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Executive summary 
Antimicrobial resistance (‘AMR’) in pathogenic microorganisms is a significant global threat 
to human health. AMR within the clinic is well documented, though, additional settings are 
increasingly recognised to play a role in the evolution and spread of AMR. The 
environment, for example, harbours diverse reservoirs of AMR microorganisms and 
antimicrobial micropollutants, with most research to date focussing on antibiotic resistance 
in bacterial communities.  

Fungal communities are complex - from single-celled yeasts to diverse multicellular 
moulds. Like bacteria and antibiotics, fungi have been documented to evolve resistance to 
antifungals following exposure to antifungal residues, in both the clinic and environment. 
Antifungal resistance (‘AFR’) is an emerging area of concern, with associated high 
mortality rates and few alternative treatment options available. However, environmental 
risk assessment (‘ERA’) guidelines e.g., for pesticides, do not require assessment of 
antifungal agents in terms of their ability to increase AMR, nor are there established 
experimental tools to measure this.  

An important endpoint recently employed to determine selective concentrations of 
antimicrobials is the minimal selective concentration (‘MSC’). In this report, the MSC is 
defined as the lowest concentration of an antifungal at which positive selection for 
resistance occurs. There are currently no empirically determined MSC data available for 
antifungal agents. Thus, novel assays are required that can rapidly determine the MSCs of 
antifungals.  

Various assays to determine MSC values for antibiotics have been designed and 
validated, though, many of these methods are costly and often laborious. Recently, a 
novel assay has been published that enables the rapid determination of antibiotic MSCs, 
using a significant reduction in growth of bacterial communities as a proxy for AMR: the 
‘SELECT’ (SELection Endpoints in Communities of baCTeria) method (Murray et al., 
2020). However, this method is currently optimised to measure antibiotic effects against 
communities of bacteria.  

Therefore, this scoping document aimed to identify potential modifications to the SELECT 
method, to enable application and determine MSCs of antifungal compounds in fungi. 
Given that azole antifungals and fungicides are the only antifungal class deployed in both 
human/veterinary medicine and agriculture, this report will specifically focus on these 
compounds. 

Through this work, it is reported that traditional ecotoxicologically derived endpoints may 
not be protective of AFR selection, highlighting the importance of providing experimental 
tools to empirically determine antifungal MSC data. Key considerations are noted, and 
preliminary modifications of the SELECT method are highlighted to enable the generation 
of antifungal MSCs using this method.  
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These include: 

• The SELECT method may only provide an assay suitable for yeast species, not 
moulds. 

• The use of haploid species Candida auris (C. auris) or Nakaseomyces glabrata (N. 
glabrata, previously Candida glabrata) for initial modifications is recommended, 
given that these species are of both environmental and clinical importance. 

• For initial adaptations, instead of the original complex community inocula adopted 
for the SELECT method, an experimental inocula consisting of a mixture of 
resistant and susceptible strains of the same species is recommended. Reducing 
the complex community to a simple, single species culture allows greater control 
over experimental conditions and reduces the complexity of community interactions. 
However, fungi exist predominantly in complex communities in the environment, 
meaning environmental realism is reduced. Though, the mixing of susceptibility 
profiles provides greater real-world representation than a simple single species 
culture with similar susceptibility patterns.  

• Adaptations of traditional antifungal MIC broth microdilution assays may apply as 
antifungal SELECT experimental conditions. 

Validation assay suggestions are also provided, targeting documented AFR mechanisms. 
Both phenotypic and genotypic validation assays are noted, with advantages and 
disadvantages of such methods discussed and compared. In brief, phenotypic assays are 
beneficial as they generally encompass all resistance mechanisms responsible in a 
population. On the other hand, though genotypic assays usually focus on a single 
resistance determinant, they provide sensitive and accurate measures of resistance. The 
assays discussed target the two key mechanisms of AFR in fungi: overexpression or 
mutation of drug targets.  

Novel experimental ideas are proposed in addition to considering whether the SELECT 
method may be adapted to test antifungals. These include the use of reduced ergosterol 
content as a proxy for AFR and a commonly applied invertebrate host model to determine 
if reduced virulence may also be used as a proxy for AFR. Importantly, these require 
additional testing before application. 

To conclude, following the modifications outlined here, the SELECT method provides a 
promising tool to enable the rapid generation of selective endpoint concentrations for 
antifungals. Generation of MSC data is crucial for interpreting antifungal concentrations 
detected in the environment in terms of resistance selection risk, and such data can be 
considered in the development of thresholds of concern, which may be used to derive safe 
release limits or regulatory guidelines. 

Based on this scoping review work, the project team published the ‘Hypothesis and 
Theory’ article “Antifungal Exposure and Resistance Development: Defining Minimal 
Selective Antifungal Concentrations and Testing Methodologies”. 

https://www.frontiersin.org/articles/10.3389/ffunb.2022.918717/full#h17
https://www.frontiersin.org/articles/10.3389/ffunb.2022.918717/full#h17
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1. Project aims  
The role of the environment in the emergence of antifungal resistance (‘AFR’) has been 
previously highlighted (e.g., Jeanvoine et al., 2020; Monapathi et al., 2018), with particular 
concern owing to the direct application of effect concentrations of azole fungicides to 
agricultural crops and incomplete removal of pharmaceutical antifungals in wastewater 
treatment systems. Current environmental risk assessment (‘ERA’) guidelines, including 
for pesticides, do not require assessment of antifungals in terms of their ability to increase 
AFR. In addition, there are currently no universal assays that are able to empirically 
generate such data. Therefore, there is currently very little information available regarding 
the selective potential of antifungals at environmentally relevant concentrations. 

The novel ‘SELECT’ (SELection Endpoints in Communities of baCTeria) method (Murray 
et al., 2020) offers a robust tool to routinely and inexpensively determine the lowest 
antibiotic concentration that selects for antimicrobial resistance (‘AMR’), referred to as the 
minimal selective concentration (‘MSC’). Though this method has only been used to test 
antibiotics against sewage-derived samples of bacteria, application to other antimicrobials 
and microorganisms may be achieved through assay modifications. Therefore, the primary 
aim of this report is to explore the options to adapt a SELECT-type approach for antifungal 
agents and fungi, in order to provide information on MSCs against which concentrations 
detected in the environment can be considered and interpreted.  

To address this aim, this report will: 

1. Present a brief literature review to provide background on: 
• AMR, AFR and the role of the environment in the evolution of AFR. 
• Current antifungal monitoring and risk assessment. 
• The SELECT method. 

2. Summarise the information required for effective assessment of selection risk, 
including: 
• Key antifungal classes and their modes of action. 
• Occurrence, frequency and severity of key fungal infections, including Candida 

and Aspergillus. 
• Current antifungal selective pressure estimations. 
• Evidence supporting the link between antifungal use and resistance. 
• Key AFR determinants. 
• Fitness costs associated with AFR. 
• Environmental fate of antifungals. 
• Ecotoxicity testing. 

3. Provide suggestions to adapt the existing SELECT method.  
4. Suggest experimental validation assays. 
5. Propose novel experimental alternatives. 
6. Compare assays described. 
7. Provide recommendations for future research.  
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2. Background 

2.1. Antimicrobial resistance 
Antimicrobials, including antibacterial, antiviral, antifungal and antiparasitic agents, sustain 
modern medical practice and are essential for biosecurity and protection of the global 
economy (Murray et al., 2018; O’Neil, 2015, 2014). However, the efficacy of antimicrobial 
therapy is increasingly challenged by the emergence and spread of AMR. AMR 
microorganisms, including bacteria, viruses, fungi and parasites, have the ‘ability to 
multiply or persist in the presence of an increased level of an antimicrobial agent’ (Ashbolt 
et al., 2013). It has been estimated that drug-resistant infections may result in 10 million 
human deaths annually by 2050 (O’Neill, 2014).  

Applications of antimicrobials are broad and include human and/or veterinary medicine. In 
addition, antimicrobials are utilised as pesticides and biocides, including disinfectants in, 
for example, aquaculture, agriculture and horticulture (Hoelzer et al., 2017; Barnes et al., 
2014; Jain et al., 2013; Andersson and Hughes, 2012; Verweij et al., 2009; Odds et al., 
2003). Crucially, the evolution of resistance to these agents is not restricted to the clinic, 
with a growing body of research highlighting the importance of the environmental 
selection, evolution and dissemination of AMR (Murray et al., 2018). Owing to drug 
resistant infections of clinical importance, AMR is well represented in the literature, with 
respect to antibiotic resistance. In comparison, AFR is less studied and is the focus of this 
report.  

2.2. Antifungal resistance 
Fungi are a diverse group of eukaryotes, ranging from single-celled yeasts to complex, 
multicellular moulds (More et al., 2010). Fungal communities are adaptable and may 
evolve resistance following antifungal exposure (Revie et al., 2018; Ksiezopolska and 
Gabaldón, 2018; Perlin et al., 2017; Anderson, 2005; Odds et al., 2003). Despite the 
increasing rates of antifungal drug resistance, just under £1.5 million is allocated to AFR 
research annually, receiving ‘less than 2% of the UKs annual public and philanthropic 
infection biology research budget’ (Barnes et al., 2014). Of particular concern is the 
absence of therapeutic antifungal alternatives, in comparison to the broad range of 
antibiotic classes available. This is owing to the position of animals and fungi on the tree of 
life, revealing close evolutionary relatedness (Hill et al., 2015). Whereas bacteria are 
distantly related to their animal hosts (Cowen et al., 2001; Doolittle, 1999), animals and 
fungi are sister clades, leaving few drug targets unique to fungi, and not to their hosts 
(Fairlamb et al., 2016; Anderson, 2005). 
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2.3. Antifungal resistance in the environment 
Antifungal compounds are widely prescribed in human and/or veterinary medicine and can 
be present as antimycotics in personal care products, such as antidandruff shampoos 
(Richter et al., 2013). In addition, a range of fungicides including azole antifungals are 
commonly adopted as plant protection products (‘PPP’), e.g., pesticides, in agricultural 
applications. There are therefore a number of pathways for antifungals to enter the 
environment, including the direct usage in agriculture and/or subsequent agricultural run-
off (Monapathi et al., 2018). Indirect routes primarily involve wastewater, such as hospital 
wastewater (Chen and Ying, 2015; Escher et al., 2011; Lindberg et al., 2010) or domestic 
sewage and biosolid amended soils (Assress et al., 2021, 2020, 2019; Chen et al., 2014; 
Peng et al., 2012; Kahle et al., 2008). 

The AFR selective potential of antifungals at environmentally relevant concentrations is 
not yet clear. However, there are key findings available to suggest that the environment 
may drive the evolution of AFR and may also play a role in human exposure to drug 
resistant opportunistic fungal pathogens. For example, Snelders et al. (2008) reported that 
50-71% of Aspergillosis cases in the Netherlands were caused by azole-resistant strains in 
antifungal naïve patients, suggesting environmental exposure as the source of AFR 
infection. The European Centre for Disease Prevention and Control’s European 
Environment and Epidemiology (‘E3’) Network is currently investigating the role of 
environmental azole use in driving AFR (Perlin et al., 2017). 

The ‘One Health’ approach to tackling AMR is inclusive of human, environment and animal 
health (Chowdhary and Meis, 2018). Evidently, the environment can play a contributing 
role in the emergence and spread of resistance across all One Health sectors. Initiatives 
exist to improve antifungal stewardship in the farming community to try and reduce levels 
of antifungal pesticides in the environment, such as antifungal agent rotation and the 
reduced application of higher doses, rather than more frequent and lower doses (Azevedo 
et al., 2015). Additionally, hrough its National Action Plan, the UK Government has 
recognised the role of the environment in AMR as an ‘area requiring further research’ 
(Courtenay et al., 2019).  

2.4. Antifungal monitoring, risk assessment and MSCs 
Current antifungal ecotoxicity assessments (e.g., pesticide risk assessments) are based 
on standardised tests, designed to determine a broad range of endpoints including 
lethality, growth, reproductive toxicity and endocrine effects on non-target organisms e.g., 
bacteria, plants, invertebrates and fish (Chen et al., 2014; Richter et al., 2013; Shi et al., 
2012; Kjærstad et al., 2010; Haeba et al., 2008; OSPAR Commission, 2005).  

The standard approach employed to assess the environmental risk of drugs utilises 
predicted no effect concentrations (‘PNECs’) and predicted environmental concentrations 
(‘PECs’) (Assress et al., 2020; Roos et al., 2012). European regulations dictate that an 
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ERA is required where a drug’s PEC exceeds 10ng/L (Le Page et al., 2017; EMA, 2006). 
These predictive values are then used to generate a risk quotient (‘RQ’), which may be 
used to ‘quantitatively estimate ecological threat of an aquatic chemical pollutant’ (EU 
Commission, 2003).  

It is notable that antifungal resistance is not an endpoint that is currently considered within 
these assessments. Additionally, it is still unclear whether existing ecotoxicological 
endpoints are protective of AFR selection at environmentally relevant concentrations (Le 
Page et al., 2017).  

Selective concentration endpoints are determined as the MSC. Gullberg et al. (2011) first 
conceptualised the experimental determination of the MSC for antibiotics, using a 
competition-based, single species evolution assay. There have been a number of 
noteworthy publications since, building on both the definition of MSCs (Table 1) and 
experimental optimisation for antibiotics.  

Table 1. Definitions present in the literature of MSCs for resistance selection. 

 MSC definition  Use  Reference(s) 

‘The lowest antibiotic concentration at which the 
growth rate of resistant and susceptible bacteria 
are equal.’ 

Antibiotics Murray et al. (2020) 

Gullberg et al. (2011) 

‘The lowest concentration of antibiotic where the 
resistant mutant is enriched over the susceptible 
strain.’ 

Antibiotics Stanton et al. (2020) 

‘The lowest concentration of an antibiotic at which 
resistance is positively selected, which can be 
significantly lower than the minimum inhibitory 
concentration (MIC).’ 

Antibiotics Murray et al. (2018) 

‘The lowest concentration that will select for 
AMR.’ 

Antimicrobials Le Page et al. (2017) 

‘The minimum concentration at which the 
presence and expression of resistance gene(s) 
give bacteria a fitness advantage over non-
resistant cells of the same species/strain.’ 

Antibiotics Le Page et al. (2017) 

‘The lowest concentration of an antimicrobial at 
which positive selection for resistance occurs.’ 

Antimicrobials Murray (2017) 
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‘An estimated selective endpoint, determined by 
calculating selection coefficients based on 
change of resistance gene prevalence over time.’ 

Antibiotics  Murray (2017) 

 

‘The drug concentration where the fitness cost of 
the resistance plasmid is balanced by the 
selective effect of the added drug.’ 

Antibiotics Gullberg et al. (2014) 

‘Where the fitness cost of the resistance is 
balanced by the antibiotic-conferred selection for 
the resistant mutant.’ 

Antibiotics Gullberg et al. (2011) 

In the absence of the empirical determination of antifungal MSCs and lack of definition 
available for the MSC of antifungal agents, this report recommends and henceforth adopts 
the definition: the lowest concentration of an antifungal at which positive selection for AFR 
occurs (adapted from Murray, 2017). 

2.4.1. The Watch List 

In 2015 (amended in 2018 and 2020) the European Commission generated a Water 
Framework Directive (‘WFD’) ‘Watch List’ of ‘10 priority substances or groups of 
substances which are potentially detrimental to the aquatic environment and require better 
monitoring’ (Loos et al., 2018). The inclusion of antifungals on the Watch List (‘WL’) has 
helped to raise interest in these agents, including their AFR selective potential. There are 
currently ten azole antifungals on the WL (Table 2). 

Table 2. Azole antifungals listed on the 3rd EU Watch List (Gomez Cortes et al., 2020) 

 Group  Name  Use 

Antimicrobial 
pharmaceuticals: 
azole pharmaceuticals 
(antifungal agents) 

Clotrimazole Human medicine 
Dermatological – antifungals for 
dermatological use 

Fluconazole Human medicine  
Antimycotics for systemic use  

Miconazole  Human medicine  
Dermatological- antifungals for 
dermatological use  

PPPs and biocide: 
azole compounds 

Imazalil (enilconazole) PPP 
Ipconazole PPP 
Metconazole PPP 
Penconazole PPP 
Prochloraz PPP 
Tebuconazole  PPP and biocide  
Tetraconazole  PPP  
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2.5. The ‘SELECT’ method 
Previous works have developed approaches to empirically determine MSCs for antibiotics 
(Stanton et al., 2020; Murray et al., 2018; Kraupner et al., 2020, 2018; Lundstrom et al., 
2016; Gullberg et al., 2014, 2011). However, many of these methods rely on expensive 
genotypic analysis or laborious methods.  

To address the scarcity of inexpensive and simple experimental options available to 
generate selective endpoint data for antibiotics, Murray et al. (2020) developed a novel, 
short-term assay that enables empirical MSC determination for antibiotics. In brief, the 
SELECT method exposes wastewater derived complex communities of bacteria to a 
gradient of antibiotic concentrations. This generates selection concentrations that can be 
used to derive PNECs for resistance (‘PNECRs’), using a significant reduction in growth of 
a community of bacteria as a proxy for selection for AMR (Murray et al., 2020). The 
SELECT method has been shown to be robust to changes in community inocula and 
growth conditions (Murray et al., 2020).  

This method is currently optimised to quantify antibiotic effects on complex bacterial 
communities. However, as previously highlighted, there are currently no methods available 
to quantify antifungal selective effects on fungal communities. Therefore, this report will 
explore potential adaptations to the SELECT method, and suggest additional experimental 
evolution assays with potential to generate antifungal MSCs.  

These assays may identify antifungal concentrations at which there is the potential for 
selection of resistance. Such endpoints may be considered in risk assessments, meaning 
thresholds can be derived that take into account resistance selection and thus aid the 
interpretation of antifungal concentrations in the environment.  
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3. Key considerations for assessing 
antifungal resistance in the environment 
The Codex Alimentarius Commission (‘CAC’) (2011) describes the key principles ‘specific 
to risk analysis for foodborne antimicrobial resistance’ (Ashbolt et al., 2013). Though the 
CAC is designed with human health risk assessment in mind, it provides a thorough basis 
to highlight the key information involving AMR selection. Ashbolt and colleagues provide 
an adapted set of guidelines ‘for a human health-oriented risk assessment of 
environmental antibiotic resistant bacteria (‘ARB’)’: 

 

1. ‘Clinical and environmental surveillance programs for antibiotics, ARB and their 
determinants’ 

2. ‘Epidemiological investigations of outbreaks and sporadic cases associated with 
ARB, including clinical studies on the occurrence, frequency, and severity of ARB 
infections’ 

3. ‘Identification of the selection pressures required to select for resistance’ 
4. ‘Human, laboratory, and/or field animal/crop trials addressing the link between 

antibiotic use and resistance’ 
5. ‘Investigation of the characteristics of the ARB and their determinants’ 
6. ‘Studies on the link between resistance, virulence, and/or ecological fitness (e.g., 

survivability or adaptability) of ARB’ 
7. ‘Studies on the environmental fate of antibiotic residues in water and soil and their 

bioavailability associated with the selection of ARB’ 
8. ‘Existing risk assessments of ARB and related pathogens’ 

 

Thus, the following section of this report aims to follow these eight adapted CAC principles 
as broad guidelines to summarise what is currently known and important to consider for an 
inclusive assessment of antifungal agents, with a particular focus on the risk of AFR 
selection. Where necessary, comparisons to antibiotics or bacteria will be made. 

3.1. Types and uses of antifungals 
There are currently only three primary classes of antifungal agents used in the clinic: 
echinocandins, azoles and polyenes (Ksiezopolska and Gabaldón, 2018). Of these, the 
azoles are the only class used in both human/veterinary medicine and in agriculture 
(Fisher et al., 2018). Resistance to just one antifungal drug class reduces therapeutic 
options by at least 33% and, in extreme cases, resistance to all classes has been 
observed (Berman and Krysan, 2020). Prophylactic use of antifungal drugs is also widely 
employed (Assress et al., 2021), resulting in further emergence of resistance in the clinical 
setting (Revie et al., 2018).  
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3.1.1. Mode of action (‘MoA’) 

Between the primary antifungal classes, MoAs are somewhat similar (Table 3). Drugs 
consistently impair cell structure and rigidity by means of interaction with either cell wall or 
cell membrane constituents. 

Table 3. Major antifungal drug classes, MoA and targets (adapted from Berman and 
Krysan, 2020; Ksiezopolska and Gabaldón, 2018; Anderson, 2005). 

 Compound class  Drug example  Mode of Action  Target 

 Azoles fluconazole Inhibition of 
ergosterol 
biosynthesis 

Lanosterol 14α-    
demethylase 

Echinocandins caspofungin Inhibition of β-1-3-
glucan synthesis 

Cell wall, β-1-3-
glucan synthase 

Polyenes amphotericin B Binds to ergosterol Ergosterol 

3.1.2. Azoles 

The azoles are the largest class of antifungal agents and can be split into two subsets: 
imidazoles and triazoles (Odds et al., 2003). Examples of azole pharmaceuticals include 
fluconazole and miconazole, and azole fungicides include tebuconazole and metconazole 
(Table 2). 

Despite variable chemical structures of azole antifungals, all compounds in this class 
interact with and target the ergosterol biosynthesis pathway (Moye-Rowley, 2020). 
Specifically, all azoles inhibit lanosterol demethylase (‘LD’) (Table 3). This enzyme is 
responsible for the synthesis of ergosterol, a key sterol constituent of fungal cell 
membranes (Chen and Ying, 2015; Odds et al., 2003). Therefore, azole exposure results 
in ergosterol depletion (Hof, 2008). A reduction in ergosterol disrupts the fungal 
cytoplasmatic membrane structure, modifying membrane-bound enzymes, cell fluidity and 
decreases growth (Azevedo et al., 2015; Odds et al., 2003; Cowen et al., 2002; White et 
al., 1998). LD enzymes are encoded by the erg11 gene in yeasts and the cyp51 gene in 
moulds (Perlin et al., 2017; Sagatova et al., 2015; Chowdhary et al., 2014; Morschhäuser 
et al., 2007).  

3.1.3. Echinocandins  

In brief, β-1-3-glucan is an essential fungal cell wall component (Berman and Krysan, 
2020). β-1-3-glucan is synthesised by the enzyme β-1-3-glucan synthase, which is 
encoded by the genes: fks1 and fks2 (Chaabane et al., 2019). The MoA of echinocandin 
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compounds is to inhibit this enzyme, which results in a depletion of glucans in the cell wall 
(Chaabane et al., 2019).  

3.1.4. Polyenes 

Polyenes, the oldest of the antifungals, act by binding to ergosterol. Unlike the inhibition of 
ergosterol synthesis caused by azoles, this leads to the creation of ‘concentration-
dependent channels that kill cells by allowing ions and other cellular components to 
escape’ (Perlin et al., 2017). 

3.2. Occurrence, frequency and severity of AFR 
infections 
Diverse fungal communities are present both in the clinic and the environment (Limon et 
al., 2017). Of concern, numerous fungal species are responsible for invasive infections 
driving high mortality rates, with Candida yeasts and Aspergillus moulds the leading 
human fungal pathogens (Gow and Yadav, 2017; Hill et al., 2015). Collectively, fungal 
infections cause more annual deaths than malaria, tuberculosis, breast or prostate cancer 
(Van Dijck et al., 2018; Barnes et al., 2014).  

3.2.1. Candida 

Candida yeasts are known to cause clinically important mucosal diseases, such as thrush, 
oesophagitis and invasive candidiasis (Berman and Krysan, 2020; Holloman, 2017). In 
extreme cases, infections may be fatal (Holloman, 2017). Though present as harmless 
commensals in healthy humans, Candida albicans (C. albicans) infections carry 
particularly high mortality rates (nearly 40%) (Gow and Yadav, 2017; Hill et al., 2015).  

3.2.2. Aspergillus 

These predominantly soil-borne moulds are saprophytic and play an essential role in both 
the carbon and nitrogen cycle (Gisi, 2014). However, the Aspergillus genera are 
responsible for over 90% of human fatalities associated with fungal infections (Brown et al. 
2012). Aspergillus fumigatus (A. fumigatus) is ubiquitous in nature. This species disperses 
millions of airborne conidia during fungal growth, which are present in most human 
environments in concentrations up to 200 conidia/m3 (Gisi, 2014; Meneau and Sanglard, 
2005). Once inhaled, conidia may penetrate into the alveoli, resulting in the development 
of aspergilloma as aspergilli grow within the lung cavity (Verweij et al., 2009). Without 
being effectively removed, the infection may progress into Invasive Aspergillosis (‘IA’). IA 
is notoriously hard to treat and is often fatal, with mortality rates up to 75% (Cao et al., 
2021). 
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3.3. Selection pressure 
So far, there have been no empirical attempts at determining selective concentrations of 
antifungal agents. Recent works have achieved this for antibiotics and their effects on 
bacteria and this report aims to draw upon these bacterial examples to assess if the same 
can be achieved for antifungals.  

3.3.1. Evidence from antibiotics 

The ‘traditional selective window’ hypothesis dictates that selection for resistance will only 
take place at antimicrobial concentrations above the minimum inhibitory concentration 
(MIC) of susceptible strains (MICSUSC), and below the MIC of resistant strains (Murray et 
al., 2018, Gullberg et al., 2011). However, many data for antibiotics challenge this 
assumption, revealing selection at very low antibiotic concentrations in both single species 
and complex microbial communities (e.g., Murray et al., 2020, 2019, 2018; Stanton et al., 
2020; Kraupner et al., 2018; Le Page et al., 2017; Gullberg et al., 2014; Gullberg et al., 
2011; Liu et al., 2011). Sub-inhibitory antibiotic concentrations were first shown to drive 
selection for resistance by Gullberg et al. (2011), using an increase in the numbers of 
resistant bacteria as a proxy for positive selection. This study revealed that antibiotic 
concentrations below the MICSUSC by up to 230-fold can select for de novo mutations and 
enrich pre-existing resistance (Gullberg et al., 2011).  

3.3.2. Evidence from antifungals 

Though there are no experimental MSC data currently available for antifungals, 
Bengtsson-Palme and Larsson (2016) generated a large data set of predicted no effect 
concentrations for resistance (‘PNECRs’) by applying an assessment factor (‘AF’) to 
publicly available European Committee on Antimicrobial Susceptibility Testing (‘EUCAST’) 
MIC data (Bengtsson-Palme and Larsson, 2016). This data was dominated by clinically 
important antibiotics, though, seven antifungal pharmaceuticals were also included (Table 
4).  

To exemplify how such data may be applied to inform safe release limits, the estimated 
PNECRs were compared to chemical detection data from WWTP effluent. This revealed 
that 28% of effluent concentrations exceeded the PNECR, highlighting the importance of 
such selective endpoints in detecting selection risk of environmentally relevant 
concentrations of micropollutants (Bengtsson-Palme and Larsson, 2016). 

Bengtsson-Palme and Larsson (2016) note that, whilst this extensive data may aid in 
informing regulatory practice, the PNECRs should eventually be supplemented by 
empirically determined MSCs (Le Page et al., 2017; Murray, 2017). 
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Table 4. Selection PNECRs already determined for antifungal agents. Data extracted from C. 
albicans MIC (EUCAST) derived PNECRs (PNECRMIC) (Bengtsson-Palme and Larsson, 2016). 

Antifungal MIC (Candida albicans, 
EUCAST) 

 PNECRMIC (μg/L)  

Amphotericin B 1 0.016 

Anidulafungin 0.03 0.016 

Fluconazole (†) 4 0.24 

Itraconazole 0.06 0.008 

Micafungin 0.016 * 

Posaconazole 0.06 * 

Voriconazole 0.25 * 

*: indicates zero, †: listed on 3rd EU Watch List. 

Assress and colleagues (2021) performed an elaborate monitoring assessment on eight 
azole antifungals in surface waters and wastewater in South Africa. Based on RQ 
calculation, this work found that the concentrations of antifungals present posed no high 
risk against aquatic organisms (algae, daphnia and fish), using traditional ecotoxicity 
endpoints. However, using the PNECRs generated by Bengsston-Palme and Larsson 
(2016), concentrations of fluconazole and itraconazole were found ‘to pose moderate to 
high risk for development of antifungal drug resistance’ (Assress et al., 2021; Bengsston-
Palme and Larsson, 2016). This confirms concerns that ecotoxicologically derived 
endpoints may not be protective of resistance selection. 

3.4. Linking antifungal use and resistance 
Antibiotic resistance selection in bacteria may take place in the environment due to genetic 
mutations or uptake of antibiotic resistance genes (‘ARGs’), under selective and co-
selective pressures (Ashbolt et al., 2013; Qiu et al., 2012; Taylor et al., 2011). Likewise, it 
is widely accepted that persistent antifungal pressure may lead to selection of resistance, 
with an increased likelihood of selection observed if the agent exerts a fungistatic effect 
(Azevedo et al., 2015; Hof, 2008). The continual release of clinical azoles from wastewater 
treatment plants (‘WWTPs’), coupled with their frequent and widespread use in agriculture 
suggests the role of the environment in the emergence of azole resistance is currently 
underestimated. For example, depending on the compound, three azole fungicide 
applications are typically made each year to field crops e.g., cereals and potatoes, but 
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applications may increase after periods of heavy rainfall (Gisi, 2014). This ongoing 
antifungal exposure creates opportunities for resistance acquisition. 

Similar to antibiotic resistance, AFR may be either primary (intrinsic) or secondary 
(acquired) (Perlin et al., 2017; Ben-Ami et al., 2017). Primary resistance includes strains 
that are inherently resistant to antifungal drugs. For instance, fluconazole is not active 
against moulds (Azevedo et al., 2015). Acquired resistance typically follows exposure to 
antifungal selective pressures, causing mutations, genome rearrangements and resistance 
determinant overexpression (summarised in Table 5) (Berman and Krysan, 2020; 
Chaabane et al., 2019; Lockhart et al., 2017). 

3.4.1. Case study 1: drug-resistant river borne yeast pathogens in South 
African communities (Monopathi et al., 2017) 

Recent work isolated diverse yeast communities, including Saccharomyces cerevisiae (S. 
cerevisiae), from rivers of human and agricultural importance in South Africa. Resistance 
to priority azole pharmaceuticals, such as fluconazole, was also found. Opportunistic yeast 
pathogens can cause life threatening mucosal infections in immunocompromised patients, 
such as HIV positive patients (Yamaguchi et al., 2007). It is estimated that over 10% of the 
total population of South Africa are HIV positive (Statistic SA, 2014). To reduce anticipated 
infections, fluconazole is increasingly prescribed prophylactically (Truter and Graz, 2015; 
dos Santos Abrantes et al., 2014; Morschhäuser, 2002). A large proportion of ingested 
azole drugs, including fluconazole, are not fully metabolised in the human body, resulting 
in large quantities entering WWTPs, where compound degradation is equally unsuccessful 
(Kümmerer, 2008). 

The poor performance of WWTPs is especially prevalent in the South African province: 
North West Province (‘NWP’), meaning concerning quantities of antifungals are emitted 
into the environment. Prolonged exposure to fluconazole at sub-inhibitory levels may drive 
environmentally acquired resistance in aquatic yeasts. Consequently, direct exposure of 
immunocompromised HIV patients to these strains is likely to occur on a daily basis, with a 
heavy societal reliance on such aquatic systems for recreation, religious and health (food 
and water) activities. The myriad of increased therapeutic and agricultural use, with 
insufficient wastewater treatment is likely resulting in high concentrations of both antifungal 
residues and azole-resistant yeasts in NWP aquatic ecosystems. Here, increased 
exposure risk and infection may ensue in an already vulnerable immunocompromised 
population. Such interactions and outcomes will continually increase in combination with 
one another and is cause for great concern. 

3.4.2. Case study 2: A. fumigatus 

Agriculturally important plant fungal pathogens and A. fumigatus share the same 
environment (Verweij et al., 2009). Consequently, A. fumigatus populations are 
increasingly exposed to azole fungicides, driving an emergence of resistant A. fumigatus 
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(‘RAF’) (Lockhart et al., 2020; Chen et al., 2020; Riat et al., 2018; Berger et al., 2017; 
Abdolrasouli et al., 2015; Chowdhary et al., 2014; Snelders et al., 2011). Further evidence 
generated by an extensive monitoring survey in Eastern China identified that RAF 
prevalence was ‘positively correlated (p < 0.0001) with residual levels of azole fungicides 
in soils’ (Cao et al., 2021). Bromley et al. (2014) provided additional evidence of the 
environmental origin of RAF, by identifying greater (p < 0.05) RAF in field isolates in 
comparison to urban isolates. 

The consistent finding of a single azole resistance mechanism in RAF, the 34-bp tandem 
repeat (‘TR’), provides strong evidence to link environmental antifungal exposure to the 
evolution of resistance (Verweij et al., 2009, Snelders et al., 2009). The insertion of this TR 
is an elaborate process, most likely to occur during sexual reproduction (Jeanvoine et al., 
2020; Snelders et al., 2009). Sexual reproduction in A. fumigatus almost exclusively 
occurs in the environment (Jeanvoine et al., 2020).  

3.5. Antifungal resistance determinants 
As reported above (3.1.1.), each antifungal drug class operates under different MoAs. 
Similarly, fungal resistance mechanisms and determinants vary according to drug class and, 
sometimes, species. Examples are given in Table 5. It is key to note that this is not an 
exhaustive list of either mechanisms or determinants, as there may be further means of 
resistance to be discovered. Furthermore, given that azoles are the sole class deployed 
both in human/veterinary medicine and in agricultural practices, more detail is provided for 
azole specific mechanisms (Verweij et al., 2009).  

Table 5. Antifungal drug classes, mechanisms of resistance and their determinants. 
Mechanisms listed here are relevant to Candida, unless indicated otherwise. 

 Drug class  Mechanism of resistance  Reference(s) 

Azoles Increased efflux pump activity. 
 

Berman and Krysan (2020) 
Wasi et al. (2019) 
Perlin et al. (2017)  
Rocha et al. (2017 
Holmes et al. (2016) 
Shao et al. (2016) 
Sanglard (2016) 
Azevedo et al. (2015) 
Coleman & Mylonakis (2009) 
Gygax et al. (2008) 
Hof (2008) 
Gbelska et al. (2006) 
Odds et al. (2003) 

 erg11 gene product overexpression. Chaabane et al. (2019) 
Morschhäuser et al. (2016) 
Azevedo et al. (2015) 
Sanglard (2016) 
Li et al. (2015) 
Flowers et al. (2012) 
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Dunkel et al. (2008) 
 erg11 mutations. Chowdhary et al. (2018) 

Healey et al. (2018) 
Azevedo et al. (2015) 
Hof (2008) 

cyp51 mutations. Jeanvoine et al. (2020) 
Chen et al. (2020) 
Ballard et al. (2019) 
Riat et al. (2018) 
Azevedo et al. (2015) 
Bader et al. (2015) 
Vincent et al. (2013) 

Biofilm formation. Berman and Krysan (2020) 
da Silva et al. (2020) 
Sav et al. (2018) 

Amino acid substitution (S. cerevisiae). Perlin et al. (2017)  
Amino acid change (A. fumigatus). Ren et al. (2017) 

Hollomon (2017) 
Chowdhary et al. (2013) 
Snelders et al. (2009) 
Anderson (2005) 

cyp51A gene product overexpression (A. 
fumigatus). 
 

Jeanvoine et al. (2020) 
Ren et al. (2017) 
Hollomon (2017)  
Azevedo et al. (2015) 
Chowdhary et al. (2013) 
Snelders et al. (2009) 

 Whole-chromosome aneuploidy. Berman and Krysan (2020) 
 Metabolism modifications. Chaabane et al. (2019) 
 TRs (A. fumigatus). Assress et al. (2021) 

Cao et al. (2021) 
Echinocandins Mutations in hotspot regions of fks; fks1 for 

all Candida spp, fks2 in N. glabrata. 
Fraser et al. (2020) 
Jiménez-Ortigosa et al. 
(2017) 
Perlin et al. (2017) 
Borghi et al. (2014) 
Hof (2008) 

 Biofilm formation. 
 

Ceballos Garzon et al. (2020) 
Berman and Krysan (2020) 
Pristov & Ghannoum (2019) 
Perlin et al. (2017)  

Polyenes Decreased membrane ergosterol. McCarthy et al. (2017) 
Hof (2008) 

erg mutations. Alpizar Sosa (2020) 
Carolus et al. (2020) 
Hof (2008)  
Cernicka and Subik (2006) 

3.5.1. Efflux pumps 

The predominant mechanism of azole resistance in Candida is the induction of multidrug 
efflux pumps (Berman and Krysan, 2020; Perlin et al., 2017). Efflux pumps are 
transmembrane proteins able to actively transport drugs outside of the cell, thus reducing 
intracellular drug concentrations (Chaabane et al., 2019; Perlin et al., 2017; Jeanvoine et 
al., 2020). ‘ATP Binding Cassettes’ (ABC) and ‘Major Facilitator Superfamily’ (MFS) are 
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the two main efflux pump families (Chaabane et al., 2019; Perlin et al., 2017). This 
resistance mechanism confers resistance to most azoles of both agricultural and medical 
importance (Gisi, 2014; Hof, 2008).  

3.5.2. erg11 upregulation and mutation in Candida 

The MoA of all azole drugs targets the ergosterol biosynthesis pathway (Cowen et al., 
2002). As previously noted, ergosterol is a key membrane component in fungi (Chaabane 
et al., 2019). The LD enzyme mediates the synthesis of ergosterol and is encoded by the 
gene erg11 (Chaabane et al., 2019; Sanglard, 2016; Cowen, 2001). LD enzymes are 
found across all biological kingdoms and are biochemically assigned to the enzyme group 
‘cytochrome P450’ (Scott et al., 2020; Caramalho et al., 2017; Hof, 2008). LD enzymes are 
considered the most ancient cytochrome P450 (Scott et al., 2020). Azole resistance has 
previously been identified due to an upregulation of the erg11 gene, resulting in a 
overexpression of LD despite drug treatment (Chaabane et al., 2019). In addition, point 
mutations of erg11 have also been reported to confer azole resistance (Perlin et al., 2017). 

3.5.3. Mutation of cyp51A in A. fumigatus 

Changes to the amino acid sequence of the cyp51A gene is the most commonly reported 
mechanism of azole resistance in A. fumigatus (Perlin et al., 2017; Ren et al., 2017), 
present in over 90% of clinical RAF isolates (Verweij et al., 2009). It is speculated that this 
mechanism is due to the extensive use of azole fungicides in agriculture and has been 
identified in both clinical and environmental isolates from 22 countries (Perlin et al., 2017). 
As above, this gene encodes the LD enzyme, but is specific to A. fumigatus (Assress et 
al., 2020; Prigitano et al. 2019). Though there are many mutations documented to be 
involved, Cao et al. (2021) found that three single nucleotide polymorphisms (‘SNPs’) 
(namely TR46/Y121F/T289A, TR34/L98H, and TR53) accounted for 84.8% of all azole 
resistance mechanisms in A. fumigatus. 

3.6. Antifungal resistance and fitness costs 
The longstanding assumption with AMR evolution is that the selective pressure i.e., 
antibiotic/antifungal concentration must be large enough to offset any incurred fitness cost 
of resistance (Melnyk et al., 2015). However, this is based on the false idea that resistance 
always has a fitness cost (Gullberg et al., 2011). In general, it is suggested that selective 
effect concentrations are conditional upon the fitness cost of resistance (Gullberg, 2014), 
and the maintenance of resistance in a population is dependent upon fitness cost in the 
absence of the drug (Hill et al., 2015; Gullberg, 2014; MacLean et al., 2010; Gagneux et 
al., 2006; Anderson, 2005). 
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3.6.1. Bacteria 

Generally, antibiotic resistance (particularly acquired) is associated with a fitness cost 
(Andersson and Hughes, 2010). For example, the alteration of an antibiotic target may 
prohibit its original function (Enne et al., 2005). Fitness costs may be negated by 
subsequent evolution or compensatory mutations (Durão et al., 2015; Andersson and 
Hughes, 2012; Enne et al., 2005; Baquero, 2001). On the other hand, there is evidence to 
suggest that there are even resistance genes that confer a fitness advantage (e.g., Michon 
et al., 2011).  

3.6.2. Fungi 

Comparatively less is known about the fitness cost of AFR in fungi than about antibiotic 
resistance costs in bacteria. Similar to bacteria, there is evidence that further evolution 
may take place to ameliorate any incurred fitness costs with compensatory mutations 
(Verweij et al., 2016; Morschhäuser, 2016; Sharma et al., 2015; Anderson, 2005; Barker et 
al., 2004). For example, experimental populations of C. albicans have previously revealed 
an initial fitness cost associated with upregulated gene expression owing to the high 
energy demands of this process, but this cost was reduced over time (Hof, 2008; Cowen 
et al., 2002). In other research, however, it appears drug resistance sustains no immediate 
fitness cost (Valsecchi et al., 2015; Chowdhary et al., 2013; Mavridou et al., 2013; 
Anderson, 2005) or confers great cost with no evidence of compensatory mutations 
(Vincent et al., 2013). In rare cases, overexpression of resistance determinants, such as 
ABC transporters, have led to a gain in fitness with and without drug presence (Guo et al., 
2017). Specifically, many drug transporters are not specific to azole fungicides and so 
intracellular concentrations of other toxic compounds may also be reduced (Hof, 2008). 

Notably, the sparsely available evidence highlights two potential areas where fitness costs 
of AFR may be experienced: reproductive output and virulence. 

3.6.2.a. Reproductive output 

By exposing three different experimental populations of the yeast S. cerevisiae to 
increasing concentrations of fluconazole (16, 32, 64 and 128 μg/ml), Anderson and 
colleagues (2003) aimed to assess the mean fitness cost of resistance evolution. Fitness 
was quantified ‘by measuring change in the proportion of strains in mixed [susceptible and 
resistant] cultures over time’ (Anderson et al., 2003). After propagation of 100 generations 
via serial transfer, an increase in number of doublings of resistant strains (used to quantify 
reproductive output as a proxy for fitness) was observed at both 32 and 64 μg/ml. Though, 
at the highest experimental drug concentration (128 μg/ml), a reduced fitness was 
witnessed in association with mutations in the gene pdr1. This gene encodes for an efflux 
pump of the ABC transporter superfamily (Anderson et al., 2003).  

Calculation of fitness cost in C. albicans, conveyed as an increase in doubling time in the 
absence of fluconazole, has also been documented (Cowen at al., 2000). In this work, the 
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doubling time was ‘expressed as the number of doublings of the evolved competitor minus 
the number of doublings of the genetically marked ancestor, standardized by the total 
number of doublings in the competition assay’ (Cowen et al., 2002). This was calculated 
during the exponential growth phase using a spectrophotometer (Cowen et al., 2000). All 
experimental populations were shown to adapt to the presence of fluconazole, measured 
by an increase in MIC. In addition, this work revealed the initially identical populations 
followed different doubling times when the presence of fluconazole was removed, and any 
fitness costs were compensated with further evolution (Cowen et al., 2000). To briefly 
summarise the findings, a MIC of 4 μg/ml significantly increased fitness, both with and 
without drug. Where the MIC exceeded 64 μg/ml, there was a considerable increase in 
fitness with the drug, but no change without. However, where the MIC was 64 μg/ml, a 
significant reduction in fitness without the drug was found.  

3.6.2.b. Virulence 

It is postulated that acquired AFR may result in reduced virulence, although, this is still 
under investigation. To test this, Candida glabrata (recently renamed Nakaseomyces 
glabrata; N. glabrata) isolates were cultured from a fatal case of recurrent fungemia, which 
had been unsuccessfully treated with echinocandin therapeutics (Borghi et al., 2014). The 
studied strains were isolated sequentially from the patient and each strain showed varying 
echinocandin susceptibility patterns. To assess whether the resistant strains (indicated by 
an increase in MIC) expressed an associated fitness cost, the invertebrate host model 
Galleria mellonella (G. mellonella) was exposed to strains in vivo and a correlation 
between MIC and virulence (conferred by fatal outcome) was calculated. The study 
concluded that the increase in resistance was not associated with a decreased virulence, 
shown by a similar rate of killing across the three isolates (p > 0.05) (Borghi et al., 2014).  

On the other hand, AFR acquisition has been shown to have a virulence cost. For 
example, experimental populations of C. albicans conferring fks1 mutations revealed 
reduced virulence (Ben-Ami et al., 2011). Additionally, resistant C. albicans mutants have 
previously been identified to develop fitness trade-offs that influence macrophage 
susceptibility, host survivability and morphogenesis – key virulence traits (Hill et al., 2015).  

At the opposing extreme, resistance mechanisms have been found to be advantageous in 
terms of virulence. For instance, in vitro C. albicans azole-resistant mutants were found to 
produce greater quantities of extracellular aspartic proteinases, key virulence factors 
(Rapala‐Kozik et al., 2018; Fekete‐Forgács et al., 2000). Subsequently, these hyper-
virulent resistant strains were found to be more pathogenic in mice hosts than the azole-
susceptible parent strain (Fekete‐Forgács et al., 2000). 
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3.7. Environmental occurrence, treatment and 
persistence of antifungals 
As previously stated, azoles are the only antifungal class deployed in both 
human/veterinary medicine and in agriculture (Chowdhary and Meis, 2018; Berger et al., 
2017; Meneau and Sanglard, 2005). Most agricultural azoles are approximately 10-100 
times less intrinsically active than their therapeutic counterparts (Gisi, 2014).  

However, fungicides are directly applied to agricultural crops at effect concentrations (Gisi, 
2014). According to manufacturer guidelines, azoles should be applied at around 100g/ha, 
which is the estimated equivalent of 10mg of azole fungicide applied per 1m2 of plant 
surface (Azevedo et al., 2015). The spraying of fungicides typically occurs at least once 
every year (Lago et al., 2014), with nearly 50% of the total European Union (EU) cereal 
and vineyard acreage treated with azole fungicides (Verweij et al., 2009). In the UK, over 
250,000 kg of azole fungicides are utilised for crop protection each year (Chowdhary and 
Meis, 2018; Kleinkauf et al., 2013). 

Fungicide PPPs are essential in the protection of vital crops e.g., wheat, barley and maize, 
against diseases responsible for reducing crop yields up to 20% (Vanni et al., 2004). With 
diseases predicted to increase due to climate change (Zubrod et al., 2019), and no 
effective alternatives to azole fungicides currently available, it is critical to monitor and limit 
these impacts to secure future food security. 

3.7.1. Occurrence 

Due to advancements in sensitive and reliable methods for quantifying antifungal 
concentrations e.g., solid phase extraction, measured environmental antifungal 
concentrations are available (Appendix A) (Huang et al., 2010). Antifungal residues have 
been identified in a variety of aquatic ecosystems, including wastewater influents and 
effluents and surface water, mainly in European or Asian countries (Appendix A). In a 
comprehensive review conducted by Chen and Ying (2015), environmental levels of 
azoles were found to be relatively comparable between different countries. In general, 
concentrations tend to be reduced in surface water due to dissipation, and concentrations 
appear to be greater in dry seasons than wet due to the dilution effect (Chen and Ying 
2015; Chen et al., 2014, Huang et al., 2013). In addition, antifungal concentrations are 
typically lower in WWTP effluent than influent (Chen and Ying, 2015).  

3.7.2. Wastewater treatment 

Much like antibiotics, antifungal drugs (e.g., fluconazole) are not fully metabolised in the 
human body and are therefore excreted and enter the wastewater treatment system 
(Assress et al., 2021, 2020, 2019; Monapathi et al., 2018; Chen and Ying, 2015; Peng et 
al., 2012; Kahle et al., 2008). In addition, antimycotics, such as climbazole, are used in 
cosmetic and personal care products (Richter et al., 2013). Many of these agents are 
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applied to the human body topically, resulting in greater emissions of active ingredients 
(90-95%) into WWTPs (Assress et al., 2021, 2020, 2019; Richter et al., 2013; Peng et al., 
2012; Letzel et al., 2009). WWTPs do not remove such compounds completely and azole 
concentrations up to 0.5 μg/L have been identified in WWTP effluent (Richter et al., 2013). 
For instance, Kahle et al. (2008) quantified the occurrence of nine antifungals in WWTPs 
and surface waters in Switzerland. This revealed incomplete removal of fluconazole, 
propiconazole and tebuconazole, but a high removal (80%) of clotrimazole. In particular, 
fluconazole remains largely unaffected by WWTPs ‘due to its hydrophilic properties and 
low biodegradation rate’, resulting in a high prevalence of fluconazole in aquatic systems 
(Peng et al., 2012; Lindberg et al., 2010; Kahle et al., 2008). 

3.7.3. Persistence 

In addition to discharge to the aquatic environment from WWTPs, antifungal contamination 
of sewage sludge is common (Chen et al., 2013b). Owing to the extensive half-life 
durations and high hydrophobicity of many of these compounds, they may remain and 
accumulate in the environment for long periods of time i.e., months to years (Table 6). It 
has previously been hypothesised that sludge application to agricultural land is largely 
responsible for soil contamination of azoles, in addition to the direct application of azole 
fungicides (Chen et al., 2013a). Azole fungicides are lipophilic, increasing the presence of 
residual contaminants in biosolids/sewage sludge (Lai et al., 2014; Wu et al., 2010; Kahle 
et al., 2008; Boxall et al., 2006). Sludge application to agricultural land as fertiliser is 
considered a sustainable practice across the world, including in the UK (Chen and Ying, 
2015; Langdon et al., 2012). Further to this, reclaimed wastewater is increasingly recycled 
for irrigation purposes in some countries, which could potentially further increase the 
contamination of azoles into agricultural land, although this is so far unexplored (Calderon-
Preciado et al., 2011, Chen et al., 2011).  

Table 6. Soil half-life data for antifungals included on the 3rd EU Watch List. 

 Compound  Half-life in soil 
(days) 

 Reference 

 
Clotrimazole  

 
29-126 
365 

 
García-Valcárcel and Tadeo (2012) 
Chen et al. (2013b) 

Fluconazole 73-85 García-Valcárcel and Tadeo (2012) 
Miconazole 130–440 Chen et al. (2013a) 

347 Walters et al. (2010) 
1386 Gottschall et al. (2012) 

Tebuconazole 200 Bhagat et al. (2020)  
Kahle et al. (2008) 
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3.8. Ecotoxicity testing 
There are no universal ecotoxicity tests employed that consider risk for AMR selection. 
Therefore, the following section aims to summarise the existing ecotoxicity tests for both 
antibiotics and antifungals, to provide a basis of what is currently available using 
alternative endpoints. 

3.8.1. Antibiotics 

There are currently three main ecotoxicity tests employed for antibiotics: the soil nitrogen 
transformation test, the activated sludge respiration inhibition test (‘ASRIT’; OECD, 2005) 
and growth inhibition of cyanobacteria test (Le Page et al., 2017; Murray, 2017; Brandt et 
al., 2015). Regardless of the omission of AMR selection from current ERA guidelines, 
there is further concern owing to the biased nature of the tests towards metazoan species 
i.e., invertebrates and fish, rather than target microbial species (Le Page et al., 2017; 
Ågerstrand et al., 2015, Brandt et al., 2015). Le Page and colleagues (2017) questioned 
the applicability and value of the ASRIT test in quantifying effects of antibiotics on 
environmental bacteria and called for a reconsideration of its use in ERA. 

3.8.2. Antifungals 

Ecotoxicity testing of antifungals for the purposes of, for example pesticide and biocide 
approvals, includes the consideration of traditional endpoints, including developmental 
toxicity, reproductive toxicity, neurotoxicity, immunotoxicity and oxidative stress (Bhagat et 
al., 2021). These tests have been previously used to generate PNECs based on traditional 
endpoints and risk quotients based on available monitoring data for Watch List antifungals 
(Table 7). Fungal specific toxicity tests are not generally undertaken and not in relation to 
assessment of the selection for resistance, and it is proposed that these traditional PNEC 
data may not be protective of AFR selection (Le Page et al., 2017).   
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Table 7. Available PEC and PNEC data for 3rd EU Watch List antifungals and fungicides 
(Gomez Cortes et al., 2020) 

Compound 
PECfw† (μg/l) 

MEC (P95*) 
(μg/l) 

PNECfw† RQfw† (MEC 
(P95) or 

PEC/PNEC) 

Clotrimazole‡ 0.086 (OSPAR, 
2015) 

0.016 0.02 0.8 

Fluconazole‡  0.06  0.613 (Zhou et al., 
2019) 

0.1 

Imazalil 
(enilconazole) 

0.001-0.43 (EFSA; 
2010)  

0.01 – 0.075 0.8 (Carvalho et al., 
2016)  

0.09 

Ipconazole 0.1088-0.2719 
(EFSA, 2013)  

 0.044 (AgriTox 
ANSES, 2019)  

2.5-6.1 

Metconazole 0.1–1.2 (EFSA, 2006)  0.025  0.0291  0.86  

Miconazole‡ 0.032 (Minguez et al., 
2016) 

 0.4 (Minguez et al., 
2016)  

0.079  

Penconazole 0.184-3.3 (EFSA, 
2008) 

0.05  6 (INERIS, 2012)  0.008  

Prochloraz 0.1-3 (EFSA, 2011) 0.05  0.161 (Zhou et al., 
2019)  

0.3  

Tebuconazole 0.543 – 1.131 (EFSA, 
2014) 

0.05  0.24 (Swiss ECOTOX 
Centre, 2016)  

0.21  

Tetraconazole  2 - 3 (EFSA, 2008) 0.05  1.9  (Lettieri et al., 
2016)  

0.03  

*: 95th percentile, †: freshwater organisms, ‡: clinical antifungals.  
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4. Modifications to the SELECT method 
Without assays to empirically determine antifungal selective concentrations, ERAs for 
antifungals are unable to consider the risk of AFR selection. One option is to consider 
whether the SELECT method (Murray et al., 2020), which was developed to determine 
resistance selection concentrations for antibiotics, could be adapted to consider 
antifungals. 

To consider the adaptation of the SELECT method, this section aims to answer the 
following questions: 

- 4.1. The SELECT method exposes a sewage derived community of bacteria to 
incremental concentrations of antibiotics. Are there fungal communities present in sewage 
that will enable SELECT for AFR to be used with this inoculum?  

- 4.2. Though complex communities are more representative of the natural environment, 
working with single species may initially be easier to test the applicability of SELECT to 
fungi. What are the suggested focal species? 

- 4.3. What are the benefits of using single-species vs communities in experimental 
assays? 

- 4.4. The experimental design of the SELECT assay is similar to protocols described in 
MIC generating broth microdilution assays. Have broth microdilution assays been 
previously used for antifungal susceptibility testing (‘AFST’)? 

- 4.5. The SELECT method ‘determines effect concentrations based on the reduction of 
bacterial community (wastewater) growth’ (Murray et al., 2020). Can a reduction of growth 
be used as a proxy for AMR in fungi? 

 

4.1. Fungal sewage communities 
The use of a sewage derived inoculum in the original SELECT is advantageous as the 
sewage microbiome is known to be ‘representative of both the human gut, hospital effluent 
and WWTP influent’ (Murray, 2017). Importantly, this provides a diverse community of 
bacteria and resistance mechanisms for selection to act upon, including de novo mutation 
but also horizontal gene transfer (‘HGT’) of resistance genes between bacteria. For fungi, 
this may be less important as HGT does not occur and most AFR will be conferred by 
mutation or increased gene expression.  

However, evidence suggests both the diversity and importance of fungal sewage 
assemblages (Niu et al., 2017). For instance, fungi are the predominant decomposers in 
WWTPs and form critical components of activated sludge, aiding WWTP management 
(Gómez-Silván et al., 2020; Zhang et al., 2018). In addition, wastewater associated fungi 
are not as closely or regularly monitored as bacterial faecal indicator organisms (‘FIOs’) 
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and therefore the abundance of such species is likely underestimated (Assress et al., 
2019). 

Data suggests that yeasts are the most dominant fungi isolated from wastewater (Van 
Wyck et al., 2012). For instance, Kacprzak et al. (2003) found that yeasts made up 97.5% 
of sampled wastewater fungal communities, predominantly represented by Candida spp. 
Interestingly, wastewater contamination by yeasts, such as Candida, has been compared 
to that of bacterial FIOs, such as faecal coliforms (Monapathi et al., 2020; Brizzotti-
Mazuchi et al., 2020; Monapathi et al., 2017; Hagler et al., 2017). Some authors have 
suggested yeasts could be adopted in association with faecal indicator (‘FI’) bacteria as 
bioindicators of aquatic pollution (Brizzotti-Mazuchi et al., 2020). Previously, correlations 
have been demonstrated between levels of FI bacteria and yeasts (Van Wyck et al., 2012; 
Medeiros et al., 2008). For example, in a study assessing the prevalence of fungi in 
parallel with bacterial FIOs in Greece, counts of yeasts were significantly (p < 0.01) 
correlated with those of total faecal coliforms (Arvanitidou et al., 2002). 

Due to the presence of antifungals in wastewater systems, WWTPs have also been 
identified as sources of AFR fungi (Assress et al., 2021; Niestępski et al. 2019; Ohore et 
al. 2019). Previously, to isolate fungal communities from wastewater samples, 1 ml of 
water samples were spread onto selective agar and plates were incubated at 28°C for 7–
10 days. Colonies were then picked and further inoculated in nutrient rich media (Assress 
et al., 2021). Various additional methods to isolate yeast from wastewater have previously 
been described, yet the most utilised protocol involves filtering wastewater through a 
cellulose membrane, followed by subsequent culturing on agar plates (Brizzotti-Mazuchi et 
al., 2020). 

Importantly, sewage and aquatic systems are not the only environment of importance in 
terms of potential for AFR evolution. Fungal soil communities are well recognised for both 
ecological importance and as hotspots of AFR e.g., RAF. Hence, assays to determine 
antifungal MSCs in fungal soil communities are explored in section 5.  

The available evidence therefore indicates that diverse fungal communities are present in 
WWTPs. In addition, there are protocols to enable selective culture of yeast species from 
wastewater. These findings indicate that wastewater ‘is a good medium for the growth and 
sporulation of different groups of fungi’ (Kacprzak et al., 2003). Following culturing 
protocols outlined in the literature (e.g., Assress et al., 2021), yeasts are easily isolated 
from natural samples on selective agar, identified by morphology and this allows single 
isolates to be used as inocula for further experimentation. Furthermore, owing to the 
ubiquity and ecological flexibility of Candida yeasts in such environments (Silva-Bedoya et 
al., 2014), this report will focus on adapting the SELECT method for Candida spp. Notably, 
Murray and colleagues (2020) validated the MSCs determined by the SELECT method 
against changes to inoculum and experimental conditions e.g., temperature. Therefore, it 
is recommended that antifungal MSCs derived by the antifungal adapted SELECT should 
also be validated against changes to inocula and temperature. 
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4.2. Suggested fungal species 
When considering a model species for the purpose of this report, there are a few key 
considerations to address. As highlighted, Candida yeasts are ubiquitous in sewage-
derived communities, so initial modifications could consider this focal genus. In addition, 
AFR and invasive infections of therapeutic importance are also well documented in 
Candida spp. (Bhattacharya et al., 2020; Chaabane et al., 2019; Whaley et al., 2017). 
Therefore, the species within this genus are of epidemiological importance.  

Table 8. Key differences between bacteria, yeast and mould. 

Bacteria Yeast Mould  
Unicellular Unicellular Multicellular 
Asexual reproduction Asexual reproduction Asexual & sexual reproduction 
Non-hyphal Non-hyphal Hyphae (filamentous) 
Non-sporous & sporous Non-sporous Sporous 
Short cultivation time Short-medium cultivation time Medium-long cultivation time 

Importantly, there are key differences in the growth, structure and function of yeast cells in 
comparison to moulds (summarised in Table 8). These differences impact the organism’s 
ability to evolve and maintain AFR, and therefore impact our ability to quantify resistance 
selection. Notably, similarities between yeast and bacteria may be drawn upon, including 
that they are both unicellular, undergo asexual reproduction and have typically short 
cultivation times. Therefore, as the SELECT method is currently optimised to test antibiotic 
selective effects on a sewage derived bacterial community, application to yeast cells is 
more likely to yield similar quantification abilities for resistance acquisition. Furthermore, as 
will be later discussed, yeast cells are routinely utilised in broth microdilution AFST assays. 
These assays follow similar protocols to the SELECT method. Though broth microdilution 
is possible for moulds, inocula typically consist only of hyphal fragments or conidial 
suspensions, suggesting optical density (‘OD’) may not be adequate to measure growth of 
moulds in response to antifungals. 

4.2.1. Evolution of resistance in fungi versus bacteria 

In addition to the marked differences between eubacterial genetics and growth, versus 
eukaryotic physiology, there are clear differences in the evolution of resistance between 
fungi and bacteria (summarised in Table 9). One of the most obvious differences is the 
absence of fungal capacity to readily take up or horizontally transfer exogenous DNA, 
such as plasmids (Azevedo et al., 2015; Hof, 2008). This suggests resistance 
development in fungal communities may be more gradual, as opposed to the ‘explosive 
expansion of resistance’ observed in bacteria (Hof, 2008). Furthermore, some resistant 
bacterial strains are able to produce enzymes capable of degrading antibiotics. This 
mechanism of resistance is most notably documented with the extended spectrum beta-
lactamase (‘ESBL’) producing bacteria, such as ESBL-producing E. coli (Salinas et al., 
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2021). On the contrary, fungal enzymes able to degrade azoles have not yet been 
identified (Hof, 2008).  

Nevertheless, fungi have been described as ‘evolvable’ (Cowen et al., 2002), owing to the 
large number of genes encoding for resistance mechanisms e.g., efflux pumps (Berman 
and Krysan, 2020). For example, there are 30 known genes for ABC transporters present 
in S. cerevisiae, providing greater possibility for resistance mutations to arise (Hof, 2001; 
Cowen, 2001). Moreover, fungal genomes are significantly larger than bacterial genomes 
(Table 9). This has been proposed to increase the likelihood of genetic mutations 
conferring antifungal drug resistance.  

Table 9. Summary table comparing evolution of resistance in bacteria and fungi. 

 Resistance mechanism Bacteria Fungi  Reference(s) 

Target modification e.g., 
mutation 

Yes Yes Chaabane et al. (2019) 
Cortés et al. (2019) 
Chowdhary et al. (2018) 
Luthra et al. (2018) 
Healey et al. (2018) 
Azevedo et al. (2015) 
Hof (2008) 

Inhibition of target 
access (pores, pumps) 
e.g., efflux 

Yes Yes Berman & Krysan (2020) 
Wasi et al. (2019) 
Yılmaz et al. (2017) 
Perlin et al. (2017)  
Rocha et al. (2017 
Holmes et al. (2016) 
Shao et al. (2016) 
Sanglard (2016) 
Azevedo et al. (2015) 
Coleman & Mylonakis (2009) 
Gygax et al. (2008) 
Hof (2008) 
Gbelska et al. (2006) 
Odds et al. (2003) 

Enzymatic 
modification/inactivation 
of antimicrobial 
compound 

Yes No Gasparrini et al. (2020) 
Schaenzer & Wright (2020) 
Markley & Wencewicz (2018) 
McCarthy et al. (2018) 
Hof (2008) 
 

Capacity for evolution of 
resistance 

Bacteria Fungi Reference(s) 

 
Horizontal gene transfer 

 
Yes 

 
No 

 
McInnes et al. (2020) 
Sun et al. (2019) 
Fairlamb et al. (2016) 
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Azevedo et al. (2015) 

Size of genome Smaller e.g.,  
E. coli  
4640kb 

Larger e.g.,  
S. cerevisiae 

12,068kb 

Hokken et al. (2019) 
Cowen et al. (2002) 

Rearranging of genomes 
 

No Yes Stukenbrock & Croll (2014) 
Cowen et al. (2002) 

One way to reduce dissimilarities between fungal and bacterial resistance evolution is to 
consider ploidy. Ploidy is a fundamental genetic feature of all organisms, traditionally 
defined by the number of chromosome homologues present in a cell (Gerstein and Sharp, 
2021; Trun, 1998). According to this definition, the majority of bacteria, including 
universally adopted FIO E. coli, ‘contain one homologue of their single chromosome’ and 
may therefore be considered haploid (Bull, 2019; Trun, 1998).  

Fungal ploidy is not as simple (Gerstein and Sharp, 2021). For example, C. albicans is the 
most widely investigated fungal pathogen for resistance to antifungals (Lee et al., 2020). 
However, unlike E. coli, C. albicans is diploid, meaning they contain two homologues or 
copies of each chromosome (Glazier and Krysan, 2020). With a diploid background, the 
degree of dominance of a mutation is important to be considered in experimental evolution 
assays (Cowen et al., 2002). For instance, point mutations in one recessive chromosome 
may be compensated by the unaffected, dominant allele (Hof, 2008), thereby 
preventing/reducing the appearance of the expected phenotype. 

Genetic exchange and recombination within haploid genomes are much more clear-cut 
(Cowen et al., 2002) and would provide a closer model system to that of predominantly 
coliform bacteria employed in the existing SELECT method. Two haploid yeast species of 
epidemiological and environmental importance are N. glabrata and Candida auris (C. 
auris) (Shor and Perlin, 2021; Du et al., 2020; Kumar et al., 2019). Therefore, these two 
species are recommended, discussed further below, to trial the application of the SELECT 
method to measure the selective effect of azole antifungals.  

4.2.2. N. glabrata 

N. glabrata are amongst the most common yeasts isolated from water sources (Monapathi 
et al., 2020, 2017; Van Wyck et al., 2012). These yeasts can also exhibit multidrug 
resistance (‘MDR’) to azoles and echinocandins (Farmakiotis and Kontoyiannis, 2017; 
Healey et al., 2016; Pfaller, 2012; Singh-Babak et al., 2012). This species is well 
documented for increasing spread of resistance and is therefore of clinical concern 
(Azevedo et al., 2015; Srinivasan et al., 2014). Many (~50%) N. glabrata isolates have a 
hypermutator phenotype because of defects in DNA mismatch-repair machinery, making 
this species particularly ‘evolvable’ (Perlin et al., 2017; Farmakiotis and Kontoyiannis, 
2017). However, it has been noted that N. glabrata can ‘behave unreliably and cannot be 
relied upon for standardised testing’ (Perlin et al., 2017). For example, Espinel-Ingroff et 
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al. (2013) compared caspofungin MICs for N. glabrata and observed high interlaboratory 
variability.  

4.2.3. C. auris 

C. auris is a recently discovered Candida species, first described in 2009 (Arikan-Akdagli 
et al., 2018). The global spread of this fungal pathogen is concerning for several reasons 
(Perlin et al., 2017). C. auris has been highlighted as the first ‘globally emerging fungal 
pathogen that exhibits MDR’ with a ‘strong potential for nosocomial transmission’ 
(Farmakiotis and Kontoyiannis, 2017). C. auris strains are also prone to cause outbreaks 
owing to high inherent resistance to antifungal agents (Chaabane et al., 2019; Farmakiotis 
and Kontoyiannis, 2017). For example, out of 54 C. auris clinical isolates sampled across 
three continents, over 90% were resistant to fluconazole and over 40% exhibited MDR 
(Lockhart et al., 2017; Farmakiotis and Kontoyiannis, 2017). In addition, C. auris was 
recently isolated from coastal environments in India, including salt marsh and sandy beach 
sites, supporting an ecological relevance of this species (Arora et al., 2021). 

4.2.4. Fungal species conclusion 

It is likely that N. glabrata is the most widespread and may therefore provide a more 
environmentally representative species. However, as C. auris has only recently been 
described, evidence of environmental abundance may not be truly accurate. In addition, a 
variability of data from MIC testing in of N. glabrata has been highlighted, arguably owing 
to the species’ hypermutability (Espinel-Ingroff et al., 2013; Perlin et al., 2017). For these 
reasons, it is suggested that wild type isolate strains of C. auris may be the most suitable 
focal species to initially test the SELECT method with antifungals.  

Importantly, both N. glabrata and C. auris have been documented to exhibit intrinsic 
resistance to drugs of clinical importance. Intrinsic resistance is frequently observed 
across both yeast and mould species, adding an additional challenge when prescribing 
effective medication to fungal infections. Therefore, experimental inocula should be 
determined on a case-by-case basis, based on the available information, to ensure 
antifungals are not tested against a species that is intrinsically resistant to that compound. 

It should also be noted that haploid genomes are not representative across all fungal 
species, meaning MSC variability may be observed for species with diploid backgrounds 
e.g., C. albicans. Hence, once the antifungal SELECT method has been established for 
the proposed haploid species, it is recommended that further testing or adaptations should 
be considered to enable application to diploid species, such as C. albicans.  

4.3. Single species versus community 
Both single species and community assays have different strengths for various 
experimental applications (summarised in Table 10). 
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Table 10. Strengths proposed in the literature for single species and community-based 
assays for both bacterial and fungal species/communities. 

 Single species   Complex community 

Minimise genetic drift (Cowen et al., 2000) ‘Microorganisms are not commonly 
encountered in isolation’ (Assress et al., 
2019) 

‘Valuable insights regarding the potential of 
antibiotics to select for resistant strains in 
environments characterised by low bacterial 
complexity and favourable growth 
conditions’ (Kraupner et al., 2018) 

Most bacteria and fungi exist predominantly 
in organised communities in nature (Van 
Dijck et al., 2018) 

Ability to replicate experiments (Cowen et 
al., 2002) 

‘Ability to predict what occurs in natural 
environments’ (Murray, 2017) 

Control conditions such as ploidy (Cowen et 
al., 2002; Mable and Otto, 2001) 

‘Complex interactions occur in a natural 
community’ (Murray, 2017; Berglund et al., 
2015). 

Control size of population (Cowen et al., 
2002; Wahl and Krakauer, 2000; Zeyl, 2000) 

‘MSCs derived in single species are 
unrepresentative of MSCs determined in a 
community’ (Klumper et al., 2019; Murray, 
2017; Brandt et al., 2015; Berglund, 2015) 

 Considers factors such as ‘the combined 
effects of changes in community structure, 
protective morphological forms and 
alternative selection pressures e.g., nutrient 
limitation and predation’ (Le Page et al., 
2017; Lundström et al., 2016; Bengtsson-
Palme and Larsson, 2016; Balcázar et al., 
2015; Day et al., 2015; Gullberg et al., 2014). 

 Provides insights into the development of 
AMR in environmentally realistic scenarios 
(Le Page et al., 2017) 

It is evident from the literature that the adoption of a community-based approach provides 
environmental realism and gives greater predictive power. However, single species assays 
are less complex, facilitating thorough characterisation of the test system and generating 
data with lower variance.  
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In the interest of initial modifications of the SELECT method, experimental trials should 
first utilise single species populations of either C. auris or N. glabrata for the reasons 
already discussed. However, to improve realism of single species assays, strains of the 
same species with variable resistance patterns can be included. For example, Kraupner et 
al. (2020) recently exposed an artificial mix of E. coli strains with variable resistance 
patterns to hospital and municipal wastewaters to assess selection potential for resistant 
bacteria. This accounts for competition between different strains and is likely more 
representative of ‘real world scenarios’ (Kraupner et al., 2020). Therefore, the use of 
mixed fungal isolates with varied resistance profiles is recommended. 

These mixed communities could be generated in the laboratory. Or, future research could 
prioritise trialling complex sewage-derived yeast communities, with the use of a natural 
sewage community as a potential source of diverse fungal isolates. Additional important 
environmental compartments of fungal communities e.g., soil may also provide potential 
sources of fungal communities, especially predominantly soil-borne A. fumigatus. Assays 
to determine selective effects of antifungals on soil associated A. fumigatus are discussed 
in section 5. 

4.4. Broth microdilution and yeasts 
Broth microdilution assays are widely used to determine MICs for antimicrobial agents. 
The MIC ‘is the lowest concentration of an antimicrobial agent that prevents or inhibits the 
visible growth of fungal cells, as established by a standardised endpoint’ (Van Dijck et al., 
2018). The general principle employed in these assays is to measure the growth of a 
known inoculum of microorganisms suspended in a nutrient medium, in the presence of 
incremental concentrations of antimicrobials (Van Dijck et al., 2018).  

The universal protocols adopted for such assays are provided by the Clinical and 
Laboratory Standard Institute (‘CLSI’) in the United States and EUCAST in Europe 
(Borman et al., 2017; Arendrup et al., 2017; Pfaller et al., 2014; Wayne, 2008). Methods 
are proposed for both yeasts and filamentous fungi, such as A. fumigatus. These protocols 
generate data with high agreement and differences between the described methods are 
minimal (Berman and Krysan, 2020; Pfaller et al., 2014). However, one difference of 
importance to the purpose of this report concerns the determination of MIC values. For the 
CLSI method, MIC values are determined by visual inspection (‘the eyeball method’), 
which can be inaccurate and leaves opportunity for subjectivity between laboratories 
(Dalarze and Sanglard, 2015). On the other hand, EUCAST protocols determine MIC 
values more accurately using spectrophotometric endpoint optical OD measurements 
(530nm), which are advantageous in providing a quantitative measure of growth inhibition 
(Van Dijck et al., 2018; Delarze and Sanglard, 2015). 

In summary, broth microdilution assays are widely used to determine antifungal effects on 
yeasts. These growth-based assays illustrate cellular responses to antifungal agents by 
quantifying growth to determine susceptibility (Srinivasan et al., 2014). Given that these 
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protocols are established and validated to determine susceptibility profiles of yeast, it 
could be suggested that this supports the adaptation of the SELECT method to determine 
selective effect concentrations of antifungals on yeasts. 

Using these protocols, conceptual alterations of the original SELECT parameters are 
provided, to accommodate optimum conditions for yeast cultures (Table 11). 

Table 11. Recommendations of SELECT modifications 

Criteria  SELECT (Murray et al., 2020)  Suggested alterations derived from 
broth microdilution (EUCAST) 

Readings Every hour for 12 h up to 60 h Every hour for 12 h up to 60 h  

Broth Iso-Sensitest™ broth‡ RPMI 1640 medium‡ 

Temperature 37°C 35°C 

Community  Washed sewage Single species mixed susceptibility 
culture e.g., resistant and susceptible 
C. auris strains  

Shaken at 120 rpm 
 
Unknown§ 

Starting drug 
conc. 

EUCAST MIC* CBP† EUCAST MIC* CBP†, or where 
necessary, predetermine MIC for 
agricultural azoles  

OD 600nm 530 nm  

*: MIC – minimum inhibitory concentration. †: CBP – clinical breakpoint. ‡: Iso-Sensitest was chosen 
for use in the SELECT method due to its low binding affinity to antibiotics. RPMI 1640 media is 
beneficial for fungal susceptibility testing and generates in vitro data with a strong correlation to in 
vivo scenarios. Further systematic studies are required to inform the optimum media selection for 
environmental monitoring. §: Further testing is required to inform optimum conditions for 
environmental monitoring. 
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4.5. Growth as a proxy for AMR in fungi  
The core principle behind the SELECT method is that it determines selective effect 
concentrations of antibiotics ‘based on a reduction of bacterial community growth’ (Murray 
et al., 2020). Therefore, the following section aims to summarise key findings in the 
literature to support the hypothesis that growth may be used as a proxy for AMR selection 
in fungi. 

4.5.1. Optical density measurements 

Like broth microdilution AFST assays, the SELECT method exposes a community of 
bacteria to concentration ranges of antibiotics in a 96-well plate, using OD measures to 
determine no observed effect concentrations (‘NOECs’).  

A similar method was employed in a study where susceptibility profiles across a range of 
C. albicans growth rates were compared between planktonic and sessile/biofilm cells 
(Bailie and Douglas, 1998). Significantly, this study revealed that planktonic C. albicans 
were only resistant to polyene drug, amphotericin B, at low growth rates (≤0.13 h−1) and 
drug susceptibility was overall highly dependent on growth rate (Bailie and Douglas, 
1998). To measure growth rate, OD measurements (540nm) were taken in a continuous 
culture outflow. These findings suggest that a reduction in growth may indeed be a proxy 
for AFR selection. 

Similarly, though optimised for fungal biofilms, a novel growth assay used OD readings 
(600nm) to determine the number of C. albicans cells present in biofilms (Lohse et al., 
2017). This method performed 384-well standard OD assays in the presence of 
caspofungin or amphotericin B (Lohse et al., 2017). The authors note that OD readings 
correspond to viable cell counts and can therefore be used to measure growth in response 
to antifungals. Additionally, benefits of this approach include being less labour intensive, 
providing consistent results and allowing high throughput application (Lohse et al., 2017). 

This suggests that a reduction in growth could be used as a proxy for selection for AFR in 
yeast. However, it is key to highlight that the evidence to support this is sparsely available 
through lack of research. Therefore, it is crucial to consider accompanying genotypic 
validation assays to empirically determine if observed growth reduction in a SELECT-type 
assay is associated with the identification of known resistance determinants. Suggestions 
of validation assays are provided in section 5. 

 

 



39 of 108 

 

4.6. Conclusions 
Here, the findings presented in response to the originally proposed questions are 
summarised: 

- 4.1. Are there fungal communities present in sewage?  

• Fungal communities present in sewage are diverse and may harbour AFR strains. A 
focus on yeast species is recommended, due to their ubiquity and experimental 
flexibility. 

- 4.2. What are the suggested focal species? 

• The use of fungal species with haploid genomes for a SELECT type approach, as an 
initial stage, is recommended. In particular, this report recommends C. auris, but 
where C. auris may be intrinsically resistant to test antifungal agents, N. glabrata may 
also be used. 

- 4.3. What are the benefits of using single-species vs complex communities in experimental 
assays? 

• In brief, community approaches are more representative of the natural environment. 
However, for initial SELECT adaptations for antifungals, a single species derived 
population should be used. Cultured wild-type colonies, both resistant and 
susceptible can provide initial experimental inocula. 

- 4.4. Have broth microdilution assays been previously used for AFST? 

• Broth microdilution assays are used widely for AFST and established protocols are 
described. Suggestions are listed for antifungal SELECT modification (Table 11).  

- 4.5. Can a reduction of growth be used as a proxy for AMR in fungi? 

• The evidence available in the literature suggests that a reduction of growth may be 
used as a proxy for AMR in some model yeast species, but validation is required. 
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5. Validation and alternative methods 
The MSCs determined by the SELECT method were initially validated against a previously 
published, longer-term genotypic assay (Murray et al., 2020, 2018), using quantitative 
polymerase chain reaction (‘qPCR’) to quantify prevalence of key resistance gene targets. 
In brief, sewage bacterial communities were serially cultured for a total of 7 days in the 
presence of different concentrations of a test antibiotic. Effect concentrations were 
determined where target gene prevalence was significantly greater than the no-antibiotic 
control (Murray et al., 2018). Like the SELECT method, this genotypic validation assay is 
optimised for bacteria. Therefore, this report proposes the following validation assays for 
an antifungal SELECT-type assay. 

In order to measure antifungal selective effects on fungi, validation methods should aim to 
quantify key resistance mechanisms within populations. The two primary resistance 
mechanisms observed in AFR include the inhibition of target access e.g., overexpression 
of efflux pumps (5.1 and 5.2) and target modification e.g., mutations (5.1 and 5.3). 

Therefore, the following section will outline assays to determine and measure mechanisms 
of resistance, including: 

 

• Phenotypic assays (Section 5.1) 
• Overexpression (Section 5.2) 
• Target site mutations (Section 5.3) 

 

For each sub-section, suggestions of validation assays will be given and supported with 
examples where these tools have been experimentally applied. Validation methods are 
suggested for yeast species, specifically Candida, given that this is our proposed genus 
for an antifungal SELECT assay. In addition, these proposals are made with azole 
antifungals in mind. 

However, the emergence of AFR moulds of clinical and environmental importance is a 
significant global issue. Therefore, it is important to also consider means of determining 
antifungal effect concentrations for notable mould species. For this reason, alternative 
methods are also suggested that could be applied to assess antifungal effects on 
important mould species, focussing on A. fumigatus.  
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5.1. Phenotypic assays 
Phenotypic assays, including the SELECT method, have the advantage of not requiring 
knowledge of pre-determined resistance determinants. Observed resistant strains in 
phenotypic-based assays will encompass all responsible resistance determinants in the 
test culture and therefore provide a population wide representation of resistance selection.  

5.1.1. Yeasts 

In a simple test tube system, Kraupner et al. (2018) established selective concentrations 
for ciprofloxacin resistance in a sewage effluent bacterial community. Though used for 
bacterial communities, this method could be modified and utilised to establish selective 
concentrations for antifungals in single yeast species or even mixed yeast communities.  

In Kraupner et al. (2018), E. coli inoculated test tubes were supplemented with incremental 
concentrations of ciprofloxacin and low nutrient media. After 24 hours, cultures were 
diluted and re-inoculated with fresh broth and antibiotic at the same concentration. At 0-, 
24- and 48-hours aliquots of each culture were plated on chromogenic agar, 
supplemented with or without ciprofloxacin. These were incubated and colony forming 
units (‘cfu’) were enumerated. From the cfu data, proportions of phenotypically resistant E. 
coli and total coliforms were calculated. Selective concentrations were statistically 
determined where ratios of resistant to overall cfu counts were significantly different from 
the control (Kraupner et al., 2018). 

Therefore, this report suggests a similar protocol may provide a low cost, replicable and 
interlaboratory validation assay for the MSCs determined by the antifungal-SELECT 
method. There are clear modifications to be made to the method described by Kraupner et 
al. (2018), such as adoption of a yeast selective agar (e.g., bismuth sulfite glucose glycine 
yeast agar) and yeast specific nutrient broth (e.g., RPMI 1640 medium) (Assress et al., 
2021). A further necessary modification may include alterations of duration of both broth 
cultivation and agar plate incubation. For example, Assress et al. (2021) suggest a plate 
incubation time of 7-10 days. This would significantly increase the duration of the assay.  

There may also be opportunity to detect cross resistance to multiple antifungal agents via 
this method. For example, four well plates containing breakpoint concentrations of 
itraconazole, posaconazole and voriconazole with an additional drug-free control have 
recently been developed and validated for A. fumigatus susceptibility testing (VIPcheck, 
Nijmegen, Netherlands) (Arendrup et al., 2017). Resistance to azole compounds is 
conferred where growth is detected in drug-containing wells. This would increase the 
number of compounds that could be tested and would likely reveal more environmentally 
relevant data, as environmental yeast communities will be exposed to a diverse mixture of 
compounds in wastewater and aquatic systems. As noted, this method is currently only 
validated for A. fumigatus and therefore may provide an additional potential approach for 
deriving selective antifungal concentrations for moulds, such as Aspergillus, in addition to 
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those suggested in the following section. However, this method could also be applied to 
yeasts, provided appropriate antifungal breakpoints are adopted. 

To conclude, by adopting this phenotypic assay over a genotypic alternative, the costs of 
increased experimental duration may be offset by the significantly reduced consumable 
costs. Furthermore, there is the advantage of rapidly and simply testing for phenotypic 
cross resistance to multiple azole agents. However, it should be noted that such 
phenotypic assays are generally considered less sensitive than the molecular methods 
outlined in sections 5.2 and 5.3, and therefore could overestimate the MSC. 

5.1.2. A. fumigatus 

A. fumigatus are predominantly soil-borne and therefore require alternative isolation 
protocols. For example, in order to test for resistance, A. fumigatus was recently 
selectively cultured from soil samples. Briefly, soil samples were suspended in saline 
solution (0.85% NaCl), then spread on selective agar plates supplemented with the 
antibiotic chloramphenicol. After incubation, colonies can be morphologically identified as 
A. fumigatus and isolated for further testing (Cao et al., 2021). 

Ren and colleagues (2017) performed an elaborate evolution experiment exposing A. 
fumigatus environmental isolates to triazole fungicides. Soil samples were suspended in 
saline, spread onto Sabouraud’s dextrose agar (‘SDA’) and incubated. A. fumigatus 
isolates were identified by micro- and macroscopic morphologies. Following standard 
AFST, a random sample of susceptible isolates were further cultured on SDA plates for 7 
days, conidia were harvested and suspended in a saline solution. Aliquots of this conidial 
suspension were added to Sabouraud’s dextrose broth medium (‘SDBM’) containing 
various fungicides at different concentration and was used to serially culture experimental 
populations of A. fumigatus (Ren et al., 2017). Using a pre-described broth dilution AFST 
method for filamentous fungi (John, 2008), initial MIC values of unevolved strains were 
compared to final MIC values of evolved strains. This showed an increase in MICs for a 
number of strains, for all test antifungals (voriconazole, itraconazole and posaconazole).  

This approach could be used to determine selective effect concentrations of antifungals if 
a range of concentrations were used to evolve isolates, and increases in MICs were 
determined using standard AFST. In addition, given that soil samples are suggested as 
the source of fungal species, it could be suggested that an approach such as this may be 
considered to determine MSC data in fungal soil communities in future work. 
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5.2. Overexpression 
One of the key advantages of using a phenotypic assay is that these assays include all 
responsible resistance determinants in a community. However, there are well 
characterised resistance determinants that genotypic assays may target to generate 
selective endpoint data. However, these methods are often more costly and laborious than 
the SELECT method. 

An important AFR mechanism involves the upregulation of genes encoding resistance 
mechanisms e.g., efflux transporters, resulting in overexpression of the proteins encoded 
by those genes. Using a batch microcosm experimental approach similar to that used to 
validate the SELECT assay (e.g., Murray et al., 2018), effect concentrations of antifungals 
where expression levels were significantly different to basal control levels could be 
determined following serial culture in the presence of different antifungal concentrations.  

Methods to profile gene expression (Table 12), including reverse transcriptase quantitative 
PCR (‘RT-qPCR’), are extremely sensitive, accurate and are able to rapidly analyse small 
samples, allowing high throughput generation of results. RT-qPCR quantifies gene 
expression using messenger ribonucleic acid (‘mRNA’) (Adams, 2020). However, these 
methods are significantly more expensive than phenotypic assays e.g., the SELECT 
method, and variable results between laboratories may be generated due to the multiple 
RT-qPCR enzymes and oligonucleotides commercially available (Mohamed, 2019; 
Valasek and Repa, 2005). In addition, the reliability of RT-qPCR based measurements are 
dependent on normalisation, typically using an internal control housekeeping or reference 
gene (reviewed in Paul et al., 2020). 

5.2.1. Yeasts 

Upregulation of genes, including erg11 and genes encoding for ABC or CDR transporters, 
is the predominant mode of azole resistance in yeasts (Berman and Krysan, 2020; Perlin 
et al., 2017). When such genes are upregulated, the proteins encoded by those genes are 
overexpressed. Experimental approaches to enable quantification of gene expression 
levels are widely available (summarised in Table 12). Previous research highlights many 
key gene targets for the major Candida species which, when upregulated, confer 
resistance (Table 13).  

5.2.1.a. erg11  

As noted previously, ergosterol is a key fungal membrane component and is mediated by 
the LD enzyme, encoded by the erg11 gene (Chaabane et al., 2019; Sanglard, 2016). 
Upregulation of this gene has been shown to confer azole resistance (Table 12). Erg11 is 
regulated by a transcription factor protein encoded by upc2 in Candida yeasts (Sanglard, 
2016; Dunkel et al., 2008). Gain-of-function mutations in upc2 increase activity and leads 
to the increased expression of erg11, and thus, the LD enzyme will be overexpressed 
(Morschhäuser, 2016; Flowers et al., 2012). 
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Using RT-qPCR (Table 13), Flowers et al. (2012) investigated erg11 expression levels in 
fluconazole-resistant C. albicans isolates. This work identified 75% of test fluconazole-
resistant isolates upregulated erg11 by at least two-fold compared to expression levels in 
unrelated susceptible strains (Flowers et al., 2012).  

5.2.1.b. Overexpression of efflux transport systems 

Efflux transport systems actively reduce intracellular drug concentrations and thus, confer 
drug resistance. Efflux proteins and transporters are often species specific. For instance, 
at least 18 ABC and 33 MFS transporters are reported for N. glabrata (Sanglard, 2016; 
Gbelska et al., 2006).  

Multiple genes encoding transporters in C. albicans are well documented, including cdr1, 
cdr2, cdr3, cdr4, cdr11 and snq2 (Table 12). In particular cdr1 and cdr2 are the most 
studied (Coleman and Mylonakis, 2009) and their increased expression is documented in 
several clinical isolates (Sanglard et al., 2009). The regulation of genes encoding ABC and 
MFS transporters is mediated by specific transcription regulators. For example, cdr1 and 
cdr2 are regulated by a transcription regulator encoded by tac1. Mutations in these 
regulator genes confer a ‘hyperactivation state’, resulting in an upregulation of genes 
encoding for efflux transporters, and thus, will results in an overexpression of the 
associated transporters (Sanglard, 2016; Dunkel et al., 2008). 

Importantly, Gygax et al. (2008) developed a RT-qPCR based assay for azole resistance 
in N. glabrata. Expression levels of cdr1, pdh1 and pdr1 were consistent among 
susceptible isolates, with a three-fold change in expression observed in fluconazole 
resistant isolates. The authors compared this method to the conventional broth 
microdilution assay for AFST and highlighted the simplicity and efficiency of the RT-qPCR 
based assay, proposing it as a ‘cost-effective method for early detection’ (Gygax et al., 
2008).  

 

 

 

 

 

 



Table 12. Examples of upregulation and overexpression quantification in yeasts 

Species Antifungal Method Target gene 
upregulated 

Finding Reference 

C. auris 
 

Fluconazole RT-qPCR cdr1 and cdr2 Findings support cdr2 expression 
maintained by transcription factor 
encoded by tac1. 

Li et al. (2021) 

 Fluconazole RT-qPCR caur_02725 
(orthologous to cdr1), 
cdr4, cdr6, and snq2 

Increased expression of all targets. Wasi et al. (2019) 

 Fluconazole RT-qPCR cdr1 High-level azole resistance 
dependent on an ABC transporter 
encoded by cdr1. 

Kim et al. (2019) 

 Fluconazole RT-qPCR erg11 ‘erg11 expression was inducible in 
vitro with fluconazole exposure’. 

Chowdhary et al. 
(2018) 

N. glabrata  
 

Fluconazole RT-qPCR erg9 and erg11 Both targets upregulated and 
important in ergosterol biosynthetic 
processes. 

Alves et al. (2020) 

 Fluconazole and 
amphotericin B 

RT-qPCR cdr1 Combination therapy reduced N. 
glabrata growth more than 
fluconazole monotherapy.  
 

Mohamed (2020) 

 Fluconazole RT-qPCR pdr1, erg11, cdr1, 
cdr2, snq2, yor1, 
ybt1, qdr2 and rta1 

An approximate three-fold increase 
in expression of Pdr1 was observed 
in resistant strains carrying 
mutations in pdr1. 

Tantivitayakul et al. 
(2019) 
 

 Fluconazole, 
itraconazole and 
voriconazole 

RT-qPCR cdr1, cdr2, snq2, 
erg11, and pdr1 

 

‘Significant upregulation of cdr1 and 
cdr2 (P<0.05), whereas no obvious 
differences were found for snq2, 
erg11, and pdr1 (P>0.05).’ 

Yao et al. (2019) 
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 Fluconazole RT-qPCR cdr1 ‘Resistant strains showed 
overexpression of Cdr1 compared 
with sensitive strains.’ 

Shahrokhi et al. 
(2017) 

 Fluconazole RT-qPCR cdr1, cdr2, snq2 and 
erg11 

‘cdr1 overexpression was observed 
in 57.1 % of resistant isolates. snq2 
was upregulated in 71.4 % of the 
cases. erg11 overexpression does 
not seem to be associated with 
azole resistance, except for isolates 
that exhibited azole cross-
resistance.’ 

Gohar et al. (2017) 

 Fluconazole and 
tacrolimus 

RT-qPCR erg11, cdr1, pdh1 
and snq2 

‘The expression levels of 
the erg11 and snq2 genes were 
significantly downregulated after 
exposure to the drug combination, 
whereas that of the cdr1 gene was 
significantly upregulated, and no 
significant change in expression 
of pdh1 gene was observed.’ 

Li et al. (2015) 

 Fluconazole RT-qPCR cdr1, pdh1 and pdr1 Three-fold change in expression 
was observed in fluconazole 
resistant isolates. 

Gygax et al. (2008) 

C. albicans 
 

Fluconazole and 
itraconazole 

RT-qPCR cdr1 and cdr2  tac1 mutations responsible for Cdr 
overexpression. 

Liu et al. (2020) 

 Fluconazole Semi-quantitative 
RT-PCR 

cdr1, cdr2, mdr1, 
erg11 

‘Many isolates elicited higher 
expression’. 
 

Kumar et al. (2020) 

 Fluconazole RT-qPCR cdr1, cdr2, mdr1, 
mdr2 and flu1 

Upregulation of cdr1, cdr2, mdr1 
and mdr2 was found in resistant 
isolates. No link between flu1 

Pourakbari et al. 
(2017) 



47 of 108 

 

expression and fluconazole 
resistance. 

 Fluconazole RT-qPCR cdr1, cdr2, mdr1 and 
erg11 

cdr1 overexpression was identified 
as the major resistance mechanism. 

Salari et al. (2016) 

 Fluconazole RT-qPCR cdr1, cdr2, mdr1 and 
flu1 genes 

‘Compared with fluconazole-
susceptible C. albicans isolates, 
cdr1 gene expression displayed 
3.16-fold relative increase, which 
was statistically significant.’ 
No significant difference in other 
genes. 

Zhang et al. (2014) 

 Fluconazole 
 

RT-qPCR erg11 Fluconazole-resistant isolates 
overexpressed erg11 by at least 2-
fold compared to expression levels 
in unrelated susceptible strains. 

Flowers et al. (2012) 

 Fluconazole RT-qPCR erg11 Increase of expression levels in 
resistant strains, over susceptible 
counterparts. 

Chau et al. (2004) 

C. krusei 
 

Itraconazole RT-qPCR erg11, abc2 ‘The mRNA levels of erg11 gene in 
itraconazole-resistant isolates 
showed higher expression 
compared with itraconazole-
susceptible dose dependent and 
itraconazole-susceptible ones.’ 

He et al. (2015) 



5.2.2. A. fumigatus 

Similar to erg11 in yeasts, the cyp51A gene encodes the central enzymes responsible for 
ergosterol biosynthesis and is the primary target of azole compounds in A. fumigatus 
(Perlin et al., 2017). The upregulation of cyp51A and genes encoding efflux transporters 
have also been found to cause resistance to azole compounds in moulds (Table 13).  

For example, Aruanno et al. (2021) performed a microevolution experiment exposing an 
azole-susceptible A. fumigatus strain to sub-MIC concentrations of voriconazole in 
successive subcultures. Transcriptomic analyses identified the upregulation of cyp51A and 
several ABC and MFS transporter genes (Aruanno et al., 2021). To calculate expression 
fold changes, RT-PCR was used. 

Following a similar microevolution approach, Cui et al. (2019) induced tebuconazole 
resistance in A. fumigatus isolates serially cultured in a liquid medium. To achieve this, 
environmental soil isolates of A. fumigatus were cultured following protocols outlined by 
Ren et al. (2017). Subsequently, a conidial suspension was generated and serially 
incubated in SDBM containing tebuconazole and evolved strains were isolated for 
analyses. Efflux transporter gene mRNA levels were assessed using RT-qPCR, allowing 
comparisons of relative expression levels of evolved, wild-type and control strains. 
Significantly, key efflux pump gene expression levels, including atrF, afumdr1, afumdr2, 
cyp51A and cyp51B, of evolved strains were higher compared to the control (Cui et al., 
2019).  

This sophisticated study provides evidence which suggest that resistance can be 
experimentally induced in vitro in complex mould species, such as A. fumigatus. This 
suggests that an assay similar to that described, monitoring expression levels of yeast 
cultures at different antifungal concentrations, could be used to derive selective endpoints 
where mould expression levels are significantly greater than the control. 

 

 

 

 

 

 

 

 

 



Table 13. Examples of upregulation and overexpression quantification in A. fumigatus 

Antifungal/fungicide Method Target upregulated gene  Finding Reference 

Voriconazole  

 

RT-qPCR erg1, erg3, erg3A, erg24, erg24
B, erg25, erg25B, 
abcB, abcD, mdr1, mfsC, mdrA, 
atrI, afu1g16160 

Increased expression of all targets. Aruanno et al. (2021) 

Itraconazole, 
posaconazole, 
voriconazole 

RT-qPCR mdr1, mdr2, mdr3, atrF, cypP51
A and cyp51B 

 

Upregulation was mostly observed 
for resistant isolates. 

Mroczynska et al. 
(2020) 

Voriconazole  RT-qPCR cyp51A Upregulation in resistant strains. Sturm et al. (2020) 

Itraconazole, 
voriconazole, 
isavuconazole, 
Posaconazole 

RT-qPCR mfsC, cyp51A, cyp51B and 
abcD 

mfsC and abcD increased 
expression. No significant 
upregulation of cyp51A or cyp51B. 

Sharma et al. (2019) 

Tebuconazole RT-qPCR atrF, afumdr1, cyp51A and cyp5
1B 

Resistance caused by 
overexpression. 

Cui et al. (2019) 

Itraconazole RT-qPCR afumdr3 and afumdr4 ‘Most resistant mutants showed 
either constitutive high-level 
expression of both genes or 
induction of expression upon 
exposure to itraconazole.’ 

Nascimento et al. 
(2003) 



5.2.3. Efflux activity  

In addition to the quantification of gene expression, there are assays available to evaluate 
efflux pump activity. The general principle behind such assays involves the addition of 
fluorescent dyes to a cell suspension, allowing the fluorescence kinetics of efflux to be 
measured. These have previously been adopted in combination with expression profiling 
e.g., RT-qPCR assays as a phenotypic validation method, but may be useful for SELECT 
validation.  

5.2.3.a. Yeasts 

Bhattacharya et al. (2016) evaluated C. albicans efflux pump activity in association with 
ABC and MFS transporter overexpression using fluorescence assays. To quantify 
expression levels, RT-qPCR was used. This study adopted two fluorescence assays, 
namely, alanine-β-naphthylamide (‘Ala-Nap’) and rhodamine 6G (‘R6G’) (Bhattacharya et 
al., 2016).  

The Ala-Nap assay provides a more general measure of efflux activity, with application 
capabilities for both ABC and MFS transporters (Bhattacharya et al., 2016). Ala-Nap is a 
dye which, when applied according to the outlined Ala-Nap assay protocol (Sherry et al., 
2012; Rajendran et al., 2011), indicates increased efflux pump activity by displaying 
increased fluorescence (Rajendran et al., 2011). The R6G assay enables efflux activity 
quantification specifically for Cdr1 and Cdr2 transporters (Bhattacharya et al., 2016). Here, 
efflux values are expressed as fluorescent R6G dye efflux from fungal cells into 
supernatant (Bhattacharya et al., 2016; Ivnitski-Steele et al., 2009; Nakamura et al., 2001).  

Efflux activity assays, such as Ala-Nap and R6G, are advantageous in that they are 
‘straightforward, quick and cost-effective’ (Bhattacharya et al., 2016). Given that high efflux 
rates and azole drug resistance are shown to be closely correlated, the direct measure of 
efflux activity provided by these tools may be useful in the rapid identification of selective 
concentrations of antifungal agents. For instance, following a similar protocol to Murray et 
al. (2020) for the SELECT method, yeast cell suspensions exposed to different antifungal 
concentrations in 96-well-plates could also be exposed to the dyes outlined above. 
Selective concentrations might then be identified where efflux activity, conferred by 
increased fluorescence, is significantly greater than no antibiotic controls.  

This would serve as a valuable validation tool for the SELECT method, but may not be 
sufficiently accurate as a standalone assay. Importantly, these assays will only detect 
resistance conferred by increase efflux, whereas the SELECT is inclusive of all resistance 
determinants.   
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5.2.3.b. A. fumigatus 

A. fumigatus transporter activity can also be determined using the same protocol outlined 
for R6G (Nakamura et al., 2001). For instance, Aruanno et al. (2021) measured drug 
transporter activity of experimental A. fumigatus strains. Additionally, extracellular R6G 
levels were previously used to measure efflux pump activity of azole-sensitive and -
resistant A. fumigatus strains (Li et al., 2015). To increase efflux activity, glucose was 
added to conidial suspensions. It was found that efflux activity was greater in the azole-
resistant strain in comparison to the azole-sensitive strain. Therefore, this may provide a 
simple validation tool to support the quantification of expression levels of efflux 
transporters. 

5.3. Target site mutation 
Mutations of target genes can also play an important role in AFR. Advancements in 
molecular technologies allows the exploration of fungal genomes and enables the 
identification of important AFR genes and target site mutations (Ball et al., 2020). Whole 
genome sequencing (‘WGS’) has been previously employed to identify and investigate 
mutations that confer AFR in vitro (Ball et al., 2020). The adoption of WGS has broadened 
our understanding and documentation of resistance mechanisms and key resistance 
mutations responsible. Though more time-consuming and expensive than many of the 
other methods discussed, sequencing remains the ‘gold standard’ for mutation detection 
(Paul et al., 2021; Zhao et al., 2016). 

5.3.1. Yeasts 

5.3.1.a. Whole genome sequencing 

Vincent et al. (2013) used WGS to identify mutations conferring amphotericin B resistance 
in C. albicans isolates. By sequencing drug sensitive parent strains, these can be 
compared with evolved resistant strains to determine mutations conferring resistance. 
Hence, a validation assay may involve WGS of control strains in comparison with evolved 
strains following exposure to a range of concentrations of antifungals. 

5.3.1.b. erg11 mutations 

Erg11 encodes the LD enzyme in yeasts, which is responsible for the synthesis of key 
membrane component, ergosterol (Chaabane et al., 2019). As previously described, the 
overexpression of this enzyme leads to the increased synthesis of ergosterol and 
mediates azole resistance. In addition to upregulation of erg11, mutations in the coding of 
this gene are also known to result in amino acid alterations that ultimately confer azole 
resistance (examples provided in Table 14).  

Tetra primer-amplification refractory mutation system-PCR (‘T-ARMS-PCR’), restriction 
site mutation (‘RSM’), and high-resolution melt (‘HRM’) analysis methods are some of the 
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molecular tools available to determine resistance caused by erg11 polymorphism. These 
three assays were recently evaluated by Paul and colleagues (2021) for their ability to 
rapidly detect resistance determinants in azole resistant C. tropicalis isolates, in 
comparison with susceptible counterparts. Briefly, T-ARMS-PCR is used for SNP 
genotyping (Etlik et al., 2011). The RSM assay detects mutations ‘in the specific target 
DNA sequence of the restriction enzyme’ and has only been adopted once to detect erg11 
mutations (Paul et al., 2021; first described by Steingrimsdottir et al., 1996). Finally, HRM 
analysis has previously been used to predict azole resistance in C. albicans by examining 
erg11 polymorphisms (Caban et al., 2016) and enables discrimination of amplified 
products with ‘single nucleotide variation by generating different melting curves after 
amplification’ (Paul et al., 2021).  

Paul et al. (2021) identified the T-ARMS-PCR and RSM approaches to be marginally more 
sensitive in discriminating resistant and susceptible isolates than HRM analysis. The 
authors conclude by recommending all three methods in their ‘specificity, analytical 
sensitivity, time and cost of analysis’ in the ‘rapid detection of erg11 mutations in C. 
tropicalis’ (Paul et al., 2012).  

Though unable to quantify prevalence of resistance gene polymorphisms, these methods 
are useful to identify the presence of resistant strains. Therefore, the methods outlined 
here may serve better as validation tools to the assays outlined, rather than additional 
means to determine antifungal MSCs.  

 

 

 

 

 

 

 

 

 



Table 14. Examples of Candida resistance mutations. 

 

 

 

 

 

 

Species/antifungal Method Target gene Finding Reference 

C. tropicalis 

Fluconazole 
T-ARMS-PCR, RSM, 
HRM  

erg11 ‘Resistant isolates showed A339T and 
C461T mutations in the erg11 gene.’ 

Paul et al. (2021) 

C. glabrata 

Fluconazole 
Nucleotide sequences of 
genes amplified by PCR 
were compared with 
sequences deposited in 
the GenBank database 

erg3, erg11 and pdr1 
 

‘N768D and E818K mutations in pdr1 
co-occur with overexpression of drug 
transporters.’ 
 

Tantivitayakul et 
al. (2019) 
 

N. glabrata 

C. albicans 

anidulafungin, 
micafungin, 
caspofungin, 
fluconazole, 
posaconazole, 
voriconazole, 
itraconazole and 
isavuconazole 

 

Next generation 
sequencing 
 

erg11, erg3,  

tac1 and gsc1 (fks1) 
in C. albicans  

 

erg11, pdr1, fks1 and  

fks2 in N. glabrata  

 

Identified novel resistance mutations. 
 
‘All nine echinocandin-
resistant Candida isolates showed 
mutations in the hot spot regions 
of fks1, fks2 or gsc1.’ ‘Seven-point 
mutations in erg11 were determined in 
azole-resistant C. albicans whereas in 
azole-resistant C. glabrata, 
no erg11 mutations were detected.’ 

Spettel et al. 
(2019) 

C. albicans, N. 
glabrata and C. 
parapsilosis 

Azole and 
echinocandin 
resistant strains 

Next generation 
sequencing 

erg11, erg3, tac1, pdr1, fks1 
and fks2 

A total of 391 SNPs were detected, 
among which 6 SNPs were reported 
for the first time. 
 

Garnaud et al. 
(2015) 



5.3.2. A. fumigatus  

Decreased susceptibility to azole treatment has been documented following several known 
cyp51A amino acid changes (Table 15), resulting in a reduced binding affinity of azole 
compounds (Warrilow et al., 2015). cyp51A mutations are reported as the principal source 
of azole resistance in A. fumigatus (Ren et al., 2017). Resistance arising from target site 
mutations is thought to have been driven by the widespread application of azole fungicides 
to agricultural land (Bader et al., 2015).  

Tandem repeats (‘TRs’) in the cyp51A promotor region are frequently observed in 
environmental azole resistant strains (Arai et al., 2020). The most common of these 
include TR sequence of 34 base pairs with L98H mutations (TR34/L98H) and TR sequence 
of 46 base pairs with Y121F/T289A mutations (TR46/Y121F/T286A) (Arai et al., 2020; 
Bader et al., 2015). For instance, Bader et al. (2015) PCR amplified and sequenced the 
cyp51A gene of 55 resistant A. fumigatus isolates. The majority of resistant isolates (80%) 
harboured the TR34/L98H allele. TR46/Y121F/T289A variants were the second most 
frequently observed. Therefore, by PCR amplifying the cyp51A gene and sequencing for 
known mutation variants, resistant and susceptible strains can be differentiated. 

Recently, a novel assay was developed to aid the ‘rapid detection of cyp51A mutations’ 
(Arai et al., 2020). Surveyor nuclease (‘SN’) assays detect mutations using a mismatching-
specific endonuclease SN enzyme (Arai et al., 2020). These assays have previously been 
adopted to validate the presence or absence of mutations following genome-editing 
experiments, such as CRISPR/Cas9 (Kang et al., 2015).  

The SN assay was verified against 48 azole-resistant and susceptible A. fumigatus strains 
and revealed rapid detection of strains harbouring different cyp51A single point mutations 
(Arai et al., 2020). Arai and colleagues (2020) demonstrated that the assay was able to 
distinguish wild-type cyp51A from point-mutated genes. Authors highlight advantages of 
this assay, including the rapid determination of the presence or absence of different 
resistance mutations using only one primer set. However, given that the assay has only 
recently been described, further validation is required before wider applications are 
adopted.  

Detection of cyp51A mutations via conventional PCR amplification or the novel SN assay 
could be used as a validation tool to determine whether resistant strains are selected for in 
a population. For example, a resistant phenotype can be validated via the identification of 
known resistance mutations. Importantly, however, this method can be applied only to 
detect pre-determined mutations (examples in Table 15).  

 

 

 



Table 15. Examples of cyp51A mutations conferring AFR in A. fumigatus 

Antifungal/fungicide Method Target gene Finding Reference 

Itraconazole, 
voriconazole, 
tebuconazole and 
difenoconazole 

‘Azole resistant strain 
genomic DNA was 
extracted. Both the 
cyp51A and promoter 
region were amplified. 
The sequence was 
compared to those of an 
azole-susceptible strain.’ 

cyp51A  Revealed resistance 
mechanisms: 
‘TR46/Y121F/T289A, 
TR34/L98H, 
TR34/L98H/S297T/F495I and 
TR53’. 

 

Cao et al. (2021) 

Voriconazole 

 

SN assay cyp51A  ‘The Surveyor nuclease assay 
could rapidly detect cyp51A 
mutations with one primer set. 
Also, all the tested strains 
harbouring different cyp51A 
single point mutations could 
be clearly distinguished from 
the wild type.’ 

Arai et al. (2020) 

Itraconazole Amplification of entire 
cyp51A gene and its 
promoter region using 
PCR to reveal mutations 

cyp51A  Identified azole-
resistant cyp51A mutations: 
M220K, M220I, M220R, 
G54E, G54W and 
N248K/V436A, Y433N 
substitution. 

Chen et al. (2019) 

Itraconazole, 
posaconazole and 
voriconazole 

 

Sequencing of 
cyp51A gene  

 

cyp51A  ‘A G54R mutation was 
identified in the isolates 
exhibiting itraconazole and 
posaconazole resistance, and 

Talbot et al. (2018) 
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the TR34/L98H mutation in the 
pan-azole-resistant isolate.’ 

Itraconazole, 
voriconazole and 
posaconazole 

PCR amplification and 
sequence analysis of 
cyp51A gene. 

cyp51A  Sequence analysis exhibited 
mutations: 
TR46/Y121F/T289A and 
TR34/L98H/S297T/F495I. 

Ren et al. (2017) 

Itraconazole ‘Conventional PCR assay 
was carried out to 
determine the presence 
of the TR34/L98H 
mutation in the cyp51A 
gene of triazole-resistant 
A. fumigatus isolates’  

cyp51A  ‘Among resistant isolates, 
TR34/L98H mutations in the 
cyp51A gene were the most 
prevalent’. 

 

Nabili et al. (2016) 

Itraconazole, 
voriconazole and 
posaconazole 

‘A PCR-based assay was 
developed to screen for 
the presence of the 34-bp 
TR in the promoter region 
of the cyp51A gene.’  

cyp51A  ‘This study reports for the first 
time the presence of the 
TR34/L98H mutation in a UK 
environmental A. 
fumigatus isolate’. 

 

Bromely et al. (2014) 

Itraconazole ‘cyp51A gene was 
amplified by PCR and 
compared to cyp51A 
sequence in GenBank for 
comparison to detect 
mutations.’ 

 

cyp51A  ‘Showed the presence of two 
alterations, a 34-bp tandem 
repeat in the promoter region 
combined with the presence of 
a mutation that led to a 
substitution at codon 98 of 
leucine to histidine (TR/L98H), 
86% of resistant isolates’. 

Snelders et al. (2009) 
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Itraconazole ‘For [resistant] isolates 
the full coding sequence 
of both strands of 
the cyp51A gene was 
determined by PCR 
amplification and 
analysed to detect 
mutations’ 

cyp51A  ‘A substitution of leucine 98 
for histidine in 
the cyp51A gene, together 
with two copies of a 34-bp 
sequence in tandem in the 
gene promoter (TR/L98H), 
was found to be the dominant 
resistance mechanism’. 

Snelders et al. (2008) 

 

 

Itraconazole ‘Molecular analysis 
included random 
amplified polymorphic 
DNA (RAPD) assay and 
sequencing of 
the cyp51A gene’ 

cyp51A  ‘Revealed a mutation of M220I 
in cytochrome P450 sterol 14-
α-demethylase in the second 
resistant isolate and a 
mutation of G54R in the last 
three resistant isolates’. 

Chen et al. (2005) 



6. Alternative assays requiring further 
exploration 
Modifications of the SELECT method to determine the selective potential of antifungal 
agents have been suggested. Furthermore, methods that may be applied as SELECT 
validation tools have been proposed, supported by examples in the literature.  

In this section, additional assays that have previously been used to measure growth or 
virulence are provide. These assays may be modified to provide novel validation methods 
or alternatives to the SELECT method with further work. The suggestions outlined here 
are speculative and would require additional testing before application. 

6.1. Ergosterol content as a proxy for growth 
By upregulating erg11 and cyp51A genes, ergosterol target molecules will increase, 
meaning a greater dose of antifungal is required, which often results in AFR. In addition, 
given that the overall MoA of azole compounds inhibits ergosterol biosynthesis, it is 
possible that ergosterol content of a population of yeast or mould cells may give an 
indication of growth or survivability in the presence of antifungal agents, and thus predict 
resistance. Importantly, an assay targeting ergosterol biosynthesis to determine selective 
endpoints may only be applied to derive azole MSC data, given that echinocandin and 
polyene MoAs differ in target and mechanisms. 

If changes in ergosterol content can be used as a proxy for resistance selection, ergosterol 
quantification assays could be modified to detect selective endpoints of antifungals. For 
example, a suspension of yeast or mould cells could be experimentally evolved in the 
presence of different concentrations of antifungal agents. Selection for resistance may be 
conferred at the antifungal concentration where ergosterol levels in the culture at the end 
of the experiment are significantly lower than the no-antifungal control. At this 
concentration, it is likely that the antifungal causes a fitness disadvantage to susceptible 
bacteria, therefore indicating a selective pressure leading to resistance emergence - 
analogous to that conferred by a reduction in growth in the SELECT method. 

6.1.1. Yeasts  

Arthington-Skaggs and colleagues (2000) first described an assay, entitled the ‘sterol 
quantitation method’ (‘SQM’), that measures cellular ergosterol content and was proposed 
to provide AFST alternatives that do not rely on growth inhibition to determine MIC values. 
Briefly, this method extracts total intracellular sterols from Candida by harvesting yeast 
cells, adds an alcoholic potassium hydroxide solution followed by incubation in a water 
bath. The sterol extract is then diluted in ethanol and scanned spectrophotometrically, with 
ergosterol content illustrated by ‘a characteristic four-peaked curve’. This method 
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generates ergosterol content as a percentage of the wet weight of cells (Arthington-
Skaggs et al., 2000). 

This method or similar derivations have since been applied in additional experimental 
systems. For example, Alizadeh et al. (2017) compared ergosterol content and ERG11 
gene expression in competing resistant and susceptible C. albicans strains. The resistant 
and susceptible isolates were exposed to different concentrations of fluconazole for 24 h, 
then cells were harvested, weighed, lipids extracted, supernatant removed, and OD 
readings were taken using a spectrophotometer (Santos et al., 2012). Ergosterol content 
was calculated using the standard ergosterol calibration curve. Data obtained was 
expressed as ‘the percentage of ergosterol in comparison with the untreated controls’ 
(Alizadeh et al., 2017; Santos et al., 2012). Furthermore, Khodavandi and colleagues 
(2018) adopted this same protocol for spectrometric analysis of ergosterol content in 
combination with RT-qPCR of erg11 to analyse the effect of antifungal activity on 
ergosterol synthesis in MDR C. albicans strains.  

This simple and rapid quantification of ergosterol content could be adopted as either a 
validation for the SELECT method, or any of the genotypic assays described here. An 
assay such as this may also be used as a standalone tool to identify selection for azole 
resistance, given that all azole compounds interact with ergosterol synthesis. 

6.1.2. Moulds 

The importance of ergosterol is central to all fungal species, suggesting that ergosterol 
content could provide a simple method to generate selective endpoints for A. fumigatus or 
other mould species.  

Though the original method described by Arthington-Skaggs et al. (2000) was designed for 
Candida yeasts, it has since been applied to A. fumigatus cultures. For example, Alcazar-
Fuoli et al. (2008) extracted total ergosterol from A. fumigatus strains following this 
protocol, but with minor adjustments. Following growth in a liquid medium, ‘mycelia were 
harvested by filtration’, then sterols were extracted following the original assay. Data from 
this work was expressed as ‘micrograms of ergosterol by milligrams of fungal dry weight’ 
(Alcazar-Fuoli et al., 2008). 

Hence, this may provide an additional tool to measure the effect of antifungal agents on 
fungal moulds by quantifying total ergosterol content following antifungal exposure. By 
exposing A. fumigatus conidial suspensions to sub-MIC concentrations of antifungals, 
ergosterol content of exposed cultures compared with control levels may determine effect 
concentrations of antifungal agents. As outlined for yeasts, this may provide a standalone 
tool or a valuable validation assay for other methods proposed. 

Evidence recently provided by Ballard et al. (2019) suggested that azole resistance is 
associated with decreased ergosterol content in A. fumigatus fungal membrane. To 
quantify ergosterol, A. fumigatus was grown overnight and collected via vacuum filtration. 
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Following this, dried mycelia were ground to a fine powder and hydrolysed. Ergosterol was 
then extracted in hexane and ‘ergosterol concentrations were measured by gas 
chromatography-mass spectrometry’ (Ballard et al., 2019). This suggests preliminary tests 
should be conducted to analyse alterations in ergosterol content in response to different 
antifungal concentrations, with additional use of genotypic methods to detect where 
resistance selection occurs.  

6.2. Decreased virulence as a proxy for AMR 
As highlighted in chapter 3, greater wax moth larvae (Galleria mellonella) have previously 
been used in invertebrate host model assays for fungal infection investigations. This report 
specifically highlighted the use of G. mellonella in work by Borghi et al. (2014), which 
aimed to explore the associated cost of echinocandin resistance in N. glabrata on 
virulence, expressed as changes in fatal outcome. This work concluded that, owing to a 
similar rate of killing across resistant isolates with varying susceptibility patterns, increased 
resistance did not influence virulence (Borgi et al., 2014). However, evidence suggests 
AFR may impose an associated virulence cost (Hill et al., 2015; Ben-Ami et al., 2011). If 
reduced virulence may be used as a proxy for AFR in yeast species, the G. mellonella 
host model may be modified to enable detection of antifungal selective endpoints. It is 
important to note that the relationship between virulence and AFR is not yet understood, 
therefore this report stresses that this assay suggestion is purely based on speculation.  

For example, yeast cell suspensions exposed to different antifungal concentrations could 
be injected into the G. mellonella haemocoel. Using mortality as a measure of virulence 
and reduced virulence as a proxy for resistance, effect concentrations might be identified 
where rate of killing is significantly lower than the control. 

Mini-host model assays, including G. mellonella, have advantages such as its cost and 
simplicity allowing greater replication of larvae injection (Ames et al., 2017). In addition, 
this model invertebrate has been utilised for a variety of Candida species, including C. 
albicans (Brennan et al., 2002; Cotter et al., 2000), C. parapsilosis, C. orthopsilosis, C. 
metapsilosis (Gago et al., 2014), C. tropicalis (Mesa-Arango et al., 2013) and C. krusei 
(Scorzoni et al., 2013). 
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7. Assay comparison 
Both the SELECT method and proposed validation methods have advantages and 
disadvantages in terms of defining MSC/selective concentrations of antifungals (Table 16).  

The modified SELECT method remains the most efficient and cost-effective assay. To 
verify the SELECT method, validation tools should be selected on a species and agent 
specific basis. For example, culture-based methods e.g., Kraupner et al. (2018) may be 
more advantageous for yeast application than for mould. Furthermore, genotypic assays 
such as targeting erg11 and cyp51A sequencing are only applicable for the relevant 
fungus e.g., erg11 for yeasts and cyp1A for moulds. Finally, the novel assays proposed 
e.g., ergosterol content quantification and invertebrate host models, require further testing 
before application to determine MSCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 16. Strengths, weaknesses, opportunities and threats analysis of proposed assays. 

Approach Strengths Weaknesses Opportunities Threats 

SELECT e.g., 
Murray et al. 
(2020) 

• Inexpensive, allowing 
the rapid generation of 
data 

• Robust to changes in 
community inocula and 
growth conditions 

• Rivals efficiency and 
accuracy of traditional 
methods e.g., ASRIT 

• Community based 
assay representative of 
a complex, mixed 
sample (sewage) 

• Highly replicable, but 
minimal replication (6) 
shown to be robust  

• OD provides 
quantitative measure of 
growth 

• Low between replicate 
variability during 
exponential growth 
phase 

• Captures any 
competition and 
selection occurring for 
all the available 
resistance genes and 
mutations present in 
that community  

• Restricted to 
antibiotics and 
bacterial inocula 

• Doesn’t consider 
mixing of antibiotics 
as occurring in the 
environment 

• Does not give 
information on 
resistance 
mechanisms 
responsible 

• Potentially adaptable 
for other antimicrobial 
compounds e.g., 
antifungals, as shown 
in this report 

• Can address scarcity 
of experimental MSC 
data 

• Data generated can 
inform safe release 
limits and 
antimicrobial 
regulatory guidelines 

• Could enable better 
investigation into 
evolution of AMR by 
defining target 
selective windows 

• Could be applied to 
determine MSCs for 
polyenes and 
echinocandins with 
further investigation 
and adaptations 

• Could be used to test 
mixtures of 
antimicrobials, but 
further validation 
required 

• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs – though 
previous validation 
has shown minimal 
effect of growth 
conditions  

• May only be 
applicable to yeast 
species, not moulds 

• Concern of high 
intrinsic resistance in 
many fungal species 
so drug-bug 
combinations must be 
case specific 

• The testing of single 
antimicrobials does 
not account for co-
selection, which has 
been found to be of 
importance in 
environmental settings 
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• Viable candidate for 
validation against 
OECD test guidelines 

• Does not limit the MSC 
estimation to a 
particular gene or gene 
class 

• Applicability as a 
standalone assay 

Single species 
batch 
microcosm - 
culture based 
e.g., Kraupner 
et al (2018), 
broth 
microdilution 

 

 

• Cost effective 
• Relatively high 

throughput 
• Allows rapid and 

simple replication 
• Reduced consumable 

costs 
• Established protocols 

shown to have minimal 
interlaboratory 
variation in results 

• Use of commercially 
available agar plates 
streamlines process 

• Interlaboratory 
replicable  

• All responsible 
resistance 
determinants included 

 

• Limited to culturable 
microorganisms that 
can grow in culture 
media 

• Does not give 
information on 
resistance 
mechanisms 
responsible 

• Use of single species 
unrepresentative of 
environment  

• High nutrient broth 
and high temperature 
not environmentally 
representative 

• Plating is less 
sensitive than other 
methods 

 

• Could allow rapid 
detection of cross 
resistance 

• Use of environmental 
strains would 
increase 
environmental 
relevance 

• Can be utilised for 
both yeasts and 
moulds, though 
requires further 
testing 

• Nutrient and 
temperature 
conditions can be 
modified to improve 
environmental 
realism 

• Could be applied to 
determine MSCs for 
polyenes and 
echinocandins 

• Incubation of fungi 
significantly longer 
than bacteria and 
therefore increases 
assay duration 

• Uncertainty in 
application to mould 
species and so 
requires further testing 

• Negative culture is not 
sufficient to 
completely rule out 
resistance as will only 
reveal culturable 
organisms 

• Concern of high 
intrinsic resistance in 
many fungal species 
so drug-bug 
combinations must be 
case specific 

• As resistant cfu used 
as endpoint, drug 
tolerance in fungi 
could be an issue 
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• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs 

Overexpression 

e.g., RT-qPCR, 

 

 

• Extremely sensitive  
• Rapidly analyse small 

samples 
• High throughput 

generation of results 
• Accurate measure of 

specific resistance 
mechanism 

• Highlights specific 
mechanism 
responsible 

• Expensive 
• Variable results due 

to different enzymes 
and oligonucleotides 
commercially 
available 

• Relies on knowledge 
of resistance 
determinants 

• Reliability dependent 
on normalisation – 
typically using 
housekeeping genes 
– lack of 
interlaboratory 
consistency of gene 
adopted for 
normalisation 

• Usually only one 
resistance target 
analysed, with each 
additional target 
adding further 
expense 

• Increase in replicates 
increases processing 

• Can be applied to 
both yeast and mould 
species  

• High nutrient and 
temperature 
conditions could be 
modified to better 
represent 
environment 

 

• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs 

• Doesn’t consider 
mixtures so will not 
account for co-
selection 

• Will only account for 
resistance due to 
overexpression and 
not target site 
modifications e.g., 
mutations 

• Would require 
identification of 
different targets to 
facilitate application to 
echinocandins and 
polyenes 
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time – may 
compromise data 
quality and cost 

• High nutrient broth 
and high temperature 
not environmentally 
representative 
 

• Concern of high 
intrinsic resistance in 
many fungal species 
so drug-bug 
combinations must be 
case specific 

Mutations e.g., 
WGS, T-ARMs-
PCR, RSM, HRM 
and SN assay 

• Conventional methods 
well established e.g., 
PCR 

• Accurate measure of 
specific resistance 
mechanism 

• Highlights specific 
mechanism 
responsible 

• Not limited by pre-
existing knowledge of 
resistance 
determinants as able to 
identify novel 
determinants 

 

• More time consuming 
and expensive 

• Many assays 
proposed are 
relatively novel and 
therefore have 
minimal testing 
history and validation 

• Increase in replicates 
increases processing 
time - may 
compromise data 
quality and cost 

• Allows greater 
exploration of widely 
undocumented fungal 
genomes 

• Can be applied to 
both yeast and mould 
species 

• High nutrient and 
temperature 
conditions could be 
modified to better 
represent 
environment 

• Could be utilised as a 
precursor assay to 
MSC testing to 
identify if resistant 
isolates are present – 
albeit more expensive 
than simple 
phenotypic AFST 
assays 

• Could potentially 
allow for testing of 
multiple 
antimicrobials and so 
would account for co-

• Doesn’t consider 
mixing of antibiotics as 
exposed in the 
environment 

• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs  
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selection, which has 
been found to be of 
importance in 
environmental 
settings 

 

Efflux activity 
e.g., Ala-Nap 
and R6G 

• Straightforward, quick 
and cost-effective 

• Direct measure of 
efflux useful in rapid 
identification of 
selective 
concentrations 

• Highlights specific 
mechanism 
responsible 

• Conventional methods 
well established 

 

• Some dyes are 
transport system 
specific e.g., only 
applied to ABC 
transporters 

• Increase in replicates 
increases processing 
time – may 
compromise data 
quality and cost 

• Provides efficient 
validation tool for 
overexpression or 
SELECT 

• Can be applied to 
both moulds and 
yeast 

• High nutrient and 
temperature 
conditions may be 
modified to better 
represent 
environment 

• These assays will only 
detect resistance 
conferred by increase 
efflux 

• The testing of single 
antimicrobials does 
not account for co-
selection, which has 
been found to be of 
importance in 
environmental settings  

• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs  

• Would require 
identification of 
different targets to 
facilitate application to 
echinocandins and 
polyenes 

• Concern of high 
intrinsic resistance in 
many fungal species 
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so drug-bug 
combinations must be 
case specific 

 

Invertebrate 
host model e.g., 
Galleria 
mellonella 

• Inexpensive, simple 
and allows greater 
replication 

• Used for a variety of 
fungal pathogens of 
clinical importance 

• Established protocol 
and thus reduces 
interlaboratory 
variability 

• Minimal ethics 
consideration for a host 
model organism 

• Provides data on both 
resistance and in vivo 
virulence 

• Speculative, 
relationship between 
virulence and 
resistance not well 
studied 

• Does not provide 
information on 
resistance genes 
responsible 

• Can be applied to 
both moulds and 
yeast 

• Could be applied to 
determine MSCs for 
polyenes and 
echinocandins 
 

• Based on assumption 
decreased virulence 
confers for AMR, 
evidence to suggest 
otherwise – requires 
further investigation 

• Concern of high 
intrinsic resistance in 
many fungal species 
so drug-bug 
combinations must be 
case specific 

• The testing of single 
antimicrobials does 
not account for co-
selection, which has 
been found to be of 
importance in 
environmental settings 

Ergosterol 
content 
quantification  

e.g., SQM 

• Inexpensive and 
simple, therefore 
allows greater 
replication 

• Ergosterol is 
universally important to 
all fungi, therefore this 
assay may be applied 
to a variety of species 

• Established protocols 
reduce interlaboratory 
variability of data 

• Speculative, link 
between decreased 
ergosterol content 
and resistance not 
well documented 

• Does not provide 
information on 
resistance genes 
responsible 

• Limited to culturable 
microorganisms  

 

• Potential as a 
standalone assay 

• Can be applied to 
both moulds and 
yeast 

• High nutrient and 
temperature 
conditions may be 
modified to better 
represent 
environment 

 

• Based on assumption 
(though supported in 
comparison to AFST) 
that ergosterol content 
is a proxy for AFR 

• Cannot be used to 
determine selective 
effects of 
echinocandin 
resistance as 
ergosterol not involved 
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in this drug class’ 
mode of action  

• Optimum laboratory 
conditions e.g., high 
temperatures and 
nutrient are not 
replicable of natural 
environment and may 
lead to possible under 
or overestimation of 
MSCs  

• Concern of high 
intrinsic resistance in 
many fungal species 
so drug-bug 
combinations must be 
case specific 

• The testing of single 
antimicrobials does 
not account for co-
selection, which has 
been found to be of 
importance in 
environmental settings 



8. Concluding remarks 
AFR is undoubtedly a growing, global human health problem. With high associated 
mortality rates and limited treatment alternatives available, AFR infections are a key 
concern. Furthermore, due to the incomplete removal or inactivation of antifungals during 
wastewater treatment and the direct application of effect antifungal concentrations to 
agricultural crops, the environmental dimension of AFR warrants greater exploration. 
Without considering resistance selection alongside traditional ecotoxicity endpoints or 
generating MSC data for antifungals of concern, the risk of AFR emergence in the 
environment is currently not effectively assessed. 

The SELECT method, originally published by Murray and colleagues (2020), provides a 
unique and valuable tool to determine MSC values for antibiotics. Modifications of this 
assay and key considerations that may enable the use of this method for antifungals have 
been provided. These include the use of the assay specifically for yeast species and the 
initial use of haploid C. auris or N. glabrata with recommendations for future investigation 
into the use of additional species or community of fungi. 

The SELECT method provides the cheapest and least labour-intensive experimental 
option and has the potential to be further adapted to provide crucial information on the 
evolution of AFR and identify environmental hotspots of AMR. It is advised that future 
research should prioritise the modification and validation of this method according to the 
specifications outlined here in line with traditional AFST broth microdilution protocols. To 
aid this, validation assays are proposed. In addition, given the number and diversity of 
fungal species of human health importance, including A. fumigatus, alternative assays are 
provided that may also be used to determine MSC data for complex mould species.  This 
work may significantly improve our ability to inform release limits and risk assessment of 
antifungals.  
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8.1. Future study 
Throughout this report, the current understanding of environmental antifungal sources, 
occurrence and fate is summarised. The synthesis of this information allowed us to 
propose modifications to the SELECT method (Murray et al., 2020), potential validation 
methods and possible standalone assays. There are currently no empirical antifungal MSC 
data available, therefore this report may provide valuable methods to fill these data gaps. 
Based on our recommendations, future work should prioritise the testing and validation of 
an antifungal SELECT method, alongside necessary validation. 

Additional areas that require further investigation have also been identified: 

• Currently, fluconazole is the only EU Water Framework Directive Hazardous 
Substance Watch List compound with a selective concentration defined. However, 
this was theoretically determined and there are no empirical MSC data available for 
any antifungal. Therefore, a first priority should be generation of MSC data for all 
azole antifungals of concern through monitoring programmes, including the Watch 
List. Should the SELECT method be successful in determining such data, this tool 
could be applied to additional antifungal agents of interest and may help to inform 
future substances of concern. 

 
• Both the original and proposed antifungal SELECT methods seek to quantify 

selective endpoints of single antimicrobial agents. In the natural environment, 
microorganisms may be exposed to a complex mixture of antimicrobials and other 
pollutants, which can drive co-selection of resistance to multiple compounds. 
Therefore, future work should explore modifications to the SELECT, and other 
methods, to determine MSC data where inocula are exposed to a mixture of 
antimicrobials.  
 

• WWTPs are important sources of antifungals and AFR fungi into the environment. 
However, the role of WWTPs in the evolution and dissemination of AFR in surface 
waters is not well understood. The antifungal SELECT method may provide a 
valuable tool to aid the evaluation of the role of WWTPs in environmental AFR, and 
could be further adapted to allow the identification of environmental hotspots of 
AFR.  
 

• In addition to the previous point, the role of biosolid amended soils/sewage sludge 
in increasing exposure to residual antifungal contaminants is not yet understood. 
This is of additional importance, given that fungal soil communities have been 
previously found to harbour drug resistant human pathogens, including RAF. 
Assays to detect effect concentrations of antifungals against soil-borne fungi have 
been described here, with regard to A. fumigatus. However, soils are an important 
ecosystem for many fungal species and therefore require further consideration.  
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• Given that azoles are the only antifungal class applied both in clinical and 
agricultural settings, this report has predominantly focussed on these compounds. 
Though there is little evidence exploring the role of the environment in emergence 
of echinocandin or polyene resistance, future research should consider the 
monitoring of additional antifungal classes. This is especially important due to the 
lack of antifungal treatment options available, in order to effectively monitor the 
evolution and emergence of novel resistance in environmental fungal communities. 
Again, the SELECT method may provide a valuable and promising tool to address 
this.  
 

• Finally, here the use of haploid yeast species to aid initial modifications and 
application of the SELECT method to test antifungals is recommended. However, 
future work should aim to consider diploid species, such as leading human fungal 
pathogen C. albicans. A systematic study using the validation tools outlined in 
Section 5 may be useful in comparing haploid and diploid selective endpoints, with 
the potential to reveal the importance of ploidy driven variability in selective effect 
concentrations. This would have further value in informing the future use of the 
antifungal SELECT method and highlight which species provides the least variable 
and representative MSC values. 

 

 
 

 

 

 

 

 

 

 

 



72 of 108 

 

9. Acknowledgements 
Thank you to Alwyn Hart for suggesting application of bacterial methods to the study of 
AFR and Helen Wilkinson and Wiebke Schmidt at the Environment Agency for 
commissioning the project and for your guidance, ideas, support and extensive feedback 
throughout the project. 

Thank you to the University of Exeter’s AMR network (http://www.exeter.ac.uk/amr/) and 
MRC Centre for Medical Mycology (https://www.exeter.ac.uk/medicalmycology/) for 
support, scientific guidance and advice throughout the project.  

This work was completed with thanks to Natural Environment Research Council 
Knowledge Exchange Fellowships NE/S006257/. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://eur03.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.exeter.ac.uk%2Famr%2F&data=04%7C01%7Ces718%40exeter.ac.uk%7C012adcd1fc1342d2973f08d921eca555%7C912a5d77fb984eeeaf321334d8f04a53%7C0%7C0%7C637578122529441829%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=5jBDEDSWE0RbfCSSrrrXnQOyUQgMEpUSxAe6RT8y4XQ%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.exeter.ac.uk%2Fmedicalmycology%2F&data=04%7C01%7Ces718%40exeter.ac.uk%7C012adcd1fc1342d2973f08d921eca555%7C912a5d77fb984eeeaf321334d8f04a53%7C0%7C0%7C637578122529451788%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=%2BdbP%2FlN2O66uMKrYfReBhOs5pE08DgTs1LH63dMhHSc%3D&reserved=0


73 of 108 

 

References 
ABDOLRASOULI, A., RHODES, J., BEALE, M. A., HAGEN, F., ROGERS, T. R., 
CHOWDHARY, A., MEIS, J. F., ARMSTRONG-JAMES, D. & FISHER, M. C. 2015. 
Genomic context of azole resistance mutations in Aspergillus fumigatus determined using 
whole-genome sequencing. MBio, 6. 

ALCAZAR-FUOLI, L., MELLADO, E., GARCIA-EFFRON, G., LOPEZ, J. F., GRIMALT, J. 
O., CUENCA-ESTRELLA, J. M. & RODRIGUEZ-TUDELA, J. L. 2008. Ergosterol 
biosynthesis pathway in Aspergillus fumigatus. Steroids, 73, 339-47. 

ALIZADEH, F., KHODAVANDI, A. & ZALAKIAN, S. 2017. Quantitation of ergosterol 
content and gene expression profile of ERG11 gene in fluconazole-resistant Candida 
albicans. Curr Med Mycol, 3, 13-19. 

ALVES, R., KASTORA, S. L., GOMES-GONCALVES, A., AZEVEDO, N., RODRIGUES, C. 
F., SILVA, S., DEMUYSER, L., VAN DIJCK, P., CASAL, M., BROWN, A. J. P., 
HENRIQUES, M. & PAIVA, S. 2020. Transcriptional responses of Candida glabrata biofilm 
cells to fluconazole are modulated by the carbon source. NPJ Biofilms Microbiomes, 6, 4. 

ANDERSON, J. B. 2005. Evolution of antifungal-drug resistance: mechanisms and 
pathogen fitness. Nat Rev Microbiol, 3, 547-56. 

ANDERSON, J. B., SIRJUSINGH, C., PARSONS, A. B., BOONE, C., WICKENS, C., 
COWEN, L. E. & KOHN, L. M. 2003. Mode of selection and experimental evolution of 
antifungal drug resistance in Saccharomyces cerevisiae. Genetics, 163, 1287-98. 

ANDERSSON, D.I. & HUGHES, D., 2010. Antibiotic resistance and its cost: is it possible 
to reverse resistance?. Nature Reviews Microbiology, 8(4), pp.260-271. 

ANDERSSON, D. I. & HUGHES, D. 2012. Evolution of antibiotic resistance at non-lethal 
drug concentrations. Drug Resistance Updates, 15, 162-172. 

ARAI, T., MAJIMA, H., WATANABE, A. & KAMEI, K. 2020. A Simple Method To Detect 
Point Mutations in Aspergillus fumigatus cyp51A Gene Using a Surveyor Nuclease Assay. 
Antimicrob Agents Chemother, 64. 

ARENDRUP, M. C., MELETIADIS, J., MOUTON, J. W., GUINEA, J., CUENCA-
ESTRELLA, M., LAGROU, K., HOWARD, S. J. & SUBCOMMITTEE ON ANTIFUNGAL 



74 of 108 

 

SUSCEPTIBILITY TESTING OF THE, E. E. C. F. A. S. T. 2016. EUCAST technical note 
on isavuconazole breakpoints for Aspergillus, itraconazole breakpoints for Candida and 
updates for the antifungal susceptibility testing method documents. Clin Microbiol Infect, 
22, 571 e1-4. 

ARIKAN-AKDAGLI, S., GHANNOUM, M. & MEIS, J. F. 2018. Antifungal Resistance: 
Specific Focus on Multidrug Resistance in Candida auris and Secondary Azole Resistance 
in Aspergillus fumigatus. J Fungi (Basel), 4. 

ARORA, P., SINGH, P., WANG, Y., YADAV, A., PAWAR, K., SINGH, A., PADMAVATI, G., 
XU, J. & CHOWDHARY, A. 2021. Environmental Isolation of Candida auris from the 
Coastal Wetlands of Andaman Islands, India. mBio, 12. 

ARTHINGTON-SKAGGS, B. A., WARNOCK, D. W. & MORRISON, C. J. 2000. 
Quantitation of Candida albicans ergosterol content improves the correlation between in 
vitro antifungal susceptibility test results and in vivo outcome after fluconazole treatment in 
a murine model of invasive candidiasis. Antimicrob Agents Chemother, 44, 2081-5. 

ARUANNO, M., GOZEL, S., MOUYNA, I., PARKER, J. E., BACHMANN, D., FLAMANT, 
P., COSTE, A. T., SANGLARD, D. & LAMOTH, F. 2021. Insights in the molecular 
mechanisms of an azole stress adapted laboratory-generated Aspergillus fumigatus strain. 
Med Mycol. 

ARVANITIDOU, M., KANELLOU, K., KATSOUYANNOPOULOS, V. & TSAKRIS, A. 2002. 
Occurrence and densities of fungi from northern Greek coastal bathing waters and their 
relation with faecal pollution indicators. Water Res, 36, 5127-31. 

ASHBOLT, N. J., AMÉZQUITA, A., BACKHAUS, T., BORRIELLO, P., BRANDT, K. K., 
COLLIGNON, P., COORS, A., FINLEY, R., GAZE, W. H. & HEBERER, T. 2013. Human 
health risk assessment (HHRA) for environmental development and transfer of antibiotic 
resistance. Environmental health perspectives, 121, 993-1001. 

ASSRESS, H. A., NYONI, H., MAMBA, B. B. & MSAGATI, T. A. 2019. Target 
quantification of azole antifungals and retrospective screening of other emerging pollutants 
in wastewater effluent using UHPLC–QTOF-MS. Environmental Pollution, 253, 655-666. 

ASSRESS, H. A., NYONI, H., MAMBA, B. B. & MSAGATI, T. A. 2020. Occurrence and risk 
assessment of azole antifungal drugs in water and wastewater. Ecotoxicology and 
environmental safety, 187, 109868. 



75 of 108 

 

ASSRESS, H. A., SELVARAJAN, R., NYONI, H., NTUSHELO, K., MAMBA, B. B. & 
MSAGATI, T. A. M. 2019. Diversity, Co-occurrence and Implications of Fungal 
Communities in Wastewater Treatment Plants. Sci Rep, 9, 14056. 

ASSRESS, H. A., SELVARAJAN, R., NYONI, H., OGOLA, H. J. O., MAMBA, B. B. & 
MSAGATI, T. A. M. 2021. Azole antifungal resistance in fungal isolates from wastewater 
treatment plant effluents. Environ Sci Pollut Res Int, 28, 3217-3229. 

AZEVEDO, M.-M., FARIA-RAMOS, I., CRUZ, L. C., PINA-VAZ, C. & GONCALVES 
RODRIGUES, A. 2015. Genesis of azole antifungal resistance from agriculture to clinical 
settings. Journal of agricultural and food chemistry, 63, 7463-7468. 

BADER, O., TUNNERMANN, J., DUDAKOVA, A., TANGWATTANACHULEEPORN, M., 
WEIG, M. & GROSS, U. 2015. Environmental isolates of azole-resistant Aspergillus 
fumigatus in Germany. Antimicrob Agents Chemother, 59, 4356-9. 

BAILLIE, G. S. & DOUGLAS, L. J. 1998. Effect of growth rate on resistance of Candida 
albicans biofilms to antifungal agents. Antimicrob Agents Chemother, 42, 1900-5. 

BALL, B., LANGILLE, M. & GEDDES-MCALISTER, J. 2020. Fun(gi)omics: Advanced and 
Diverse Technologies to Explore Emerging Fungal Pathogens and Define Mechanisms of 
Antifungal Resistance. mBio, 11. 

BALLARD, E., WEBER, J., MELCHERS, W. J. G., TAMMIREDDY, S., WHITFIELD, P. D., 
BRAKHAGE, A. A., BROWN, A. J. P., VERWEIJ, P. E. & WARRIS, A. 2019. Recreation of 
in-host acquired single nucleotide polymorphisms by CRISPR-Cas9 reveals an 
uncharacterised gene playing a role in Aspergillus fumigatus azole resistance via a non-
cyp51A mediated resistance mechanism. Fungal Genet Biol, 130, 98-106. 

BAQUERO, F. 2001. Low-level antibacterial resistance: a gateway to clinical resistance. 
Drug Resist Updat, 4, 93-105. 

BARKER, K. S., CRISP, S., WIEDERHOLD, N., LEWIS, R. E., BAREITHER, B., 
ECKSTEIN, J., BARBUCH, R., BARD, M. & ROGERS, P. D. 2004. Genome-wide 
expression profiling reveals genes associated with amphotericin B and fluconazole 
resistance in experimentally induced antifungal resistant isolates of Candida albicans. J 
Antimicrob Chemother, 54, 376-85. 

BARNES, R. A., GOW, N. A., DENNING, D. W., MAY, R. C. & HAYNES, K. 2014. 
Antifungal resistance: more research needed. The Lancet, 384, 1427. 



76 of 108 

 

BARSKI, O. A., TIPPARAJU, S. M. & BHATNAGAR, A. 2008. The aldo-keto reductase 
superfamily and its role in drug metabolism and detoxification. Drug Metab Rev, 40, 553-
624. 

BEN-AMI, R., BERMAN, J., NOVIKOV, A., BASH, E., SHACHOR-MEYOUHAS, Y., 
ZAKIN, S., MAOR, Y., TARABIA, J., SCHECHNER, V., ADLER, A. & FINN, T. 2017. 
Multidrug-Resistant Candida haemulonii and C. auris, Tel Aviv, Israel. Emerg Infect Dis, 
23. 

BEN-AMI, R., GARCIA-EFFRON, G., LEWIS, R. E., GAMARRA, S., LEVENTAKOS, K., 
PERLIN, D. S. & KONTOYIANNIS, D. P. 2011. Fitness and virulence costs of Candida 
albicans FKS1 hot spot mutations associated with echinocandin resistance. J Infect Dis, 
204, 626-35. 

BENGTSSON-PALME, J. & LARSSON, D. J. 2016. Concentrations of antibiotics predicted 
to select for resistant bacteria: proposed limits for environmental regulation. Environment 
International, 86, 140-149. 

BERGER, S., EL CHAZLI, Y., BABU, A. F. & COSTE, A. T. 2017. Azole resistance in 
Aspergillus fumigatus: a consequence of antifungal use in agriculture? Frontiers in 
microbiology, 8, 1024. 

BERGLUND, B., FICK, J. & LINDGREN, P. E. 2015. Urban wastewater effluent increases 
antibiotic resistance gene concentrations in a receiving northern European river. Environ 
Toxicol Chem, 34, 192-6. 

BERMAN, J. & KRYSAN, D. J. 2020. Drug resistance and tolerance in fungi. Nature 
Reviews Microbiology, 18, 319-331. 

BHAGAT, J., SINGH, N., NISHIMURA, N. & SHIMADA, Y. 2021. A comprehensive review 
on environmental toxicity of azole compounds to fish. Chemosphere, 262, 128335. 

BHATTACHARYA, S., SAE-TIA, S. & FRIES, B. C. 2020. Candidiasis and Mechanisms of 
Antifungal Resistance. Antibiotics (Basel), 9. 

BORGHI, E., ANDREONI, S., CIRASOLA, D., RICUCCI, V., SCIOTA, R. & MORACE, G. 
2014. Antifungal resistance does not necessarily affect Candida glabrata fitness. J 
Chemother, 26, 32-6. 



77 of 108 

 

BORMAN, A. M., FRASER, M., PALMER, M. D., SZEKELY, A., HOULDSWORTH, M., 
PATTERSON, Z. & JOHNSON, E. M. 2017. MIC Distributions and Evaluation of Fungicidal 
Activity for Amphotericin B, Itraconazole, Voriconazole, Posaconazole and Caspofungin 
and 20 Species of Pathogenic Filamentous Fungi Determined Using the CLSI Broth 
Microdilution Method. J Fungi (Basel), 3. 

BOXALL, A. B., JOHNSON, P., SMITH, E. J., SINCLAIR, C. J., STUTT, E. & LEVY, L. S. 
2006. Uptake of veterinary medicines from soils into plants. Journal of Agricultural and 
Food Chemistry, 54, 2288-2297. 

BRANDT, K. K., AMÉZQUITA, A., BACKHAUS, T., BOXALL, A., COORS, A., HEBERER, 
T., LAWRENCE, J. R., LAZORCHAK, J., SCHOENFELD, J. & SNAPE, J. R. 2015. 
Ecotoxicological assessment of antibiotics: a call for improved consideration of 
microorganisms. Environment International, 85, 189-205. 

BRENNAN, M., THOMAS, D. Y., WHITEWAY, M. & KAVANAGH, K. 2002. Correlation 
between virulence of Candida albicans mutants in mice and Galleria mellonella larvae. 
FEMS Immunol Med Microbiol, 34, 153-7. 

BROMLEY, M. J., VAN MUIJLWIJK, G., FRACZEK, M. G., ROBSON, G., VERWEIJ, P. E., 
DENNING, D. W. & BOWYER, P. 2014. Occurrence of azole-resistant species of 
Aspergillus in the UK environment. J Glob Antimicrob Resist, 2, 276-279. 

BROWN, G. D., DENNING, D. W., GOW, N. A., LEVITZ, S. M., NETEA, M. G. & WHITE, 
T. C. 2012. Hidden killers: human fungal infections. Science translational medicine, 4, 
165rv13-165rv13. 

CABAN, M., STRAPAGIEL, D., DZIADEK, J., KORYCKA-MACHALA, M. & GRZELAK, A. 
2016. Principles of a New Protocol for Prediction of Azole Resistance in Candida albicans 
Infections on the Basis of ERG11 Polymorphisms. Curr Microbiol, 73, 172-82. 

CALDERON-PRECIADO, D., JIMENEZ-CARTAGENA, C., MATAMOROS, V. & BAYONA, 
J. M. 2011. Screening of 47 organic microcontaminants in agricultural irrigation waters and 
their soil loading. Water Res, 45, 221-31. 

CAO, D., WANG, F., YU, S., DONG, S., WU, R., CUI, N., REN, J., XU, T., WANG, S. & 
WANG, M. 2021. Prevalence of Azole-Resistant Aspergillus fumigatus is Highly 
Associated with Azole Fungicide Residues in the Fields. Environmental Science & 
Technology. 



78 of 108 

 

CARAMALHO, R., TYNDALL, J. D. A., MONK, B. C., LARENTIS, T., LASS-FLORL, C. & 
LACKNER, M. 2017. Intrinsic short-tailed azole resistance in mucormycetes is due to an 
evolutionary conserved aminoacid substitution of the lanosterol 14alpha-demethylase. Sci 
Rep, 7, 15898. 

CAROLUS, H., PIERSON, S., LAGROU, K. & VAN DIJCK, P. 2020. Amphotericin B and 
Other Polyenes-Discovery, Clinical Use, Mode of Action and Drug Resistance. J Fungi 
(Basel), 6. 

CASADO, J., RODRIGUEZ, I., RAMIL, M. & CELA, R. 2014. Selective determination of 
antimycotic drugs in environmental water samples by mixed-mode solid-phase extraction 
and liquid chromatography quadrupole time-of-flight mass spectrometry. J Chromatogr A, 
1339, 42-9. 

CCANCCAPA, A., MASIA, A., NAVARRO-ORTEGA, A., PICO, Y. & BARCELO, D. 2016. 
Pesticides in the Ebro River basin: Occurrence and risk assessment. Environ Pollut, 211, 
414-24. 

CEBALLOS GARZON, A., AMADO, D., ROBERT, E., PARRA GIRALDO, C. M. & LE 
PAPE, P. 2020. Impact of calmodulin inhibition by fluphenazine on susceptibility, biofilm 
formation and pathogenicity of caspofungin-resistant Candida glabrata. J Antimicrob 
Chemother, 75, 1187-1193. 

CERNICKA, J. & SUBIK, J. 2006. Resistance mechanisms in fluconazole-resistant 
Candida albicans isolates from vaginal candidiasis. Int J Antimicrob Agents, 27, 403-8. 

CHAABANE, F., GRAF, A., JEQUIER, L. & COSTE, A. T. 2019. Review on Antifungal 
Resistance Mechanisms in the Emerging Pathogen Candida auris. Front Microbiol, 10, 
2788. 

CHAU, A. S., MENDRICK, C. A., SABATELLI, F. J., LOEBENBERG, D. & MCNICHOLAS, 
P. M. 2004. Application of real-time quantitative PCR to molecular analysis of Candida 
albicans strains exhibiting reduced susceptibility to azoles. Antimicrob Agents Chemother, 
48, 2124-31. 

CHEN, F., YING, G. G., KONG, L. X., WANG, L., ZHAO, J. L., ZHOU, L. J. & ZHANG, L. 
J. 2011. Distribution and accumulation of endocrine-disrupting chemicals and 
pharmaceuticals in wastewater irrigated soils in Hebei, China. Environ Pollut, 159, 1490-8. 



79 of 108 

 

CHEN, J., LI, H., LI, R., BU, D. & WAN, Z. 2005. Mutations in the cyp51A gene and 
susceptibility to itraconazole in Aspergillus fumigatus serially isolated from a patient with 
lung aspergilloma. J Antimicrob Chemother, 55, 31-7. 

CHEN, P., LIU, M., ZENG, Q., ZHANG, Z., LIU, W., SANG, H. & LU, L. 2019. Uncovering 
New Mutations Conferring Azole Resistance in the Aspergillus fumigatus cyp51A Gene. 
Front Microbiol, 10, 3127. 

CHEN, Y., DONG, F., ZHAO, J., FAN, H., QIN, C., LI, R., VERWEIJ, P. E., ZHENG, Y. & 
HAN, L. 2020. High azole resistance in Aspergillus fumigatus isolates from strawberry 
fields, China, 2018. Emerging infectious diseases, 26, 81. 

CHEN, Z.-F. & YING, G.-G. 2015. Occurrence, fate and ecological risk of five typical azole 
fungicides as therapeutic and personal care products in the environment: A review. 
Environment international, 84, 142-153. 

CHEN, Z. F., YING, G. G., LAI, H. J., CHEN, F., SU, H. C., LIU, Y. S., PENG, F. Q. & 
ZHAO, J. L. 2012. Determination of biocides in different environmental matrices by use of 
ultra-high-performance liquid chromatography-tandem mass spectrometry. Anal Bioanal 
Chem, 404, 3175-88. 

CHEN, Z. F., YING, G. G., LIU, Y. S., ZHANG, Q. Q., ZHAO, J. L., LIU, S. S., CHEN, J., 
PENG, F. J., LAI, H. J. & PAN, C. G. 2014. Triclosan as a surrogate for household 
biocides: an investigation into biocides in aquatic environments of a highly urbanized 
region. Water Res, 58, 269-79. 

CHEN, Z. F., YING, G. G., MA, Y. B., LAI, H. J., CHEN, F. & PAN, C. G. 2013. Typical 
azole biocides in biosolid-amended soils and plants following biosolid applications. J Agric 
Food Chem, 61, 6198-206. 

CHEN, Z. F., YING, G. G., MA, Y. B., LAI, H. J., CHEN, F. & PAN, C. G. 2013. Occurrence 
and dissipation of three azole biocides climbazole, clotrimazole and miconazole in 
biosolid-amended soils. Sci Total Environ, 452-453, 377-83. 

CHOWDHARY, A., KATHURIA, S., XU, J. & MEIS, J. F. 2013. Emergence of azole-
resistant aspergillus fumigatus strains due to agricultural azole use creates an increasing 
threat to human health. PLoS Pathog, 9, e1003633. 



80 of 108 

 

CHOWDHARY, A. & MEIS, J. F. 2018. Emergence of azole resistant Aspergillus fumigatus 
and One Health: time to implement environmental stewardship. Environmental 
microbiology, 20, 1299-1301. 

CHOWDHARY, A., PRAKASH, A., SHARMA, C., KORDALEWSKA, M., KUMAR, A., 
SARMA, S., TARAI, B., SINGH, A., UPADHYAYA, G., UPADHYAY, S., YADAV, P., 
SINGH, P. K., KHILLAN, V., SACHDEVA, N., PERLIN, D. S. & MEIS, J. F. 2018. A 
multicentre study of antifungal susceptibility patterns among 350 Candida auris isolates 
(2009-17) in India: role of the ERG11 and FKS1 genes in azole and echinocandin 
resistance. J Antimicrob Chemother, 73, 891-899. 

CHOWDHARY, A., SHARMA, C., HAGEN, F. & MEIS, J. F. 2014. Exploring azole 
antifungal drug resistance in Aspergillus fumigatus with special reference to resistance 
mechanisms. Future microbiology, 9, 697-711. 

COLEMAN, J. J. & MYLONAKIS, E. 2009. Efflux in fungi: la piece de resistance. PLoS 
Pathog, 5, e1000486. 

COMMISSION, O. 2005. OSPAR background document on clotrimazole. Hazardous 
Substances Series. 

COTTER, G., DOYLE, S. & KAVANAGH, K. 2000. Development of an insect model for the 
in vivo pathogenicity testing of yeasts. FEMS Immunol Med Microbiol, 27, 163-9. 

COURTENAY, M., CASTRO-SANCHEZ, E., FITZPATRICK, M., GALLAGHER, R., LIM, R. 
& MORRIS, G. 2019. Tackling antimicrobial resistance 2019-2024–The UK’s five-year 
national action plan. The Journal of hospital infection, 101, 426-427. 

COWEN, L. E. 2001. Predicting the emergence of resistance to antifungal drugs. FEMS 
microbiology letters, 204, 1-7. 

COWEN, L. E., ANDERSON, J. B. & KOHN, L. M. 2002. Evolution of drug resistance in 
Candida albicans. Annu Rev Microbiol, 56, 139-65. 

COWEN, L. E., KOHN, L. M. & ANDERSON, J. B. 2001. Divergence in fitness and 
evolution of drug resistance in experimental populations of Candida albicans. J Bacteriol, 
183, 2971-8. 



81 of 108 

 

COWEN, L. E., SANGLARD, D., CALABRESE, D., SIRJUSINGH, C., ANDERSON, J. B. & 
KOHN, L. M. 2000. Evolution of drug resistance in experimental populations of Candida 
albicans. J Bacteriol, 182, 1515-22. 

CUI, N., HE, Y., YAO, S., ZHANG, H., REN, J., FANG, H. & YU, Y. 2019. Tebuconazole 
induces triazole-resistance in Aspergillus fumigatus in liquid medium and soil. Sci Total 
Environ, 648, 1237-1243. 

DAY, T., HUIJBEN, S. & READ, A. F. 2015. Is selection relevant in the evolutionary 
emergence of drug resistance? Trends Microbiol, 23, 126-33. 

DELARZE, E. & SANGLARD, D. 2015. Defining the frontiers between antifungal 
resistance, tolerance and the concept of persistence. Drug Resist Updat, 23, 12-19. 

DOOLITTLE, W. F. 1999. Phylogenetic classification and the universal tree. Science, 284, 
2124-2128. 

DOS SANTOS ABRANTES, P. M., MCARTHUR, C. P. & AFRICA, C. W. 2014. Multi-drug 
resistant oral Candida species isolated from HIV-positive patients in South Africa and 
Cameroon. Diagn Microbiol Infect Dis, 79, 222-7. 

DU, H., BING, J., HU, T., ENNIS, C. L., NOBILE, C. J. & HUANG, G. 2020. Candida auris: 
Epidemiology, biology, antifungal resistance, and virulence. PLoS Pathog, 16, e1008921. 

DUNKEL, N., BLASS, J., ROGERS, P. D. & MORSCHHAUSER, J. 2008. Mutations in the 
multi-drug resistance regulator MRR1, followed by loss of heterozygosity, are the main 
cause of MDR1 overexpression in fluconazole-resistant Candida albicans strains. Mol 
Microbiol, 69, 827-40. 

EMA, E. 2006. Guideline on the environmental risk assessment of medicinal products for 
human use. EMEA/CHMP/SWP/4447/00. Committee for Medicinal Products for Human 
Use (CHMP), London, UK. 

ENNE, V. I., DELSOL, A. A., DAVIS, G. R., HAYWARD, S. L., ROE, J. M. & BENNETT, P. 
M. 2005. Assessment of the fitness impacts on Escherichia coli of acquisition of antibiotic 
resistance genes encoded by different types of genetic element. J Antimicrob Chemother, 
56, 544-51. 



82 of 108 

 

ESCHER, B. I., BAUMGARTNER, R., KOLLER, M., TREYER, K., LIENERT, J. & 
MCARDELL, C. S. 2011. Environmental toxicology and risk assessment of 
pharmaceuticals from hospital wastewater. Water research, 45, 75-92. 

ESPINEL-INGROFF, A., ARENDRUP, M. C., PFALLER, M. A., BONFIETTI, L. X., 
BUSTAMANTE, B., CANTON, E., CHRYSSANTHOU, E., CUENCA-ESTRELLA, M., 
DANNAOUI, E., FOTHERGILL, A., FULLER, J., GAUSTAD, P., GONZALEZ, G. M., 
GUARRO, J., LASS-FLORL, C., LOCKHART, S. R., MEIS, J. F., MOORE, C. B., 
OSTROSKY-ZEICHNER, L., PELAEZ, T., PUKINSKAS, S. R., ST-GERMAIN, G., 
SZESZS, M. W. & TURNIDGE, J. 2013. Interlaboratory variability of Caspofungin MICs for 
Candida spp. Using CLSI and EUCAST methods: should the clinical laboratory be testing 
this agent? Antimicrob Agents Chemother, 57, 5836-42. 

ETLIK, O., KOKSAL, V., ARICAN-BARIS, S. T. & BARIS, I. 2011. Development and 
validation of a cost-effective in-house method, tetra-primer ARMS PCR assay, in 
genotyping of seven clinically important point mutations. Mol Cell Probes, 25, 177-81. 

FAIRLAMB, A. H., GOW, N. A., MATTHEWS, K. R. & WATERS, A. P. 2016. Drug 
resistance in eukaryotic microorganisms. Nature microbiology, 1, 1-15. 

FARMAKIOTIS, D. & KONTOYIANNIS, D. P. 2017. Epidemiology of antifungal resistance 
in human pathogenic yeasts: current viewpoint and practical recommendations for 
management. Int J Antimicrob Agents, 50, 318-324. 

FEKETE-FORGACS, K., GYURE, L. & LENKEY, B. 2000. Changes of virulence factors 
accompanying the phenomenon of induced fluconazole resistance in Candida albicans. 
Mycoses, 43, 273-9. 

FISHER, M. C., HAWKINS, N. J., SANGLARD, D. & GURR, S. J. 2018. Worldwide 
emergence of resistance to antifungal drugs challenges human health and food security. 
Science, 360, 739-742. 

FLOWERS, S. A., BARKER, K. S., BERKOW, E. L., TONER, G., CHADWICK, S. G., 
GYGAX, S. E., MORSCHHAUSER, J. & ROGERS, P. D. 2012. Gain-of-function mutations 
in UPC2 are a frequent cause of ERG11 upregulation in azole-resistant clinical isolates of 
Candida albicans. Eukaryot Cell, 11, 1289-99. 

FRASER, M., BORMAN, A. M., THORN, R. & LAWRANCE, L. M. 2020. Resistance to 
echinocandin antifungal agents in the United Kingdom in clinical isolates of Candida 
glabrata: Fifteen years of interpretation and assessment. Med Mycol, 58, 219-226. 



83 of 108 

 

GAGNEUX, S., LONG, C. D., SMALL, P. M., VAN, T., SCHOOLNIK, G. K. & BOHANNAN, 
B. J. 2006. The competitive cost of antibiotic resistance in Mycobacterium tuberculosis. 
Science, 312, 1944-6. 

GAGO, S., GARCIA-RODAS, R., CUESTA, I., MELLADO, E. & ALASTRUEY-
IZQUIERDO, A. 2014. Candida parapsilosis, Candida orthopsilosis, and Candida 
metapsilosis virulence in the non-conventional host Galleria mellonella. Virulence, 5, 278-
85. 

GARNAUD, C., BOTTEREL, F., SERTOUR, N., BOUGNOUX, M. E., DANNAOUI, E., 
LARRAT, S., HENNEQUIN, C., GUINEA, J., CORNET, M. & MAUBON, D. 2015. Next-
generation sequencing offers new insights into the resistance of Candida spp. to 
echinocandins and azoles. J Antimicrob Chemother, 70, 2556-65. 

GASPARRINI, A. J., MARKLEY, J. L., KUMAR, H., WANG, B., FANG, L., IRUM, S., 
SYMISTER, C. T., WALLACE, M., BURNHAM, C. D., ANDLEEB, S., TOLIA, N. H., 
WENCEWICZ, T. A. & DANTAS, G. 2020. Tetracycline-inactivating enzymes from 
environmental, human commensal, and pathogenic bacteria cause broad-spectrum 
tetracycline resistance. Commun Biol, 3, 241. 

GBELSKA, Y., KRIJGER, J. J. & BREUNIG, K. D. 2006. Evolution of gene families: the 
multidrug resistance transporter genes in five related yeast species. FEMS Yeast Res, 6, 
345-55. 

GERSTEIN, A. C. & SHARP, N. P. 2021. The population genetics of ploidy change in 
unicellular fungi. FEMS Microbiol Rev. 

GISI, U. 2014. Assessment of selection and resistance risk for demethylation inhibitor 
fungicides in Aspergillus fumigatus in agriculture and medicine: a critical review. Pest 
management science, 70, 352-364. 

GLAZIER, V. E. & KRYSAN, D. J. 2020. Genetic interaction analysis comes to the diploid 
human pathogen Candida albicans. PLoS Pathog, 16, e1008399. 

GOHAR, A. A., BADALI, H., SHOKOHI, T., NABILI, M., AMIRRAJAB, N. & MOAZENI, M. 
2017. Expression Patterns of ABC Transporter Genes in Fluconazole-Resistant Candida 
glabrata. Mycopathologia, 182, 273-284. 

GOMEZ CORTES, L., MARINOV, D., SANSEVERINO, I., NAVARRO CUENCA, A., 
NIEGOWSKA, M., PORCEL RODRIGUEZ, E. & LETTIERI, T. 2020. Selection of 



84 of 108 

 

substances for the 3rd Watch List under the Water Framework Directive, EUR 30297 EN, 
Luxembourg, Publications Office of the European Union. 

GOTTSCHALL, N., TOPP, E., METCALFE, C., EDWARDS, M., PAYNE, M., KLEYWEGT, 
S., RUSSELL, P. & LAPEN, D. 2012. Pharmaceutical and personal care products in 
groundwater, subsurface drainage, soil, and wheat grain, following a high single 
application of municipal biosolids to a field. Chemosphere, 87, 194-203. 

GOW, N. A. & YADAV, B. 2017. Microbe Profile: Candida albicans: a shape-changing, 
opportunistic pathogenic fungus of humans. Microbiology, 163, 1145-1147. 

GULLBERG, E., ALBRECHT, L. M., KARLSSON, C., SANDEGREN, L. & ANDERSSON, 
D. I. 2014. Selection of a multidrug resistance plasmid by sublethal levels of antibiotics 
and heavy metals. MBio, 5. 

GULLBERG, E., CAO, S., BERG, O. G., ILBÄCK, C., SANDEGREN, L., HUGHES, D. & 
ANDERSSON, D. I. 2011. Selection of resistant bacteria at very low antibiotic 
concentrations. PLoS Pathog, 7, e1002158. 

GUO, H., XIE, S. M., LI, S. X., SONG, Y. J., ZHONG, X. Y. & ZHANG, H. 2017. 
Involvement of mitochondrial aerobic respiratory activity in efflux-mediated resistance of C. 
albicans to fluconazole. J Mycol Med, 27, 339-344. 

GYGAX, S. E., VERMITSKY, J. P., CHADWICK, S. G., SELF, M. J., ZIMMERMAN, J. A., 
MORDECHAI, E., ADELSON, M. E. & TRAMA, J. P. 2008. Antifungal resistance of 
Candida glabrata vaginal isolates and development of a quantitative reverse transcription-
PCR-based azole susceptibility assay. Antimicrob Agents Chemother, 52, 3424-6. 

HAEBA, M. H., HILSCHEROVÁ, K., MAZUROVÁ, E. & BLÁHA, L. 2008. Selected 
endocrine disrupting compounds (vinclozolin, flutamide, ketoconazole and dicofol): effects 
on survival, occurrence of males, growth, molting and reproduction of Daphnia magna. 
Environmental Science and Pollution Research, 15, 222-227. 

HE, X., ZHAO, M., CHEN, J., WU, R., ZHANG, J., CUI, R., JIANG, Y., CHEN, J., CAO, X., 
XING, Y., ZHANG, Y., MENG, J., DENG, Q. & SUI, T. 2015. Overexpression of Both 
ERG11 and ABC2 Genes Might Be Responsible for Itraconazole Resistance in Clinical 
Isolates of Candida krusei. PLoS One, 10, e0136185. 

HEALEY, K. R., KORDALEWSKA, M., JIMENEZ ORTIGOSA, C., SINGH, A., BERRIO, I., 
CHOWDHARY, A. & PERLIN, D. S. 2018. Limited ERG11 Mutations Identified in Isolates 



85 of 108 

 

of Candida auris Directly Contribute to Reduced Azole Susceptibility. Antimicrob Agents 
Chemother, 62. 

HEALEY, K. R., ZHAO, Y., PEREZ, W. B., LOCKHART, S. R., SOBEL, J. D., 
FARMAKIOTIS, D., KONTOYIANNIS, D. P., SANGLARD, D., TAJ-ALDEEN, S. J., 
ALEXANDER, B. D., JIMENEZ-ORTIGOSA, C., SHOR, E. & PERLIN, D. S. 2016. 
Prevalent mutator genotype identified in fungal pathogen Candida glabrata promotes 
multi-drug resistance. Nat Commun, 7, 11128. 

HILL, J. A., O’MEARA, T. R. & COWEN, L. E. 2015. Fitness trade-offs associated with the 
evolution of resistance to antifungal drug combinations. Cell Reports, 10, 809-819. 

HOELZER, K., WONG, N., THOMAS, J., TALKINGTON, K., JUNGMAN, E. & COUKELL, 
A. 2017. Antimicrobial drug use in food-producing animals and associated human health 
risks: what, and how strong, is the evidence? BMC veterinary research, 13, 1-38. 

HOF, H. 2001. Critical annotations to the use of azole antifungals for plant protection. 
Antimicrobial agents and chemotherapy, 45, 2987-2990. 

HOF, H. 2008. Is there a serious risk of resistance development to azoles among fungi 
due to the widespread use and long-term application of azole antifungals in medicine? 
Drug Resist Updat, 11, 25-31. 

HOKKEN, M. W. J., ZWAAN, B. J., MELCHERS, W. J. G. & VERWEIJ, P. E. 2019. 
Facilitators of adaptation and antifungal resistance mechanisms in clinically relevant fungi. 
Fungal Genet Biol, 132, 103254. 

HOLLOMON, D. 2017. Does agricultural use of azole fungicides contribute to resistance in 
the human pathogen Aspergillus fumigatus? Pest management science, 73, 1987-1993. 

HOLMES, A. R., CARDNO, T. S., STROUSE, J. J., IVNITSKI-STEELE, I., KENIYA, M. V., 
LACKOVIC, K., MONK, B. C., SKLAR, L. A. & CANNON, R. D. 2016. Targeting efflux 
pumps to overcome antifungal drug resistance. Future Med Chem, 8, 1485-501. 

HUANG, Q., WANG, Z., WANG, C. & PENG, X. 2013. Chiral profiling of azole antifungals 
in municipal wastewater and recipient rivers of the Pearl River Delta, China. Environ Sci 
Pollut Res Int, 20, 8890-9. 



86 of 108 

 

HUANG, Q., YU, Y., TANG, C. & PENG, X. 2010. Determination of commonly used azole 
antifungals in various waters and sewage sludge using ultra-high performance liquid 
chromatography–tandem mass spectrometry. Journal of Chromatography A, 1217, 3481-
3488. 

HUSNIK, F. & MCCUTCHEON, J. P. 2018. Functional horizontal gene transfer from 
bacteria to eukaryotes. Nat Rev Microbiol, 16, 67-79. 

IVNITSKI-STEELE, I., HOLMES, A. R., LAMPING, E., MONK, B. C., CANNON, R. D. & 
SKLAR, L. A. 2009. Identification of Nile red as a fluorescent substrate of the Candida 
albicans ATP-binding cassette transporters Cdr1p and Cdr2p and the major facilitator 
superfamily transporter Mdr1p. Anal Biochem, 394, 87-91. 

JAIN, S., KUMAR, P., VYAS, R. K., PANDIT, P. & DALAI, A. K. 2013. Occurrence and 
removal of antiviral drugs in environment: a review. Water, Air, & Soil Pollution, 224, 1-19. 

JEANVOINE, A., ROCCHI, S., BELLANGER, A., REBOUX, G. & MILLON, L. 2020. Azole-
resistant Aspergillus fumigatus: A global phenomenon originating in the environment? 
Medecine et maladies infectieuses, 50, 389-395. 

KAHLE, M., BUERGE, I. J., HAUSER, A., MULLER, M. D. & POIGER, T. 2008. Azole 
fungicides: occurrence and fate in wastewater and surface waters. Environmental Science 
& Technology, 42, 7193-7200. 

KANG, H., MINDER, P., PARK, M. A., MESQUITTA, W. T., TORBETT, B. E. & SLUKVIN, 
II 2015. CCR5 Disruption in Induced Pluripotent Stem Cells Using CRISPR/Cas9 Provides 
Selective Resistance of Immune Cells to CCR5-tropic HIV-1 Virus. Mol Ther Nucleic Acids, 
4, e268. 

KIM, S. H., IYER, K. R., PARDESHI, L., MUNOZ, J. F., ROBBINS, N., CUOMO, C. A., 
WONG, K. H. & COWEN, L. E. 2019. Genetic Analysis of Candida auris Implicates Hsp90 
in Morphogenesis and Azole Tolerance and Cdr1 in Azole Resistance. mBio, 10. 

KJÆRSTAD, M. B., TAXVIG, C., NELLEMANN, C., VINGGAARD, A. M. & ANDERSEN, 
H. R. 2010. Endocrine disrupting effects in vitro of conazole antifungals used as pesticides 
and pharmaceuticals. Reproductive Toxicology, 30, 573-582. 

KLEINKAUF, N., VERWEIJ, P. E., ARENDRUP, M. C., DONNELLY, P. J., CUENCA-
ESTRELLA, M., FRAAIJE, B., MELCHERS, W. J., ADRIAENSSENS, N., KEMA, G. H. & 
ULLMANN, A. 2013. Risk assessment on the impact of environmental usage of triazoles 



87 of 108 

 

on the development and spread of resistance to medical triazoles in Aspergillus species. 
Stockholm: ECDC; 2013. European Centre for Disease Prevention and Control Technical 
Report. 

KLUMPER, U., RECKER, M., ZHANG, L., YIN, X., ZHANG, T., BUCKLING, A. & GAZE, 
W. H. 2019. Selection for antimicrobial resistance is reduced when embedded in a natural 
microbial community. ISME J, 13, 2927-2937. 

KRAUPNER, N., EBMEYER, S., BENGTSSON-PALME, J., FICK, J., KRISTIANSSON, E., 
FLACH, C. F. & LARSSON, D. G. J. 2018. Selective concentration for ciprofloxacin 
resistance in Escherichia coli grown in complex aquatic bacterial biofilms. Environ Int, 116, 
255-268. 

KRAUPNER, N., HUTINEL, M., SCHUMACHER, K., GRAY, D. A., GENHEDEN, M., FICK, 
J., FLACH, C. F. & LARSSON, D. G. J. 2021. Evidence for selection of multi-resistant E. 
coli by hospital effluent. Environ Int, 150, 106436. 

KSIEZOPOLSKA, E. & GABALDON, T. 2018. Evolutionary Emergence of Drug Resistance 
in Candida Opportunistic Pathogens. Genes (Basel), 9. 

KUMAR, A., NAIR, R., KUMAR, M., BANERJEE, A., CHAKRABARTI, A., 
RUDRAMURTHY, S. M., BAGGA, R., GAUR, N. A., MONDAL, A. K. & PRASAD, R. 2020. 
Assessment of antifungal resistance and associated molecular mechanism in Candida 
albicans isolates from different cohorts of patients in North Indian state of Haryana. Folia 
Microbiol (Praha), 65, 747-754. 

KUMAR, K., ASKARI, F., SAHU, M. S. & KAUR, R. 2019. Candida glabrata: A Lot More 
Than Meets the Eye. Microorganisms, 7. 

LAGO, M., AGUIAR, A., NATÁRIO, A., FERNANDES, C., FARIA, M. & PINTO, E. 2014. 
Does fungicide application in vineyards induce resistance to medical azoles in Aspergillus 
species? Environmental monitoring and assessment, 186, 5581-5593. 

LAI, H. J., YING, G. G., MA, Y. B., CHEN, Z. F., CHEN, F. & LIU, Y. S. 2014. Occurrence 
and dissipation of benzotriazoles and benzotriazole ultraviolet stabilizers in biosolid‐
amended soils. Environmental toxicology and chemistry, 33, 761-767. 

LANGDON, K., WARNE, M. S. J., SMERNIK, R., SHAREEF, A. & KOOKANA, R. 2012. 
Field dissipation of 4-nonylphenol, 4-t-octylphenol, triclosan and bisphenol A following land 
application of biosolids. Chemosphere, 86, 1050-1058. 



88 of 108 

 

LE PAGE, G., GUNNARSSON, L., SNAPE, J. & TYLER, C. R. 2017. Integrating human 
and environmental health in antibiotic risk assessment: a critical analysis of protection 
goals, species sensitivity and antimicrobial resistance. Environment international, 109, 
155-169. 

LEE, Y., PUUMALA, E., ROBBINS, N. & COWEN, L. E. 2020. Antifungal Drug Resistance: 
Molecular Mechanisms in Candida albicans and Beyond. Chem Rev. 

LETZEL, M., METZNER, G. & LETZEL, T. 2009. Exposure assessment of the 
pharmaceutical diclofenac based on long-term measurements of the aquatic input. 
Environment International, 35, 363-368. 

LI, H., CHEN, Z., ZHANG, C., GAO, Y., ZHANG, X. & SUN, S. 2015. Resistance reversal 
induced by a combination of fluconazole and tacrolimus (FK506) in Candida glabrata. J 
Med Microbiol, 64, 44-52. 

LI, J., COSTE, A. T., LIECHTI, M., BACHMANN, D., SANGLARD, D. & LAMOTH, F. 2021. 
Novel ERG11 and TAC1b mutations associated with azole resistance in Candida auris. 
Antimicrob Agents Chemother. 

LI, S. X., SONG, Y. J., ZHANG, L. L., SHI, J. P., MA, Z. L., GUO, H., DONG, H. Y., LI, Y. 
M. & ZHANG, H. 2015. An in vitro and in vivo study on the synergistic effect and 
mechanism of itraconazole or voriconazole alone and in combination with tetrandrine 
against Aspergillus fumigatus. J Med Microbiol, 64, 1008-1020. 

LIMON, J. J., SKALSKI, J. H. & UNDERHILL, D. M. 2017. Commensal fungi in health and 
disease. Cell host & microbe, 22, 156-165. 

LINDBERG, R. H., FICK, J. & TYSKLIND, M. 2010. Screening of antimycotics in Swedish 
sewage treatment plants–waters and sludge. Water research, 44, 649-657. 

LIU, A., FONG, A., BECKET, E., YUAN, J., TAMAE, C., MEDRANO, L., MAIZ, M., 
WAHBA, C., LEE, C., LEE, K., TRAN, K. P., YANG, H., HOFFMAN, R. M., SALIH, A. & 
MILLER, J. H. 2011. Selective advantage of resistant strains at trace levels of antibiotics: a 
simple and ultrasensitive color test for detection of antibiotics and genotoxic agents. 
Antimicrob Agents Chemother, 55, 1204-10. 

LIU, J., LU, G., XIE, Z., ZHANG, Z., LI, S. & YAN, Z. 2015. Occurrence, bioaccumulation 
and risk assessment of lipophilic pharmaceutically active compounds in the downstream 
rivers of sewage treatment plants. Sci Total Environ, 511, 54-62. 



89 of 108 

 

LOCKHART, S. R., BEER, K. & TODA, M. 2020. Azole-resistant aspergillus fumigatus: 
What you need to know. Clinical Microbiology Newsletter, 42, 1-6. 

LOCKHART, S. R., ETIENNE, K. A., VALLABHANENI, S., FAROOQI, J., CHOWDHARY, 
A., GOVENDER, N. P., COLOMBO, A. L., CALVO, B., CUOMO, C. A., DESJARDINS, C. 
A., BERKOW, E. L., CASTANHEIRA, M., MAGOBO, R. E., JABEEN, K., ASGHAR, R. J., 
MEIS, J. F., JACKSON, B., CHILLER, T. & LITVINTSEVA, A. P. 2017. Simultaneous 
Emergence of Multidrug-Resistant Candida auris on 3 Continents Confirmed by Whole-
Genome Sequencing and Epidemiological Analyses. Clin Infect Dis, 64, 134-140. 

LOHSE, M. B., GULATI, M., VALLE AREVALO, A., FISHBURN, A., JOHNSON, A. D. & 
NOBILE, C. J. 2017. Assessment and Optimizations of Candida albicans In Vitro Biofilm 
Assays. Antimicrob Agents Chemother, 61. 

LOOS, R., MARINOV, D., SANSEVERINO, I., NAPIERSKA, D. & LETTIERI, T. 2018. 
Review of the 1st Watch List under the Water Framework Directive and recommendations 
for the 2nd Watch List. Luxembourg: Publications Office of the European Union. 

LUNDSTROM, S. V., OSTMAN, M., BENGTSSON-PALME, J., RUTGERSSON, C., 
THOUDAL, M., SIRCAR, T., BLANCK, H., ERIKSSON, K. M., TYSKLIND, M., FLACH, C. 
F. & LARSSON, D. G. J. 2016. Minimal selective concentrations of tetracycline in complex 
aquatic bacterial biofilms. Sci Total Environ, 553, 587-595. 

LUTHRA, S., ROMINSKI, A. & SANDER, P. 2018. The Role of Antibiotic-Target-Modifying 
and Antibiotic-Modifying Enzymes in Mycobacterium abscessus Drug Resistance. Front 
Microbiol, 9, 2179. 

MABLE, B. K. & OTTO, S. P. 2001. Masking and purging mutations following EMS 
treatment in haploid, diploid and tetraploid yeast (Saccharomyces cerevisiae). Genet Res, 
77, 9-26. 

MACLEAN, R. C., HALL, A. R., PERRON, G. G. & BUCKLING, A. 2010. The population 
genetics of antibiotic resistance: integrating molecular mechanisms and treatment 
contexts. Nat Rev Genet, 11, 405-14. 

MARKLEY, J. L. & WENCEWICZ, T. A. 2018. Tetracycline-Inactivating Enzymes. Front 
Microbiol, 9, 1058. 

MAVRIDOU, E., MELETIADIS, J., JANCURA, P., ABBAS, S., ARENDRUP, M. C., 
MELCHERS, W. J., HESKES, T., MOUTON, J. W. & VERWEIJ, P. E. 2013. Composite 



90 of 108 

 

survival index to compare virulence changes in azole-resistant Aspergillus fumigatus 
clinical isolates. PLoS One, 8, e72280. 

MAYER, F. L., WILSON, D. & HUBE, B. 2013. Candida albicans pathogenicity 
mechanisms. Virulence, 4, 119-128. 

MCINNES, R. S., MCCALLUM, G. E., LAMBERTE, L. E. & VAN SCHAIK, W. 2020. 
Horizontal transfer of antibiotic resistance genes in the human gut microbiome. Curr Opin 
Microbiol, 53, 35-43. 

MEDEIROS, A. O., KOHLER, L. M., HAMDAN, J. S., MISSAGIA, B. S., BARBOSA, F. A. 
& ROSA, C. A. 2008. Diversity and antifungal susceptibility of yeasts from tropical 
freshwater environments in Southeastern Brazil. Water Res, 42, 3921-9. 

MELNYK, A.H., WONG, A. & KASSEN, R., 2015. The fitness costs of antibiotic resistance 
mutations. Evolutionary applications, 8(3), pp.273-283. 

MENEAU, I. & SANGLARD, D. 2005. Azole and fungicide resistance in clinical and 
environmental Aspergillus fumigatus isolates. Medical mycology, 43, S307-S311. 

MESA-ARANGO, A. C., FORASTIERO, A., BERNAL-MARTINEZ, L., CUENCA-
ESTRELLA, M., MELLADO, E. & ZARAGOZA, O. 2013. The non-mammalian host Galleria 
mellonella can be used to study the virulence of the fungal pathogen Candida tropicalis 
and the efficacy of antifungal drugs during infection by this pathogenic yeast. Med Mycol, 
51, 461-72. 

MICHAEL, I., HAPESHI, E., MICHAEL, C., VARELA, A. R., KYRIAKOU, S., MANAIA, C. 
M. & FATTA-KASSINOS, D. 2012. Solar photo-Fenton process on the abatement of 
antibiotics at a pilot scale: Degradation kinetics, ecotoxicity and phytotoxicity assessment 
and removal of antibiotic resistant enterococci. Water Res, 46, 5621-5634. 

MICHON, A., ALLOU, N., CHAU, F., PODGLAJEN, I., FANTIN, B. & CAMBAU, E. 2011. 
Plasmidic qnrA3 enhances Escherichia coli fitness in absence of antibiotic exposure. PLoS 
One, 6, e24552. 

MINGUEZ, L., PEDELUCQ, J., FARCY, E., BALLANDONNE, C., BUDZINSKI, H. & 
HALM-LEMEILLE, M. P. 2016. Toxicities of 48 pharmaceuticals and their freshwater and 
marine environmental assessment in northwestern France. Environ Sci Pollut Res Int, 23, 
4992-5001. 



91 of 108 

 

MONAPATHI, M., BEZUIDENHOUT, C. & RHODE, O. 2018. Efflux pumps genes of 
clinical origin are related to those from fluconazole-resistant Candida albicans isolates 
from environmental water. Water Science and Technology, 77, 899-908. 

MONAPATHI, M. E., BEZUIDENHOUT, C. C. & JAMES RHODE, O. H. 2020. Aquatic 
yeasts: diversity, characteristics and potential health implications. J Water Health, 18, 91-
105. 

MONAPATHI, M. E., BEZUIDENHOUT, C. C. & RHODE, O. H. 2017. Water quality and 
antifungal susceptibility of opportunistic yeast pathogens from rivers. Water Sci Technol, 
75, 1319-1331. 

MORE, T., YAN, S., TYAGI, R. & SURAMPALLI, R. 2010. Potential use of filamentous 
fungi for wastewater sludge treatment. Bioresource Technology, 101, 7691-7700. 

MORSCHHAUSER, J. 2002. The genetic basis of fluconazole resistance development in 
Candida albicans. Biochim Biophys Acta, 1587, 240-8. 

MORSCHHAUSER, J. 2016. The development of fluconazole resistance in Candida 
albicans - an example of microevolution of a fungal pathogen. J Microbiol, 54, 192-201. 

MORSCHHÄUSER, J., BARKER, K. S., LIU, T. T., BLAS-WARMUTH, J., HOMAYOUNI, 
R. & ROGERS, P. D. 2007. The transcription factor Mrr1p controls expression of the 
MDR1 efflux pump and mediates multidrug resistance in Candida albicans. PLoS Pathog, 
3, e164. 

MOYE-ROWLEY, W. S. 2020. Linkage between genes involved in azole resistance and 
ergosterol biosynthesis. PLoS Pathog, 16, e1008819. 

MROCZYNSKA, M., KURZYK, E., SLIWKA-KASZYNSKA, M., NAWROT, U., ADAMIK, M. 
& BRILLOWSKA-DABROWSKA, A. 2020. The Effect of Posaconazole, Itraconazole and 
Voriconazole in the Culture Medium on Aspergillus fumigatus Triazole Resistance. 
Microorganisms, 8. 

MURRAY, A. K. 2017. Selection for antibiotic resistance in the aquatic environment: novel 
assays to detect effect concentrations of micropollutants. 

MURRAY, A. K., STANTON, I. C., WRIGHT, J., ZHANG, L., SNAPE, J. & GAZE, W. H. 
2020. The ‘SELection End points in Communities of bacTeria’(SELECT) Method: A Novel 



92 of 108 

 

Experimental Assay to Facilitate Risk Assessment of Selection for Antimicrobial 
Resistance in the Environment. Environmental health perspectives, 128, 107007. 

MURRAY, A. K., ZHANG, L., SNAPE, J. & GAZE, W. H. 2019. Comparing the selective 
and co-selective effects of different antimicrobials in bacterial communities. Int J 
Antimicrob Agents, 53, 767-773. 

MURRAY, A. K., ZHANG, L., YIN, X., ZHANG, T., BUCKLING, A., SNAPE, J. & GAZE, W. 
H. 2018. Novel insights into selection for antibiotic resistance in complex microbial 
communities. MBio, 9. 

NABILI, M., SHOKOHI, T., MOAZENI, M., KHODAVAISY, S., ALIYALI, M., BADIEE, P., 
ZARRINFAR, H., HAGEN, F. & BADALI, H. 2016. High prevalence of clinical and 
environmental triazole-resistant Aspergillus fumigatus in Iran: is it a challenging issue? J 
Med Microbiol, 65, 468-475. 

NAKAMURA, K., NIIMI, M., NIIMI, K., HOLMES, A. R., YATES, J. E., DECOTTIGNIES, A., 
MONK, B. C., GOFFEAU, A. & CANNON, R. D. 2001. Functional expression of Candida 
albicans drug efflux pump Cdr1p in a Saccharomyces cerevisiae strain deficient in 
membrane transporters. Antimicrob Agents Chemother, 45, 3366-74. 

NASCIMENTO, A. M., GOLDMAN, G. H., PARK, S., MARRAS, S. A., DELMAS, G., OZA, 
U., LOLANS, K., DUDLEY, M. N., MANN, P. A. & PERLIN, D. S. 2003. Multiple resistance 
mechanisms among Aspergillus fumigatus mutants with high-level resistance to 
itraconazole. Antimicrob Agents Chemother, 47, 1719-26. 

NEGRI, M. C., LIPSITCH, M., BLAZQUEZ, J., LEVIN, B. R. & BAQUERO, F. 2000. 
Concentration-dependent selection of small phenotypic differences in TEM beta-
lactamase-mediated antibiotic resistance. Antimicrob Agents Chemother, 44, 2485-91. 

NIU, L., LI, Y., XU, L., WANG, P., ZHANG, W., WANG, C., CAI, W. & WANG, L. 2017. 
Ignored fungal community in activated sludge wastewater treatment plants: diversity and 
altitudinal characteristics. Environ Sci Pollut Res Int, 24, 4185-4193. 

O’NEILL, J. 2014. Antimicrobial resistance. Tackling a crisis for the health and wealth of 
nations. 

O’NEILL, J. 2015. Antimicrobials in agriculture and the environment: reducing 
unnecessary use and waste. The review on antimicrobial resistance, 40. 



93 of 108 

 

ODDS, F. C., BROWN, A. J. & GOW, N. A. 2003. Antifungal agents: mechanisms of 
action. Trends in microbiology, 11, 272-279. 

OHORE, O. E., ADDO, F. G., ZHANG, S., HAN, N. & ANIM-LARBI, K. 2019. Distribution 
and relationship between antimicrobial resistance genes and heavy metals in surface 
sediments of Taihu Lake, China. J Environ Sci (China), 77, 323-335. 

PAUL, S., DADWAL, R., SINGH, S., SHAW, D., CHAKRABARTI, A., RUDRAMURTHY, S. 
M. & GHOSH, A. K. 2021. Rapid detection of ERG11 polymorphism associated azole 
resistance in Candida tropicalis. PLoS One, 16, e0245160. 

PAUL, S., SINGH, S., CHAKRABARTI, A., RUDRAMURTHY, S. M. & GHOSH, A. K. 
2020. Selection and evaluation of appropriate reference genes for RT-qPCR based 
expression analysis in Candida tropicalis following azole treatment. Sci Rep, 10, 1972. 

PENG, X., HUANG, Q., ZHANG, K., YU, Y., WANG, Z. & WANG, C. 2012. Distribution, 
behavior and fate of azole antifungals during mechanical, biological, and chemical 
treatments in sewage treatment plants in China. Science of the total environment, 426, 
311-317. 

PENG, Y., FANG, W., KRAUSS, M., BRACK, W., WANG, Z., LI, F. & ZHANG, X. 2018. 
Screening hundreds of emerging organic pollutants (EOPs) in surface water from the 
Yangtze River Delta (YRD): Occurrence, distribution, ecological risk. Environ Pollut, 241, 
484-493. 

PERLIN, D. S., RAUTEMAA-RICHARDSON, R. & ALASTRUEY-IZQUIERDO, A. 2017. 
The global problem of antifungal resistance: prevalence, mechanisms, and management. 
The Lancet infectious diseases, 17, e383-e392. 

PESCHKA, M., ROBERTS, P. H. & KNEPPER, T. P. 2007. Analysis, fate studies and 
monitoring of the antifungal agent clotrimazole in the aquatic environment. Anal Bioanal 
Chem, 389, 959-68. 

PFALLER, M. A. 2012. Antifungal drug resistance: mechanisms, epidemiology, and 
consequences for treatment. Am J Med, 125, S3-13. 

PFALLER, M. A., CASTANHEIRA, M., MESSER, S. A., RHOMBERG, P. R. & JONES, R. 
N. 2014. Comparison of EUCAST and CLSI broth microdilution methods for the 
susceptibility testing of 10 systemically active antifungal agents when tested against 
Candida spp. Diagn Microbiol Infect Dis, 79, 198-204. 



94 of 108 

 

POURAKBARI, B., TEYMURI, M., MAHMOUDI, S., VALIAN, S. K., MOVAHEDI, Z., 
ESHAGHI, H. & MAMISHI, S. 2017. Expression of Major Efflux Pumps in Fluconazole-
Resistant Candida albicans. Infect Disord Drug Targets, 17, 178-184. 

PRIGITANO, A., ESPOSTO, M. C., ROMANO, L., AUXILIA, F. & TORTORANO, A. M. 
2019. Azole-resistant Aspergillus fumigatus in the Italian environment. J Glob Antimicrob 
Resist, 16, 220-224. 

PRISTOV, K. E. & GHANNOUM, M. A. 2019. Resistance of Candida to azoles and 
echinocandins worldwide. Clin Microbiol Infect, 25, 792-798. 

QIU, Z., YU, Y., CHEN, Z., JIN, M., YANG, D., ZHAO, Z., WANG, J., SHEN, Z., WANG, 
X., QIAN, D., HUANG, A., ZHANG, B. & LI, J. W. 2012. Nanoalumina promotes the 
horizontal transfer of multiresistance genes mediated by plasmids across genera. Proc 
Natl Acad Sci U S A, 109, 4944-9. 

RAJENDRAN, R., MOWAT, E., MCCULLOCH, E., LAPPIN, D. F., JONES, B., LANG, S., 
MAJITHIYA, J. B., WARN, P., WILLIAMS, C. & RAMAGE, G. 2011. Azole resistance of 
Aspergillus fumigatus biofilms is partly associated with efflux pump activity. Antimicrob 
Agents Chemother, 55, 2092-7. 

RAPALA-KOZIK, M., BOCHENSKA, O., ZAJAC, D., KARKOWSKA-KULETA, J., GOGOL, 
M., ZAWROTNIAK, M. & KOZIK, A. 2018. Extracellular proteinases of Candida species 
pathogenic yeasts. Mol Oral Microbiol, 33, 113-124. 

REN, J., JIN, X., ZHANG, Q., ZHENG, Y., LIN, D. & YU, Y. 2017. Fungicides induced 
triazole-resistance in Aspergillus fumigatus associated with mutations of 
TR46/Y121F/T289A and its appearance in agricultural fields. J Hazard Mater, 326, 54-60. 

REVIE, N. M., IYER, K. R., ROBBINS, N. & COWEN, L. E. 2018. Antifungal drug 
resistance: evolution, mechanisms and impact. Current opinion in microbiology, 45, 70-76. 

RIAT, A., PLOJOUX, J., GINDRO, K., SCHRENZEL, J. & SANGLARD, D. 2018. Azole 
resistance of environmental and clinical Aspergillus fumigatus isolates from Switzerland. 
Antimicrobial agents and chemotherapy, 62. 

RIAT, A., PLOJOUX, J., GINDRO, K., SCHRENZEL, J. & SANGLARD, D. 2018. Azole 
Resistance of Environmental and Clinical Aspergillus fumigatus Isolates from Switzerland. 
Antimicrob Agents Chemother, 62. 



95 of 108 

 

RICHTER, E., WICK, A., TERNES, T. A. & COORS, A. 2013. Ecotoxicity of climbazole, a 
fungicide contained in antidandruff shampoo. Environ Toxicol Chem, 32, 2816-25. 

ROBERTS, P. H. & BERSUDER, P. 2006. Analysis of OSPAR priority pharmaceuticals 
using high-performance liquid chromatography-electrospray ionisation tandem mass 
spectrometry. J Chromatogr A, 1134, 143-50. 

ROBERTS, P. H. & THOMAS, K. V. 2006. The occurrence of selected pharmaceuticals in 
wastewater effluent and surface waters of the lower Tyne catchment. Sci Total Environ, 
356, 143-53. 

ROCHA, M. F. G., BANDEIRA, S. P., DE ALENCAR, L. P., MELO, L. M., SALES, J. A., 
PAIVA, M. A. N., TEIXEIRA, C. E. C., CASTELO-BRANCO, D., PEREIRA-NETO, W. A., 
CORDEIRO, R. A., SIDRIM, J. J. C. & BRILHANTE, R. S. N. 2017. Azole resistance in 
Candida albicans from animals: Highlights on efflux pump activity and gene 
overexpression. Mycoses, 60, 462-468. 

ROOS, V., GUNNARSSON, L., FICK, J., LARSSON, D. G. & RUDEN, C. 2012. Prioritising 
pharmaceuticals for environmental risk assessment: Towards adequate and feasible first-
tier selection. Sci Total Environ, 421-422, 102-10. 

SAGATOVA, A. A., KENIYA, M. V., WILSON, R. K., MONK, B. C. & TYNDALL, J. D. 2015. 
Structural insights into binding of the antifungal drug fluconazole to Saccharomyces 
cerevisiae lanosterol 14α-demethylase. Antimicrobial agents and chemotherapy, 59, 4982-
4989. 

SALARI, S., KHOSRAVI, A. R., MOUSAVI, S. A. & NIKBAKHT-BROJENI, G. H. 2016. 
Mechanisms of resistance to fluconazole in Candida albicans clinical isolates from Iranian 
HIV-infected patients with oropharyngeal candidiasis. J Mycol Med, 26, 35-41. 

SALINAS, L., LOAYZA, F., CARDENAS, P., SARAIVA, C., JOHNSON, T. J., AMATO, H., 
GRAHAM, J. P. & TRUEBA, G. 2021. Environmental Spread of Extended Spectrum Beta-
Lactamase (ESBL) Producing Escherichia coli and ESBL Genes among Children and 
Domestic Animals in Ecuador. Environ Health Perspect, 129, 27007. 

SANGLARD, D. 2016. Emerging Threats in Antifungal-Resistant Fungal Pathogens. Front 
Med (Lausanne), 3, 11. 



96 of 108 

 

SANGLARD, D., COSTE, A. & FERRARI, S. 2009. Antifungal drug resistance 
mechanisms in fungal pathogens from the perspective of transcriptional gene regulation. 
FEMS Yeast Res, 9, 1029-50. 

SANGLARD, D., ISCHER, F., CALABRESE, D., MICHELI, M. & BILLE, J. 1998. Multiple 
resistance mechanisms to azole antifungals in yeast clinical isolates. Drug Resist Updat, 
1, 255-65. 

SANGLARD, D., ISCHER, F., MARCHETTI, O., ENTENZA, J. & BILLE, J. 2003. 
Calcineurin A of Candida albicans: involvement in antifungal tolerance, cell 
morphogenesis and virulence. Mol Microbiol, 48, 959-76. 

SANTOS, J. R., GOUVEIA, L. F., TAYLOR, E. L., RESENDE-STOIANOFF, M. A., 
PIANETTI, G. A., CESAR, I. C. & SANTOS, D. A. 2012. Dynamic interaction between 
fluconazole and amphotericin B against Cryptococcus gattii. Antimicrob Agents 
Chemother, 56, 2553-8. 

SAV, H., RAFATI, H., OZ, Y., DALYAN-CILO, B., ENER, B., MOHAMMADI, F., ILKIT, M., 
VAN DIEPENINGEN, A. D. & SEYEDMOUSAVI, S. 2018. Biofilm Formation and 
Resistance to Fungicides in Clinically Relevant Members of the Fungal Genus Fusarium. J 
Fungi (Basel), 4. 

SCHAENZER, A. J. & WRIGHT, G. D. 2020. Antibiotic Resistance by Enzymatic 
Modification of Antibiotic Targets. Trends Mol Med, 26, 768-782. 

SCORZONI, L., DE LUCAS, M. P., MESA-ARANGO, A. C., FUSCO-ALMEIDA, A. M., 
LOZANO, E., CUENCA-ESTRELLA, M., MENDES-GIANNINI, M. J. & ZARAGOZA, O. 
2013. Antifungal efficacy during Candida krusei infection in non-conventional models 
correlates with the yeast in vitro susceptibility profile. PLoS One, 8, e60047. 

SCOTT, N. A., SHARPE, L. J., CAPELL-HATTAM, I. M., GULLO, S. J., LUU, W. & 
BROWN, A. J. 2020. The cholesterol synthesis enzyme lanosterol 14alpha-demethylase is 
post-translationally regulated by the E3 ubiquitin ligase MARCH6. Biochem J, 477, 541-
555. 

SHAHROKHI, S., NOORBAKHSH, F. & REZAIE, S. 2017. Quantification of CDR1 Gene 
Expression in Fluconazole Resistant Candida Glabrata Strains Using Real-time PCR. Iran 
J Public Health, 46, 1118-1122. 



97 of 108 

 

SHAO, J., ZHANG, M., WANG, T., LI, Y. & WANG, C. 2016. The roles of CDR1, CDR2, 
and MDR1 in kaempferol-induced suppression with fluconazole-resistant Candida 
albicans. Pharm Biol, 54, 984-92. 

SHARMA, C., HAGEN, F., MOROTI, R., MEIS, J. F. & CHOWDHARY, A. 2015. Triazole-
resistant Aspergillus fumigatus harbouring G54 mutation: Is it de novo or environmentally 
acquired? J Glob Antimicrob Resist, 3, 69-74. 

SHARMA, C., NELSON-SATHI, S., SINGH, A., RADHAKRISHNA PILLAI, M. & 
CHOWDHARY, A. 2019. Genomic perspective of triazole resistance in clinical and 
environmental Aspergillus fumigatus isolates without cyp51A mutations. Fungal Genet 
Biol, 132, 103265. 

SHERRY, L., JOSE, A., MURRAY, C., WILLIAMS, C., JONES, B., MILLINGTON, O., 
BAGG, J. & RAMAGE, G. 2012. Carbohydrate Derived Fulvic Acid: An in vitro 
Investigation of a Novel Membrane Active Antiseptic Agent Against Candida albicans 
Biofilms. Front Microbiol, 3, 116. 

SHI, H., SUN, Z., LIU, Z. & XUE, Y. 2012. Effects of clotrimazole and amiodarone on early 
development of amphibian (Xenopus tropicalis). Toxicological & Environmental Chemistry, 
94, 128-135. 

SHOR, E. & PERLIN, D. S. 2021. DNA damage response of major fungal pathogen 
Candida glabrata offers clues to explain its genetic diversity. Curr Genet. 

SILVA, M. C., CARDOZO BONFIM CARBONE, D., DINIZ, P. F., FREITAS FERNANDES, 
F., FUZO, C. A., SANTOS PEREIRA CARDOSO TRINDADE, C., RODRIGUES CHANG, 
M. & SILVA, J. S. 2020. Modulation of ERG Genes Expression in Clinical Isolates of 
Candida tropicalis Susceptible and Resistant to Fluconazole and Itraconazole. 
Mycopathologia, 185, 675-684. 

SILVA-BEDOYA, L. M., RAMIREZ-CASTRILLON, M. & OSORIO-CADAVID, E. 2014. 
Yeast diversity associated to sediments and water from two Colombian artificial lakes. 
Braz J Microbiol, 45, 135-42. 

SINGH-BABAK, S. D., BABAK, T., DIEZMANN, S., HILL, J. A., XIE, J. L., CHEN, Y. L., 
POUTANEN, S. M., RENNIE, R. P., HEITMAN, J. & COWEN, L. E. 2012. Global analysis 
of the evolution and mechanism of echinocandin resistance in Candida glabrata. PLoS 
Pathog, 8, e1002718. 



98 of 108 

 

SNELDERS, E., HUIS IN 'T VELD, R. A., RIJS, A. J., KEMA, G. H., MELCHERS, W. J. & 
VERWEIJ, P. E. 2009. Possible environmental origin of resistance of Aspergillus 
fumigatus to medical triazoles. Appl Environ Microbiol, 75, 4053-7. 

SNELDERS, E., MELCHERS, W. J. & VERWEIJ, P. E. 2011. Azole resistance in 
Aspergillus fumigatus: a new challenge in the management of invasive aspergillosis? 
Future microbiology, 6, 335-347. 

SNELDERS, E., VAN DER LEE, H. A., KUIJPERS, J., RIJS, A. J., VARGA, J., SAMSON, 
R. A., MELLADO, E., DONDERS, A. R., MELCHERS, W. J. & VERWEIJ, P. E. 2008. 
Emergence of azole resistance in Aspergillus fumigatus and spread of a single resistance 
mechanism. PLoS Med, 5, e219. 

SPETTEL, K., BAROUSCH, W., MAKRISTATHIS, A., ZELLER, I., NEHR, M., SELITSCH, 
B., LACKNER, M., RATH, P. M., STEINMANN, J. & WILLINGER, B. 2019. Analysis of 
antifungal resistance genes in Candida albicans and Candida glabrata using next 
generation sequencing. PLoS One, 14, e0210397. 

SRINIVASAN, A., LOPEZ-RIBOT, J. L. & RAMASUBRAMANIAN, A. K. 2014. Overcoming 
antifungal resistance. Drug Discov Today Technol, 11, 65-71. 

STANTON, I. C., MURRAY, A. K., ZHANG, L., SNAPE, J. & GAZE, W. H. 2020. Evolution 
of antibiotic resistance at low antibiotic concentrations including selection below the 
minimal selective concentration. Communications biology, 3, 1-11. 

STEINGRIMSDOTTIR, H., BEARE, D., COLE, J., LEAL, J. F., KOSTIC, T., LOPEZ-
BAREA, J., DORADO, G. & LEHMANN, A. R. 1996. Development of new molecular 
procedures for the detection of genetic alterations in man. Mutat Res, 353, 109-21. 

STIBOROVA, H., STREJCEK, M., MUSILOVA, L., DEMNEROVA, K. & UHLIK, O. 2020. 
Diversity and phylogenetic composition of bacterial communities and their association with 
anthropogenic pollutants in sewage sludge. Chemosphere, 238, 124629. 

STURM, L., GEISSEL, B., MARTIN, R. & WAGENER, J. 2020. Differentially Regulated 
Transcription Factors and ABC Transporters in a Mitochondrial Dynamics Mutant Can 
Alter Azole Susceptibility of Aspergillus fumigatus. Front Microbiol, 11, 1017. 

SUN, D., JEANNOT, K., XIAO, Y. & KNAPP, C. W. 2019. Editorial: Horizontal Gene 
Transfer Mediated Bacterial Antibiotic Resistance. Front Microbiol, 10, 1933. 



99 of 108 

 

TALBOT, J. J., SUBEDI, S., HALLIDAY, C. L., HIBBS, D. E., LAI, F., LOPEZ-RUIZ, F. J., 
HARPER, L., PARK, R. F., CUDDY, W. S., BISWAS, C., COOLEY, L., CARTER, D., 
SORRELL, T. C., BARRS, V. R. & CHEN, S. C. 2018. Surveillance for azole resistance in 
clinical and environmental isolates of Aspergillus fumigatus in Australia and cyp51A 
homology modelling of azole-resistant isolates. J Antimicrob Chemother, 73, 2347-2351. 

TANTIVITAYAKUL, P., LAPIRATTANAKUL, J., KAYPETCH, R. & MUADCHEINGKA, T. 
2019. Missense mutation in CgPDR1 regulator associated with azole-resistant Candida 
glabrata recovered from Thai oral candidiasis patients. J Glob Antimicrob Resist, 17, 221-
226. 

TAYLOR, N. G., VERNER-JEFFREYS, D. W. & BAKER-AUSTIN, C. 2011. Aquatic 
systems: maintaining, mixing and mobilising antimicrobial resistance? Trends Ecol Evol, 
26, 278-84. 

THOMAS, K. V. & HILTON, M. J. 2004. The occurrence of selected human pharmaceutical 
compounds in UK estuaries. Mar Pollut Bull, 49, 436-44. 

VALSECCHI, I., MELLADO, E., BEAU, R., RAJ, S. & LATGE, J. P. 2015. Fitness Studies 
of Azole-Resistant Strains of Aspergillus fumigatus. Antimicrob Agents Chemother, 59, 
7866-9. 

VAN DE STEENE, J. C., STOVE, C. P. & LAMBERT, W. E. 2010. A field study on 8 
pharmaceuticals and 1 pesticide in Belgium: removal rates in waste water treatment plants 
and occurrence in surface water. Sci Total Environ, 408, 3448-53. 

VAN DER LINDEN, J. W., ARENDRUP, M. C., WARRIS, A., LAGROU, K., PELLOUX, H., 
HAUSER, P. M., CHRYSSANTHOU, E., MELLADO, E., KIDD, S. E., TORTORANO, A. M., 
DANNAOUI, E., GAUSTAD, P., BADDLEY, J. W., UEKOTTER, A., LASS-FLORL, C., 
KLIMKO, N., MOORE, C. B., DENNING, D. W., PASQUALOTTO, A. C., KIBBLER, C., 
ARIKAN-AKDAGLI, S., ANDES, D., MELETIADIS, J., NAUMIUK, L., NUCCI, M., 
MELCHERS, W. J. & VERWEIJ, P. E. 2015. Prospective multicenter international 
surveillance of azole resistance in Aspergillus fumigatus. Emerg Infect Dis, 21, 1041-4. 

VAN DIJCK, P., SJOLLEMA, J., CAMMUE, B. P., LAGROU, K., BERMAN, J., D'ENFERT, 
C., ANDES, D. R., ARENDRUP, M. C., BRAKHAGE, A. A., CALDERONE, R., CANTON, 
E., COENYE, T., COS, P., COWEN, L. E., EDGERTON, M., ESPINEL-INGROFF, A., 
FILLER, S. G., GHANNOUM, M., GOW, N. A. R., HAAS, H., JABRA-RIZK, M. A., 
JOHNSON, E. M., LOCKHART, S. R., LOPEZ-RIBOT, J. L., MAERTENS, J., MUNRO, C. 
A., NETT, J. E., NOBILE, C. J., PFALLER, M. A., RAMAGE, G., SANGLARD, D., 
SANGUINETTI, M., SPRIET, I., VERWEIJ, P. E., WARRIS, A., WAUTERS, J., YEAMAN, 



100 of 108 

 

M. R., ZAAT, S. A. J. & THEVISSEN, K. 2018. Methodologies for in vitro and in vivo 
evaluation of efficacy of antifungal and antibiofilm agents and surface coatings against 
fungal biofilms. Microb Cell, 5, 300-326. 

VANNI, A., FONTANA, F., GAMBERINI, R. & CALABRIA, A. 2004. Occurrence of 
dicarboximidic fungicides and their metabolites' residues in commercial compost. 
Agronomie, 24, 7-12. 

VERWEIJ, P. E., SNELDERS, E., KEMA, G. H., MELLADO, E. & MELCHERS, W. J. 2009. 
Azole resistance in Aspergillus fumigatus: a side-effect of environmental fungicide use? 
The Lancet infectious diseases, 9, 789-795. 

VERWEIJ, P. E., ZHANG, J., DEBETS, A. J. M., MEIS, J. F., VAN DE VEERDONK, F. L., 
SCHOUSTRA, S. E., ZWAAN, B. J. & MELCHERS, W. J. G. 2016. In-host adaptation and 
acquired triazole resistance in Aspergillus fumigatus: a dilemma for clinical management. 
Lancet Infect Dis, 16, e251-e260. 

VINCENT, B. M., LANCASTER, A. K., SCHERZ-SHOUVAL, R., WHITESELL, L. & 
LINDQUIST, S. 2013. Fitness trade-offs restrict the evolution of resistance to amphotericin 
B. PLoS Biol, 11, e1001692. 

WAHL, L. M. & KRAKAUER, D. C. 2000. Models of experimental evolution: the role of 
genetic chance and selective necessity. Genetics, 156, 1437-48. 

WALTERS, E., MCCLELLAN, K. & HALDEN, R. U. 2010. Occurrence and loss over three 
years of 72 pharmaceuticals and personal care products from biosolids-soil mixtures in 
outdoor mesocosms. Water Res, 44, 6011-20. 

WARRILOW, A. G., PARKER, J. E., PRICE, C. L., NES, W. D., KELLY, S. L. & KELLY, D. 
E. 2015. In Vitro Biochemical Study of CYP51-Mediated Azole Resistance in Aspergillus 
fumigatus. Antimicrob Agents Chemother, 59, 7771-8. 

WASI, M., KHANDELWAL, N. K., MOORHOUSE, A. J., NAIR, R., VISHWAKARMA, P., 
BRAVO RUIZ, G., ROSS, Z. K., LORENZ, A., RUDRAMURTHY, S. M., CHAKRABARTI, 
A., LYNN, A. M., MONDAL, A. K., GOW, N. A. R. & PRASAD, R. 2019. ABC Transporter 
Genes Show Upregulated Expression in Drug-Resistant Clinical Isolates of Candida auris: 
A Genome-Wide Characterization of ATP-Binding Cassette (ABC) Transporter Genes. 
Front Microbiol, 10, 1445. 



101 of 108 

 

WERTHEIMER, N. B., STONE, N. & BERMAN, J. 2016. Ploidy dynamics and evolvability 
in fungi. Philos Trans R Soc Lond B Biol Sci, 371. 

WHALEY, S. G., BERKOW, E. L., RYBAK, J. M., NISHIMOTO, A. T., BARKER, K. S. & 
ROGERS, P. D. 2016. Azole Antifungal Resistance in Candida albicans and Emerging 
Non-albicans Candida Species. Front Microbiol, 7, 2173. 

WHITE, T. C., MARR, K. A. & BOWDEN, R. A. 1998. Clinical, cellular, and molecular 
factors that contribute to antifungal drug resistance. Clin Microbiol Rev, 11, 382-402. 

WICK, A., FINK, G. & TERNES, T. A. 2010. Comparison of electrospray ionization and 
atmospheric pressure chemical ionization for multi-residue analysis of biocides, UV-filters 
and benzothiazoles in aqueous matrices and activated sludge by liquid chromatography-
tandem mass spectrometry. J Chromatogr A, 1217, 2088-103. 

WU, C., SPONGBERG, A. L., WITTER, J. D., FANG, M. & CZAJKOWSKI, K. P. 2010. 
Uptake of pharmaceutical and personal care products by soybean plants from soils 
applied with biosolids and irrigated with contaminated water. Environmental science & 
technology, 44, 6157-6161. 

XU, K. D., MCFETERS, G. A. & STEWART, P. S. 2000. Biofilm resistance to antimicrobial 
agents. Microbiology (Reading), 146 ( Pt 3), 547-549. 

YILMAZ, C. & OZCENGIZ, G. 2017. Antibiotics: Pharmacokinetics, toxicity, resistance and 
multidrug efflux pumps. Biochem Pharmacol, 133, 43-62. 

ZEYL, C. 2000. Budding yeast as a model organism for population genetics. Yeast, 16, 
773-84. 

ZHANG, H., FENG, J., CHEN, S., LI, B., SEKAR, R., ZHAO, Z., JIA, J., WANG, Y. & 
KANG, P. 2018. Disentangling the Drivers of Diversity and Distribution of Fungal 
Community Composition in Wastewater Treatment Plants Across Spatial Scales. Front 
Microbiol, 9, 1291. 

ZHANG, J. Y., LIU, J. H., LIU, F. D., XIA, Y. H., WANG, J., LIU, X., ZHANG, Z. Q., ZHU, 
N., YAN, Y., YING, Y. & HUANG, X. T. 2014. Vulvovaginal candidiasis: species 
distribution, fluconazole resistance and drug efflux pump gene overexpression. Mycoses, 
57, 584-91. 



102 of 108 

 

ZHANG, N. S., LIU, Y. S., VAN DEN BRINK, P. J., PRICE, O. R. & YING, G. G. 2015. 
Ecological risks of home and personal care products in the riverine environment of a rural 
region in South China without domestic wastewater treatment facilities. Ecotoxicol Environ 
Saf, 122, 417-25. 

ZHAO, Y., NAGASAKI, Y., KORDALEWSKA, M., PRESS, E. G., SHIELDS, R. K., 
NGUYEN, M. H., CLANCY, C. J. & PERLIN, D. S. 2016. Rapid Detection of FKS-
Associated Echinocandin Resistance in Candida glabrata. Antimicrob Agents Chemother, 
60, 6573-6577. 

ZHOU, S., DI PAOLO, C., WU, X., SHAO, Y., SEILER, T. B. & HOLLERT, H. 2019. 
Optimization of screening-level risk assessment and priority selection of emerging 
pollutants - The case of pharmaceuticals in European surface waters. Environ Int, 128, 1-
10. 

ZUBROD, J. P., BUNDSCHUH, M., ARTS, G., BRÜHL, C. A., IMFELD, G., KNÄBEL, A., 
PAYRAUDEAU, S., RASMUSSEN, J. J., ROHR, J. & SCHARMÜLLER, A. 2019. 
Fungicides: an overlooked pesticide class? Environmental science & technology, 53, 
3347-3365. 

 

 

  



103 of 108 

 

List of abbreviations 
Abbreviation Definition 

ABC ATP Binding Cassette 

AF Assessment factor 

AFR Antifungal resistance 

AFST Antifungal susceptibility testing 

Ala-Nap  Alanine-β-naphthylamide 

AMR Antimicrobial resistance 

ARB Antibiotic resistant bacteria 

ARG(s) Antibiotic resistance gene(s) 

ASRIT Activated sludge respiration inhibition test  

ATP Adenosine triphosphate 

CAC Codex Alimentarius Commission 

cfu Colony forming unit 

CLSI Clinical and Laboratory Standard Institute 

DNA Deoxyribonucleic Acid 

ERA Environmental risk assessment 

ESBL Extended spectrum beta-lactamase 

EU European Union 

EUCAST European Committee on Antimicrobial Susceptibility Testing 
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FI(s) Faecal indicator(s) 

FIO(s) Faecal indicator organism(s) 

HGT Horizontal gene transfer 

HRM High-resolution melt 

IA Invasive Aspergillosis 

LD Lanosterol demethylase 

MDR Multidrug resistance  

MEC Measured environmental concentration 

MFS Major Facilitator Superfamily 

MIC Minimum Inhibitory Concentration 

MICSUSC MIC of susceptible bacteria 

MoA Mode of action 

mRNA Messenger ribonucleic acid 

MSC Minimal Selective Concentration 

NOEC No observed effect concentration 

NWP North West Province 

OD Optical density 

PCR Polymerase chain reaction 

PEC Predicted effect concentration 

PNEC Predicted no effect concentration 
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PNECR Predicted no effect concentration for resistance 

PNECRMIC MIC derived PNECR 

PPP Plant protection products 

qPCR Quantitative polymerase chain reaction 

R6G Rhodamine 6G 

RAF Resistant Aspergillus fumigatus 

RQ Risk quotient  

RSM Restriction site mutation 

RT-qPCR Reverse transcriptase quantitative polymerase chain reaction 

SDA Sabouraud’s dextrose agar 

SDBM Sabouraud’s dextrose broth medium 

SELECT Selection endpoints in communities of bacteria 

SN Surveyor nuclease 

SNP(s) Single nucleotide polymorphism(s) 

SQM Sterol quantitation method 

T-ARMS-PCR Tetra primer-amplification refractory mutation system-PCR 

TR Tandem repeat 

TR34/L98H TR sequence of 34 base pairs with L98H mutations 

TR46/Y121F/T286A TR sequence of 46 base pairs with Y121F/T289A mutations 

WFD Water Framework Directive 
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WGS Whole genome sequencing 

WL Watch List 

WWTP(s) Wastewater treatment plant(s) 
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Appendix A: environmental concentrations of 
azole antifungals 
Appendix A. Environmental concentrations of key (listed on 3rd EU Watch List) azole 
antifungals (extracted from Bhagat et al., 2020; Chen and Ying, 2015). 

 Azole 
compound  

 Country  Surface 
water (ng/L) 

 Wastewater 
effluent (ng/L 

 Reference 

  
Clotrimazole 

  
UK 

  
n.d. - 22 

    
Thomas and Hilton (2004) 

UK 9-27.3 10-27 Roberts and Thomas (2006) 
UK 6 34 Peschka et al. (2007) 
Switzerland  n.d.-6 Kahle et al. (2008) 
China 4 8 Huang et al. (2010) 
China n.d. 2.7 Chen et al. (2012) 
Poland 0.7-29 5.9-31.1 Zgoła‐Grześkowiak and 

Grześkowiak (2013) 
Spain 7-9 5-11 Casado et al. (2014) 
China n.d. – 0.48  Liu et al. (2015) 
China 0.68–

102.98  
 Zhang et al. (2015) 

South Africa  30.03 Assress et al. (2019) 
 

  
Fluconazole 

  
Switzerland 

  
n.d. -9 

  
28-83 

  
Kahle et al. (2008) 

China 2 3 Huang et al. (2010) 
China  50-139 Peng et al. (2012) 
China n.d.  61.1 Chen et al. (2012) 
China 133  85-448 Chen et al. (2014) 
Spain 25-32 37-95 Casado et al. (2014) 
China 1.15-28.4  Liu et al. (2015) 
China 2.81–13.6   Zhang et al. (2015) 
South Africa  302.38  Assress et al. (2019) 

 
  
Miconazole 

  
UK 

  
7.5 

  
9 

  
Roberts and Bersuder (2006) 

China 3 2 (Huang et al. (2010) 
Belgium  35.7 Van De Steene et al. (2010) 
China n.d. 0.5 Chen et al. (2012) 
China 8.34 0.5-9 Huang et al. (2013) 
China n.d. - 30.7  0.89-4.6 Chen et al. (2014) 
Spain 5 11-15 Casado et al. (2014) 
China 
 

0.10-0.35  Liu et al. (2015) 

 
 Tebuconazole 

  
Switzerland 

  
n.d. -1 

  
10 

  
Kahle et al. (2008) 

Germany 2.4-5.9 3.6-6.4 Wick et al. (2010) 
Spain 1.66-15.38  Ccanccapa et al. (2016) 
China 32.58  Peng et al. (2018) 

n.d.: Not detected.  
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Would you like to find out more about us or 
your environment? 
Then call us on 

03708 506 506 (Monday to Friday, 8am to 6pm) 

Email: enquiries@environment-agency.gov.uk 

Or visit our website 

www.gov.uk/environment-agency 

incident hotline  
0800 807060 (24 hours) 

floodline  
0345 988 1188 (24 hours) 

Find out about call charges (https://www.gov.uk/call-charges) 

Environment first 
Are you viewing this onscreen? Please consider the environment and only print if 
absolutely necessary. If you are reading a paper copy, please don’t forget to reuse and 
recycle. 

mailto:enquiries@environment-agency.gov.uk
https://www.gov.uk/environment-agency
https://www.gov.uk/environment-agency
https://www.gov.uk/call-charges
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