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Abstract: The hygromycin B phosphotransferase gene from Escherichia coli and the pyrithiamine 

resistance gene from Aspergillus oryzae are two dominant selectable marker genes widely used to 

genetically manipulate several fungal species. Despite the recent development of CRISPR/Cas9 and 

marker-free systems, in vitro molecular tools to study Aspergillus fumigatus, a saprophytic fungus 

causing life threatening diseases in immunocompromised hosts, still rely extensively on the use of 

dominant selectable markers. The limited number of drug selectable markers is already a critical 

aspect, but the possibility that their introduction into a microorganism could induce enhanced vir-

ulence or undesired effects on metabolic behavior, constitutes another problem. In this context, here 

we demonstrate that the use of ptrA in A. fumigatus leads to secretion of a compound that allows 

recovery of thiamine auxotrophy. In this study we developed a simple modification of the two com-

monly used dominant markers in which the development of resistance can be controlled by the 

xylose-inducible promoter PxylP from Penicillium chrysogenum. This strategy provides an easy solu-

tion to avoid undesired side effects since the marker expression can be readily silenced when not 

required. 
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promoter; thiamine; hygromycin; pyrithiamine. 

 

1. Introduction 

Aspergillus fumigatus is a ubiquitous saprophytic fungus which also represents the 

primary cause of life-threatening invasive aspergillosis in immunocompromised hosts. In 

addition, A. fumigatus is also known to affect immunocompetent individuals, inducing 

chronic and allergic diseases [1]. The characterization of virulence-related traits and mo-

lecular features of human as well as plant pathogens relies heavily on genetic manipula-

tion. The characterization of A. fumigatus still extensively depends on the use of dominant 

selectable markers, particularly the hygromycin B phosphotransferase (hph) gene and the 

pyrithiamine resistance (ptrA) gene. hph, which confers resistance to hygromycin, encodes 

a phosphotransferase from Escherichia coli and is one of the most commonly utilized dom-

inant selectable markers to genetically modify organisms, from bacteria to mammalian 

cells [2-9]. For use in Aspergilli, the hph gene is usually under control of the Aspergillus 

nidulans gpdA promoter [10]. ptrA was characterized in Aspergillus oryzae after screening 

for pyrithiamine resistant strains [11]. Pyrithiamine resistance is acquired by a point mu-

tation in the 5’ UTR region of thiA, a thiamine thiazole synthase encoding gene related to 

Saccharomyces cerevisiae THI4. The thiA upstream region has been identified as a riboswitch 

in thiamine synthesis regulation, but the underlying mechanism by which resistance is 

conferred has still not yet been fully characterized [12, 13]. This however has not pre-

vented the (extensive) use of ptrA as selectable markers in different Aspergillus as well 

Trichoderma and Penicillium species [14-17]. 
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A major drawback of drug resistance markers nowadays is related to the generation 

of genetically modified organisms, but this problem mostly concerns species that are in-

dustrially relevant [18-20]. In the case of A. fumigatus, which is not used in production 

processes and is studied for its effect on human health as pathogen, drug resistance mark-

ers have the advantages of not needing a specific host strain, allowing the stable integra-

tion of constructs with high efficiency and generating mutant strains that are easy to select 

and purify [7, 16].  

Another important aspect to consider is that the constant expression of exogenous 

constructs inserted in the microbial genome can affect the overall metabolism of the stud-

ied species. Normally this problem can be circumvented by the appropriate use of control 

strains, but it is rare in the case of virulence studies to include a strain carrying the domi-

nant marker as a control. A significant example was described by Smulian et al. [8], when 

the hph was proved to affect virulence in Histoplasma capsulatum, despite the successful 

employment of such a marker in previous studies. Similar reports are rare, especially due 

to the fact that virulence studies normally involve the use of animal models for which 

implementation of the three Rs rule (Replacement, Reduction, Refinement) is essential.  

Recently, we became aware that the ptrA marker could also affect the secretome of A. 

fumigatus. In this work, we were able to prove that A. fumigatus strains genetically modi-

fied with the help of the ptrA marker cassette were unexpectedly secreting metabolites in 

the medium, affecting the growth of other strains plated in their proximity. In light of this 

discovery, we decided to upgrade the commonly used dominant markers hph and ptrA to 

their respective inducible versions, by expressing these resistance genes under the control 

of the xylanase promoter PxylP derived from Penicillium chrysogenum [21]. This modifica-

tion of the dominant marker systems permits investigators to switch on gene expression 

only when required, for example during the transformation or the selection process, leav-

ing otherwise the marker cassette silenced. Notably, PxylP has been shown to be inactive 

during standard murine infection conditions unless xylose is supplied in the drinking wa-

ter, i.e. it enables in vivo (fine) tuning of A. fumigatus gene activity [22]. 

2. Materials and Methods 

2.1 Strains, media and growth conditions 

The strains used in this study are listed in Table 1. A. fumigatus A1160P+ [23] was 

used as the parental strain and referred to as wild-type (wt), while A. nidulans A52 was 

used as reporter strain; since it solely served the purpose of a reporter, the use of a differ-

ent background species was considered acceptable.  

Spores were amplified on Sabouraud dextrose (SAB) medium for 3 days at 37 °C. 

Aspergillus minimal medium (AMM) [24] containing 1% glucose as carbon source and 20 

mM ammonium tartrate as nitrogen source was used as standard medium in the assays. 

To create PxylP inducing conditions, xylose was provided. For experiments involving 

A52, biotin was supplemented at a final concentration of 0.25 g/ml.  

Table 1. Fungal strains used in this study 

Strains Genotype Reference 

A1160P+ (wt) ∆ku80, pyrG+ Fraczek et al. [23] 

A52 FGSC A52 (bi1 thi4) ATCC® 24761™ 

fcyB-hph fcyB::hph Gsaller et al. [25] 

fcyB-ptrA fcyB::ptrA This study 

fcyB-hphxyl fcyB::PxylP-hph This study 

fcyB-ptrAxyl fcyB::PxylP-ptrA This study 

pksP-hphxyl pksP::PxylP-hph This study 

pksP-ptrAxyl pksP::PxylP-ptrA This study 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2021                   



 

 

2.2 Generation of transformation constructs 

Oligonucleotides used for the generation of transformation constructs are listed in 

Table S1 (Supplementary material). In order to delete fcyB by insertion of ptrA, we fol-

lowed the strategy previously used to delete the same gene by inserting the hph marker 

cassette [25]. Briefly, the marker sequence was amplified via PCR using primers ptrA 5 

and ptrA 3 using the plasmid pSK275 as template. The flanking regions upstream and 

downstream fcyB coding sequence required for homologous recombination were ampli-

fied from wt genomic DNA using primers fcyB-1 and fcyB-2RV for the 5’ flanking region, 

and primers fcyB-3 and fcyB-4RV, for the 3’ flanking region. The three fragments thus 

generated were linked via fusion PCR using the nested primers fcyB-N1 and fcyB-N2 (Fig. 

S1a). 

For the deletion of fcyB by insertion of the inducible marker cassettes, instead, a plas-

mid was first generated as starting point for further modifications, using the strategy pre-

viously described by Birštonas et al. [26]. Briefly, primers BB-pfcyB-FW and BB-pfcyB-RV 

were used to amplify the backbone from the template plasmid pfcyB [26], while the cas-

sette containing mKate2PER coding sequence under the control of the inducible promoter 

PxylP was PCR amplified with primers pX-cass-FW and pX-cass-RV using pX-mKate2PER 

[26] as template. The inducible cassette was then cloned into the backbone using overlap-

ping regions introduced in the PCR step. The resulting plasmid, named 

pΔfcyB_mKate2xyl, was used as a template for the generation of the hygromycin and py-

rithiamine inducible constructs. Primers pX-FW.2 and pX-RV.2 were used to amplify the 

backbone from pΔfcyB_mKate2xyl. The coding sequence of the marker genes was gener-

ated using as template pAN 7-1 with the primers hphxyl-FW and hphxyl-RV, for the hy-

gromycin, and pSK275 with the primers ptrA_FW and ptrA_RV, for the pyrithiamine con-

struct. The PCR products were then subcloned into the backbone with the help of the 

overlapping regions introduced during the PCR step, generating pΔfcyB_hphxyl and 

pΔfcyB_ptrAxyl. These two plasmids were linearized via restriction digestion with NotI for 

homologous recombination at the A. fumigatus fcyB locus (Fig. S1b). 

To delete pksP via insertion of either the inducible hygromycin or inducible pyrithi-

amine cassette, the marker was PCR amplified using the primers fcyB-GFPxyl-FW and 

fcyB-GFPxyl-RV from pΔfcyB_hphxyl and pΔfcyB_ptrAxyl, respectively. The flanking re-

gions upstream and downstream pksP required for homologous recombination were am-

plified from A. fumigatus wt genomic DNA using the primers 5'pksP-FW and 5'pksP-RV 

for the 5’ flanking region, and the primers 3'pksP-FW and 3'pksP-RV for the 3’ flanking 

region. The inducible marker cassette of choice was linked to the flanking regions via fu-

sion PCR, using nested primers pksP-N1 and pksP-N2 (Fig. S1c).  

2.3 Fungal transformation 

For all transformations, 1 μg of the respective DNA constructs were used. Plasmids 

were linearized via restriction digestion with NotI, while fragments resulting from fusion 

PCR were ready to use. Both PCR and digestion products were purified with the Monarch 

kit (New England Biolabs Inc.) according to the Manufacturer’s instructions and checked 

on a 1% agarose gel. Deletion mutants for fcyB were selected using 10 g/ml of flucytosine 

on AMM plus 1 M sucrose and 0.1 M citrate buffer pH5 to maintain acidic pH [26]. Trans-

formation using either pyrithiamine (0.1 μg/ml) or hygromycin (200 μg/ml) was carried 

out on AMM plus 1 M sucrose. For transformation of the inducible marker constructs, 

glucose was omitted and 1% xylose was added to the medium.  

2.4 Nucleic acid manipulation, Southern and Northern blot analysis 

Circular plasmids from E. coli were extracted using the Monarch Plasmid Miniprep 

Kit (New England Biolabs Inc.). 

For PCR amplification, Q5 High Fidelity DNA Polymerase (New England Biolabs 

Inc.) was employed according to the manufacturer’s instructions. 

A. fumigatus transformants were verified via Southern blot analysis. About 500 ng of 

genomic DNA was incubated for restriction digestion overnight and the different bands 

were separated on a 1% agarose gel.  
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For Northern blot analysis, A. fumigatus strains were grown in 100 ml liquid cultures 

for 16 h at 37 °C. The medium used contained 1% sucrose as carbon source. For PxylP 

driven induction 1% xylose was added. RNA extraction was performed with TRI Reagent 

(Sigma) according to the manufacturer’s instructions and 10 μg of RNA was used for elec-

trophoresis on a 0.6 M formaldehyde agarose gel. Northern blot analysis was carried out 

as described previously, using digoxigenin-labeled probes [27]. 

2.5 Spot assays on plate 

To assess radial growth, 104 spores in a total volume of 5 μl were spotted onto AMM 

[24] agar in the absence and presence of the selecting agent. Hygromycin was tested at 

two different concentrations of 100 μg/ml and 200 μg/ml, based upon relevant data from 

different laboratories, while pyrithiamine was used at a fixed concentration of 0.1 μg/ml. 

Either glucose or sucrose was used as carbon source, both at a concentration of 1%. Xylose 

was supplemented as an inducer at concentrations of 0.1% and 1%. Plates were then incu-

bated at 37 °C for 48 - 72 h. 

2.6 Microtiter-plate assays 

Supernatant from different strains was tested in order to verify the presence of se-

creted metabolites able to recover A52 thiamine auxotrophy. Therefore, 100 ml of liquid 

AMM containing 1% sucrose as carbon source and, in the case of inducing conditions, 

additionally 1% xylose, was inoculated with the desired spores in order to obtain a final 

concentration of 106 spores/ml. The cultures were incubated overnight at 37 °C shaking at 

200 rpm. Aliquots from the supernatant were collected after 18h and preserved at -80 °C 

upon usage. Nunc96 plates (Thermo SchentificTM) were used for testing the growth of the 

wt and the reporter strain A52. Spores were inoculated in 2X AMM to obtain a final con-

centration of 2x105 spores/ml. Each well contained 50 l of the media/spore solution and 

50 l of the supernatant to test (or of thiamine at different concentrations for the titration 

experiments). Plates were incubated at 37 °C for 20 h and then scanned with the IncuCyte 

S3 Live-Cell Analysis System equipped with a 20 X magnification S3/SX1 G/R Optical 

Module (Essen BioScience Inc.). Fungal growth was analyzed using the Basic Analyzer 

tool of the IncuCyte S3 software (Version 2020; Essen Bioscience Inc.) for confluence % 

(Segmentation adjustment: 0; Adjust Size: 0). Confluence mask was exported with each 

respective image for a better visualization of cells in contrast to the background.  

3. Results and Discussion 

3.1 The pyrithiamine resistance cassette induces the production of one or more metabolites 

able to complement thiamine auxotrophy 

During the course of previous experiments, we observed that the A. fumigatus wt 

strain was able to partially grow in presence of 0.1 μg/ml pyrithiamine if it was spotted in 

the proximity of mutant strains carrying the ptrA marker cassette. We hypothesized that 

ptrA introduction into A. fumigatus modifies the fungal metabolism and induces the secre-

tion of an unidentified metabolite able to confer partial pyrithiamine resistance to an ad-

jacent pyrithiamine-sensitive strain. In order to prove this hypothesis, a ptrA construct 

was inserted into the previously described endogenous marker locus fcyB, generating 

fcyB-ptrA [26]. As is apparent in Fig. 1a, the wt strain spotted in close proximity to fcyB-

ptrA showed slight growth on AMM supplemented with pyrithiamine, particularly on the 

side closest to fcyB-ptrA. 

Considering that ptrA mediated resistance to pyrithiamine is related to the regulation 

of thiamine metabolism, we decided to investigate mutant strains with defects in key en-

zymes related to thiamine biosynthesis (Fig. 1b) such as A. nidulans A52 (ATCC® 24761™), 

which is lacking the thiamine thiazole synthase encoding gene thi4 (AN3928). When spot-

ted on AMM in proximity to the wt strain, A52 was not able to grow, but when in prox-

imity of fcyB-ptrA, A52 showed a partial recovery of its growth phenotype particularly 

on the side closer to the ptrA-carrying strain, generating a crescent moon shape (Fig. 1c).  
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Figure 1. Proximity effect of A. fumigatus strain carrying the ptrA cassette. (a) Spot assay on solid 

AMM containing 0.1 μg/ml pyrithiamine showing partial growth of the wt strain in proximity to 

fcyB-ptrA. (b) Simplified version of the thiamine biosynthetic pathway, adapted from Dietl et al. 

[28]. (c) Spot assay on solid AMM using A52 as reporter strain spotted in proximity to either wt or 

fcyB-ptrA. 

Taken together, these results suggested that expression of the ptrA marker cassette in 

A. fumigatus, in our example in fcyB-ptrA, causes the release of a metabolite that promotes 

growth of wt strains in the presence of pyrithiamine and allows the recovery of the thia-

mine auxotrophic A52 strain. 

In order to confirm this finding, a feeding assay involving supernatant from A. fu-

migatus cultures has been set up, using A52 as reporter strain and wt as positive control. 

Samples of supernatant from wt and fcyB-ptrA liquid cultures were collected after 18 h 

of growth at 37 °C and tested for its ability to promote growth in the tested strains. As 

shown in Fig. 2, the supernatant of wt culture was not permissive of A52 growth, while 

fcyB-ptrA supernatant enables A52 to fully germinate and produce well branched hy-

phae.  

                              

Figure 2. Representative images showing growth promotion of the reporter strain A52 using A. fu-

migatus wt (top) and fcyB-ptrA (bottom) culture supernatants collected after 18 h growth. wt was 

used as a normal growth reference. Phase images (left) are shown for better visualization together 

with the respective confluence mask images (right). 

These data further validate that the introduction of the marker cassette ptrA in A. 

fumigatus leads to the secretion of a thiamine pathway metabolite able to recover thiamine 

auxotrophy caused by a defect in the thi4 gene. 

3.2 Generation of A. fumigatus strains with inducible resistance marker cassettes 
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To overcome the unwanted side-effects caused by overexpression of a selectable 

marker gene, xylose-inducible versions of both hph and ptrA were generated by express-

ing these resistance genes under control of the promoter PxylP with the aim of switching 

on the expression of the marker gene on demand. For consistency, we decided to integrate 

the inducible alleles, termed hphxyl and ptrAxyl, via homologous recombination at the fcyB 

locus, using flucytosine selection for the transformation. The generated strains, fcyB-

hphxyl and fcyB-ptrAxyl, were screened via Southern blot (Fig. S2). 

Plate growth-based susceptibility assays were initially performed to verify the ideal 

conditions for further experiments with the inducible strains (Fig. 3a, b). Considering that 

PxylP is repressed by glucose [21], the common carbon source used in AMM, we decided 

to also test a different medium containing 1% sucrose, which is used as an osmotic stabi-

lizer for protoplasts during transformation, instead of glucose. fcyB-hphxyl was compared 

to wt and fcyB-hph on AMM plates containing increasing concentrations of xylose in the 

absence and presence of hygromycin (Fig. 3a). Employing our background strain, we ver-

ified that 100 g/ml of the drug was not sufficient to completely repress growth of the wt 

or the inducible strain fcyB-hphxyl under non-inducing conditions (Fig. S3). The wt strain 

was unable to grow with the presence of 200 g/ml hygromycin in the medium whereas 

fcyB-hph grew well in all conditions and fcyB-hphxyl displayed growth in a manner de-

pendent on both the xylose concentration and the major carbon source used. When glu-

cose was used, a minimum concentration of 1% xylose was necessary to permit fcyB-

hphxyl sporulation and growth, while in presence of sucrose, 0.1% xylose was sufficient. 

The same experiment was performed with the pyrithiamine resistant strains, both induc-

ible and non-inducible, and revealed even more interesting results (Fig. 3b). The wt strain 

was not able to grow in the presence of pyrithiamine at the standard concentration of 0.1 

g/ml while fcyB-ptrA was resistant to the drug. The inducible strain fcyB-ptrAxyl 

showed susceptibility to pyrithiamine even at a xylose concentration of 1% when glucose 

was used as carbon source, indicating the need for high levels of gene expression in order 

for drug resistance to manifest. When sucrose was used, instead, 1% xylose was sufficient 

to promote fcyB-ptrAxyl growth. Based on these results, all further experiments involving 

the inducible marker strains were conducted using sucrose exclusively as the carbon 

source in the media and a xylose concentration of 1% for inducing conditions.  

Our test indicated that to induce the desired resistance phenotype when using induc-

ible marker cassettes under the regulation of PxylP, different concentrations of xylose 

might be required. It is particularly relevant to note that the regulatory mechanism of 

PxylP is known to be repressed by glucose and induced by xylose. In general, for genes 

that do not require a high expression level, the combination of xylose with glucose in the 

medium might also be beneficial [21, 29], but in the case of resistance genes such as ptrA, 

the expression level is particularly relevant since effective neutralization of the selective 

drug is contingent on the presence of sufficient quantities on gene product. We could ver-

ify that to allow growth in the presence of 200 g/ml hygromycin, a minimum concentra-

tion of 1% xylose was necessary when glucose was present as carbon source, whilst 0.1% 

xylose was sufficient when using sucrose. However, in presence of 0.1% µg/ml pyrithi-

amine higher levels of marker transcript were necessary as revealed by the observation 

that in order to promote growth to a comparable level to that seen for the standard ptrA 

cassette (fcyB-ptrA), a complete absence of glucose and induction with 1% xylose was 

required. 
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Figure 3. Characterization of inducible marker strains in comparison to their respective non-induc-

ible version in the presence of different xylose concentrations. (a) Representative images of a hygro-

mycin susceptibility growth assay for wt, fcyB-hph and fcyB-hphxyl in the presence of xylose con-

centrations of 0%, 0.1% and 1%, with either glucose or sucrose as a carbon source. (b) Representative 

images of a pyrithiamine susceptibility growth assay for wt, fcyB-ptrA and fcyB-ptrAxyl in the pres-

ence of xylose concentration of 0%, 0.1% and 1%, with either glucose or sucrose as carbon source. 

(c) Northern blot analysis showing a comparison of the transcript levels of hph (left) and ptrA (right) 

in wt and drug resistant strains in their non-inducible or inducible versions upon induction with 

1% xylose and sucrose as a carbon source. 
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Northern blot analysis confirmed the upregulation of both hph and ptrA transcript 

levels during inducing conditions when using PxylP and showed the absence of transcript 

in the inducible strain when xylose was not provided (Fig. 3c). Previous studies have iden-

tified a potential ‘leakiness’ of PxylP [21, 22], whereby the regulated expression of the tar-

get genes was not completely achieved due to basal low-level expression. However, in our 

experiments this potential low-level expression appeared to be negligible. 

fcyB-ptrAxyl was subsequently compared to fcyB-ptrA concerning its capacity to se-

crete the unidentified metabolite that could confer resistance to pyrithiamine in wt and 

recover thi4 auxotrophy in A52. When spotted on AMM containing 0.1 g/ml pyrithi-

amine, the wt in proximity to fcyB-ptrA was able to partially grow both in the presence 

and absence of xylose. fcyB-ptrAxyl itself was unable to grow in the presence of pyrithi-

amine if xylose was omitted, but upon induction it was able to grow and to allow partial 

growth of the wt (Fig. 4a). When using A52 as reporter on AMM without selection, the wt 

was not able to recover the thi4 auxotrophy, independent of the specific growth condi-

tions. As expected, fcyB-ptrA enabled A52 to partially grow both in the presence and 

absence of xylose. Consistent with our expectations, ptrA overexpression during inducing 

conditions, fcyB-ptrAxyl was only able to induce growth of A52 when xylose was present 

in the medium (Fig. 4b). This result further suggests that ptrA overexpression mediated 

by the original ptrA marker cassette leads to an enhanced secretion of metabolites thereby 

rescuing thi4 auxotrophy independently of the growth medium used, whereas the en-

hanced production and/or extracellular secretion of the unidentified metabolite in strains 

carrying the inducible variant is restricted to inducing conditions. This experiment also 

confirmed that secretion of the thiamine auxotrophy-salvaging metabolite is independent 

of fcyB deletion but strictly reliant on ptrA expression, since under non-inducing condi-

tions, fcyB-ptrAxyl could not promote A52 growth. 

Following the set of experiments previously performed for fcyB-ptrA, a further anal-

ysis was conducted using 96-well plates in order to test for the secretion of the thiamine 

equivalent in liquid culture. A52 was used as reporter strain and supernatants from wt, 

fcyB-ptrA and fcyB-ptrAxyl liquid cultures, grown in the presence and absence of xylose 

with 1% sucrose as a carbon source were collected after 18 h. In agreement with previous 

results observed using solid AMM, only the supernatant from fcyB-ptrA in the presence 

and absence of xylose and fcyB-ptrAxyl with xylose contained sufficient amounts of the 

secreted metabolite(s) to enable A52 growth (Fig. 4c).  

In order to obtain a general estimate for the thiamine equivalent accumulation in cul-

ture media, we monitored the A52 strain growth pattern observed when using serial di-

lutions of wt, ∆fcyB-ptrA and ∆fcyB-ptrAxyl supernatants and compared its growth recov-

ery to that detected when employing a thiamine titration assay. After 20 h incubation at 

37 °C, the minimum thiamine concentration required to promote A52 growth was 9.54 pM 

(Fig. 5a). This was comparable to a dilution of culture supernatant in fresh medium of 1:8 

for ∆fcyB-ptrA without xylose, 1:16 for ∆fcyB-ptrA with xylose, and 1:64 for ∆fcyB-ptrAxyl in 

the presence of xylose (Fig. 5b). Culture supernatants of wt or ∆fcyB-ptrAxyl without xylose 

did not promote robust fungal growth. A direct comparison of growth promotion by cul-

ture supernatants and thiamine is not possible, since it cannot be excluded that secreted 

thiamine precursors or its phosphorylated derivatives could cure the auxotrophy of A52. 

Nevertheless, these analyses revealed that the concentration of the unidentified metabo-

lite in culture media is comparable to about 76.3 pM and 152.6 pM thiamine for ∆fcyB-

ptrA grown in the absence and presence of xylose, respectively, and 610.6 pM thiamine 

for the xylose-induced ∆fcyB-ptrAxyl. 

Taken together, these findings suggest that the activity of both hph and ptrA and their 

conferred resistance can be conditionally induced using PxylP. 
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Figure 4. Effect of ptrA cassette, both inducible and non-inducible, on fungal growth. (a) Spot assay 

on solid AMM containing 0.1 μg/ml pyrithiamine showing the proximity effect of ptrA-carrying 

strain fcyB-ptrA (left) or fcyB-ptrAxyl (right) on the wt both in absence and presence of xylose. (b) 

Spot assay on solid AMM using A52 as a reporter strain in proximity to wt, fcyB-ptrA or fcyB-

ptrAxyl in the absence and presence of xylose. (c) Representative images showing fungal growth of 

A52 growth after 20 h in liquid AMM at 37 °C using A. fumigatus wt, fcyB-ptrA and fcyB-ptrAxyl 

culture supernatants collected at 18 h in either the presence or absence of xylose. Phase images (top) 

are shown for better visualization together with the respective confluence mask images (bottom).                
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Figure 4. Effect of ptrA cassette integration, both inducible and non-inducible, in A. fumigatus genome. (a) Spot assay

on solid AMM containing 0,1 µg/ml pyrithiamine showing the proximity effect of ptrA-carrying strain DfcyB-ptrA
(left) or DfcyB-ptrAxyl (right) on the wt both in absence and presence of xylose. (b) Spot assay on solid AMM using

A52 as reporter strain in proximity to wt, DfcyB-ptrA or DfcyB-ptrAxyl in absence and presence of xylose. (c)
Representative images showing fungal growth of A52 growth after 20 h in liquid AMM at 37 C using A. fumigatus
wt, DfcyB-ptrA and DfcyB-ptrAxyl culture supernatants collected at 18 h in either presence or absence of xylose. Phase
images (top) are shown for better visualization together with the respective confluence mask images (bottom).
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Figure 5. Fungal growth of reporter strains according to thiamine or putative thiamine equivalent 

concentration in the medium. Thiamine or culture supernatant were subjected to a serial dilution 

procedure starting with 1:1 dilution of supernatant with medium in well number 1. (a) A52 growth 

in the presence of decreasing concentrations of thiamine. The complete dilution series is shown in 

Fig. S4. (b) A52 growth pattern in the presence of decreasing concentrations of A. fumigatus wt, 

fcyB-ptrA and fcyB-ptrAxyl supernatants from 18 h cultures either presence or absence of xylose. 

For simplicity, phase images are omitted and only confluence mask images are shown. Phase images 

and complete dilution series are shown in Fig. S5. 

3.3 Validation of the inducible marker cassettes as selectable marker in A. fumigatus trans-

formation 

To confirm the hphxyl and ptrAxyl cassettes as effective inducible dominant selectable 

markers in A. fumigatus, we employed the marker cassettes to delete the pksP gene via 

homologous recombination in the wt strain. We chose pksP as target to simplify the eval-

uation of results, since deletion of this gene generates white colonies [30, 31]. In the pres-

ence of 1% xylose as an inducer, the inducible hph and ptrA cassettes generated 15 (14 

positive and 1 negative) and 6 (all positive) colonies per g DNA, respectively (Fig. 6a). 
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Figure 5. Fungal growth of reporter strains according to thiamine or putative thiamine equivalent

concentration in the medium. Concentration of either thiamine or culture supernatant was subjected to a

serial dilution starting from 1:1 dilution of supernatant with medium in well number 1. (a) A52 growth in

the presence of decreasing concentration of thiamine. The complete dilution series is shown in Fig. S4. (b)

A52 growth pattern in the presence of decreasing concentrations of A. fumigatus wt, DfcyB-ptrA and DfcyB-
ptrAxyl supernatants from 18 h cultures either presence or absence of xylose. For simplicity, phase images

are omitted and only confluence mask images are shown. Phase images and complete dilution series are

shown in Fig. S5.

Figure 6. Transformation using hphxyl or ptrAxyl as selectable marker. (a)
Representative transformation plates showing the transformation outcome when

using the inducible marker hphxyl and ptrAxyl using as selection hygromycin or

pyrithiamine, respectively. (b) Southern blot analysis of three random

transformants for each marker in comparison with the wt. Genomic DNA was
digested with BamHI and the probe for detection was designed on pksP 3’ flanking

region. Expected sizes are reported in the figure.
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In absence of xylose, no transformant was generated. Three transformants per each con-

struct were randomly selected and confirmed via Southern blot analysis (Fig. 6b). The 

transformation for both constructs has been repeated two further times, providing similar 

outcomes. All the transformants showed resistance to the respective drug depending on 

the presence or absence of xylose in the medium.  

                           

Figure 6. Transformation using hphxyl or ptrAxyl as a selectable marker. (a) Representative transfor-

mation plates showing the transformation outcome when using the inducible marker hphxyl and 

ptrAxyl using hygromycin or pyrithiamine respectively, for selection. (b) Southern blot analysis of 

three random transformants for each marker in comparison to the wt. Genomic DNA was digested 

with BamHI and the probe for detection was designed on pksP 3’ flanking region. Expected sizes are 

reported in the figure. 

These results indicate that hphxyl and ptrAxyl are suitable to be used as dominant mark-

ers in A. fumigatus, with the advantage compared to the commonly used hph and ptrA 

cassettes that the marker gene expression can be induced on demand, e.g. for transfor-

mation selection and strain purification, but silenced when no selection is needed. In this 
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way, unwanted cellular effects caused by the selectable marker gene can be avoided 

simply by its downregulation through the omission of xylose. 

4. Conclusions 

Despite the recent development of marker-free technologies and marker-recycling 

strategies [32-34], dominant selectable markers are still widely used in molecular genetics, 

particularly for in vitro manipulation [7, 35]. Whilst the absence of marker cassettes, in the 

form of exogenous DNA, presents considerable advantages [36], the possibility to verify 

the purity of the mutant strains using selective conditions at any time and the transfor-

mation efficiency reached when employing dominant markers represent two significant 

benefits of opting for the transformation approach. Moreover, the characterization of a 

new gene typically not only requires the generation of a deletion mutant strain, but also 

validation of the gene function through the generation of the corresponding comple-

mented strain that is anticipated to show wt-like behavior. Even considering the use of 

∆ku70/80 derivates, which already significantly enhanced homologous recombination 

events in A. fumigatus [37], transformation strategies that are simple, efficient and do not 

require the screening of several colonies to identify positive clones are preferable. Typi-

cally, these employ the use of selectable marker genes. This often results in the generation 

of reconstituted strains containing two markers, one used for the deletion and one for the 

complementation.  

In this work, we present another example of an unexpected unwanted outcome when 

introducing a selectable marker: we observed that A. fumigatus strains carrying the ptrA 

selectable marker cassette allowed fungal growth on selective media of pyrithiamine-sen-

sitive strains spotted in close proximity. We were able to determine that the ptrA marker 

induced fungal secretion of a metabolite into the medium that was able to recover thia-

mine auxotrophy induced by thi4 impairment. Our results suggest that this metabolite 

could be an intermediate of the thiamine biosynthetic pathway or thiamine itself.      

On the other hand, examples highlighting drawbacks of selectable markers have al-

ready been reported, e.g. the locus dependent effects of the auxotrophic marker URA3 on 

hyphal growth and virulence-associated behavior in Candida albicans [38]. Even more con-

cerns were raised when the hph cassette was proven to affect H. capsulatum virulence [8]. 

Both examples refer to selectable markers which have been successfully used on different 

occasions, until their undesired effects have materialized. 

To overcome potential side effect(s) caused by the use of dominant markers, without 

dismissing their undeniable advantages, we decided to upgrade the two most frequently 

used markers in A. fumigatus, the hph and ptrA cassettes, setting the expression of the re-

sistance gene under the control of the xylanase inducible promoter PxylP derived from P. 

chrysogenum [21]. In this way, the presence of the marker cassette should result in negligi-

ble expression levels under non-inducing conditions, while the expression of the gene 

could be switched on by adding xylose as an inducer when required (e.g. for transfor-

mation or selection). The two inducible constructs, hphxyl and ptrAxyl, have been first in-

serted into the fcyB locus [26] in order to initially determine the optimal conditions for 

induction and to obtain similar resistance to the one achieved with the standard hph and 

ptrA cassettes. Subsequently, the two inducible constructs have been successfully em-

ployed in transformation procedures used to generate A. fumigatus pksP deletion mutants, 

with transformation efficiencies comparable to the ones achieved with the respective non-

inducible resistance cassette.  

In summary, here we have demonstrated for the first time that following genomic 

integration the expression of the marker gene ptrA led to metabolic side effects in A. fu-

migatus. In order to circumvent these undesired effects whilst simultaneously exploiting 

the benefits of marker system we developed simple and effective alternatives to the con-

ventional dominant selectable markers, whereby we could avoid unnecessary expression 

of the marker gene and induce expression on demand and when required for example 

during transformation and purification procedures. We envisage that these systems will 
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abrogate many of the adverse effects associated with the classical dominant marker ap-

proach and therefore represent a valuable addition to the fungal researchers’ toolkit.  

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Schematic representation of cloning strategy used to generate transformation constructs, Figure S2: 

Southern blot analysis of A. fumigatus transformants, Figure S3: Hygromycin susceptibility growth 

assay, Figure S4: overview of A52 growth over the complete series of thiamine dilutions, Figure S5: 

overview of A52 growth over the complete series of serial dilution of supernatants collected after 18 

h cultures , Table S1: Primers used in this work. 

 

Author Contributions: Conceptualization, H.H., F.G. and C.B.; methodology, C.B. F.G. and H.H.; 

validation, C.B., F.G. and H.H.; investigation, C.B., A.K., P.M., L-E.S-V., B.A., A-M.D.; data curation, 

C.B.; writing—original draft preparation, C.B.; writing—review and editing, C.B., FG, and H.H.; 

visualization, C.B.; supervision, F.G., C.B. and H.H.; project administration, F.G.; funding acquisi-

tion, F.G., C.B and H.H.;. All authors have read and agreed to the published version of the manu-

script. 

Funding:  This research was funded by the Austrian Science Fund (FWF), grant number P31093 to 

FG and M2867 to CB. A-M.D. participated in the HOROS programme W1253 funded by the FWF. 

Acknowledgments: Prof. Nir Osherov for providing A. nidulans A52 strain.  

Conflicts of Interest: The authors declare no conflict of interest. 

 

References 

1. Bongomin, F., Gago, S., Oladele, R.O., et al., Global and Multi-National Prevalence of Fungal Diseases-Estimate Precision. J 

Fungi (Basel), 2017. 3(4). 

2. Fickers, P., Le Dall, M.T., Gaillardin, C., et al., New disruption cassettes for rapid gene disruption and marker rescue in the 

yeast Yarrowia lipolytica. J Microbiol Methods, 2003. 55(3): p. 727-37. 

3. Gaken, J., Farzaneh, F., Stocking, C., et al., Construction of a versatile set of retroviral vectors conferring hygromycin 

resistance. Biotechniques, 1992. 13(1): p. 32-4. 

4. Goldstein, A.L. and McCusker, J.H., Three new dominant drug resistance cassettes for gene disruption in Saccharomyces 

cerevisiae. Yeast, 1999. 15(14): p. 1541-53. 

5. Hua, J., Meyer, J.D., and Lodge, J.K., Development of positive selectable markers for the fungal pathogen Cryptococcus 

neoformans. Clin Diagn Lab Immunol, 2000. 7(1): p. 125-8. 

6. Lama, J. and Carrasco, L., Expression of poliovirus nonstructural proteins in Escherichia coli cells. Modification of 

membrane permeability induced by 2B and 3A. J Biol Chem, 1992. 267(22): p. 15932-7. 

7. Poyedinok, N.L.a.B.Y.B., Advances, Problems, and Prospects of Genetic Transformation of Fungi. Cytol. Genet., 2018. 52: p. 

139-154. 

8. Smulian, A.G., Gibbons, R.S., Demland, J.A., et al., Expression of hygromycin phosphotransferase alters virulence of 

Histoplasma capsulatum. Eukaryot Cell, 2007. 6(11): p. 2066-71. 

9. Soares Rde, B., Velho, T.A., De Moraes, L.M., et al., Hygromycin B-resistance phenotype acquired in Paracoccidioides 

brasiliensis via plasmid DNA integration. Med Mycol, 2005. 43(8): p. 719-23. 

10. Punt, P.J., Oliver, R.P., Dingemanse, M.A., et al., Transformation of Aspergillus based on the hygromycin B resistance marker 

from Escherichia coli. Gene, 1987. 56(1): p. 117-24. 

11. Kubodera, T., Yamashita, N., and Nishimura, A., Pyrithiamine resistance gene (ptrA) of Aspergillus oryzae: cloning, 

characterization and application as a dominant selectable marker for transformation. Biosci Biotechnol Biochem, 2000. 64(7): 

p. 1416-21. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2021                   



 

 

12. Kubodera, T., Watanabe, M., Yoshiuchi, K., et al., Thiamine-regulated gene expression of Aspergillus oryzae thiA requires 

splicing of the intron containing a riboswitch-like domain in the 5'-UTR. FEBS Lett, 2003. 555(3): p. 516-20. 

13. Todokoro, T., Bando, H., Kotaka, A., et al., Identification of a novel pyrithiamine resistance marker gene thiI for genome co-

editing in Aspergillus oryzae. J Biosci Bioeng, 2020. 130(3): p. 227-232. 

14. Iwakuma, H., Koyama, Y., Miyachi, A., et al., Generation of a glucose de-repressed mutant of Trichoderma reesei using 

disparity mutagenesis. Biosci Biotechnol Biochem, 2016. 80(3): p. 486-92. 

15. Kubodera, T., Yamashita, N., and Nishimura, A., Transformation of Aspergillus sp. and Trichoderma reesei using the 

pyrithiamine resistance gene (ptrA) of Aspergillus oryzae. Biosci Biotechnol Biochem, 2002. 66(2): p. 404-6. 

16. S., S.Y.E.a.P.H., Genetic Manipulation and Transformation Methods for Aspergillus spp. Mycobiology, 2020. 

17. Shoji, J.Y., Maruyama, J., Arioka, M., et al., Development of Aspergillus oryzae thiA promoter as a tool for molecular 

biological studies. FEMS Microbiol Lett, 2005. 244(1): p. 41-6. 

18. He, B., Tu, Y., Jiang, C., et al., Functional Genomics of Aspergillus oryzae: Strategies and Progress. Microorganisms, 2019. 7(4). 

19. Mignon, C., Sodoyer, R., and Werle, B., Antibiotic-free selection in biotherapeutics: now and forever. Pathogens, 2015. 4(2): 

p. 157-81. 

20. Zuo, J., Niu, Q.W., Ikeda, Y., et al., Marker-free transformation: increasing transformation frequency by the use of 

regeneration-promoting genes. Curr Opin Biotechnol, 2002. 13(2): p. 173-80. 

21. Zadra, I., Abt, B., Parson, W., et al., xylP promoter-based expression system and its use for antisense downregulation of the 

Penicillium chrysogenum nitrogen regulator NRE. Appl Environ Microbiol, 2000. 66(11): p. 4810-6. 

22. Bauer, I., Misslinger, M., Shadkchan, Y., et al., The Lysine Deacetylase RpdA Is Essential for Virulence in Aspergillus 

fumigatus. Front Microbiol, 2019. 10: p. 2773. 

23. Fraczek, M.G., Bromley, M., Buied, A., et al., The cdr1B efflux transporter is associated with non-cyp51a-mediated 

itraconazole resistance in Aspergillus fumigatus. J Antimicrob Chemother, 2013. 68(7): p. 1486-96. 

24. Pontecorvo, G., Roper, J.A., Hemmons, L.M., et al., The genetics of Aspergillus nidulans. Adv Genet, 1953. 5: p. 141-238. 

25. Gsaller, F., Furukawa, T., Carr, P.D., et al., Mechanistic Basis of pH-Dependent 5-Flucytosine Resistance in Aspergillus 

fumigatus. Antimicrob Agents Chemother, 2018. 62(6). 

26. Birstonas, L., Dallemulle, A., Lopez-Berges, M.S., et al., Multiplex Genetic Engineering Exploiting Pyrimidine Salvage 

Pathway-Based Endogenous Counterselectable Markers. mBio, 2020. 11(2). 

27. Hortschansky, P., Eisendle, M., Al-Abdallah, Q., et al., Interaction of HapX with the CCAAT-binding complex--a novel 

mechanism of gene regulation by iron. EMBO J, 2007. 26(13): p. 3157-68. 

28. Dietl, A.M., Meir, Z., Shadkchan, Y., et al., Riboflavin and pantothenic acid biosynthesis are crucial for iron homeostasis and 

virulence in the pathogenic mold Aspergillus fumigatus. Virulence, 2018. 9(1): p. 1036-1049. 

29. Baldin, C., Valiante, V., Kruger, T., et al., Comparative proteomics of a tor inducible Aspergillus fumigatus mutant reveals 

involvement of the Tor kinase in iron regulation. Proteomics, 2015. 15(13): p. 2230-43. 

30. Langfelder, K., Jahn, B., Gehringer, H., et al., Identification of a polyketide synthase gene (pksP) of Aspergillus fumigatus 

involved in conidial pigment biosynthesis and virulence. Med Microbiol Immunol, 1998. 187(2): p. 79-89. 

31. Tsai, H.F., Wheeler, M.H., Chang, Y.C., et al., A developmentally regulated gene cluster involved in conidial pigment 

biosynthesis in Aspergillus fumigatus. J Bacteriol, 1999. 181(20): p. 6469-77. 

32. van Rhijn, N., Furukawa, T., Zhao, C., et al., Development of a marker-free mutagenesis system using CRISPR-Cas9 in the 

pathogenic mould Aspergillus fumigatus. Fungal Genet Biol, 2020. 145: p. 103479. 

33. Morio, F., Lombardi, L., and Butler, G., The CRISPR toolbox in medical mycology: State of the art and perspectives. PLoS 

Pathog, 2020. 16(1): p. e1008201. 

34. Hartmann, T., Dumig, M., Jaber, B.M., et al., Validation of a self-excising marker in the human pathogen Aspergillus 

fumigatus by employing the beta-rec/six site-specific recombination system. Appl Environ Microbiol, 2010. 76(18): p. 6313-7. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2021                   



 

 

35. Balabanova, L.A., Shkryl, Y.N., Slepchenko, L.V., et al., Development of host strains and vector system for an efficient genetic 

transformation of filamentous fungi. Plasmid, 2019. 101: p. 1-9. 

36. Yau, Y.Y. and Stewart, C.N., Jr., Less is more: strategies to remove marker genes from transgenic plants. BMC Biotechnol, 

2013. 13: p. 36. 

37. Bertuzzi, M., van Rhijn, N., Krappmann, S., et al., On the lineage of Aspergillus fumigatus isolates in common laboratory 

use. Med Mycol, 2021. 59(1): p. 7-13. 

38. Cheng, S., Nguyen, M.H., Zhang, Z., et al., Evaluation of the roles of four Candida albicans genes in virulence by using gene 

disruption strains that express URA3 from the native locus. Infect Immun, 2003. 71(10): p. 6101-3. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2021                   


