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ABSTRACT

Antifungal resistance is a growing concern in the medical community, as fungal infections are becoming increasingly
difficult to treat. In this study, Falco species were used as novel models for studying antifungal resistance since
aspergillosis, a fungal disease is common in falcons. The most isolated fungi in this study were A. fumigatus, A. flavus,
A. niger, and A. terreus, all of which can cause aspergillosis in falcons. Isavuconazole, posaconazole, and voriconazole
had the lowest MICs among the drugs tested, suggesting that they may be effective treatment options. However, this
study showed that 34% of the isolates were resistant to itraconazole, which is an increase from 21% in 2006. There is
no resistance to voriconazole found in 2006 and 2011, but a 9% resistance rate was noted in 2022. Similarly, there is
no resistance to posaconazole and isavuconazole was noticed in 2011, but the resistance of 4.7% and 5.8%,
respectively was noticed in 2022. Amphotericin B, which showed a 51% resistance rate in 2006, became even more
resistant with an 80% rate in 2011, leading to its discontinuation from the treatment of falcons against aspergillosis.
This study highlights a significant rise in antifungal resistance, which is a challenging problem in both falcon and
human medicine.

Keywords: Posaconazole; Isavuconazole; Itraconazole; Voriconazole; A. fumigatus

INTRODUCTION fungal pathogen that could colonize the respiratory system

and cause respiratory distress, chronic infections, and even

. A death in severe cases [6]. Overuse or inappropriate use of
The emergence of resistant fungal pathogens posed a significant threat (6] pPpTop

to antifungal treatments, particularly for immunocompromised
patients and individuals with chronic conditions. To better
understand antifungal resistance during treatment and develop new

antifungal drugs in captive birds, as well as the spread of
resistant fungal strains between birds
rehabilitation centers, could lead to antifungal resistance in

in falconry or

strategies for combating fungal infections, there was increasing
interest in studying animal models. Falcons (Falco species) were
particularly susceptible to fungal infections, including aspergillosis,
which was a common cause of morbidity and mortality among falcons
[1-4]. Recent studies had reported the emergence of antifungal
resistance in falcons, making them an interesting model for studying
antifungal resistance mechanisms [5].

Antifungal resistance in falcons was an increasingly concerning issue
in avian medicine. Aspergillosis was caused by Aspergillus species, a

falcons [7]. The study of antifungal resistance in falcons was
essential for several reasons. Firstly, falcons were a valuable
animal model for studying fungal infections and host pathogen
interactions. Secondly, the emergence of antifungal resistance in
falcons could have implications for managing fungal infections
in other animal species, including humans. Lastly, studying
antifungal resistance in falcons could offer insights into
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resistance could identify new

and human medicine.

during treatment, which
therapeutic targets for both animal
Fungal diseases had emerged in association with post
COVID-19, as the COVID-19 virus weakened the immune
individuals fungal
infections. Thus, it was crucial to develop new and effective

system, making more susceptible to

antifungal treatments to address this growing concern.

This manuscript investigated the emerging antifungal resistance
in falcons, with a particular focus on triazole resistance, and its
potential implications for human medicine. Thus, compared the
findings with existing data on human antifungal resistance to
identify potential areas of overlap and divergence. By studying
the incidence and prevalence of aspergillosis in falcons, which
was higher than any other species, advanced diagnosis and
treatment procedures had been developed in falcon medicine,
including in vivo and in vitro MIC antifungal studies. The project
had the potential to provide important insights into the
mechanisms of antifungal resistance and to identify novel
therapeutic targets that could be applied to both animal and
human medicine. By examining a non-traditional model such as
falcons, we could also gain a new perspective on the evolution
and spread of antifungal resistance and contribute to the
development of innovative and effective strategies for managing
fungal infections in both animals and humans.

MATERIALS AND METHODS

Biopsy samples were collected during the endoscopy of air sacs of
eighty-six falcons which include Peregrine falcons (Falco peregrinus),
saker falcons (Falco cherrug), Gyr (Falco rusticolus), and hybrid
falcons such as Gyr x Peregrine (F. rusticolus x F. peregrinus) and Gyr
x Saker (F. rusticolus x F. cherrug), affected with lower respiratory
tract fungal infection. Samples were cultured in Sabouraud’s
Chloramphenicol Agar (SCA) and incubated at 37°C for 3-5 days.
Fungi were identified by culture appearance and morphological
characteristics under the microscope using lactophenol aniline
blue stain preparation. Antifungal studies were done in RPMI
media using antifungal MIC E-test strips (bioMerieux, France)
and the plates were incubated at 37°C in an incubator for 48
hours. The Minimum Inhibitory Concentration (MIC) was
recorded as the lowest concentration of the antifungal agent that
inhibited fungal growth. The first phase of the study was done in
2006 with 100 isolates of Aspergillus species, the second phase of
the study was done in 2011 with 117 isolates of Aspergillus species,
and the current study, the third phase was done in 2023 with 86
fungal isolates to compare the evolution of antifungal resistance
in the past 15 years.

RESULTS

Aspergillosis was confirmed through endoscopic examinations,
cytological examinations, and mycology cultures. During an
endoscopy, characteristic signs of aspergillosis may include the
presence of nodules or growths on the lining of the respiratory
tract (Figure 1). These growths can appear as whitish yellow
patches or raised bumps (Figure 2).
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Figure 1: Endoscopic view of multiple aspergillomas
showing multiple nodular raised growths in the air sac of a
gyrfalcon.

Figure 2: Endoscopic view of multiple aspergillomas with
few sporulating aspergillomas and raised bumps in the air
sac of a gyrfalcon.

The diagnosis of aspergillosis through cytology includes the
appearance of fungal elements and cellular changes depending
on the site of infection (Figure 3). Confirmation of aspergillosis
was through fungus culture (Figure 4) and microscopic
examination of the culture under lactophenol blue stain
preparation for the morphology of conidiophores and hyphae
(Figure 5).
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Figure 3: Cytology imprint smear of the biopsy sample
collected from the air sac of a falcon with aspergillosis. Note
the giant cell formation and fungal spores in an inflammatory
cell background.

Figure 4: Culture appearance of Aspergillus fumigatus
isolated from the air sac of Gyr falcon with aspergillosis
showing bluish colonies after 72 hours of incubation.

Table 1: MIC of fungal isolates from the air sac of falcons with < 1 pg/ml.

Figure 5: Microscopic appearance of Aspergillus species
conidiophores, conidiospores and septate hyphae.

The Minimum Inhibitory Concentration (MIC) value represents
the lowest concentration of a drug required to inhibit the
isolate, and the lowest MIC value indicates greater effectiveness
against the fungal isolate. Table 1 reports the median MIC
values and range of MIC values for each antifungal agent tested
against each fungal species obtained from the air sac of falcons.

Fungi isolated (n)" Posaconazole Isavuconazole Voriconazole Itraconazole
Median (range) Median (range) Median (range) Median (range)

A. fumigatus (36) 0.3 (0.094-1) 0.19 (0.032-1) 0.19 (0.032-1) 1(0.25-1)

A. flavus (13) 0.75 (00.125-1) 0.38 (0.25-1) 0.025 (0.032-0.75) 0.75(0.38-1)

A. niger (18) 0.38 (0.125-1) 0.25(0.125-0.75) 0.25 (0.125-1) 0.75(0.2-1)

A. terreus (14) 0.38 (0.19-0.75) 0.38 (0.064-0.75) 0.5 (0.094-0.75) 0.75(0.25-1)

A. nidulans (2) 0.19 (0.19-1) 0.064 (0.02-0.125) 0.094 (0.047-0.125) 0.5(0.38-1)

A. versicolor (1) 0.25(0.25) 0.023 (0.023) 0.064 (0.064) 0.25(0.25)

Mucor species (2) 0.75 (0.75) 0.875 (0.25-1) 0 0.625(0.25-1)

Note: *n=total number of isolates

A. fumigatus was the most frequently isolated fungal species, with
a total of thirty-six isolates. A. niger and A. terreus were isolated
with a total of 18 and 14, respectively. Posaconazole was effective
against A. fumigatus, with a median MIC value of 0.3 pg/ml,
while isavuconazole and voriconazole showed median MIC
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values of 0.19 pg/ml against A. fumigatus. Itraconazole was less
effective, with a median MIC value of 1 pg/ml, and values above
1 pg/ml are considered resistant. Figure 6 shows the e-test MIC
readings of A. fumigatus against voriconazole and itraconazole as
a typical example. A. flavus was isolated from 13 cases, and
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posaconazole and itraconazole showed similar activity against A.
flavus, with median MIC values of 0.75 pg/ml and 0.75 pg/
ml, respectively. Isavuconazole and voriconazole were more

potent, with median MIC values of 0.38 pg/ml and 0.025
ug/ml, respectively, against A. flavus.

Figure 6: E-test reading of A. fumigatus, an isolate from the
air sac of a gyrfalcon showing voriconazole with 0.38 npg/
ml and itraconazole with 1 ug/ml.

The results of the study showed that posaconazole and
isavuconazole were effective against A. niger, with median MIC
values of 0.38 pg/ml and 0.25 pg/ml, respectively. Voriconazole
also demonstrated good activity against A. niger, with a median
MIC value of 0.25 pg/ml, while itraconazole showed a higher
median MIC value of 0.75 pg/ml. A. terreus was most susceptible
to isavuconazole and posaconazole, with a median MIC value of
0.38 pg/ml. Voriconazole showed similar activity against A.
terreus, with a median MIC value of 0.5 pg/ml, while

Table 2: MIC of fungal isolates from the air sac of falcons with <1 pg/ml

r
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itraconazole had a higher median MIC value of 0.75 pg/ml. A.
nidulans and A. versicolor showed good antifungal activity against
all antifungals, but they were not commonly isolated. The two
isolates of Mucor species were sensitive to posaconazole and
itraconazole, with median MIC values of 0.75 pg/ml and 0.625
ng/ml, respectively. Isavuconazole showed a higher MIC value of
0.875 pg/ml, while voriconazole was found to be resistant
against Mucor species.

Table 2 shows the mic of antifungal drugs against fungal isolates
from the air sac of falcons with >1 ug/ml and it falls under the
resistant level in birds. A. fumigatus isolated from 3 cases was
resistant to posaconazole and isavuconazole with a median MIC
of 1.5 pg/ml, 4 cases were resistant to voriconazole with a
median MIC of 3 pg/ml, and 15 isolates were resistant to
itraconazole with a median MIC of 3 pug/ml. The resistance of
A. flavus includes one isolate to voriconazole and 3 isolates to
itraconazole with MIC of 1.5 pg/ml. Each isolate of A. niger was
resistant to isavuconazole and voriconazole with a MIC of 1.5
pg/ml, while 8 isolates were resistant to itraconazole with a
median MIC of 4 ug/ml. A. terreus resistance was noticed in one
case to posaconazole with 1.5 pg/ml, isavuconazole and
voriconazole with 32 pg/ml; while 3 isolates of A. terreus were
resistant to itraconazole with a median MIC was 1.5 pg/ml
Mucor species were isolated from two cases that were resistant to
voriconazole with a median MIC >32 pg/ml.

Fungi isolated Posaconazole (n)” Isavuconazole (n)

Voriconazole (n) Itraconazole (n)

Median Median Median Median

(range) (range) (range) (range)
A. fumigatus 1.5 (1.5-4) 3 1.5 (1.5-32) 3 3(1.5-32) 4 3(1.5-32) 15
A. flavus 0 - 0 1.5(1.5) 1 1.5(1.5-2) 3
A. niger 0 1.5(1.5) 1 1.5(1.5) 1 4(2-32) 8
A. terreus 1.5 (1.5) 1 32 (32) 1 32(32) 1 1.5(1.5-2) 3
A. nidulans 0 - 0 - 0 0
A. versicolor 0 - 0 - 0 0
Mucor species 0 - 0 32 (32) 2 0
Total 4 5 8 29

Note: *n=number of isolates.

Table 3 shows a comparison of antifungal resistance of management of fungal infections in birds of prey, as well as for

Aspergillus species isolated in 2006, 2011, and 2022. These

results may have important implications for the treatment and
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understanding the impact of antifungal use on the emergence of
resistance in wildlife and human pathogens.
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Table 3: Comparison of antifungal resistance of Aspergillus species isolated from the air sac of falcons in 2006, 2011,

and 2022.
Antifungals 2006 (A)’ 2006 (B)' 2011 2022
Aspergillus sp., (resistant %)  Aspergillus sp., (resistant %)  Aspergillus sp., (resistant %)  Aspergillus sp., (resistant %)
Posaconazole 117, (00%) 86, (4.7%)
Isavuconazole 86, (5.8%)
Voriconazole 45, (00%) 16, (00%) 117, (00%) 86, (09%)
Itraconazole 45, (21%) 05, (20%) 117, (06%) 86, (34%)
Amphotericin B 45, (51%) 06, (100%) 117, (80%)

Note: “A-Before treatment, B-After treatment.

DISCUSSION

MIC testing is a process of determining the lowest concentration
of an antimicrobial drug that can inhibit the growth of a specific
microorganism. However, the isolates in this study showed MICs
higher than 1 pg/ml, indicating resistance to antifungal drugs.
This highlights the need to monitor antifungal resistance in
birds and develop new treatment strategies to address this issue.

This study aimed to assess the MICs of various antifungal drugs
against fungal isolates obtained from the air sacs of falcons. The
first phase of the study was conducted in 2006, the second
phase in 2011, and the current study is the third phase, which
looks back to understand the evolution of antifungal resistance
over the past 15 years.

The phase 1 study in 2006 reported the MICs of fungi isolated
from the air sacs of falcons before and after antifungal treatment.
Before treatment, 95% of the isolates, including A. fumigatus, A.
flavus, A. niger, and A. terreus, were susceptible to voriconazole at
MICs up to 0.38 ug/ml, and all the isolates were susceptible at
MICs up to 1 pg/ml. Before treatment, 21% of the isolates,
including A. fumigatus (27.6%), A. flavus (16.6%), A. niger
(100%), and A. terreus (23%), were resistant (MIC > 1 ug/ml) to
itraconazole. Furthermore, 51% of the isolates, including A.
fumigatus (31%), A. flavus (78%), A. niger (14%), and A. terreus
(77%), had MICs of over 1 pg/mL to amphotericin B. After
treatment, their MICs increased significantly (8).

However, the study found no significant differences between the
MICs of voriconazole and itraconazole for the different
Aspergillus  species before and after treatment with these
antifungal agents. The findings suggest that voriconazole is
highly effective against Aspergillus species in falcons, with 100%
of the isolates being susceptible, while itraconazole was less
effective, with 21% of the isolates showing resistance. In
contrast, amphotericin B was less effective, with 51% of the
isolates being resistant, and after treatment, the resistance of
amphotericin B increased significantly (8).

Amphotericin B is an old antifungal drug that has been used in
both human and veterinary medicine to treat systemic fungal
infections. However, many reports in the literature on falcon
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medicine have shown that Aspergillus species can develop
resistance to amphotericin B, which was a commonly used
antifungal drug in the past. This has raised concerns about the
drug's effectiveness in managing fungal infections in falcons,
especially aspergillosis. Additionally, the drug is known to have
potential adverse effects, such as renal toxicity, hypokalemia, and
infusion related reactions. In falcons, amphotericin B use can
also result in hepatotoxicity and nephrotoxicity [8].
Furthermore, reports have indicated that amphotericin B
resistance is emerging in falcons, particularly in cases of chronic
and recurrent aspergillosis. Studies have reported the emergence
of amphotericin B-resistant Aspergillus fumigatus in captive
falcons, leading to treatment failure and poor clinical outcomes
[9]. Therefore, amphotericin B is no longer used in falcon
medicine for the treatment of aspergillosis.

The phase 2 study was conducted in 2011 with 117 Aspergillus
species isolates. All isolates were found to be sensitive to
voriconazole and posaconazole, while 6% of the isolates were
resistant to itraconazole, and 80% of the isolates were resistant
to amphotericin B. Furthermore, 86% of the isolates were
resistant to ketoconazole, with a MIC>1 pg/ml. All isolates were
resistant to 5-flucytosine with a MIC > 2 pg/ml, caspofungin
with a MIC > 16 pg/ml, and fluconazole with a MIC > 256 pg/
ml [10]. The phase 2 study suggests that while voriconazole and
posaconazole are highly effective, other commonly used
antifungal agents, such as amphotericin B and ketoconazole, are
less effective [11].

In the current study (2022), it was found that the resistance to
itraconazole had increased by 13% compared to the resistance
rate in 2006. Additionally, the resistance rate of voriconazole,
which was 0% in 2006 and 2011, rose to 9% in 2023. The
resistance rates for Posaconazole and isavuconazole, which were
both 0% in 2011, increased to 4.7% and 5.8%, respectively, in
2023. Amphotericin B was discontinued in the treatment of
falcons against aspergillosis due to its high resistance rate of

80% in 2011.

Itraconazole resistance has been reported in both humans and
animals and may result from mutations in the CYP51 a gene
responsible for the drug target [12]. However, a noticeable
change in a decrease to itraconazole resistance was found in
2011 and it was due to the wide use of voriconazole in falcons
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and thus results in automatically less use of itraconazole (13-15).
In wivo clinical studies have shown that voriconazole is an
effective and safe treatment for aspergillosis in falcons [13].
Voriconazole has also been found to be the most active drug in
many in vitro studies, with lower MIC values compared to other
drugs [14]. However, reports of resistance to voriconazole in
some avian isolates of Aspergillus species are a growing concern in
the management of aspergillosis in birds, including falcons [15].
Voriconazole may not be an appropriate choice for the
treatment of Mucor mycosis, as it has been found to be resistant
to Mucor species.

Fluconazole is an antifungal medication commonly used in the
treatment of human medicine, but its efficacy in treating avian
aspergillosis is limited. There are several reasons why fluconazole
may fail in the treatment of falcon aspergillosis. Firstly,
Aspergillus species in birds are often resistant to fluconazole, and
other antifungal
voriconazole are preferred. Additionally, avian aspergillosis is

medications such as itraconazole and
often a systemic disease, meaning that the infection has spread
beyond the respiratory tract and into other organs.

Posaconazole is an antifungal medication that belongs to the
class of triazole drugs. It is a broad-spectrum antifungal agent
that has activity against a wide range of fungal pathogens,
including Aspergillus species, which can cause aspergillosis in
birds, including falcons. Posaconazole has been shown to be
effective in the treatment of avian aspergillosis, including in
falcons. Recent studies found that a small percentage of the
Aspergillus isolates were resistant to posaconazole, with MICs
that were higher than the clinical breakpoints for this
medication and a study noted that the falcon had been treated
with multiple antifungal medications over an extended period,
which may have contributed to the development of resistance.

Isavuconazole is a relatively new antifungal medication that has
shown promise in the treatment of aspergillosis in birds,
including falcons. Isavuconazole belongs to the class of triazole
antifungals, which work by inhibiting the synthesis of ergosterol,
a critical component of fungal cell membranes. A few studies
have reported the use of isavuconazole for the treatment of
aspergillosis in falcons. While the use of isavuconazole in
falcons and other avian species is still relatively limited. MIC
studies found that isavuconazole had the lowest MICs among
the antifungal drugs tested, indicating that it may be a promising
treatment option for aspergillosis in falcons. These results are
consistent with previous studies that have shown isavuconazole
to be effective against Aspergillus infections in humans and
animals. However, this study also identified some isolates with
MICs higher than 1 pg/ml, indicating resistance to antifungal
drugs, particularly in A. fumigatus. Antifungal resistance is a
growing problem in both human and veterinary medicine, and
the emergence of resistant strains of Aspergillus species is a
significant challenge to the effective treatment of aspergillosis.

Comparing the MIC values obtained in this study with those
reported in the literature for human fungal infections, found
that the MIC values for most of the isolates were within the
susceptible range for human infections. The median MIC values
of voriconazole and itraconazole for A. fumigatus isolates in this
study were 0.19 pg/ml and 1 pg/ml, respectively, which are
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clinical breakpoints for susceptibility in
humans, 1 pg/ml and 2 pg/ml, respectively. However, we
observed some differences in MIC values between this study and

lower than the

those reported in the literature for human infections. For
instance, the median MIC value of posaconazole for A. fumigatus
isolates in this study was 0.3 pg/ml, which is slightly
higher than the clinical breakpoint for susceptibility in
humans, 0.125 pg/ml. Similarly, the median MIC value of
isavuconazole for A. flavus isolates in this study was 0.38 pg/
ml, which is higher than the clinical breakpoint for
susceptibility in humans, 0.03 pg/ml.

Overall, these results suggest that the antifungal agents tested in
this study could be effective in treating fungal infections in
falcons caused by the isolates tested. However, caution should be
exercised when extrapolating MIC values from veterinary to
there differences in the
pharmacokinetics and pharmacodynamics of antifungal agents
between different species. Additionally, it is important to
consider other factors such as clinical efficacy and safety when
selecting antifungal agents for the treatment of fungal infections
in animals. The micresistant value to voriconazole is >2 pg/ml
in humans but in birds >1 pg/ml is considered as resistant. The

human medicine, as can be

efficacy of antifungal drugs may be reduced in cases where
Aspergillus species are present in the air sac of falcons with high
Aspergillus galactomannan antigen levels. In conclusion, our
study provides valuable information on the susceptibility of
various fungal isolates from the air sac of falcons to antifungal
agents which are also commonly used in human medicine.

CONCLUSION

In conclusion, this study analyzed the Minimum Inhibitory
Concentrations (MICs) of antifungal drugs against different
fungal isolates from the air sac of falcons. The most isolated
fungi were A. fumigatus, A. flavus, A. niger, and A. terreus, which
can cause various infections in both humans and animals,
including aspergillosis, which is a major concern in falcons. The
study found that isavuconazole, posaconazole, and voriconazole
had the lowest MICs among the antifungal drugs tested,
suggesting that they could be effective treatment options for
aspergillosis in falcons. However, itraconazole, which was widely
used to treat aspergillosis in falcons, showed higher MIC values
with emerging resistance. The high MICs for some isolates,
especially A. fumigatus, suggest a risk of antifungal resistance,
and thus MIC studies must be followed together with treatment.
This study showed a significant increase in resistance to
antifungals, with 34% of the isolates being resistant to
itraconazole, and
isavuconazole rising to 4.7% and 5.8%, respectively, in 2023.
Amphotericin B showed 51% resistance in 2006, which rose to
80% in 2011, leading to its discontinuation from treatment and
MIC study of falcons.

resistance rates for posaconazole and

Overall, this study highlights the significant challenge of
emerging antifungal resistance, which is not only a problem in
falcon medicine but also in human medicine, as fungal diseases
are emerging in association with post COVID-19. The
COVID-19 virus can weaken the immune system, making
individuals more susceptible to fungal infections. It is essential
to consider these emerging trends and continually monitor the

6
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resistance patterns of antifungal drugs to ensure effective
treatment of fungal infections in both humans and animals.
Additionally, careful consideration of other factors, such as
clinical efficacy and safety, is crucial when selecting antifungal
agents for the treatment of fungal infections in animals. Lastly, it
is important to exercise caution when extrapolating MIC values
from veterinary to human medicine, as there may be differences
in the pharmacokinetics and pharmacodynamics of antifungal
agents between different species.
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