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  Agricultural azoles are preferred antifungals used by farmers due to their high 
efficiency against broad range of plant diseases like leaf rust, leaf spots, and powdery mildews. 
The past few decades have witnessed an unprecedented rise in their usage for crop protection. 
These compounds can thrive in environment for several months and being fungistatic in nature, 
can cause imbalance in the ecology of fungal species in the environment. Further their heavy 
use can lead to contamination and residues in plants, water, soil, and development of human 
health risk. These azoles share the similar mode of action and structural properties with 
medical azoles that are used for the treatment of fungal infections. Recent years have also seen 
an exceptional surge in the number of multi-drug resistant nosocomial Candida infections, 
especially in immuno compromised patients. The present review is an attempt to show the 
plausible mechanism of cross resistance among Candida isolates to agricultural and medical 
azoles. The study highlights the requirement of thorough scrutiny of usage of azoles both in 
medicine and agriculture.
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 Soil is a dynamic entity and a good 
platform for the exchange of matter and energy. 
It provides the main niche for all kinds of 
microorganisms including fungi (90% of biomass 
of soil is composed of bacteria and fungi)1. 
Mycotoxins produced by some fungi like Fusarium 
not only spoil farm yield but also harm the 
consumers. Hence, fungicides are used in crop 
plants to prevent harvest losses. The last five 
decades has heralded the introduction of azoles as a 
popular fungicide in agriculture and as antimycotics 
in clinics2. Lately, it has been observed that overuse 
of azoles as fungicides in agriculture can lead to 
cross-resistance among various fungal species 

and is an important reason for emergence of novel 
resistant fungi such as Candida auris in clinical 
samples3.
 Human fungal infections generally 
do not receive much attention as compared to 
bacterial and viral diseases; however, mortality 
rate from invasive fungal infections is increasing 
exponentially despite the use of antifungal drugs4. 
Among the common fungal infections afflicting 
human, Candidiasis due to the yeast Candida affects 
millions of people annually. Mainly associated 
with hospitalization, the infection usually has a 
predilection for immunocompromised individuals5. 
It has been reflected as the predominant systemic 
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infection causing pathogen in patients with COPD, 
AIDS, and cancer6,7,8,9,10,11. Most importantly, the 
resistant isolates of Candida have the potential to 
form biofilms. The thick polymeric extracellular 
layer protects Candida aggregates as it forms 
a tough barrier against known antimicrobial 
substances12.
 The emergence of clinical Candida 
isolates exhibiting multi drug resistance (MDR) 
has further alarmed microbiologists. The usual 
Candida species predominantly found in clinics 
are susceptible to amphotericin B, azoles, and 
echinocandins, but certain novel emerging fungal 
species have demonstrated resistance to all the 
three primary antifungal drugs13. Ironically, 
amphotericin B performs slightly better whereas 
azoles are confirmed to be the least effective against 
such species14. Though in most clinical isolates, 
resistance to antifungal is due to long term azole 
therapy, wherein the fungus was adapting rapidly 
to the azole drug being used; however it was also 
seen that certain patients who were never exposed 
to azole drugs, showed resistance. Such incidences 
are a wakeup call and indicate that these patients 
perhaps are coming in contact with azole resistant 
fungal strains present in the environment.
Candida species in patients and environment
 Candida is an important opportunistic 
fungal pathogen that causes disease in immuno 
compromised patients and is also present in the  
environment. It causes infections in mouth, skin, 
and vagina along with invasive bloodstream 
infections. Candida albicans is the major causal 
agent of all forms of candidiasis. However, 
the pattern has changed in the last decade with 
majority of the non albicans Candida species 
(NACS) getting associated with the nosocomial 
invasive infections. Candida glabrata, Candida 
parapsilosis and Candida tropicalis are the 
important pathogens in this category. Higher 
mortality rate in patients with C. glabrata over C. 
albicans is due to the fact that it can survive during 
long term starvation conditions upon phagocytosis 
by macrophages, as well as low pH environment 
in vagina or in phagolysosomes. C. glabrata thus 
is associated with the enormous adaptability to 
survive in different host niches. C. tropicalis is a 
diploid dimorphic fungal pathogen which causes 
infections mainly in patients with neutropenia 
and hematological malignancies15. Similarly, C. 

parapsilosis is also a diploid dimorphic fungus 
which mainly affects the immuno compromised 
individuals and can cause major health risk to 
neonates with low birth weight.
 Almost ubiquitously, many Candida 
species are found in every kind of managed soil 
(Table 1); though variation depends on the type 
of soil, climatic condition and water abundance1. 
Fungi ferment and assimilate different types of 
sugars provided by the plants to soil e.g. C. auris 
ferment glucose, sucrose but assimilate maltose, 
mannitol, sorbitol as carbon sources16,17. The 
abundance of different sugars in different soil 
decides the variation in fungal community which 
further gets enhanced due to regular tillage and 
mixing of upper layer of soil.
Use of azole in agriculture and medicine
 Fungal diseases in plants cause a massive 
loss in crop yield worldwide. In agriculture, 
fungicides are mainly used to control the fungal 
growth on plants and also to arrest post-harvest 
spoilage of agricultural product. Before 1970s, 
many compounds such as dithiocarbamate, 
benzimidazoles, were predominantly used as 
antimycotics; though in later times, azoles gained 
prominence due to their site-specific inhibitory 
action which made them much more beneficial2. 
However the strength and efficacy of different 
azole derivatives against fungal pathogen is highly 
variable23. Despite that, the usage of azole-based 
fungicide has increased from 100 tons to 145 tons 
i.e. 45% in 4 years in Taiwan (2005 to 2009)24. 
Throughout the world, fungicide share 27% of anti-
pest chemicals and this number is 15% in India; 
which is rising exponentially to the demand of 
increasing population25. Certain features of azoles 
make them preferred fungicides among farmers 
e.g. they possess long–lasting stability and high 
efficacy against broad range of plant pathogens. 
The azole fungicides are selective only for fungal 
species and target their ergosterol biosynthetic 
pathways. They also show very low toxicity for 
both the farmers who apply them and the plants that 
are under treatment, as both plant and animal cells 
do not contain ergosterol in their plasma membrane 
which is an important component of fungal cell 
membrane. Therefore, the massive use of azoles 
in agriculture exerts a strong selective pressure on 
the pathogenic fungi to survive in environment.
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 On the other hand, in medicine, the 
increase in prophylactic usage of therapeutic azoles 
has led to surge in the cases of resistant fungal 
isolates. Previously C. albicans was considered 
as a ubiquitous fungus in hospitals and cause of 
nosocomial infections26,27,28; but nowadays, other 
species have also paved their way to the hospital 
wards. These non-albicans Candida species 
(NACS) are distributed according to geographic 
areas e.g., C. tropicalis majorly found in Asia, 
in organic soil near waterbodies29,30,31 while  
C. glabrata predominate in western countries27, 32.
 The similar mode of action of azoles 
used in agriculture and medicine perhaps has led 
to cross-resistance along with increased presence 
of resistant fungal strains in environment and in 
clinics.
Correlation between the use of azoles in 
agriculture and development of resistance in 
clinical fungi
 Bacteria and fungi in soil develop 
antibiotic and antifungal resistance mechanism as 
a natural process. Nevertheless, the mechanism 
of resistance in fungi and its transmission differs 
significantly from that in bacteria. There is no 
evidence that genes that confers resistance in fungi 
are transferred horizontally, a major difference 
from bacteria33. Acquired resistance is less common 
than intrinsic resistance in fungi because they do 
not exchange the resistance genes via plasmids, 
therefore selection of resistance mechanisms 
in fungi occur as an outcome of the antifungal 
use34. Most of the pathogenic fungi have their 
natural habitat in the environment and spores of 
fungi generally spread over long distance by air 
flow. Many fungal pathogens are present in both 
environment and clinics e.g. Aspergillus fumigatus, 
a saprophytic fungi that survive on decaying 
organic substances like leaves, fruits, etc. These 
fungi produce spores that are blown off by air 
and spread to other organisms e.g. humans. These 
spores mainly cause Aspergillosis in humans. As 
inhalation is the main route of these spores, so if 
an azole-resistant A. fumigatus is present in human 
surroundings then this resistant strain can enter the 
human body and can lead to the development of 
azole-resistant fungal disease35. Not with standing, 
compost present in gardens and in indoor plants 
could also act as an ecological niche for the various 
spores of fungi as well as azole residues; and can 

play an important role in development of azole 
resistance36.
 Clinical azole drugs represent the major 
core therapy for treating fungal diseases in 
human35. Normally, treatment of the patients over 
longer period of time with antifungals can result 
in the selection of resistant strains. However it 
has been seen that exposure of fungi to azoles 
in agricultural field develops cross resistance to 
medical triazoles37. Due to the presence of genetic 
homology between the clinical and agricultural 
isolates, it has been suggested that environment is 
the most common route for the emergence of azole 
resistant isolates in clinics and hospitals. In a study, 
it was found out that 50% of C. tropicalis strains 
isolated from the soil are 97% identical to those of 
human’ C. tropicalis while 33.3% are completely 
identical (100%) to human’ C. tropicalis. It was 
also seen that C. tropicalis isolated from humans 
and soil with reduced susceptibility to fluconazole 
are showing reduced susceptibility to other azoles 
that are in continuous use in agriculture31.
 Even though development of resistance 
is a complex process and takes time to achieve, 
extensive data has revealed that azoles exert a strong 
selective pressure over fungal population to choose 
resistant strains e.g. Benzimidazole when initially 
introduced was a revolutionary agent against 
pathogen but later on some strains of the pathogen 
which are naturally resistant to benzimidazole 
got selected naturally and emerged further38. 
This forms a major concern for microbiologists 
nowadays. Strains of fungi, isolated from HIV 
patients, pre-treated with azoles are found to be 
resistant to fluconazole and they also show cross-
resistance to azoles used in agriculture, with high 
minimum inhibitory concentration (MIC) values. 
Resistance to medically important antifungals 
imposes a big challenge to clinicians in treating 
invasive fungal diseases. The knowledge about 
the rate and extent of development of resistance 
mechanism in the fungi and whether the mutation 
associated with this resistance is reversible or not 
is a very important point in the clinical medicine. 
The resistance to variety of antifungal depends on 
many factors for instance, the pharmacokinetic 
and pharmacodynamics properties of the drug, 
the target site of the drug and its mode of action in 
organism. It has been studied that there are mainly 
three ways by which patients may acquire the azole 
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resistant fungi (1) initially, the infecting strain of 
fungi is susceptible to antifungal but as it mutates 
it develops azole resistance, (2) the individual may 
harbor the heterogeneous population of infecting 
strain due to which resistant strain get selected 
during antifungal treatment over a period of time, 
or (3) the individual may acquire resistant strain 
from the external milieu23.

Mode of action of azole antifungals in Candida 
spp.
 Binding of azoles gets impaired by genetic 
alteration in ERG11 gene which mainly accounts 
for more than 90% of azole resistance in clinical 
isolates. The ERG11 gene encodes the enzyme 
cytochrome P450 14α-demethylase (also called 
lanosterol 14α-demethylase) which is the primary 

Table 1. Candida species isolated from different kinds of managed soil

Candida species present Type of managed soil References

Candida glabrata Vineyard 18
Candida parapsilosis Agricultural 19
Candida apis Pasture 20
Candida azyma Rhizosphere 21
Candida diddensiae Rhizosphere 21
Candida sake Agricultural 22
Candida (Torulopsis) magnolia Agricultural 19

Fig. 1. Action of azoles in Ergosterol biosynthetic pathway
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Fig. 2. Overexpression of (a) ABC and (b) MDR1 efflux pump in azole-resistant Candida sp. 
(Source: adapted from Whaley et al. 2017)

Fig. 3. Mutation in Erg11 (arrow) in azole-resistant 
Candida species. (Source: adapted from Whaley et al. 

2017)

target for the azole compounds. Azole compounds 
are classified into two types depending on the 
number of nitrogen atom present in it. Imidazoles 
(miconazole, ketoconazole) contain two nitrogen 
atoms in the ring; while triazoles (fluconazole, 
itraconazole, posaconazole, voriconazole) have 
three nitrogen atoms in ring. The nitrogen atom 
plays an important role in the action mechanism of 
azoles as it bind to the heme group of the enzyme 
encoded by the gene. The enzyme encoded by the 
ERG11 plays a major role in removing the methyl 
group from lanosterol and then converting it into 
ergosterol. The ergosterol is a major component 
of the plasma membrane of fungi; hence it has a 
major role in maintaining the integrity of the cell 
membrane and also participates in the cell signaling 
pathways. The azole compounds work by inhibiting 

the function of lanosterol 14α-demethylase enzyme 
which will result in the accumulation of the 
methylated toxic precursors (Fig. 1). The build-
up of these precursors in the cell makes plasma 
membrane leaky and impairs the fungal growth.
Mechanism of azole resistance in Candida spp.
 Resistance to azole antifungals in 
Candida spp. has been extensively studied. In  
C. albicans azole resistance can be broadly 
attributed to (i) overexpression of ABC and 
MDR1 efflux pumps (ii) enhanced production of 
14α-lanosterol demethylase via ERG11 gene up-
regulation; (iii) decreased affinity of azole drugs 
due to point mutations in ERG11 gene and (iv) 
homozygous ERG3 deletion mutation leading to 
the loss of sterol 5,6-desaturase activity39,40,41. These 
mechanisms are elucidated as follows:

Over expression of efflux pump
 Mutations in trans-regulatory factors 
culminate into up- regulation of genes encoding 
for efflux pumps and are the major cause for 
drug-resistance in C. albicans isolates (Fig. 2). 
ATP-binding cassette (ABC) is the primary active 
transporter of the cell membrane having four 
domains- two Nucleotide-binding domain (NBD1 
and NBD2) that binds to ATP and hydrolyze it 
to let the solute out of the cell and the other two 
domains are the transmembrane domain (TMD1 
and TMD2)42.  For azole resistance in C. albicans, 
mainly ABC transporter comes in focus as out of 
two ABC transporters CDR1 and CDR2, CDR1 
plays a major role and gets upregulated43,44. In C. 
auris, along with CDR1 and CDR2, another ABC 

(a) (b)
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transporter Snq2 plays a role in azole resistance.  
Various transcriptomic studies have concluded 
that efflux pump′s overexpression along with 
some zinc cluster transcriptional factors e.g. 
TAC1 (transcriptional activator of CDR genes) 
are the main cause of azole resistance. Exposure 
to fluconazole, cause mutations in TAC1B which 
is located near the mating type locus, as the major 
regulator of CDR1and CDR; and these mutations 
were found in many isolates of fluconazole-
resistant C. auris45.
 Over expression of another efflux pump, 
MDR1 has also been found to be responsible for 
drug resistance in C. albicans isolates. Genetic 
alterations in MRR1 (multi drug resistance 
regulator 1), a zinc cluster transcription factor 
is the major factor for MDR1 over expression 
and multi drug resistance.  Mrr1p target genes 
encode oxidoreductases and it has been suggested 
that MRR1 gain-of-function mutations may be in 
response to the oxidative damage of the cells due 
to azoles, and the up regulation of Mrr1p target 
genes may play a role to restore the intra cellular 
redox balance; thereby causing resistance46.
Increased expression of ERG11 gene and 
enhanced ergosterol synthesis 
 Expression of a target enzyme is also 
up-regulated in cell by increased transcription 
rate of a gene; by gene amplification; and by 
decreased degradation of the gene product. 
Additionally, transcriptional factors may play a 
major role in expression of gene and susceptibility 
towards azole drug. The Upc2p is a zinc finger 
transcription factor and acts as a key regulator 
that regulates the expression of genes involved 
in ergosterol biosynthesis, including ERG11 
gene47. In C. albicans, a gain of function mutation 
of Upc2p may lead to the increased production 
of the ergosterol, hence leading to resistance to 
fluconazole whereas, disruption of Upc2p results in 
enhanced fluconazole (FLC) activity. It was hence 
observed that Upc2p affects the azole susceptibility 
via ergosterol biosynthesis48,49.
Point mutations in ERG11 gene and amino acid 
substitution
 The point mutations (insertion and 
deletion) in the ERG11 gene leads to the reduced 
binding of the azole drug and results in the 
origin of the clinically resistant isolates (Fig. 3). 
Mechanism of resistance is mostly studied in  

C. albicans. Many amino acid substitutions have 
been found in the ERG11 gene product but only 
a few are experimentally confirmed to have a 
link with azole resistance50. Usually, amino acid 
substitution that occurs in the hot spot regions of 
105-165, 266-287, 405-488 bp in Erg11p are the 
ones that lead to azole resistance40. The molecular 
analysis has revealed that these substitutions occur 
in the catalytic site of the enzyme due to which 
there is a decrease in binding affinity of drugs44,51. 
For C. auris, some specific substitution is in focus 
e.g. in South American and South Asian clade of 
C. auris, K143R and Y132F substitution takes 
place, while in African clade, F126L substitution 
is most common52. In the case of C. glabrata such 
substitutions were not found and only a single case 
of this kind of resistance mechanism was found in 
C. glabrata51.
Alteration of ergosterol biosynthetic pathway 
by inactivation of ERG-3 gene
 Fungi is found in different kinds of 
environmental niches and is accompanied 
by diverse environmental stress53. For fungi, 
antifungals are also a kind of stress to which they 
adapt and try to survive43,54. The main mechanism 
of resistance for C. albicans is the remodeling of 
the ergosterol biosynthesis pathway. This occurs as 
a result of the loss of function mutation in ERG-3 
gene. ERG-3 gene is responsible for coding sterol 
Δ-5,6 desaturase and because of loss of function 
mutation, deactivation of this enzyme occurs due 
to which there is no accumulation of methylated 
sterols formed due to azole action on the fungal 
membrane55.  As a result there will be less loss of 
fungal cell by azoles i.e. decreased susceptibility 
of fungi to azoles. In C. albicans there are five 
missense mutations and two non-sense mutations, 
which are responsible for the loss of function and 
resistance to azoles50,56.
 As true for stress response in every 
organism, chaperone, such as Hsp90, works well 
in the fungal cell also. Hsp90 is a protein folding 
molecule and is considered as the main molecule 
involved in developing resistance in C. albicans. 
Alternatively, it was also observed that a very high 
amount of doxycycline is required to inhibit Hsp90 
function in C. auris than C. albicans57. Hence, in 
C. auris, azole resistance arises due to increase in 
the function of efflux pump and is observed to be 
independent of Hsp9057,58.
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 Besides the above important mechanisms, 
aneuploidy has also been found to play a role in 
azole resistance in Candida. Aneuploidy leads 
to genetic diversity by allelic imbalances and 
loss of heterozygosity (LOH) at any of parental 
allele. In fungal pathogen, this aneuploidy and 
LOH results in a change of working pattern of 
efflux pump and change in action site of the drug; 
and these factors together lead to resistance in 
fungi. Usually, a fungal cell has a good genetic 
diversity which results in phenotypic plasticity 
and ultimately resistance. In C. albicans, by the 
different combination of hybridization, it was 
found out that aneuploidy occurs on chromosome 
1, 2, 5 which usually contributes to the resistance 
initiation59,60. This LOH often leads to the gain of 
function mutation for the efflux pump and other 
drug targets resulting in resistance. In C. albicans 
aneuploidy on chromosome 5 is more common and 
this resistance is linked to a high copy number of 
ERG11 and TAC1 genes60,61.
Modes of transmission of resistant fungi 
 Air can be a possible source for 
transmission of fungi from field to hospital 
especially the transmission of those fungi that 
sporulate e.g. A. fumigatus. Insects (especially 
insects belonging to Muscidae, Calliphoridae 
class) can also act as vectors for resistant fungal 
strains62,63,64. Direct contact of farmers and 
workers during field management and post-harvest 
processing may also transfer fungi from fields to 
human. Raw fruits and vegetables are considered as 
a good source of nutrients and part of good healthy 
diet but food contaminating fungi have become 
a point of concern because of their increasing 
resistance to antifungals. There is an increasing 
demand for these fresh raw fruits and vegetables that 
led to 25% increase in consumption of fruits from 
1977-1979 to 1997-1999 in the USA65. This had 
prompted some industries to conduct risk analysis 
and management practice for these fresh produces 
but still, there are increasing number of diseases 
associated with fruit-consumption66. Researchers 
working in this field face the major challenge of 
lack of information among affected patients on 
the source of contamination and procurement of 
the raw fruits and vegetables consumed67. As all 
of these products belong to the food supply chain 
in which farmers provide these resources to the 
wholesale market; and from these markets different 

distribution agencies procure goods; so ultimately 
no one knows the real source of the contaminated 
or even infected fruits and vegetables. In 1995, 
there was a simultaneous breakout of Salmonella 
Stanley due to usage of alfalfa sprouts in the USA 
and Finland; which was finally traced down to a 
common source of contaminated seeds shipped by 
a merchant68. In different studies, it was found out 
that raw fruits and vegetables are also a good source 
for microbial transmission from fields to human. 
In a study, nearly 184 yeasts were isolated from 
fruits that had a high percentage of Candida species 
responsible for causing diseases in human and all 
of these species showed decreased susceptibility 
to fluconazole (MIC ≥8mg/ml)24. Another study 
conducted in 14 countries over a population of 883 
million; showed that nearly 2% population in every 
country is infected with fungal infection69. These 
results hence suggest that the path for transmission 
of resistant fungi is indeed from the fields to human.
 Different agencies and institutes e.g. 
Food and drug administration (FDA), European 
medicines agency (EMA) regulate the usage of 
antifungal in fields70. CLSI (Clinical and Laboratory 
Standards Institute) and EUCAST (European 
Committee on Antimicrobial Susceptibility 
Testing) have provided protocol to check the 
susceptibility of different fungi for different 
drugs3. But there is no such committee to check 
and regulate the usage of azoles in different fields 
in India. Hence there is an urgent need to make 
guidelines for usage of azoles in agriculture that 
could break this chain of transmission of resistant 
fungal strains from fields to human.

ConClUsIon 

 The fungal strains that are resistant to 
azoles have a great impact on human health. 
They generally acquire the resistance mechanism 
in the form of efflux pumps that lowers the 
concentration of a drug inside the cell or by 
other genetic modifications that decreases the 
susceptibility to drugs. The increase in azole 
resistance eventually leads to increase in virulence 
of such strains. Infections caused by these resistant 
isolates are more difficult to control by host 
defense mechanisms. Development of resistance 
to antifungal drugs generally leads to treatment 
failure in patients. However therapeutic failure in 
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patients is dependent on many factors like immune 
status of host, site and severity of infection, drug 
interaction with target site, dosage of drug, cellular 
organization of the fungi, hyphal morphology, 
serotype, biofilm production and fungal load. 
Research in this field should focus on to establish 
the inter-linkages between the mutant fungal 
strains, their resistance to agricultural azoles and 
eventual cross resistance to medical triazoles. 
However, even if relationship between the use of 
azole compounds and development of resistance 
in Candida is proven, further control of its spread 
and development of resistant isolates is almost 
impossible to curtail as they are already present in 
environment. The only limiting factor should be 
the judicial use of fungicides in horticulture and 
agriculture and stringent regulatory practices and 
surveillance for clinical testing of cultures of fungal 
isolates in human patients.
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