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Abstract 

Aspergillosis is pervasive in bird populations, especially those under human care. Its management can be critically impacted by exposure to high 
levels of conidia and by resistance to azole drugs. The fungal contamination in the environment of a Humboldt penguin ( Spheniscus humboldti ) 
group, housed in a French zoological park next to numerous large crop fields, was assessed through three serial sessions of surface sampling in 
nests, in 2018–20: all isolates were counted and characterized by sequencing. When identified as Aspergillus fumigatus , they were systemati- 
cally screened for resist ance mut ations in the cyp51A gene and tested for minimal inhibitory concentrations ( MICs ) determination. At the same 
time, the clinical incidence of aspergillosis was evaluated in the penguin population by the means of systematic necropsy and mycological inves- 
tigations. A microsatellite-based analysis tracked the circulation of A. fumigatus strains. Environmental investigations highlighted the substantial 
increase of the fungal load during the summer season ( > 12-fold vs . the other timepoints ) and a large overrepresentation of species belonging to 
the Aspergillus section Fumigati , ranging from 22.7 to 94.6% relative prevalence. Only one cryptic species was detected ( A. nishimurae ) , and one 
isolate exhibited G138S resistance mutation with elevated MICs. The overall incidence of aspergillosis was measured at ∼3.4% case-years, and 
mostly in juveniles. The analysis of microsatellite polymorphism revealed a high level of genetic diversity among A. fumigatus clinical isolates. 
In contrast, one environmental strain appeared largely overrepresented during the summer sampling session. In all, the rural location of the zoo 
did not influence the emergence of resistant strains. 

Lay summary 

- The incidence of aspergillosis in the penguin population of a French zoo was found elevated, mostly in juveniles. 
- The fungal contamination was high in the surrounding environment, especially at the end of summer. 
- Globally, a great level of genetic diversity was observed, except for one clonal strain. 
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humans, and including a large panel of avian species, es- 
pecially burrowing birds and penguins.1 Mostly found in 
humid and dusty soils, Aspergillus conidia are small and 
volatile. They may be vehicled by water or spread by air so 
that aspergillosis is usually acquired by inhalational route in 
birds.2 
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Introduction 

Aspergillus spp. are environmental saprophytic molds that
are responsible for opportunistic infection of the respira-
tory apparatus, or other tissues, which is referred to as as-
pergillosis. The latter can occur in a wide range of inver-

tebrate or vertebrate animal species, ranging from corals to 
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Although it has been only rarely described in wild
enguins, 3 –5 aspergillosis is very frequently observed in
phenisciformes birds living in zoological parks, aquaria,
r rehabilitation centers.1 , 6 –8 In such facilities, its relative
revalence can reach 20–27% in some colonies,9 , 10 and
ts prognosis is generally poor with mortality rates rang-
ng up to 50%.10 Local exposure to high concentrations
f Aspergillus conidia and/or presence of certain transient
r chronic immune deficiencies of the host are assumed
o enhance the susceptibility to aspergillosis.11 While it is
ell-known that environmental contamination can be sea-
onal and influenced by climatic parameters,12 some authors
uggested that the onset of clinical aspergillosis is probably
ge- and stress-dependent. Indeed in birds, the disease seems
ore commonly diagnosed in juveniles than adults,7 , 13 and

s more frequent when exposed to stressors ( e.g., disturbance
hile on exhibition, transfers between institutions, …) or to
oor environmental conditions ( e.g., bad ventilation, elevated
evels of ammonia, inadequate nutritional input…) .6 , 7 

As is the case in humans, the clinical signs of aspergillosis
n birds are not specific ( e.g., in penguins: lethargy, anorexia
nd weight loss, open mouth-breathing and dyspnea, cough-
ng and altered vocalization, self-isolation ) ,6 and diagnostic
ools are not highly reliable.8 , 14 Therefore, a definitive diag-
osis is often obtained upon necropsy examination.15 , 16 In
revious works focusing on avian aspergillosis, the species A.
umigatus was involved in 95% cases.16 In infected birds, em-
irical or curative treatment of aspergillosis usually relies on
zole drug-based therapy, e.g., voriconazole or itraconazole.11 

n contrast to the intensive poultry farming practices where
zole drugs may be preventively-distributed, the use of sys-
ematic antifungal mass prophylaxis is uncommon in penguin
olonies. Indeed, it is usually restricted to susceptible indi-
iduals only, e.g., following transfers, during hospitalization,
nd/or antibiotic treatments.6 , 13 

Since the end of the 20th century, azole drugs resistance
n A. fumigatus strains has been considered as an emerging
ealth problem to be taken into account for the manage-
ent of both human and animal antifungal treatment. In a
ecent multicenter large international study, its prevalence was
ound at 3.2% in clinical strains retrieved from human sam-
les.17 Acquired resistance is generally—but not exclusively—
ssociated with nucleotide mutation ( s ) inside the cyp51A gene
ncoding for lanosterol-C14- α-demethylase, the target protein
f azole drugs. In some countries, massive use of azoles for
he purposes of agricultural/floricultural practices or for the
awmill industry was demonstrated to be responsible for the
ccurrence of resistance mutation ( s ) in A. fumigatus cyp51A
ene. 18 –20 

The objective of the present study was to assess the im-
act of the environmental contamination on the clinical in-
idence of aspergillosis in penguins managed under human
are. The ZooParc de Beauval was chosen for the investi-
ations because this zoological facility hosts a large colony
f Humboldt penguins ( Spheniscus humboldti ) and it is ge-
graphically located in the rural countryside of the Loir-
t-Cher district, France.20 We evaluated the level of fun-
al colonization inside the penguin habitat and the total
revalence of resistant strains among all A. fumigatus iso-
ates collected. Meantime, we assessed the clinical incidence
f aspergillosis within the penguin population and tracked
he circulation of A. fumigatus strains within the zoological
ark. 
aterials and methods 

escription of the study population 

he study was conducted during the 2018–20 period at the
ooParc de Beauval ( 47°14’49.2’N – 1°20’56.1’E ) . This fa-
ility of 40 hectares hosts about 35 000 animals and 800 dis-
inct species. The maximal population size of the Humboldt
enguin group in ZooParc de Beauval was counted at 192 in-
ividuals in 2018, 185 in 2019, and 148 in 2020, including
dults and chicks. 
Built in 2007, the penguin habitat is entirely outdoors

 Fig. 1 A ) . It includes a 600 m 

3 chlorine-treated swimming
ool, an artificial beach, and above it, a 400 m² wooded area
here several nests are set ( Figs. 1 B and C ) . Penguin nests are
ither composed of either buried 0.2 m 

3 solid boxes ( n = 24 )
r mobile overhead open constructions ( n = 4–10 ) . As the lat-
er are sometimes changing in number and location over time
 depending on the penguins’ habits ) , they were not considered
n the present study. 

nvironmental investigations for Aspergillus 
ontamination within the penguin habitat 

hree periods of environmental sampling had been scheduled
or 23 April 2018, 3 December 2018, and 16 September 2019.
t each timepoint, the 24 buried nests were systematically
ampled ( except for the autumn campaign in 2019: only 22,
ecause two nests had been deserted, totally fulfilled with soil
nd detritus, and thus were not exploitable ) , by applying wet
wabs onto a 20 cm² surface of the floor and the walls, in
uplicates ( Fig. 1 D ) . Then, 1 ml sterile saline was introduced
nto every swab container. Following a 1 min shaking step
ith Vortex® ( LMS, Tokyo, Japan ) , each suspension sample
as seeded onto a malt extract agar plate ( Day-0, d0 ) that
as subsequently incubated at 35°C. A first visual checkup of
he fungal growth was programmed at 72 h ( d3 ) and observed
aily until d7. When fungal colonies were detected ( between
3 and d7 ) , they were individually numbered and identified.
or the quantitative approach, an individual average of the
umber of colonies, expressed in mean colony-forming units
 CFU ) , was calculated for each nest by compiling the four
easures obtained from the four different swabbed surfaces.
hereafter, a global average of the fungal burden was calcu-
ated for every sampling session. For the qualitative approach,
very distinct colony was taken into consideration and thor-
ughly identified. Characterization at the genus ( or section )
evel was first addressed on the basis of macro- and micro-
copic criteria.21 Thereafter, the species identification was con-
rmed by molecular biology based on the sequencing of the
nternal transcribed sequences of the 5.8S ribosomal rDNA
 ITS1/2 ) and/or beta-tubulin ( β-tubulin ) regions.22 For this
urpose, conidia were harvested at the colony surface, after
ubculture on a Sabouraud-chloramphenicol agar slant tube
ncubated at 30°C, and placed into Precellys ® tubes ( Bertin
echnologies, Montigny-le-Bretonneux, France ) . They were
rinded by bead beating in the Cryolys/Precellys 24 ® device
 Bertin Technologies, Montigny-le-Bretonneux, France ) . Nu-
leic acid of each ground was extracted using QiAmp DNA
ini Kit ® extraction method ( Qiagen, Hilden, Germany ) .
ach DNA extract was then amplified in the thermocycler
3000 ® ( Biometra, Göttingen, Germany ) using the primers
eferenced in Supplementary Material 1,22 and the quality of
he amplicons was checked in 1% agarose gel. Nucleotide
equences were subsequently obtained with the BigDye
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Figure 1. General presentation of the Humboldt penguin exhibit in ZooParc de Beauval. ( A ) Satellite photography of the zoological park with indication of 
the central location of the penguin habitat; ( B ) Picture of the wooded land of the penguin habitat where artificial buried nests are settled ( the entrance 
for penguins is indicated with a white star, the access for maintenance with a white arrow ) ; ( C ) Picture of a couple of Humboldt penguin hosted in its 
nest that had been opened by its maintenance lid; ( D ) Example of the swabbing procedure of the nest wall ( the red parallelepiped indicates the outlines 
of the 20 cm² surface that was sampled ) . Each surface was systematically sampled in duplicate for every nest; the same procedure was applied to the 
nest floor. 
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Terminator® version 1.1 kit ( Life Technologies SAS, Saint-
Aubin, France ) and the Applied 3130 Genetic Analyser ® in-
strument ( Thermofisher Scientifics, Montigny-le-Bretonneux,
France ) , and analyzed using CodonCode Aligner 5.1.5® soft-
ware ( CodonCode Corporation, Centerville, MA, U.S.A. ) .
Identification was eventually completed upon request of Gen-
Bank database ( https://www.ncbi.nlm.nih.gov/genbank/) . If
BLAST-score < 1000 and/or query cover < 99% and/or per-
centage of identity < 98%, the Institut Pasteur Fungibank
( https://fungibank.pasteur.fr/) was subsequently queried. 

In order to screen for potential resistance mutation ( s ) , all
the strains, identified as A. fumigatus sensu stricto , were se-
quenced in the cyp51A gene using four sets of primers to de-
tect the most common mutations ( in amino acids G54, L98H,
Y121F/T289A, G138, M220, and G448 ) , and in a 234 pb re-
gion of its promoter, looking for a 34- or 46-bp tandem du-
plication sequence ( TR34 or TR46, between positions −288
and −322 or −334 ) ( Supplementary Material 1 ) . 23 –25 In the
same time, minimal inhibitory concentrations ( MICs ) were de-
termined, according to the broth microdilution method using
the Micronaut-AM® kit ( Biocentric, Bandol, France ) .26 For
this purpose, conidia were collected from a 48 h spore-forming
subculture on Sabouraud-chloramphenicol agar tube and re-
suspended into 0.1% sterile saline Tween 20® polysorbate so-
lution to reach a 0.5 McFarland-turbidity suspension. Then,
600 μl were transferred into the Roswell Park Memorial In- 
stitute ( RPMI ) 1640 tube provided by the manufacturer. After 
homogenization, 100 μl of the mix were distributed per well in
the Micronaut-AM®plate, and incubated at 37°C. MICs were 
optically evaluated for azoles ( voriconazole, itraconazole, and 
posaconazole ) , but also for polyenes ( amphotericin B ) and 
echinocandins ( caspofungin, micafungin, and anidulafungin ) ,
at 24 h and 48 h, according to the supplier’s recommendations.
Results were interpreted on the basis of the European Com- 
mittee on Antimicrobial Susceptibility Testing ( EUCAST ) clin- 
ical breakpoints.27 

Assessment of the clinical incidence of 
aspergillosis in penguins 

Incidence of aspergillosis was assessed in the Humboldt pen- 
guin population of ZooParc de Beauval from 2018 to 2020.
Laboratory investigations were carried out as soon as sug- 
gestive clinical signs and/or deaths were reported. During ex- 
ploratory coelioscopy, the tissues of the trachea were sampled.
During necropsy, the lungs or the surface of air sacs were sys-
tematically biopsied. 

https://www.ncbi.nlm.nih.gov/genbank/
https://fungibank.pasteur.fr/
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For the histology-based diagnostic approach, biopsied 
issues were microscopically observed using hematoxylin 
nd eosin stain and Grocott–Gomori’s methenamine silver
taining, and examined for intra-tissular filaments com-
atible with Aspergillus -like morphological features.21 For 
he mycology-based diagnostic approach, the microscopic 
irect examination was performed in biopsy affixing on
 glass slide using calcofluor white impregnation.28 Con-
omitantly, clinical specimens were sterilely cut and nucleic
cids were extracted directly from them, being tested by
uantitative polymerase chain reaction ( qPCR ) , as reported
reviously 29 , 30 ( Supplementary Material 1 ) . Results of qPCR
ere considered negative when the A. fumigatus 28S ribo-
omal rDNA burden was < 1 fg.30 An internal control for
hecking inhibition ( Inhibition control plasmid®, Diagenode,
iège, Belgium ) , and positive/negative home-made controls
ere systematically used to assert validation of all the qPCR
uns. Every biological sample was tested in duplicate to
void false-positive or –negative, and re-rested, if necessary.
ame procedures were applied to any other birds that were
uspected to suffer from aspergillosis, during the study period.
At the same time, clinical specimens were seeded on

wo Sabouraud-chloramphenicol agar slants ( BBL®, Becton,
ranklin Lakes, NJ, U.S.A. ) , incubated at 30°C and 35°C for
n vitro cultures for 7 days. In case of fungal growth, phe-
otypic identification of each colony was completed accord-
ng to macro- and microscopic observation.21 Confirmation 
as obtained by DNA sequencing as described previously.22 

urthermore, cyp51A genes were sequenced and MICs were
easured for every Aspergillus clinical isolate,31 as described
bove.26 

For the specific purpose of this study and since no con-
ensus classification exists for animals,32 the diagnosis of as-
ergillosis was classified as probable if mycological culture,
nd/or qPCR were positive, or as proven as soon as the direct
xamination ( by either histology or calcofluor microscopic
bservation ) was positive. All other situations were consid-
red as cases of non-infection or only possible infection and
hus were not retained for the calculation of the aspergillosis
ncidence. 

irculation of A. fumigatus isolates 
spergillus fumigatus isolates obtained from environmental 
ampling and those retrieved from diseased penguins were
nalyzed by the means of microsatellite polymorphism geno-
yping in order to decipher their circulation within ZooParc
e Beauval. Isolates from other bird species were included
n this genotyping approach. Indeed during the study period,
3 birds ( out of > 2000 birds housed at the zoologi-
al park ) , belonging to miscellaneous species, were sus-
ected of aspergillosis, and 14 were actually diagnosed with:
wo vinaceous-breasted Amazon parrots ( Amazona vinacea ) ,
ne scarlet ibis ( Eudocimus ruber ) , one great blue turaco
 Corythaeola cristata ) , one lady Ross’s turaco ( Musophaga
ossae ) , one kea parrot ( Nestor notabilis ) , one sulphur-
rested cockatoo ( Cacatua galerita ) , two great white pelicans
 Pelecanus onocrotalus ) , one great grey owl ( Strix nebulosa ) ,
ne demoiselle crane ( Anthropoides virgo ) , one griffon vulture
 Gyps fulvus ) , one greater flamingo ( Phoenicopterus roseus ) ,
nd one Australia wood duck ( Chenonetta jubata ) . 
The DNA of each isolate was first quantified with
anodrop One® ( ThermoFisher Scientific, Montigny-le- 
retonneux, France ) . Three different multiple polymerase
hain reactions ( PCRs ) were then performed, each contain-
ng three pairs of primers that amplified the short tandem
epeats ( STR ) of two-to-four nucleotides in nine microsatel-
ite markers: 2A, 2B, 2C, 3A, 3B, 3C, 4A, 4B, and 4C.33 We
sed similar sequences and 5 ′ -fluorescent labels of primers
han those previously described,33 except for primers 2C, 3C
nd 4C that were tagged with a different label, i.e., NED in-
tead of TET ( NED and TET are yellow fluorescent dyes ) .
he presence of PCR products was verified in a 2.5% agarose
el. Thereafter, 1 μl of each PCR product, diluted 1/10, was
ixed with 0.25 μl of 400 HD ROX® size standard lad-
er and 8.75 μl of Hi-Di® formamide ( ThermoFisher Sci-
ntific, Montigny-le-Bretonneux, France ) , and then run in
he SeqStudio Genetic Analyzer® ( ThermoFisher Scientific,
ontigny-le-Bretonneux, France ) . The injection time was pro-
rammed on 7 sec. The DS-30 matrix Standard Kit® ( Dye Set
, ThermoFisher Scientific, Montigny-le-Bretonneux, France )
as used, which contained four oligonucleotides labeled with
-FAM, HEX, NED, ROX, generating a multicomponent ma-
rix required for the analysis of labeled fragments in Se-
Studio® ( ThermoFisher Scientific, Montigny-le-Bretonneux,
rance ) . The fluorescent PCR peaks ( as ionic fragments ) , sep-
rated by the capillary electrophoresis of the SeqStudio®,
ere analyzed with the MSA® software ( ThermoFisher Sci-
ntific, Montigny-le-Bretonneux, France ) . The relative fluores-
ent units ( RFU ) vs . base pairs curves were analyzed consid-
ring the range of 500–25 000 RFU as optimal. The size of
ach microsatellite fragment was measured to determine the
umber of repetitions according to de Valk et al.33 Phyloge-
etic relationships between isolates were studied, generating
inimum spanning trees based on goeBURST algorithm on
HYLOViZ® v2.0 ( https://www.phyloviz.net/) .34 

thics 

o animal was anesthetized, euthanized, or sacrificed for
he specific research purposes of this study. All the clinical
pecimens were collected after routine veterinary assessments.
esearch investigations were approved by Beauval Nature
esearch program in April 2018. 

tatistics 

uantitative results were expressed in mean and median
alues, and in standard error of the mean ( SEM ) . Relative
epresentations were expressed in percentages and in ratios.
tatistical analysis was performed to achieve the global
omparison and the two-by-two comparison between each
et of environmental sampling about the fungal load, using
arametric ANOVA and Tukey’s multiple comparison tests,
espectively ( the Bartlett’s test was beforehand used to test
omoscedasticity ) . The significance level was set at P < .05. 

esults 

nvironmental investigations for Aspergillus 
ontamination within the penguin habitat 

ultures obtained from environmental sampling revealed
 mean CFU/nest of 3.8 ± 3.3 in April 2018, 2.6 ± 1.2
n December 2018, and 49.1 ± 32.5 in September 2019
 Fig. 2 A ) . Fungal load appeared significantly 12.9- and 18.8-
old higher in September 2019 vs. the other dates ( P < .0001 ) ,
espectively, but no difference was observed between the two
imepoints of 2018 ( P = .9716 ) . 

https://www.phyloviz.net/
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Figure 2. Environmental investigations in the Humboldt penguin habitat of ZooParc de Beauval. ( A ) Bar graph showing the global average of the fungal 
burden in April 2018 ( sampling session No. 1 ) , December 2018 ( sampling session No. 2 ) , and September 2019 ( sampling session No. 3 ) ; ( B ) Relative 
representation of the fungal species isolated during the three different sampling campaigns; ( C ) Flowcharts of the three different sampling sessions 
focusing on the Aspergillus fumigatus retrieving in the penguin nests. ****, P < .0 0 01; NS, Not significant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Antifungal susceptibility assessment of the A. fumigatus isolates 
retrieved from the environment in penguin nests. Results are expressed 
in median μg/ml. The estimation was conducted by the means of broth 
microdilution method and according to the EUCAST clinical breakpoints. 

Clinical 
breakpoints 
EUCAST 

( μg/ml ) 

Antifungal drug Median MIC ( μg/ml ) [ 95% 

IQ] S ≤ R > 

Amphotericin B 0.125 [0.062–0.50] 1 1 
Voriconazole 0.125 [0.031–0.25] 1 1 
Itraconazole 0.25 [0.125–0.5] 1 1 
Posaconazole 0.031 [0.015–0.125] 0.125 0.25 
Micafungin 0.015 [0.002–0.031] IE IE 
Anidulafungin 0.016 [0.002–0.031] IE IE 
Caspofungin 0.031 [0.015–0.062] IE IE 

IE, insufficient evidence; 95% 

IQ, interquartile range; MIC, minimal inhibitory 
concentration; μg/ml, micrograms per milliliter; R, resistant; S, susceptible. 
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In April 2018, 80% of the nests ( 20/24 ) were colonized
with at least one mold species, while 100% were colonized
in December 2018 ( 24/24 ) and in September 2019 ( 22/22 ) .
Aspergillus section Fumigati, Penicillium spp., and Tricho-
derma spp . were the most frequently-isolated genera ( Fig. 2 B ) .
Aspergillus section Fumigati was largely represented in each
sampling session, given that it was isolated from 67% of nests
in April 2018 ( and from 80% of those colonized ) , 75% in De-
cember 2018, and 100% in September 2019 ( Fig. 2 C ) . Isolates
belonging to section Fumigati were identified as A. fumigatus
sensu stricto in 100% isolates in April 2018 ( 25/25 ) , 97%
in December 2018 ( 29/30 ) , and 100% in September 2019
( 88/88 ) ( GenBank accession numbers: ON360074-360 141
and ON360447-360 340 ) . Only one isolate collected in De-
cember 2018 from nest No. 18 was finally identified as A.
nishimurae ( GenBank accession number: MW822043 ) . No
mutations ( G54, L98H, Y121F/T289A, G138, M220, G448,
duplication TR34 or TR46 ) were found in the cyp51A gene
( ON360142-360 270 and ON360448-360 672 ) , except for
one isolate recovered from nest No. 13 during the winter ses-
sion 2018. In codon 138, a glycine amino acid was substituted
with a serine ( MW822042 ) , because of a GGC → AGC muta-
tion. For this isolate, MICs were > 4 μg/ml and 0.25 μg/ml
for itraconazole and voriconazole, respectively. The other en-
vironmental strains were found with low MICs ( Table 1 ) . 

Assessment of the clinical incidence of 
aspergillosis in penguins 

Within the colony of Humboldt penguins in ZooParc de Beau-
val, a total of 138 deaths, were reported during the study
period: 52 in 2018, 51 in 2019, and 35 in 2020. Overall,
78 carcasses were examined by histopathology and/or my- 
cological investigations, including 14 penguins in 2018, 40 
in 2019, and 24 in 2020 ( the remainder 60 deaths were
either not exploitable [e.g., cadavers totally autolyzed], or 
due to obvious alternative causes [e.g., drowning, trampling 
and crushing in the nest, lack of parental care and aban- 
donment] and did not require specific diagnostic procedures ) .
Overall, during the study, 22.5% of deceased penguins pre- 
sented laboratory evidence of aspergillosis, i.e., 13.5% in 
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Figure 3. Detailed laboratory procedures for the diagnosis of aspergillosis in clinical specimens obtained from the Humboldt penguins of ZooParc de 
Beauval. ( A ) Gross observation of an infected lung lobe biopsied during necropsy. Hemorrhagic lesion is pointed with a white arrow. Invasive fungal foci 
are indicated with plain darts; ( B ) Contribution of the different laboratory approaches to the completion of the diagnosis of aspergillosis in diseased 
penguins, according to Venn diagram representation ( the designation so called ‘microscopic examination’ encompasses findings based on both 
histology and direct fluorescence ) ; ( C ) Incident number of aspergillosis cases in the Humboldt penguin colony of ZooParc de Beauval over the study 
period ( January 1st, 2018–December 31st, 2020 ) . The entire bars represent the crude overall mort alit y per month, expressed in absolute number, 
whereas the black top represents only the cases directly attributable to aspergillosis ( dates of the environnemental sampling campaigns are also 
indicated by dark arrows ) . 
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018 ( 7/52 deaths ) , 31.4% in 2019 ( 16/51 ) , and 22.9% in
020 ( 8/35 ) . For 28 cases, the diagnosis met the criteria
hat define proven aspergillosis ( Fig. 3 A and Supplementary
aterial 1 ) , and for three others, the diagnosis of proba-
le aspergillosis. For four penguins, another cause of death
ight be associated with aspergillosis: lack of maternal care,
lood parasite disease, bacterial enteritis, and severe aortic
therosclerosis. 
In detail, the direct microscopic examination, based either

n histology staining or calcofluor white fluorescence ( or
oth associated ) , exhibited an elevated sensitivity at 90.3%.
he in vitro culture yielded a 58.1% sensitivity rate among
he diseased cases ( 18/31 ) . Fungal growth was observed
ithin 2 ± 1.3 days on average, and A. fumigatus sensu strico
as identified ( GenBank accession numbers: ON360612- 
N360336 ) , except for one penguin that died in May 2019
ith infection caused by a species belonging to section Terrei

 ON360338 ) . All clinical strains retrieved from cultures were
ound completely susceptible to all drugs ( median MICs
 μg/ml]: amphotericin B = 0.375; itraconazole = 1; voricona-
ole = 0.5; posaconazole = 0.125; data not shown ) , except
or one isolate collected from an adult penguin found dead
n 20 November 2019, and for which itraconazole MIC was
valuated at 4 μg/ml ( voriconazole and posaconazole at 0.5
nd 0.125, respectively; no resistance mutation was detected
n its cyp51A gene ) . A species of the mucorales order was
lso isolated once in culture ( ON360336 ) , in association with
spergillus spp. and Rasamsonia aspergillacea ( ON360339 )

 Penicillium sp. was isolated four times from diseased pen-
uins, but systematically considered as a contaminant ) .
oteworthy, the Aspergillus qPCR allowed completion of

he diagnosis in three diseased penguins, whereas all other
forementioned laboratory tests were negative ( 9.7% cases )
 Fig. 3 B ) . In contrast, in two positive cases, qPCR results
ere negative and so discrepant with those obtained by
irect microscopy and/or culture, especially because of a very
ow fungal burden ( and for three penguins, the qPCR run
ailed because of an insufficient amount of clinical material ) .
n infected birds, the median quantitative cycle value ( Cq )
f qPCR was calculated at 30.5 cycles ( mean = 29.6 cy-
les ± 2.3 ) , and the median fungal burden at 3.3 × 10 1 fg
 mean = 3.1 × 10 4 fg ± 2.0 × 10 4 ) . Thus, the sensitivity and
pecificity performance of Aspergillus qPCR were evaluated
t 83.9% and 100%, respectively. 
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Figure 4. Genotyping approach according to the STR microsatellite polymorphism for studying the clinical A. fumigatus isolates. PHYLOViZ® v2.0 
software and goeBURST algorithm were used to generate the tree. 34 
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The mortality distribution was variable during the sea-
sons, being more important in spring or at the end of winter
( Fig. 3 C ) . Upon these findings, the overall incidence rate of as-
pergillosis was then evaluated at 3.4% case-years in the colony
over the study period ( and even calculated at 8.6% when in-
cluding 47 additional cases that had been classified as possible
only ) . Aspergillosis affected mostly juveniles: 100% diseased
penguins in 2018 ( 7/7 penguins ) , 87.5% in 2019 ( 14/16 ) , and
75.0% ( 6/8 ) in 2020 were < 2 years old. The median age at
diagnosis was 25 days. Regarding the four infected adults, the
age ranged from 10 to 16 years; all were females, three were
suffering from recent dyspnea ≤ 15 days, and one was very
skinny and apathetic. Altogether during the study period, as-
pergillosis involved 9.7% of the chicks born in the institution
in 2018 ( 9/93 ) , 21.8% of those born in 2019 ( 12/55 ) , and
8.9% ( 4/45 ) in 2020. 

Tracking the circulation of Aspergillus strains within
the zoological center 

In all, genotyping was successfully performed in 94 A. fumiga-
tus isolates. A systematic failure was noticed in the amplicon
size of microsatellites 2A and 4C, so that only the polymor-
phism of the seven other loci was retained for comparative
analysis. 

In detail, a total number of 20 clinical A. fumigatus isolates
were tested: 13 were collected from diseased penguins and 7
from other avian species. They represented 16 distinct geno-
types ( Fig. 4 ) . Four identical genotypes were recovered from
apparied isolates obtained from eight different birds. They in-
volved seven penguins and one great blue turaco. For three
pairs, recovery of the two identical isolates occurred almost 
synchronously ( between 0 and 18 days apart ) . 

A total of 74 environmental A. fumigatus isolates were 
tested and eventually represented 25 distinct genotypes 
( Table 2 ) . The same genotype was found for an environmental 
and two clinical isolates ( referred to isolate K from a great blue
turaco dead on 7 June 2019, and isolate L from a Humboldt
penguin dead on 12 June 2019 ) ( Fig. 4 and Fig. 5 A ) . Another
genotype was evidenced identical for the environmental iso- 
late obtained in nest No. 2 during the spring session and the
isolate recovered from a vinaceous-breasted Amazon parrot 
dead 8 months later on 1 October 2019. Altogether, a great
genetic diversity was noticed for environmental samples ob- 
tained during the spring and winter sampling campaigns in 
2018 ( Table 2 ) . In contrast, one genotype appeared largely 
overrepresented during the summer session in 2019, since it 
was found for 43/51 isolates, and in almost all the nests that
were sampled during this campaign, except for nest No. 10 
( Fig. 5 B ) . Interestingly, this genotype had been actually already 
present during the first two sampling campaigns, since found 
once in each ( Fig. 5 A ) : e.g., nest No. 9 was evidenced con-
taminated with the same strain in winter 2018 and autumn 
2019. 

Discussion 

The peculiar anatomic characteristics of the respiratory ap- 
paratus of birds make them particularly susceptible to as- 
pergillosis: absence of epiglottis and diaphragm, limited 
distribution of pseudostratified ciliated columnar cells at the 
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Table 2. Genotyping approach according to the STR microsatellite polymorphism for studying the environmental A. fumigatus isolates. 

Number of repetitions for microsatellites 

Environmental isolate No. 2B 2C 3A 3B 3C 4A 4B 

A–2018 Spring 24 17 31 10 19 10 10 
B–2018 Spring 13 9 16 12 13 6 4 
C–2018 Spring 11 17 24 21 17 14 7 
D–2018 Spring 17 12 40 18 6 11 21 
E–2018 Spring 23 8 38 12 14 7 8 
F–2018 Spring 18 7 36 8 8 3 9 
G–2018 Spring 20 7 30 8 5 7 9 
H–2018 Spring 19 8 33 8 90 9 7 
I–2018 Spring 19 10 33 8 8 3 9 
J–2018 Spring 11 15 25 9 19 7 7 
K–2018 Spring 21 17 25 9 14 8 7 
L–2018 Spring 11 7 27 8 19 8 8 
45 distinct isolates ( including one from 2018 Spring, one from 2018 
Winter, and 43 from 2019 Autumn ) 

11 7 26 9 19 8 7 

M–2018 Spring 19 7 34 8 6 7 9 
N–2018 Winter 11 8 25 9 20 8 7 
O–2018 Winter 20 7 29 8 5 7 9 
P–2018 Winter 19 10 26 8 10 7 9 
Q–2018 Winter 15 9 23 12 9 6 4 
R–2018 Winter 22 14 33 10 18 12 8 
S–2018 Winter 19 13 33 8 8 7 8 
T–2018 Winter 11 8 25 9 20 8 7 
U–2018 Winter 11 7 28 9 18 8 8 
6 distinct isolates ( all from 2019 Autumn ) 11 7 26 12 19 8 7 
V–2019 Autumn 13 9 16 12 31 6 5 
W–2019 Autumn 18 11 26 9 35 19 10 
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pithelium surface,16 presence of air sacs where elevated mois-
ure and local temperature ( 40–43.5°C in average ) can fa-
or fungal growth and facilitate proximal dissemination to
ungs.35 Aspergillosis is a devastating fungal disease for pen-
uins that live in captivity under managed care, 3 –5 , 10 , 13 , 16 , 36 

hereas its overall incidence is assumed to remain very low
nto the wild.37 This contrast suggests a critical role of the en-
ironment in which birds are supposed to thrive and evolve.
rtificial habitats in parks may provide undesirable risk con-
itions that are particularly suitable for aspergillosis: damp-
ess or excessive temperatures depending on the season,7 ac-
umulation of organic matter with high fungal loads and poor
entilation in the nests, exposure to aerosolized toxins result-
ng in mucosal irritation,13 and increased stress. Size of the
enguin population also seems to contribute to aspergillosis as
hown in a study performed over 6 years in Magellanic pen-
uins ( Spheniscus magellanicus ) : 65% of the cases occurred
uring the year when the population density was the highest.10 

xcessive fungal loads in the environment, especially because
f intensive agricultural practices conjugated to adequate cli-
ates, could also play a critical role by favoring high exposure
nd selecting mutant strains.20 

In the present study carried out in ZooParc de Beauval,
rance, the mortality incidence directly attributable to as-
ergillosis was estimated close to 3.5% per year in Humboldt
enguins and may be higher if all the penguin carcasses could
ave been totally investigated, while it was measured < 0.3%
n all other birds of the zoological facility. This spectacular dif-
erence of occurrence may be explained by the metabolism and
hysiology specificities respective to each avian species: pen-
uins’ body temperature is slightly lower than those of other
irds about 37.8–38.9°C vs . 40°C or more 38 —thus, more suit-
ble for Aspergillus infection—and their burrower behavior
ore pronounced—thus, more exposed to Aspergillus spores
louds. Mostly penguin chicks, all born in the park, were af-
ected rather than adults, and the highest mortality rate was
bserved following the nesting periods in April–May and in
ovember–December. Juvenile birds, which stay confined in

he nests for a long period of time, present an immature im-
une system possibly increasing their susceptibility to oppor-
unistic infections like aspergillosis.13 These results are con-
istent with those obtained by Flach et al. who reported that
enguin chicks were the most susceptible population with
lobal mortality of 14% in Edinburgh Zoo between 1964 and
988 39 and those reported by Filho et al. with 95.5% of the
ases of aspergillosis occurring in juveniles.10 

In the wild, Humboldt penguin couples often nest in rocky
avities or aerated burrows. In contrast, the artificial nests of
ooParc de Beauval are partially buried in a totally outdoor
abitat, i.e., continuously exposed to changing climates and
ir currents, and their open face is reduced which may stag-
ant the inside atmosphere and humidity, although all nests
re oriented to the South or Southeast. During the present
tudy, the global fungal load was systematically found ele-
ated in penguin nests, throughout all timepoints. However,
he fungal burden appeared significantly higher during the
hird sampling session, performed in September 2019, com-
ared with those performed in April and December 2018
ut with no obvious impact on the penguin mortality, and in
pite of the advent of large building works in the park dur-
ng the year 2018. Furthermore, species of the Aspergillus sec-
ion Fumigati were largely overrepresented during these three
eriods. Similarly, in a study focusing on African penguins
 Spheniscus demersus ) in the Maryland Zoo in Baltimore,
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Figure 5. Minimum spanning tree representing the genotypic relationship between clinical and environmental Aspergillus fumigatus isolates from the 
zoological park. PHYLOViZ® v2.0 software and goeBURST algorithm were used to generate the tree. 34 ( A ) Distribution of the genotypes according to 
the sampling period for clinical ( in orange ) and environmental ( in blue ) isolates; ( B ) Distribution of the genotypes according to the origin of the isolates. 
The numbers of isolates with the same genotype are indicated close to the corresponding nodes. * the genotype of the resistant strain with the 
mutation in cyp51A gene, isolated from nest 13 in December 2018. 
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USA, Rivas et al. found that Aspergillus environmental con-
tamination was lower in January–April period and higher dur-
ing warmer period that ranged from the end of spring to the
beginning of autumn.40 In the Loir-et-Cher district during the
months preceding the sampling session of spring 2018, the
temperatures were quite normal for the season, but rainfall
was above normal, average + 20 mm. In contrast, summer
2019 was much warmer than usual: + 2.0°C in June, + 2.3°C
in July, and + 0.9°C in August vs. mean anterior temperatures
( https://www.infoclimat.fr/) .41 This particular climate might
have played a role in the high level of environmental contam-
ination specifically observed during the third period of sam-
pling. This finding is supported by a previous study demon-
strating that elevation of temperature was linearly associated
with the increase of fungal population.42 Aspergillus growth
is almost twofold enhanced when passing from 20°C to 40°C.
In the light of all these considerations, and in order to reduce
aspergillosis incidence in zoological parks regardless of the cli-
mate features therein, one could question about the nests’ con- 
figuration to be redesigned or about the systematic decontami- 
nation/cleaning measures to apply. Besides, some conservation 
initiatives are creating artificial nest boxes to help birds breed 
in the wild, so it would be now worthwhile to investigate the
putative fungal colonization in these artificial structures. 

Through this study, it appears quite obvious that cryptic 
species of the Fumigati section ( e.g., A. lentulus, Neosartorya 
fischeri, N. udagawae, A. viridinutans , …) are rarely isolated,
either from bird lesions or from the environment of the pen- 
guins as only one isolate was actually identified as A. nishimu- 
rae . This finding means that cryptic species probably have a
very limited health impact in penguins.43 These findings are 
in agreement with results of previous studies performed in 
Germany 44 and California,45 where A. fumigatus sensu stricto 
was isolated from all clinical and environmental samples. Sim- 
ilar to human medicine, only a few case reports mentioned 
cryptic species as involved in actual diseases, 46 –49 even though 

https://www.infoclimat.fr/
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heir incidence has been probably neglected until the advent
f molecular tools for their definitive identification. 
Azole resistance in A. fumigatus currently represents an

merging problem in human and animal medicine.50 Mu-
ations in the cyp51A gene encoding the target protein of
zole drugs, mostly L98H mutation associated with the TR34
n the promotor region, have been proven as generated by
nvironmental exposition to the massive use of fungicides in
ntensive agriculture.18 ZooParc de Beauval is located in a
emperate region where 66% of the 3434 agricultural areas
omply with the definition of farms with intensive practices
 https://centre- valdeloire.chambres- agriculture.fr ) . However,
n the present study, only one environmental A. fumigatus
solate exhibited a cyp51A mutation: the glycine amino acid
as substituted with serine in the codon 138 which is believed
esponsible for multidrug-resistance. Indeed, the sensitivity 
rofile of the detected mutated strain evidenced high MIC
or itraconazole and, to a lesser extent, an increased MIC
or voriconazole. Overall, our findings are in accordance
ith other articles focusing on avian aspergillosis in Belgium,
ermany, China, or France.44 , 51 , 52 In such circumstances,
he use of itraconazole in prophylaxis may be recommended
hen re-designing the nest configuration is not easy to im-
lement.53 , 54 Nonetheless, it appears necessary to extend 
urveillance at a larger scale. Two studies performed in UK 

36 

nd Poland 55 highlighted tremendous discrepancies with 
he aforementioned investigations,44 , 51 , 52 as they reported a 
arge representation of phenotypic resistance to itraconazole,
ithout resistance to voriconazole, in A. fumigatus strains
solated from clinical and environmental samples. Although
he rate of positive cultures in the UK study was quite similar
o ours ( 68.0% vs. 58.1% ) , the itraconazole MICs for 100%
solates obtained from frozen clinical specimens of penguins
ith gross lesions ( 15/15 ) were elevated ( median = 4 μg/ml ) .
otably, in the two latter studies, no molecular investigations
ere carried out to detect mutation ( s ) in the cyp51A gene. In
he present work, only one clinical strain was evidenced with
levated MIC to itraconazole, but with no associated mutation
n cyp51A gene. This phenotype may be caused by mutation ( s )
n other gene fragments that were not sequenced herein, or by
ther resistance mechanisms, independent of any mutations. 
The genotyping approach of our study confirmed that clin-

cal strains are usually different from those retrieved in the
nvironment,56 suggesting independent events for the contam- 
nation occurrences.43 Some sporadic exceptions can be un-
erscored: three pairs of isolates were found with identical
enotypes in penguins that died at the same period. It must
lso be highlighted that a strain was first detected in the en-
ironment and in two birds that died 6 weeks later. Another
ingle strain was isolated in the environment and a vinaceous
mazon parrot died 8 months later. The large overrepresen-
ation of a unique genotype during the environmental sam-
ling campaign in September 2019 is a surprising result. This
ay be explained by our sampling procedure which was actu-
lly completed according to a one-shot swabbing within one
nique day for each timepoint, and not according to a longitu-
inal continuous manner. Therefore, sporadic contamination 
y a unique transient source is possible. 
The One Health concept considers health based on three

illars closely intertwined with each other: interactions be-
ween humans, animals, and the environment. This concept
s actually a powerful weapon in the surveillance of infectious
iseases, and the present study is a concrete example of such
 global approach to this problem: Aspergillus spp. are molds
hat fit relevantly in this context, in view of their ubiquity as
ell as their critical importance as pathogens for crops and
or humans and avian species like penguins, and also because
f the recent emergence of azole resistance. One should be
ware of the complexity of the ecosystem and importantly ad-
ress animal models of infectious diseases within the integra-
ive framework of environment-human-animal interactions. 

upplementary material 

upplementary material are available at Medical Mycology
nline. 
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