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Purpose: Amphotericin B (AMB) is one of the major antifungal drugs used in the manage-

ment of aspergillosis and is especially recommended for treating triazole-resistant strains of 

Aspergillus fumigatus. However, relatively little is known about the AMB susceptibility patterns 

of A. fumigatus in many parts of the world. This study aims to describe the AMB susceptibility 

patterns in Hamilton, Ontario, Canada.

Methods: The in vitro susceptibilities of 195 environmental and clinical A. fumigatus isolates 

to AMB were tested by the broth microdilution method as per the Clinical and Laboratory 

Standards Institute’s guidelines. Catalase-generated oxygen bubbles trapped by Triton X-100 

were used to quantify catalase activity in a representative group of isolates.

Results: Of the 195 isolates, 188 (96.4%) had the minimum inhibitory concentration (MIC) 

of AMB ≥2 mg/L, with approximately 80% and 20% of all clinical and environmental isolates 

having MICs of ≥ 4 mg/L. Overall, the clinical isolates were less susceptible to AMB than 

environmental isolates (P-value <0.001). The strain with the highest AMB MIC (16 mg/L) had 

one of the highest catalase activities. However, there was no correlation between AMB MIC and 

catalase activity in our sample.

Conclusion: The widespread AMB resistance suggests that using AMB in the management 

of A. fumigatus infections in Hamilton would likely result in treatment failure. Although high 

catalase activity may have contributed to AMB resistance in some isolates, the mechanism(s) 

for the observed AMB resistance in Hamilton is unknown and likely complex.

Keywords: Aspergillus fumigatus, resistance, amphotericin B, catalase activity, Hamilton, 

Canada

Plain language summary
There is a growing spread of resistance against triazoles, the main antifungal drugs used in the 

treatment of infections by Aspergillus fumigatus. In order to circumvent this problem, a panel of 

global experts recommended the use of amphotericin B (AMB) for the treatment of infections to 

which the triazole antifungal drugs have become ineffective. However, very little is known about 

the AMB susceptibility patterns of A. fumigatus populations in many parts of the world. Because 

antifungal drug susceptibility in pathogen populations can be geography-specific, this study exam-

ined three ecological samples (agricultural soil, urban park, and hospital patients) of A. fumigatus 

from around Hamilton, Ontario, Canada, for AMB susceptibility. Our results showed widespread 

AMB resistance, suggesting that the aforementioned recommendations should not be applied to 

A. fumigatus infections in Hamilton. Instead, alternative recommendations should be established.

Introduction
Aspergillus fumigatus is a saprophytic fungus commonly found in decaying organic 

matter and soil. Primarily due to its thermotolerance and its ubiquitous and abundant 
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 asexual spores, A. fumigatus is one of the most common 

human fungal pathogens.1 A. fumigatus is the primary caus-

ative agent of a group of infections collectively known as 

aspergillosis. Allergic bronchopulmonary, chronic pulmo-

nary, and invasive aspergillosis are the three most common 

forms of aspergillosis. Allergic bronchopulmonary aspergil-

losis results from immune hypersensitivity to the presence of 

A. fumigatus in the lungs and is common among asthma and 

cystic fibrosis patients. Allergic bronchopulmonary aspergil-

losis can exacerbate respiratory conditions such as cystic 

fibrosis and can eventually progress to chronic pulmonary 

aspergillosis if not treated properly. Chronic pulmonary 

aspergillosis is a long-term A. fumigatus infection that can 

lead to lung scarring and/or fungal masses (aspergillomas) in 

lung cavities. Both allergic bronchopulmonary and chronic 

aspergillosis can have symptoms ranging from close to 

asymptomatic to low-grade fevers, generalized malaise, 

wheezing, headaches, and hemoptysis.2,3 Unlike allergic 

bronchopulmonary and chronic aspergillosis where only 

the respiratory system is affected, invasive aspergillosis can 

affect a large number of organs belonging to the digestive, 

urinary, and nervous systems and has mortality rates of up 

to 90% in immunocompromised patients.1 However, in most 

cases, aspergillosis can be managed with antifungals includ-

ing voriconazole, itraconazole, amphotericin B (AMB), 

caspofungin, micafungin, and so on.

Triazoles are currently the first-line antifungals in the 

treatment of aspergillosis.4,5 However, there is increasing 

evidence for triazole resistance in natural and clinical popula-

tions of A. fumigatus.6 We recently investigated whether the 

use of agricultural triazole fungicide causes clinical triazole 

resistance in Hamilton, Ontario, Canada, and noted that there 

was evidence of reduced itraconazole susceptibility in both 

clinical and agricultural A. fumigatus isolates (where the 

modal minimum inhibitory concentration [MIC] for both 

populations was 0.5 mg/L) when compared with urban park 

isolates (modal MIC =0.25 mg/L).7 The results suggested 

that continued triazole selection pressure could drive some 

of the Hamiltonian isolates to become resistant to triazole 

antifungal drugs. Additionally, based on genotype results at 

nine microsatellite loci, we showed evidence for widespread 

sexual recombination and frequent gene flow, both of which 

could have a significant impact on the initiation and spread 

of antifungal-resistant genes throughout the Hamiltonian 

A. fumigatus population.7

It is currently recommended that AMB should be admin-

istered in cases of triazole-resistant invasive pulmonary and 

chronic aspergillosis.8 Furthermore, AMB is recommended 

as the core therapy for central nervous system  aspergillosis.9 

However, the AMB susceptibility patterns remain to be 

investigated in many parts of the world, including Hamilton.

AMB is a broad-spectrum polyene antifungal that can 

cause cell membrane depolarization and leakage by bind-

ing to ergosterol, the main sterol in fungal cell membranes. 

AMB has also been suggested to induce oxidative cell death 

in Aspergillus terreus, a species closely related to A. fumiga-

tus.9,10 Although resistance to AMB has been frequently 

observed in A. terreus and to some extent in Aspergillus fla-

vus,10,11 AMB resistance has seldom been reported in clinical 

and environmental A. fumigatus samples. For example, AMB 

resistance was absent in over 100 sequential A. fumigatus 

isolates obtained from 18 patients who had been solely 

treated with AMB or AMB and itraconazole for periods 

of up to 4 months.12 Likewise, Moosa et al13 showed that 

acquired AMB resistance is uncommon during therapy and 

that laboratory-acquired AMB resistance is also extremely 

infrequent. Nonetheless, it has been previously shown that 

AMB resistance can be induced in the laboratory following 

a single-step UV-initiated mutagenesis.14 Interestingly, a 

recent study of samples from Brazil showed that 27% of the 

A. fumigatus isolates were resistant to AMB (MIC >2 mg/L), 

the highest reported so far in the literature.15 This result 

suggests that there might be some geographic specificity in 

the AMB susceptibility pattern across the world. If true, the 

current clinical recommendation will need to be modified to 

reflect such geographic specificity.

The objective of this study is to investigate the AMB 

susceptibility pattern among ecological populations of 

A. fumigatus in Hamilton. We hypothesize that strains of 

A. fumigatus from Hamilton should be susceptible to AMB, 

similar to the majority of A. fumigatus populations from 

other geographic regions in the world. In addition, if AMB 

resistance were found, we expected that the mechanism of 

resistance might be similar to what has been reported in 

A. terreus and that strains with high AMB MICs should have 

higher catalase activities than those with lower AMB MICs.10

Methods
environmental and clinical isolates
A total of 195 A. fumigatus isolates were obtained from in 

and around Hamilton as previously described.7 Briefly, 62 

A. fumigatus isolates each were, respectively, obtained from 

urban parks within Hamilton and from farm fields located 

~35 km west of Hamilton between September 2014 and Janu-

ary 2015. Fungicides with trade names Stratego, Prosaro, and 

Headline were used on these farms every other year for at 
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least 10 years prior to our sampling. However, none of these 

fungicides contained AMB or other polyenes. Seventy-one 

clinical isolates were obtained between January and October 

2015 at the Clinical Microbiology Laboratory of Hamilton 

Health Sciences, located at the Hamilton General Hospital, 

Ontario, Canada. These isolates were obtained as part of the 

routine hospital laboratory procedure in the identification of 

infectious agents for these patients. All 71 patients provided 

informed written consent about the use of these clinical iso-

lates. A retrospective chart review approved by the Hamilton 

Integrated Research Ethics Board (project No 3328-C) was 

conducted to obtain patient sample prior to antifungal use. 

None of the patients from whom the clinical A. fumigatus 

samples were obtained had taken AMB. Thus, none of the 

A. fumigatus isolates are known to have been exposed to 

AMB. All clinical and environmental A. fumigatus isolates 

included in this study were identified microscopically by 

means of conidial head shape and seriation, macroscopically 

by colony color and texture, and by their vigorous growth at 

50°C. Molecular identification was done using A. fumigatus 

mating type-specific primers for PCR amplification. In addi-

tion, all 195 isolates were subjected to genotyping using nine 

A. fumigatus-specific and highly polymorphic microsatellite 

markers. The details of their isolation and identification have 

been described in the study by Ashu et al.7

aMB susceptibility testing
The in vitro susceptibilities of all 195 A. fumigatus isolates 

to AMB (Selleckchem, San Francisco, CA, USA) were 

tested following the M38-A2 guideline of the Clinical and 

Laboratory Standards Institute.16 Briefly, spores were har-

vested from cultures grown on Sabouraud’s dextrose agar at 

37°C for 48 hours, and the spore densities were adjusted to 

a range of approximately 5×105–5×106 CFU/mL. The stan-

dardized spore suspensions were then inoculated in RPMI-

1640 medium (Sigma-Aldrich Co., St Louis, MO, USA) 

containing varying AMB concentrations and incubated at 

37°C for 48 hours. The range of AMB concentrations tested 

here was from 0.03 mg/L to 16 mg/L. Candida parapsilosis 

(ATCC 22019) and Candida krusei (ATCC 6258) were used 

as reference strains. As an independent confirmation to our 

susceptibility test results, five representative isolates from our 

collection were further tested at the Public Health of Ontario 

Laboratory in Toronto. Susceptibility tests carried out at the 

Public Health of Ontario Laboratory were also done following 

the M38-A2 guideline of the Clinical and Laboratory Stan-

dards Institute.16 Although a clinical resistance breakpoint has 

not been established for AMB in A. fumigatus, MIC >2 mg/L 

is the recommended epidemiological cutoff value (ECV) for 

resistance as per CLSI M59.17–19

Test for catalase activity
To investigate whether the different AMB susceptibilities 

of A. fumigatus samples observed in this study were related 

to their catalase activities, we selected a set of 31 isolates 

representing the full range of AMB MICs obtained in this 

study (1–16 mg/L). The protocol for measuring catalase 

activities followed that previously described by Iwase et al.20 

This method was chosen because of its ease of use, precision, 

and reproducibility. For each isolate, A. fumigatus was incu-

bated in Sabouraud’s dextrose broth at 37°C for 4 days, and 

a cell suspension was made by mixing approximately 15 mg 

of cells obtained from the incubation in 100 µL of saline. 

Subsequently, 100 µL of undiluted hydrogen peroxide (30% 

v/v in H
2
O; Thermo Fisher Scientific, Waltham, MA, USA) 

was added to a transparent glass tube (13 mm in diameter 

×100 mm in height) containing 100 µL of Triton X-100 (1% 

v/v in H
2
O; Sigma-Aldrich Co.) and the cell suspension. 

The tube content was then mixed and incubated at room 

temperature for 20 minutes. Following reaction completion, 

the height of trapped oxygen gas, visualized as foam, was 

measured using a ruler. Catalase from bovine liver (Sigma-

Aldrich Co. [product number C1345]) was used as a control.

correlation between aMB susceptibility 
and multilocus microsatellite genotype as 
well as triazole susceptibility patterns
Cross-resistance between azoles and polyenes drugs has been 

reported in various fungi including Candida species, Sac-

charomyces cerevisiae, and Cryptococcus neoformans.21–23 

In this study, we tested whether such cross-resistance exists 

in the Hamiltonian population of A. fumigatus. In addition, 

we also examined if there was any correlation between AMB 

susceptibility and genetic similarity among the isolates. Both 

the microsatellite genotype and the triazole susceptibility 

data were from a previous study.7 The correlational tests 

were performed using the Mantel and Pearson correlation 

tests as implemented in R version 3.0 and Microsoft Excel 

2010, respectively.

Results
aMB susceptibility patterns
Of the 195 isolates obtained and analyzed here, 188 (96.4%) 

had AMB MICs of ≥2 mg/L and are considered resistant. 

Independent testing by the Public Health of Ontario Labora-

tory for five separate isolates showed identical AMB MIC 
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results to what was observed in our own laboratory for these 

isolates. Specifically, all AMB-resistant isolates found in 

our testing also showed AMB-resistant phenotype in the 

independent test by the Public Health of Ontario Laboratory. 

The AMB susceptibility results for all 195 isolates are sum-

marized in Table 1. Of the 71 clinical isolates, 57 (80.2%) 

had AMB MICs of ≥4 mg/L. Among all the environmental 

samples, 9 (14.5%) and 15 (24.2%) in urban and agricultural 

populations, respectively, had MICs >4 mg/L. Compared to 

environmental (urban and agricultural) A. fumigatus isolates, 

clinical isolates were significantly less susceptible to AMB 

(P-value <0.001 [Mann–Whitney test]). Nonetheless, the 

isolate with the highest AMB MIC (>16 mg/L) was obtained 

from an agricultural field.

Differences in catalase activity
Of the 195 isolates, the catalase activities of 31 isolates repre-

senting the broad range of obtained AMB MICs were tested. 

These included all seven strains with MICs of 1 mg/L; 13 of 

the 106 strains with MICs of 2 mg/L; 12 of the 81 strains with 

MICs of 4 mg/L; and only one strain with an MIC of 16 mg/L. 

Our analyses showed no statistically significant difference in 

the mean catalase activities among the three sampled MIC 

populations (ie, 1 mg/L, 2 mg/L, and 4 mg/L) (P-values of 

all three pairwise t-test results were greater than 0.1). The 

MIC 16 mg/L category had only one strain and thus was not 

compared with other three groups. Within each of the three 

MIC groups, there was a range of catalase activities among 

strains. The strain AV56 with the highest catalase activity 

(26.6 units) was from an urban park in Hamilton and had 

an MIC of 2 mg/L. Two other strains, AV29 from an urban 

park and CM11 from an agricultural field, shared the next 

highest catalase activities at 24 units each. Strains AV29 and 

CM11 had AMB MICs of 4 mg/L and 16 mg/L, respectively. 

The remaining 28 tested strains produced between 10.8 and 

18.7 catalase units.

Relationship among aMB susceptibility, 
pairwise strain genetic distance, and 
triazole susceptibility patterns
There was a statistically insignificant correlation between 

genetic dissimilarity among the 195 strains and their differ-

ences in AMB susceptibility (r=0.035 and P-value =0.16). 

Similarly, there was a statistically insignificant correlation 

between AMB and voriconazole susceptibilities (r=0.13 and 

P-value =0.09). However, there was a weak positive and sta-

tistically significant correlation between AMB susceptibility 

and itraconazole susceptibility (r=0.20 and P-value =0.005).

Discussion
There has been an increase in the global occurrence of resis-

tance to triazoles that are the first-line antifungals used in 

the management of diverse forms of aspergillosis. In cases 

of triazole-resistant chronic and invasive aspergillosis, AMB 

has been the recommended drug of choice for treatment. 

Furthermore, voriconazole–AMB combination therapy is 

recommended for initial treatment in countries/regions with 

high environmental triazole resistance rates (≥10%).8 How-

ever, given that the AMB susceptibility patterns can vary 

among geographic/ecological populations, it is necessary for 

local physicians and public health practitioners to understand 

the limitations of the aforementioned recommendations. 

Our results indicate that the frequencies of isolates with 

AMB MIC at or above the ECV for A. fumigatus in both 

environmental and clinical isolates are substantial, at 92% 

(114/124) and 100% (71/71), respectively. This result has 

significant implications for the empiric use of AMB in the 

treatment of invasive aspergillosis caused by A. fumigatus. 

We further show that unlike in A. terreus, catalase activity 

was not associated with AMB MIC at the population level. 

However, as shown in the “Results” section, the strain with 

the highest AMB MIC had the second highest catalase activ-

ity. Thus, at present, we cannot rule out the possibility that 

for some strains, a high catalase activity may contribute to 

AMB resistance through an oxidative stress response pathway 

in A. fumigatus. Subsequently, we discuss the implication of 

our results in Hamilton and Canada at large.

Over 96% of all isolates analyzed in this study had AMB 

MICs at or exceeding the ECV of resistance in A. fumiga-

tus. Previous studies have reported varying frequencies of 

AMB-resistant A. fumigatus in clinical and environmental 

samples.15,17,24 However, the extent of AMB resistance 

reported in this study is much higher than what has been 

found in other parts of the world. For example, Dannaoui 

Table 1 In vitro susceptibility profiles of Hamiltonian Aspergillus 
fumigatus populations to aMB

Ecological  
niche

No of  
isolates  
tested

Drug concentration  
(mg/L)

Modal  
MIC

1 2 4 8 16

Urban 62 3 50 9 0 0 2
agricultural 62 4 42 15 0 1 2
clinical 71 0 14 57 0 0 4
Total 195 7 106 81 0 1 2

Abbreviations: aMB, amphotericin B; MIc, minimum inhibitory concentration.
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et al24 showed that none of the 156 clinical A. fumigatus 

isolates they tested were resistant to AMB. The highest 

percentage of AMB-resistant A. fumigatus reported so far 

was from a hospital in Brazil where 27.4% (46/168) of the 

isolates had MIC >2 mg/L.15 In a large-scale study involving 

eight medical centers in Canada, Spain, USA, and UK, 5.6% 

of (225/3,988) the clinical A. fumigatus isolates were found 

to be resistant to AMB.17 Furthermore, of the 3,988 isolates, 

only 11 (0.3%) had AMB MICs of ≥4 mg/L.17 In contrast, 

82 of the 195 (42.1%) isolates in this study showed MICs 

of ≥4 mg/L. This percentage was a lot higher in the clinical 

sample where 57 of the 71 (80.2%) isolates had MICs of 

≥4 mg/L. Similarly, previous studies have also shown that 

resistance to AMB was uncommon among environmental 

A. fumigatus isolates.25,26 However, 117 of the 124 (94.4%) 

environmental isolates analyzed here were resistant to AMB.

At present, the reason for such widespread AMB resis-

tance in the Hamiltonian A. fumigatus population is not 

known. However, there are several possibilities for this phe-

nomenon. First, the observed high AMB MIC in our sample 

might be due to unknown variables in our testing procedure. 

Lab-to-lab variability in susceptibility testing is common 

for many microbial pathogens and antibiotics. To eliminate 

this possibility, we tested each of our isolates, including the 

two reference strains, twice and requested an independent 

laboratory to test a small representative set of isolates. All 

tests confirmed the results presented here.

Second, the observed widespread AMB resistance 

might be due to a recent origin and invasion of an AMB-

resistant genotype, due to the selective advantage(s) that 

the AMB-resistant genes conferred to progeny genotypes 

in Hamiltonian environments. At present, the mechanism 

of AMB resistance in A. fumigatus is largely unknown. 

However, in the related species A. terreus and other species, 

reduced absorption of AMB, reduced content of ergosterol 

in cytoplasmic membrane, enhanced expression of efflux 

pumps for AMB, and/or increased catalase activity to reduce 

oxidative stress caused by AMB have all been found to be 

associated with AMB resistance.10,27 If strains with muta-

tions related to one or more of the abovementioned pathways 

are involved in establishing the Hamiltonian A. fumigatus 

population, then all strains in this population would have 

intrinsically elevated AMB MICs. Alternatively, mutant 

alleles with such effects could have recently invaded the 

Hamiltonian A. fumigatus population and spread to the 

rest of the population via sexual mating. The frequent 

gene flow and evidence for recombination observed in the 

Hamilton A. fumigatus populations are consistent with this 

possibility.7 The lack of an association between multilocus 

microsatellite genotypes and AMB MICs is also consistent 

with the microsatellite markers being selectively neutral and 

that the resistant genes are in linkage equilibrium with the 

microsatellite loci. If this hypothesis were true, it would be 

imperative to understand the genetic basis for AMB resis-

tance in A. fumigatus, its potential selective advantage in 

the environments in Hamilton, and how we could prevent 

its spread to other geographic regions.

The third possibility is that the observed high frequency 

of AMB resistance in Hamilton might be a byproduct of other 

adaptation(s) such as to oxidative stress. Generally speaking, 

toxic ROS, such as superoxide and hydrogen peroxide, can 

be produced in nature or a human environment. In fact, in a 

human environment the production of ROS by innate immune 

cells is an important fungicidal mechanism. Catalase is a 

key enzyme involved in oxidative stress response in a broad 

range of cellular organisms as it can catalyze the formation 

of oxygen and water from hydrogen peroxide. This is pos-

sible due to the fact that catalase contains a heme group; 

oxidization of iron(III) [Fe(III)] in the heme group to Fe(IV), 

followed by a reduction of Fe(IV) back to Fe(III) is essential 

to the role of catalase in oxidative stress response. Interest-

ingly, iron was recently shown to be essential to oxidative 

stress response in A. fumigatus.28 In this study, although there 

was no significant association between catalase activity and 

AMB susceptibility at the population level, all tested strains 

produced abundant catalase. It is entirely possible that once 

the catalase activity reached a certain level, there was little 

selective advantage to further increase its activity in nature. At 

present, the levels of oxidative stress that A. fumigatus strains 

are exposed to in vivo and in vitro and the potential oxidative 

damage caused by different concentrations of AMB are not 

known. Further investigations into these issues will allow a 

better understanding of the variations in catalase activities 

and AMB MICs among strains analyzed here.

Our results indicated a significant difference in AMB sus-

ceptibility between clinical and environmental A. fumigatus 

samples in Hamilton, with the clinical sample being more 

resistant to AMB than environmental samples. Our results 

differ from those obtained in the study by Araujo et al,25 

where no difference in AMB susceptibility was observed 

between clinical and environmental A. fumigatus isolates. 

Given that AMB was not prescribed to treat any of the 

patients in this study, the decreased susceptibility to AMB 

in the clinical population of A. fumigatus was not due to 

prolonged AMB therapy. Similarly, polyene antifungals 

were not used on the farms that we sampled and thus prior 
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exposure to AMB could not be used to explain the observed 

widespread  environmental AMB resistance. Furthermore, 

the lack of triazole resistance among our set of 195 isolates7 

suggests that the widespread AMB resistance is not due to 

triazole resistance in either the Hamiltonian clinical or the 

environmental A. fumigatus populations.

Regardless of the reason(s) for the differences in AMB 

susceptibility among the Hamiltonian A. fumigatus ecological 

populations, our results clearly suggest that using AMB in the 

management of triazole-resistant or even triazole-susceptible 

aspergillosis in Hamilton may cause treatment failure. How-

ever, further research into the therapeutic implications of MIC 

≥2 mg/L to AMB is required. On the other hand, we note that 

all five isolates tested at the Public Health of Ontario Labora-

tory were very sensitive to echinocandins (MICs ≤0.03 mg/L 

for all isolates), including anidulafungin, caspofungin, and 

micafungin. Unlike the polyenes and triazoles that either 

directly interact with membrane ergosterol (the polyenes 

including AMB) or target a key enzyme involved in the synthe-

sis of ergosterol (the triazole drugs), the echinocandins target 

a different part of the fungal cell, the cell wall biosynthesis. 

As a result, unlike correlations observed between AMB MIC 

and triazole MIC in fungi,21–23 cross-resistance has not been 

observed between the echinocandins and the other two types 

of drugs. From a health policy perspective, these results sug-

gest that echinocandins should be the therapy of choice in the 

management of triazole-resistant A. fumigatus in Hamilton.

Whether AMB resistance is also common in other parts 

of Canada remains to be investigated. However, although the 

highest rate of AMB resistance reported so far in the literature 

was significantly lower than ours (27.4% vs 96%), similar 

to our patient samples, none of the patients in the study by 

Reichert-Lima et al15 had taken any AMB. Altogether, these 

results suggest that greater efforts are needed to survey the 

prevalence of AMB resistance across geographic populations 

of A. fumigatus in both clinical and environmental samples and 

to modify the therapeutic recommendations accordingly based 

on geography-specific antifungal drug-susceptibility data.
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