neo integration.  Second, additional fragments were amplified from the 

upstream flank to the middle of neo to determine correct location of integration within the 

genome.  For example with nic2::neo transformants, first, the 5’ flank to 3’ flank was amplified 

using OMF 3756 and OMF 3759, and second, the 5’ flank to neo split marker reverse region 

were amplified using primers OMF 3756 and OMF 3558 (Table 1). PCR validations of 

transformant genomic DNA were compared with wildtype PH-1 genomic DNA.  Strains that 

fulfilled both criteria were selected for crossing and for final validation by Southern blot 

analyses. 

 

Verification of Transformant Strains by Southern Blotting 

 Prospective transformants that had passed selective media and PCR screenings were 

validated by Southern blot.  Single metabolic gene deletion auxotrophs were first probed with a 

neo probe to demonstrate correct integration of the neo gene at the correct metabolic gene locus 

(Figure 9).  The wildtype PH-1 negative control was expected to have no fragment when probed 

with neo, while the positive neo+ control has a band at 2.5 kb.  Lane 1 was expected to have a 

fragment at 5.5 kb for FMF 474, lane 2 was expected to have fragments at 5.3 and 4.1 kb for 

FMF 475, lane 3 was expected to have a 3.5kb fragment for FMF 476, lane 4 was expected to 

have a 3.4 kb fragment for FMF 519, lane 5 was expected to have a 3.5 kb fragment for FMF 

632, and lane 6 was expected to have fragments at 5.3 and 4.1 for FMF 633.  All probed single 

gene auxotrophs indicate neo signal at the specific genes of interest. 
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 Additionally, double auxotroph strains were screened to check for double integration of 

neo markers (Figure 10).  Here, the wildtype PH-1 negative control was expected to have no 

fragment when probed with neo, while the positive neo+ control has a band at 8.8 kb.  When 

probed for neo (Figure 10A), two bands were expected for lane 2 and lane 5, at 5.4 kb and 7.4 

kb.  Probing for the nic2 gene, lanes 2 and 5 were expected to have fragments at 5.4 kb (Figure 

10C).  Probing for the ser3 gene showed a slight difference between wildtype and deleted ser3 

gene (Figure 10D).  Here, the strain FMF 638 (Δnic2::neo, Δser3::neo) in lane 2 and FMF 639 

(Δnic2::neo, Δtrp3::neo) in lane 5 appear to have two copies of neo, with bands as expected 

when probed with the genes for neo and with nic2. 

 The double auxotroph FMF 597 (Δnic2::neo, Δpdx1::neo) was successfully fused with 

Cre recombinase to effectively remove the neo gene marker, to generate FMF 601 (Δnic2::loxP, 

Δpdx1::loxP) (Figure 11).  Again the wildtype PH-1 shows no signal and the neo+ control has a 

positive signal at 2.5 kb, when probed with the neo gene.  The P1 lane was expected to have a 

band at 3.4 kb and the P2 lane was expected to have a fragment at 5.5 kb, for each parent.  Lane 

1, containing the progeny of a cross between FMF 519 (Δnic2::neo, mat1-1-1::hph) and FMF 

474 (Δpdx1::neo), was expected to two bands, one at 3.4 kb and one at 5.5 kb.  Lane 2, 

containing the Cre recombinase-treated strain, with neo removed, was expected to have no 

bands.  To further validate the removal of the neo gene, FMF 601 will be sequenced, to check for 

the loxP site at the two loci for nic2 and pdx1, but the Southern blot indicates a loss of signal 

between lanes 1 and 2, indicating the removal of the neo gene after fusion with the cre+ strain 

FMF 180 (pan2::loxP, cre+, hph+). 
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Complementation of Auxotrophic Strains 

To demonstrate the utility of the metabolic genes as selectable markers, strains with 

single gene deletions were transformed with the entire metabolic gene cassette to complement 

the auxotroph host.  After selective media and PCR screenings to identify strains that are able to 

grow on FMM and possess the metabolic gene, respectively, prospective strains were tested by 

Southern blots and probed for the neo gene. 

The validated auxotroph strains with the genes trp3, pdx1, ser3, thi2, and nic2 targeted, 

separately, for deletion were complemented with the entire metabolic gene from either F. 

graminearum or F. asiaticum, excepting the ser3 deletion strain which was only transformed 

with F. graminearum DNA (Table 3).  The total number of transformants per transformation 

ranged from a single colony to seventy, with most transformation yielding between ten to twenty 

transformants.  Of these transformants plated on FMM, which grew through the selective media, 

all colonies demonstrated the ability to grow without the host strain’s required supplement.  Only 

three colonies demonstrated no growth on YPD with 100 µg/mL G418, indicating that nearly all 

transformants were ectopic integrations. 

Of the successful transformants, FMF 635 (ser3+,  neo-), FMF 636 (thi2+,  neo-), and 

FMF 637 (thi2+,  neo-) demonstrated no growth on medium with G418 (neo-) and had lost the 

neo gene by PCR screening, both of which indicate targeted integration at the metabolic gene 

locus.  These strains also showed a loss of signal when probed with the neo gene (Figures 12 and 

13).  In Figure 12, the host in lane 1, FMF 474 (Δpdx1::neo) was expected to have fragments at 

5.3 and 4.1 kb, and the transformant in lane 2 was expected to have no neo signal.  In Figure 13, 

the host in lane 1 FMF 476 (Δthi2::neo) was expected to have a fragment at 3.5 kb, and the 

transformants in lanes 2 and 3 were expected to have no neo signal. 
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Additionally, since F. asiaticum possesses Single Nucleotide Polymorphisms (SNPs) 

when compared with the F. graminearum genome, the prospective strains were sequenced 

around the metabolic gene to verify integration of F. asiaticum DNA.  The strain FMF 634 

(Δtrp3::neo, trp3+) was sequenced by Sanger sequencing using the trp3 5F primer OMF 1700, 

then compared with the known F. asiaticum and F. graminearum sequences using Muscle alignment 

(Figure 14).  The presence of SNPs at nucleotide number 91, 174, 184, 218, 315, 440, 456, 469, 

493, 502, 503, and 527 demonstrates complementation of the auxotrophic strain FMF 388 

(Δtrp3::neo) with the F. asiaticum trp3 gene (Figure 14). 

 

 

Discussion 

 Transformations to replace essential metabolic genes with the neo gene were less 

successful than the transformations to complement the auxotroph strains, in part due to the 

highly targeted nature of the former.  When attempting to delete specific metabolic genes, only 

targeted integrations of the neo split marker cassette at the respective metabolic gene locus were 

acceptable.  Any ectopic integrations of the deletion cassette were not wanted, since those strains 

still remained prototrophs.  When attempting to complement successfully validated auxotrophs, 

both targeted integrations at the locus of the metabolic gene and integrations elsewhere on the 

genome demonstrated an incorporation of the metabolic gene as a marker, and reinstatement of 

wildtype phenotype. 

As previously stated, the essential metabolic genes am, thr2, and lys3 were never 

successfully deleted, encoding for NADP-glutamate dehydrogenase, threonine synthetase, and 

postulated to encode for homocitrate synthase, respectively [16].  This might be due to the nature 
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or size of the genes themselves, or more likely, integration of the neo gene elsewhere in the 

genome, not specific to the targeted metabolic gene of interest.  With no successful transformants 

of these metabolic gene deletions, these genes were not further explored.  Instead, the seven 

metabolic genes that were successfully deleted (aro1, met8, nic2, pdx1, ser3, thi2, and trp3), 

were validated and crossed. 

Of the seven successful single auxotrophs available, crossing only yielded three 

successful genotypes: two strains with Δnic2::neo and Δpdx1::neo, one strain with Δnic2::neo 

and Δtrp3::neo, and one strain with Δnic2::neo and Δser3::neo (Table 4).  Each attempted cross 

was not within linkage groups, which would effectively prevent successful recombination of the 

two targeted metabolic genes.  Finally, the removal of the neo gene only yielded a single 

successful colony, FMF 601 (Δnic2::loxP, Δpdx1::loxP).  The time required for the Cre 

recombinase to remove the antibiotic resistance gene was very high, approximately 26 days and 

several passages on FMM to retain the codependence of the fused strains. 

 While the process to remove these essential metabolic genes was arduous, the 

transformations to complement the auxotrophic strains with their respective metabolic gene were 

much more successful.  Transformations into auxotrophic strains yielded between approximately 

ten to thirty transformant colonies per 107 protoplasts after six days, implying a greater fidelity of 

incorporating endogenous genomic DNA than foreign antibiotic resistance genes.    The 

reincorporation of complementary metabolic genes is pivotal moving forward with these 

auxotrophs, because it demonstrates the ability of these metabolic genes to be used as selectable 

markers and reinstatement of the wildtype phenotype.  This is demonstrated in both the targeted 

replacements of the neo gene at the locus of metabolic gene for FMF 365 (ser3+, neo-) and for 
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FMF 636 (thi2+, neo-), and in the abundance of ectopic integrations in the transformants (Table 

3). 

 While the auxotrophic strains have now been generated, the immediate next step is to 

generate a system in which to make the complementary metabolic genes readily available as a 

selectable marker.  To accomplish this, each metabolic gene, with flanking region, will be 

amplified by PCR, inserted, separately, into the pTOPO plasmid, and transformed into competent 

E.coli cells.  Then, the metabolic gene can be easily isolated and amplified from purified plasmid 

DNA. 

 

Further Applications of F. graminearum Auxotrophic Strains 

 Auxotrophic strains will continue to be a convenient tool for applied scientific research in 

molecular biology and gene expression.  Increasing the arsenal of tools available for genetic 

analysis will only aid in genetic and epigenetic research, allowing for more complex 

experiments.  With the use of auxotrophs in F. graminearum, and furthermore auxotrophs with 

multiple gene deletions, the number of selectable markers available for genetic analysis will 

enable researchers to sensitively explore gene expression with greater ease and ability. 

 F. graminearum is a promising model organism in which to study as a pathogenic fungus.  

Additionally, the fungus is an appropriate model to explore Polycomb Repressive Complex 2 and 

associated histone modification H3K27me3, and as a tractable eukaryotic model, draw parallels 

with human health.  The auxotroph strains made in this work are already being utilized to 

explore the PRC2 complex by permitting a greater number of functional selectable markers.  The 

possible further applications of auxotrophic strains in F. graminearum research are promising. 

  



- 17 - 
 

Tables and Figures 

Table 1: List of oligonucleotides used for PCR 

 

Gene  Oligo # Name Oligonucleotide sequence (5’ - 3’) 

Fg_trp OMF 1700 Fgtrp35F GACCCGTGCCGTGAGAGACGATCC 

OMF 1701 Fgtrp33R CTTCAGATTTCACGTATTGTCTCG 

neo OMF 1958 loxPR_84_new CGAGCTCGGATCCATAACTTCGTATAGCA 

OMF 1959 loxPF_1148_new ACAAGTAAGAATTCGATATCAAGCTTATC 

OMF 3557 neo_SM_F_new TTGAACAAGATGGATTGCACG 

OMF 3558 neo_SM_R_new AGGCGATGCGCTGCGAATCGG 

Fg_am OMF 3712 Fg_am_5neoF_Bam GCGGGATCCGGCACAGGTAAGGAGGTATGG 

OMF 3713 Fg_am_5neoR GATAAGCTTGATATCGAATTCTTACTTGTAGTGTTCAGCTGCATTTGGGA 

OMF 3714 Fg_am_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGTTGGATAACCCGGCAAAGCA 

OMF 3715 Fg_am_3neoR_Bam GCGGGATCCTGGCGGCTATCGACTCAACTC 

Fg_aro1 OMF 3716 Fg_aro1_5neoF_Bam GCGGATCCGACACATCCATGTTGATATGCG 

OMF 3717 Fg_aro1_5neoR GATAAGCTTGATATCGAATTCTTACTTGTCTTGATTAACAGCAAGCTGCA 

OMF 3718 Fg_aro1_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGGATTTATGCTTGTCGATGAC 

OMF 3719 Fg_aro1_3neoR_Bam GCGGATCCGGTCCATCTGCGACTGACATGCC 

Fg_lys3 OMF 3720 Fg_lys3_5neoF_Bam GCGGGATCCTGCTAAGAGCCTTCTCG 

OMF 3721 Fg_lys3_5neoR GATAAGCTTGATATCGAATTCTTACTTGTTGTGAAGAGCTGCCTGAAGCA 

OMF 3722 Fg_lys3_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGCGATAGCTCAGGATACTAA 

OMF 3723 Fg_lys3_3neoR_Bam GCGGGATCCCGTCCATCCATCTTCTG 

Fg_met8 OMF 3724 Fg_met8_5neoF_Xba GCCTCTAGAAGTCCGGAGCCAATGACTCCG 

OMF 3745 Fg_met8_5neoR GATAAGCTTGATATCGAATTCTTACTTGTCTTTGCGGTTGTTGCAACTGC 

OMF 3746 Fg_met8_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGATGTCAACCAGCACTATGTGT 

OMF 3747 Fg_met8_3neoR_Xba GCCTCTAGAACAGGACGCTCATCAGGCGAGC 

Fg_ser3 OMF 3748 Fg_ser3_5neoF_Xho CGGCTCGAGGAATTTACAGTATTATAGAGCG 

OMF 3749 Fg_ser3_5neoR GATAAGCTTGATATCGAATTCTTACTTGTTGTATCGTGCGCGCGGGGTG 

OMF 3750 Fg_ser3_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGTTGTTAGTGTTGGATGAGG 

OMF 3751 Fg_ser3_3neoR_Xho CGGCTCGAGCCCCGAGATTCTGGTGCGTC 

Fg_thr2 OMF 3752 Fg_thr2_5neoF_Xba GCCTCTAGACGGTTGTAGTCTCGGTTGGGC 

OMF 3753 Fg_thr2_5neoR GATAAGCTTGATATCGAATTCTTACTTGTTTTGTCTGCTTGTTGATGCTTG 

OMF 3754 Fg_thr2_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGTAATTGTGAGATGAAAAGGTG 

OMF 3755 Fg_thr2_3neoR_Xba GCCTCTAGAGGCTCAGCACTTGTAGCTGTC 

Fg_nic2 OMF 3756 Fg_nic2_5neoF_Xho CGGCTCGAGGATAGGGCAAGAGGATACAGC 

OMF 3757 Fg_nic2_5neoR GATAAGCTTGATATCGAATTCTTACTTGTACTGAAGTTGCCCTTGATTTG 

OMF 3758 Fg_nic2_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGGCGACTCCTCGACGGGAATC 

OMF 3759 Fg_nic2_3neoR_Xho CGGCTCGAGGATGTTTCTTATGGACCGGGC 

Fg_thi2 OMF 3760 Fg_thi2_5neoF_Bam GCGGGATCCTTCGTCGCCAGGGCGATGTCC 

OMF 3761 Fg_thi2_5neoR GATAAGCTTGATATCGAATTCTTACTTGTGATGTTGTGAGGGACTTTAG 

OMF 3762 Fg_thi2_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGGGTTGAGATAACAGATGTAT 

OMF 3763 Fg_thi2_3neoR_Bam GCGGGATCCTGTACGCATCCAACAGCTGAC 
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Fg_pdx1 OMF 3764 Fg_pdx1_5neoF_Bam GCGGGATCCATGGTAAGACTGATCATGTTG 

OMF 3765 Fg_pdx1_5neoR GATAAGCTTGATATCGAATTCTTACTTGTTGTGAATTGGATATAGAAGAT 

OMF 3766 Fg_pdx1_3neoF TGCTATACGAAGTTATGGATCCGAGCTCGGGAGAAGGTTTATTCAACATG 

OMF 3767 Fg_pdx1_3neoR_Bam GCGGGATCCGCCATATGCGACTGGTCCAG 
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Table 2: Summary of transformants obtained to delete targeted metabolic gene.  Total 

transformants given is representative of a single transformation of ~107 protoplasts.  For the 

genes that were targeted multiple times with repeated transformation attempts (am, aro1, lys3, 

nic2, and thr2), data from the most typical transformation is listed. 

Host strain Gene targeted 

for deletion 

Total Transformants 

(per ~107 protoplasts) 

Growth 

on FMM 

Growth YPD with 

100 µg/mL G418 

PH-1 Fg_am 31 31 31 

PH-1 Fg_aro1 18 17 2 

PH-1 Fg_lys3 0 -- -- 

PH-1 Fg_met8 1 1 1 

PH-1 Fg_nic2 9 9 7 

PH-1 Fg_pdx1 18 17 18 

PH-1 Fg_ser3 11 4 11 

PH-1 Fg_thi2 8 8 1 

PH-1 Fg_thr2 15 7 7 

PH-1 Fg_trp3 13 12 13 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_am 6 6 5 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_aro1 1 1 1 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_met8 2 1 2 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_nic2 6 5 6 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_pdx1 4 4 3 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_ser3 1 0 0 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_thi2 22 21 10 

FMF 433 (Δmat1-

1-1 ::hph) 

Fg_thr2 4 1 1 
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Table 3: Summary of transformants obtained from complementing auxotrophic strains.  

Transformants were plated on FMM, then assayed on FMM and YPD with 100 µg/mL G418, 

separately.  A maximum of 20 transformants were assayed per transformation onto YPD with 

100 µg/mL G418. 

 

Host strain DNA 

Transformed 

Total Transformants 

(per ~107 protoplasts) 

Growth 

on FMM 

Growth YPD with 

100 µg/mL G418 

FMF 388 

(Δtrp3::neo) 

trp3 gene from 

F. asiaticum 

10 10 10/10 

FMF 388 

(Δtrp3::neo) 

trp3 gene from 

F. graminearum 

1 1 1/1 

FMF 474 

(Δpdx1::neo) 

pdx1 gene from 

F. asiaticum 

54 54 20/20 

FMF 474 

(Δpdx1::neo) 

pdx1 gene from 

F. graminearum 

70 70 20/20 

FMF 475 

(Δser3::neo) 

ser3 gene from 

F. graminearum 

12 12 11/12 

FMF 476 

(Δthi2::neo) 

thi2 gene from 

F. asiaticum 

19 19 17/19 

FMF 476 

(Δthi2::neo) 

thi2 gene from 

F. graminearum 

18 18 18/18 

FMF 519 

(Δnic2::neo, 

Δmat1-1-1 

::hph) 

nic2 gene from 

F. asiaticum 

15 15 15/15 

FMF 519 

(Δnic2::neo, 

Δmat1-1-1 

::hph) 

nic2 gene from 

F. graminearum 

36 36 20/20 

FMF 605 

(Δnic2::loxP, 

Δkmt6::loxP) 

nic2 gene from 

F. asiaticum 

41 41 0/20 

FMF 605 

(Δnic2::loxP, 

Δkmt6::loxP) 

nic2 gene from 

F. graminearum 

12 12 0/12 
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Table 4: Summary of validated strains, including single gene auxotrophs, double gene 

auxotrophs, and complemented auxotroph strains. 

 

Strain Genotype Verification 

FMF 388 Δtrp3::neo Southern blot 

FMF 474 Δpdx1::neo Southern blot 

FMF 475 Δser3::neo Southern blot 

FMF 476 Δthi2::neo Southern blot 

FMF 479 Δaro1::neo PCR 

FMF 519 Δnic2::neo, Δmat1-1-1::hph Southern blot 

FMF 520 Δmet8::neo, Δmat1-1-1::hph PCR 

FMF 597 Δnic2::neo, Δpdx1::neo Southern blot 

FMF 601 Δnic2::loxP, Δpdx1::loxP Southern blot 

FMF 632 Δthi2::neo, Δmat1-1-1::hph Southern blot 

FMF 633 Δser3::neo, Δmat1-1-1::hph Southern blot 

FMF 634 Δtrp3::neo, F.a. trp3+ Sanger sequencing 

FMF 635 neo-, ser3+ Southern blot 

FMF 636 neo-, F.a. thi2+ Southern blot 

FMF 638 Δnic2::neo, Δser3::neo Southern blot 

FMF 639 Δnic2::neo, Δtrp3::neo Southern blot 
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Figure 1: Model of F. graminearum genome map, with metabolic genes and mating-type genes 

depicted.  Gene locations were identified using Broad Institute BLAST analysis [13].  Linkage 

groups were determined as genes within 106 bp on the genome.  Linkage group one, depicted in 

black, contains the mating-type genes mat1-1 and mat1-2, linkage group two (depicted in blue) 

contains aro1 and ser3, linkage group three (red) contains pdx1, met8, and trp3, linkage group 

four (green) contains thr2 and lys3, linkage group five (purple) contains nic2, am, and thi2.  



- 23 - 
 

A.   

 

B.    

 

Figure 2: Gene maps depicting deletion of Fg_aro1 at endogenous locus. A.  Endogenous locus 

of aro1 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of aro1 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. 
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Figure 3: Gene maps depicting deletion of Fg_met8 at endogenous locus. A.  Endogenous locus 

of met8 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of met8 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. 
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Figure 4: Gene maps depicting deletion of Fg_nic2 at endogenous locus. A.  Endogenous locus 

of nic2 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of nic2 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. C. Construct depicting removal of neo as a result of Cre Recombinase, leaving a loxP 

site at the nic2 locus.  
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Figure 5: Gene maps depicting deletion of Fg_pdx1 at endogenous locus. A.  Endogenous locus 

of pdx1 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of pdx1 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. C. Construct depicting removal of neo as a result of Cre Recombinase, leaving a loxP 

site at the pdx1 locus. 
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Figure 6: Gene maps depicting deletion of Fg_ser3 at endogenous locus. A.  Endogenous locus 

of ser3 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of ser3 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. 
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Figure 7: Gene maps depicting deletion of Fg_thi2 at endogenous locus. A.  Endogenous locus 

of thi2 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of thi2 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. 
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Figure 8: Gene maps depicting deletion of Fg_trp3 at endogenous locus. A.  Endogenous locus 

of trp3 in PH-1, with appropriate primers indicating targeted flanking regions.  B. Construct 

depicting deletion of trp3 and integration of neo at that locus, with loxP sites flanking the neo 

cassette. 
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Figure 9: Southern blot results for auxotrophs with single metabolic gene deletions when probing 

with the neo gene.  C- is a wildtype negative control and C+ is a positive neo+ control.  Of the 

single gene auxotrophs tested, lane one contains FMF 474 (Δpdx1::neo), lane two contains FMF 

475 (Δser3::neo), lane three contains FMF 476 (Δthi2::neo), lane four contains FMF 519 

(Δnic2::neo, Δmat1-1-1::hph), lane five contains FMF 632 (Δthi2::neo, Δmat1-1-1::hph), and 

lane six contains FMF 633 (Δser3::neo, Δmat1-1-1::hph).  Restriction enzyme gene maps shown 

below the blots indicate gene deletion relative to wildtype.  
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Figure 10: Southern blots for Δnic2::neo single and double auxotrophs, probed with either the 

neo gene (A), the hph gene (B), the nic2 gene (C), or the ser3 gene (D).  C- is a wildtype 

negative control and C+ is a positive neo+ control.  Lane two contains FMF 638 (Δnic2::neo, 

Δser3::neo), and lane five contains FMF 639 (Δnic2::neo, Δtrp3::neo).  Restriction enzyme 

digests are shown below, of AseI.  
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Figure 11: Southern blot results for auxotrophs with two metabolic gene deletions when probing 

with the neo gene.  C- is a wildtype negative control and C+ is a positive neo+ control.  P1 is the 

parent strain FMF 519 (Δnic2::neo, Δmat1-1-1::hph) and P2 is the second parent strain FMF 474 

(Δpdx1::neo).  The progeny of these two strains is the double gene auxotroph in lane one, FMF 

597 (Δpdx1::neo, Δnic2::neo).  The double gene auxotroph in lane two is FMF 601 

(Δpdx1::loxP, Δnic2::loxP), a strain isolated after Cre recombinase treatment of FMF 597.  

Restriction enzyme cut maps with EcoRI are shown below the blots.  
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Figure 12: Southern blots for Δser3::neo and ser3 complementation, probed with either the neo 

gene.  C- is a wildtype control and C+ is a neo+ control.  Lane one contains the host FMF 475 

(Δser3::neo) and lane two contains the transformant FMF 635 (ser3+, neo-).  Restriction enzyme 

cut maps with NaeI are shown below. 
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Figure 13: Southern blots for Δthi2::neo and thi2 complementation, probed with the neo gene.  

C- is a wildtype control and C+ is a neo+ control.  Lane one contains the host FMF 476 

(Δthi2::neo).  Lanes two and three contains transformants FMF 636 (thi2+, neo-) and FMF 637 

(thi2+, neo-), respectively.  Restriction enzyme maps with ScaI are shown below. 
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Figure 14: Sequence alignments of 5’ flank of trp3 gene between sequencing data of FMF 634 

(Δtrp::neo, trp+) using OMF 1700 (top row), trp3 gene for F. asiaticum (middle row), and trp3 

gene for F. graminearum.  Alignment was performed using the Muscle alignment function in 

MacVector.  
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