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Roadmap to the talk

• The history of antifungal development

• …and the history of antifungal resistance

• The current pandemic of fungal resistance

• …the coming pandemic of fungal resistance?
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Humanities history of combating fungal disease using 
antifungal chemicals
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Resistance occurs to all classes of drugs used against plant 
and animal fungal infections

Fisher et al. Science 2018;360:739–742



Resistance ≠ Tolerance

Fisher et al. Nat Rev Micro 2022; 10.1038/ s41579-022-00720-1

Resistance 
Owes to changes that directly or indirectly
affect the drug-target interaction
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Resistance ≠ Tolerance

Fisher et al. Nat Rev Micro 2022; 10.1038/ s41579-022-00720-1

* Tolerance
Growth at drug concentrations

above the minimum inhibitory concentration 
(MIC) and involving a wide range of general 

stress response and/ or epigenetic pathways
Berman et al. Nat Rev Micro 2020; 10.1038/s41579-019-0322-2

*

*

*

Resistance 
Owes to changes that directly or indirectly
affect the drug-target interaction

Azoles Echinocandins

Polyenes Pyrimidine analogues



Resistance occurs to all classes of drugs used against plant 
and animal fungal infections

Fisher et al. Science 2018;360:739–742

Dual-use



Azoles

1970 1980 1990 2000

triadimefon
triadimenol

propiaconazole
flutriafol

penconazole
flusilazole

hexaconazole
tebuconazole

cyproconazole
myclobutanil
difenoconazole

tetraconazole

bromuconazole
fenbuconazole

fluquinconazole
metconazole

epoxiconazole
triticonazole

prothioconazole

itraconazole
1990

voriconazole
1992

posaconazole
2006

isavuaconazole
2015

fluconazole
1988

pulmazole
opelconazole



Widespread azole (CYP51) resistance occurs in plant 
fungal pathogens

Somanon Bhattacharya et al. mBio 2018; doi:10.1128/mBio.01291-18

* * CYP51/ERG11 encoding 
sterol 14α-demethylases  



Widespread azole (CYP51) resistance occurs in plant 
fungal pathogens

Price et al. Pest Managment Science 2015;360:739–742 doi.org/10.1002/ps.4029



Resistance to azoles is increasing through time

Fisher et al. Science 2018;360:739–742 (movie by Nichola Hawkins)



?

Resistance to azoles is increasing through time

Fisher et al. Science 2018;360:739–742 (movie by Nichola Hawkins)



Evolution of clinical azole-resistance in situ versus ex situ for 
Aspergillus fumigatus (Snelders Future Medicine 2011)  

TR34 L98H* *
TR46 Y121F/T289A*

CBC transcription 
factor binding (Gsaller 10.1371/journal.ppat.1005775)

Protein conformational 
change



Genome sequencing of 218 UK 
Aspergillus fumigatus isolates 
(153 Clinical; 65 
environmental) confirms 
acquisition of drug resistant 
infections from the 
environment

Rhodes et al. Nat Micro 2022;360:739–742 doi.org/10.1038/s41564-022-01091-2
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Measuring UK-wide exposures to azole resistant A. fumigatus -
A Citizen Science approach

Jen Shelton

Shelton et al. CitSci_Theory&Practice 2020; Shelton PhD Imperial College London 2021; Brackin et al Current Protocols 2020  

+
+

Four sampling rounds
8-hour exposures

Resistance screening on 
azole fungicide



UK experiences a landscape-scale exposure to multidrug-
resistant Aspergillus fumigatus bioaerosols

Jen Shelton

Shelton PhD Imperial College London 2021
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Resistant Af
Sensitive Af

1,894 sample-periods collected 2,366 aerosolised A. fumigatus 



UK experiences a landscape-scale exposure to multidrug-
resistant Aspergillus fumigatus bioaerosols

Jen Shelton

Shelton PhD Imperial College London 2021

Equinox 2018 Solstice 2019Solstice 2018 Equinox 2019

Resistant Af
Sensitive Af

1,894 sample-periods collected 2,366 aerosolised A. fumigatus of which:
1: 20 were resistant to tebuconazole
1:25 were resistant to itraconazole; 1:40 to voriconazole; 1:25 to isavuconazole
and ….
1:150 were resistant to all tested medical azoles



UK experiences a landscape-scale exposure to multidrug-
resistant Aspergillus fumigatus bioaerosols

Jen Shelton

Shelton PhD Imperial College London 2021

cyp51A polymorphisms No. of isolates (n = 111) Proportion of  
isolates

Not A. fumigatus 12
(9 x A. lentulus, 2 x A. nidulans)

11%

TR34 1 1%

TR34/L98H 58 52%

TR46/Y121F/T289A 6 5%

Amino acid subs only 4 4%

No polymorphisms 30 3%

The majority of this exposure is associated with the resistance allele TR34 / L98H 



A back of the envelope calculation…(take with a pinch of salt…)

Calculating from a 54cm2 capture surface, we inhale 3,907 azole-resistant A. f 
spores in 8 hrs (or 39 resistant spores assuming only 1% efficiency)



Fisher et al. Nat Rev Micro 2022; 10.1038/ s41579-022-00720-1 supp info

A way out: Future upgrading of the armamentarium of 
clinical antifungals with novel modes-of-action



A way out: Future upgrading of the armamentarium of 
clinical antifungals with novel modes-of-action

Fisher et al. Nat Rev Micro 2022; 10.1038/ s41579-022-00720-1 supp info

Dihyro-orotate dehydrogenase
(DHODH) inhibitor

Antifungal Triterpenoid

Gwt1 enzyme inhibitor



Dihyro-orotate dehydrogenase
(DHODH) inhibitor

https://www.frac.info/docs/default-
source/publications/frac-code-
list/frac-code-list-2022--
final.pdf?sfvrsn=b6024e9a_2

A way out: Future upgrading of the armamentarium of 
clinical antifungals with novel modes-of-action



Dihyro-orotate dehydrogenase
(DHODH) inhibitor

https://www.frac.info/docs/default-
source/publications/frac-code-
list/frac-code-list-2022--
final.pdf?sfvrsn=b6024e9a_2

?A way out: Future upgrading of the armamentarium of 
clinical antifungals with novel modes-of-action?
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