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ABSTRACT The treatment of invasive and chronic aspergillosis involves triazole
drugs. Its intensive use has resulted in the selection of resistant isolates, and at pres-
ent, azole resistance in Aspergillus fumigatus is considered an emerging threat to
public health worldwide. The aim of this work is to uncover the molecular mecha-
nism implicated in the azole resistance phenotype of three Aspergillus fumigatus clin-
ical strains isolated from an Argentinian cystic fibrosis patient under long-term tria-
zole treatment. Strain susceptibilities were assessed, and CYP51A gene sequences
were analyzed. Two of the studied Aspergillus fumigatus strains harbored the TR34-
L98H allele. These strains showed high MIC values for all tested triazoles (�16.00 �g/ml,
1.00 �g/ml, 1.00 �g/ml, and 2.00 �g/ml for itraconazole, isavuconazole, posaconazole,
and voriconazole, respectively). The third strain had a novel amino acid change (R65K)
combined with the TR34-L98H mutations. This new mutation combination induces a
pan-azole MIC augment compared with TR34-L98H mutants (�16 �g/ml, 4.00 �g/ml,
4.00 �g/ml, and 8.00 �g/ml for itraconazole, isavuconazole, posaconazole, and voricona-
zole, respectively). The strain harboring the TR34-R65K-L98H allele showed no inhibi-
tion halo when voriconazole susceptibility was evaluated by disk diffusion. The ef-
fect of these mutations in the azole-resistant phenotype was confirmed by gene
replacement experiments. Transformants harboring the TR34-L98H and TR34-R65K-
L98H alleles mimicked the azole-resistant phenotype of the clinical isolates, while
the incorporation of the TR34-R65K and R65K alleles did not significantly increase az-
ole MIC values. This is the first report of the TR34-L98H allele in Argentina. More-
over, a novel CYP51A allele (TR34-R65K-L98H) that induces a pan-azole MIC augment
is described.

KEYWORDS Argentina, Aspergillus, CYP51A, South America, TR34/L98H, azole,
mutation, resistance

Fungal colonization of the respiratory tract is frequent in cystic fibrosis patients.
However, its impact in lung deterioration is still not clear (1). During recent years,

it has become apparent that Aspergillus fumigatus may play a role in the pathogenesis
of lung function declination (2, 3). Its persistence is associated with several and diverse
clinical presentations, such as bronchitis and allergic bronchopulmonary aspergillosis,
that might lead to an accelerated loss of pulmonary function (4).

The treatment of aspergillosis in cystic fibrosis patients typically involves a primary
therapy with triazole drugs. These antifungals target fungal 14-� sterol demethylases,
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key enzymes in the biosynthetic pathway of ergosterol. These enzymes are encoded in
Aspergillus spp. by two paralog genes named CYP51A and CYP51B (5, 6).

The increased use of triazole drugs has resulted in the selection of resistant strains,
and at present, azole resistance in A. fumigatus is considered an emerging threat to
public health worldwide (7). Two routes of azole resistance development have been
described in A. fumigatus. First, resistant strains may be selected during or after a
long-term azole therapy in the context of chronic pulmonary aspergillosis, such as it
occurs in cystic fibrosis patients (8). Second, azole resistance may be related to the
extended use of azole antifungals in agriculture. These environmental azole-resistant A.
fumigatus strains colonize azole-naive patients (9–12).

The most prevalent mechanism of azole resistance in A. fumigatus involves muta-
tions in the CYP51A gene (13, 14). Among them, the most frequently reported muta-
tions are those involving the residues G54, G138, G448, and M220 together with the
alleles TR34-L98H and TR46-Y121F-T289A (14). The first three mutations are thought to
have emerged during triazole therapy in the clinical setting, whereas those containing
tandem repeats (TRs) in the promoter region of the CYP51A gene are thought to have
been selected due to azole fungicide use in agriculture. Substitutions at the residue
M220 were mostly detected after azole treatment but also in azole naive patients
(possible environmental acquisition) (9, 10, 15, 16).

In the present study, we describe three azole-resistant A. fumigatus clinical strains
isolated from different sputum samples collected from an Argentinian cystic fibrosis
patient. Two of them carry the well-known TR34-L98H allele (16), and they are the first
clinical strains with these mutations described in Argentina. The third strain showed a
novel amino acid substitution (R65K) combined with the already mentioned TR34-L98H
mutations. This newly described mutation combination induces a pan-azole MIC aug-
ment. The effect of this new mutation on the azole-resistant phenotype was confirmed
by gene replacement experiments.

RESULTS
Strain identification, clonality, and antifungal susceptibility testing. Based on

their calmodulin (CaM) gene sequences, the three isolates recovered from one cystic
fibrosis patient were identified as A. fumigatus sensu stricto. To investigate whether
these strains were different, their multilocus sequence type (MLST) patterns were
established (17). Strains A and B (obtained from sputum samples in October 2015 and
November 2016, respectively) shared the same MLST pattern (ANX4, allele 7; BGT1,
allele 1; CAT1, allele 3; LIP, allele 2; MAT1-2, allele 1; SODB, allele 2; ZRF2, allele 1), while
strain C (recovered from the patient in June 2017) showed a different one (ANX4, allele
1; BGT1, allele 1; CAT1, allele 3; LIP, allele 1; MAT1-2, allele 5; SODB, allele 1; ZRF2, allele
2). These strains exhibited reduced susceptibility to triazole drugs (Table 1). Considering

TABLE 1 Nucleotide and amino acid substitutions in the cyp51A gene and MICs for the A. fumigatus clinical isolates included in this
studya

Isolate 5= UTR

CYP51A gene and promoter substitution MIC (�g/ml) of:

Residue 65 Residue 98 Residue 297 VRCd ITC POS ISA AMB CAS AFG

A TR34 AGA (R) CAC (H) ACG (T) 2.00* (10) �16.00* 1.00 1.00 0.50 0.12 0.06
B TR34 AAA (K) CAC (H) ACG (T) 8.00* (0) �16.00* 4.00* 4.00 0.50 0.12 0.06
C TR34 AGA (R) CAC (H) ACG (T) 2.00* (10) �16.00* 1.00 1.00 0.50 0.12 0.06
LMDM-31 WT AGA (R) CTC (L) TCG (S) 0.12 (32) 0.12 0.25 0.50 0.25 0.06 0.03
LMDM-32 WT KO KO KO 0.03 (48) 0.03 0.06 0.06 0.25 0.06 0.03
LMDM-1427b TR34 AGA (R) CAC (H) TCG (S) 2.00* (10) �16.00* 1.00 1.00 0.25 0.06 0.03
LMDM-1428b TR34 AAA (K) CAC (H) TCG (S) 8.00* (0) �16.00* 4.00* 4.00 0.25 0.06 0.03
LMDM-1599c TR34 AAA (K) CTC (L) TCG (S) 0.12 (31) 0.25 0.25 0.50 0.25 0.06 0.03
LMDM-1600c WT AAA (K) CTC (L) TCG (S) 0.12 (31) 0.25 0.25 0.50 0.25 0.06 0.03
a5= UTR, 5= untranslated region; WT, wild type; TR34, 34-bp tandem repetition; VRC, voriconazole; ITC, itraconazole; POS, posaconazole; ISA, isavuconazole; AMB,
amphotericin B; CAS, caspofungin; AFG, anidulafungin; *, considered non-wild type by the published epidemiological cutoff values (17, 18).

bLMDM-31 was used as the recipient strain.
cLMDM-32 was used in transformation experiments. This strain was obtained using LMDM-31 (21).
dNumbers in parentheses are inhibition diameters in mm.
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the published epidemiological cutoff (ECOFF) values (18, 19), all strains were considered
non-wild type for itraconazole and voriconazole (�16 and MICs ranging from 2.00 to
8.00 �g/ml, respectively), while strain B was non-wild type for all the tested azole drugs
(isavuconazole and posaconazole; 4.00 �g/ml) (Table 1). When voriconazole suscepti-
bility was established using agar diffusion, strains A and C showed a 10-mm inhibition
diameter, while strain B showed no inhibition at all (Table 1; Fig. 1). On the other hand,
the strains showed low amphotericin B, caspofungin, and anidulafungin MIC values
(Table 1).

FIG 1 Clustal W alignment of a fragment of different Cyp51p/Erg11p. AfuCyp51A, A. fumigatus
Cyp51Ap (AF338659.1); AfiCyp51A, Aspergillus fischeri (XP_001267338.1); AlCyp51A, Aspergillus len-
tulus (ADI80344.1); AaCyp51A, Aspergillus awamori (AEK81588.1); AtuCyp51A, Aspergillus tubingensis
(AEK81587.1); AteCyp51A, Aspergillus terreus (XP_001215095.1); AcCyp51, Ajellomyces capsulatus
(EEH10950.1); AdCyp51, Ajellomyces dermatitidis (EGE84227.1); PdCyp51, Penicillium digitatum (CAD27793.1);
ChCyp51A, Colletotrichum higginsianum (CCF38358.1); FcCyp51A, Fusarium cerealis (AFN66168.1); FvCyp51A,
Fusarium vorosii (AFN66167.1); FgCyp51A, Fusarium graminearum (ACL93387.1); CopErg11, Coccidioides posa-
dasii (AAU01157.1); HcErg11, Histoplasma capsulatum (AAU01158.1); PfCyp51B, Pseudocercospora fijiensis
(XP_007928752.1); SpErg11, Schizosaccharomyces pombe (CAA90803.1); CaErg11, Candida albicans (P10613.2);
CdErg11, Candida dubliniensis (AAK57519.1); CtErg11, Candida tropicalis (AMR44154.1); CoErg11, Candida
orthopsilosis (CCG24173.1); CpErg11, Candida parapsilosis sensu stricto (SBU87529.1); ClErg11, Candida
lusitaniae (ACH87138.1); CgErg11, Candida glabrata (AMR44146.1); KmErg11, Kluyveromyces marxianus
(AHL25033.1); PkErg11, Pichia kudriavzevii (ABI54469.1); CrgErg11, Cryptococcus gattii (AEQ63274.1);
CrnErg11, Cryptococcus neoformans (AAP12370.1); CrdErg11, Cryptococcus neoformans (AAF35366.1);
AdErg11, Auricularia delicata (EJD49069.1); RsCyp51, Rhizoctonia solani (CCO28946.1); FmErg11, Fomiti-
poria mediterranea (EJD06923.1); GtErg11, Gloeophyllum trabeum (EPQ54358.1); CcErg11, Coprinopsis
cinerea (AAU01159.1). GenBank accession numbers appear after the species names in parenthesis. The
alignment was performed using Vector NTI Advance (v11.5.4) software. The black box and arrow denote
the arginine (R) residue under study.
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Sequence analysis of CYP51A genes and their promoters. The three studied
strains showed two point mutations at their CYP51A open reading frames, namely,
t364a and t960a. These mutations were responsible for the amino acid substitutions
L98H and S297T, respectively. In addition, the three strains also contained a 34-bp
tandem duplication sequence in the CYP51A promoter (between positions �288 and
�322). Strain B had an extra base change at CYP51A (a194g), leading to the substitution
R65K (Table 1). Clustal alignment of different Cyp51Ap/Erg11p sequences showed that
the R65 residue is conserved in a great diversity of fungal species, including yeast,
molds, and dimorphic ascomycetes and several basidiomycetes. On the other hand,
important pathogenic fungal species, such as Candida glabrata and Coccidioides posa-
dasii, harbor a polymorphism (arginine by glutamine) at their Cyp51Ap/Erg11p site at
the equivalent position (Fig. 1).

CYP51A gene replacement. To establish the implication of the newly observed
CYP51A mutation combination on triazole MIC increases, we initially transformed by
electroporation the azole-susceptible A. fumigatus LMDM-31 strain (akuBKU80Δ) (20, 21)
with four linear PCR fragments named TR34-65K-98H, TR34-98H, TR34-65K, and 65K.
These fragments carry the promoter alteration plus the substitutions at the 65 and 98
residues (1.1 kb), the 34-bp promoter repetition together with the substitution at the 98
residue (1.1 kb), the promoter alteration and the substitution at position 65 (2.2 kb), and
the mutation that confers the R65K substitution alone (1.6 kb), respectively.

First, transformations were performed using strain LMDM-31 as the recipient strain
and itraconazole 1 �g/ml was used as the selector. Homologous recombination and
integration of two of the PCR fragments (TR34-98H and TR34-65K-98H) were obtained,
and the integration was confirmed phenotypically by PCR and by sequencing in several
mutants (n � 5 for TR34-98H and n � 4 for TR34-65K-98H) (Fig. 2). These transformants
were obtained in two separate transformation experiments performed in different
weeks. On the other hand, and after eight transformation experiments, no transfor-
mants were recovered when TR34-65K and 65K PCR fragments were intended to be
introduced into LMDM-31 conidia by transformation. Thus, we decided to use an
azole-hypersusceptible strain (A. fumigatus LMDM-32) as the recipient strain (21, 22)
and using lower itraconazole concentrations (0.12 �g/ml) as the selector. Doing so, we
tried to establish if subtle azole MIC shifts were produced by this newly described
mutation. Using these new conditions, transformants were obtained with the other two
PCR fragments (TR34-65K and 65K).

Studied transformants were named LMDM-1427 (LMDM-31::TR34-L98H), LMDM-
1428 (LMDM-31::TR34-R65K-L98H), LMDM-1599 (LMDM-32::TR34-R65K), and LMDM-
1600 (LMDM-32::R65K). These transformants were subjected to antifungal susceptibility
testing by microdilution and by agar diffusion. LMDM-1427 and LMDM-1428 strains
showed the same triazole susceptibility patterns as the clinical strains A (and C) and B,
respectively. Both transformant strains showed a 266-fold increase in itraconazole MICs
compared with the parental strain (LMDM-31). On the other hand, the transformant
harboring the TR34/R65K/L98H allele (LMDM-1428) had a 4-fold increase in isavucona-
zole, posaconazole, and voriconazole MICs compared with the already azole-resistant
(itraconazole/voriconazole) LMDM-1427 mutant strain (TR34/L98H) (Table 1). The re-
duction in voriconazole susceptibility was also evident for LMDM-1428 when the
susceptibility was evaluated by using disk diffusion. The inhibition zone was reduced
from 32 mm (parental LMDM-31 strain) to 10 mm (LMDM-1427) and was inexistent for
LMDM-1428 (TR34-R65K-L98H) (Fig. 3). The described mutant phenotypes exactly
mimicked the phenotypes of the clinical strains. On the other hand, transformants that
do not harbor the L98H substitution (LMDM-1599 and LMDM-1600) showed slight or no
azole MIC increases (Table 1).

DISCUSSION

Several mutations in the coding region of the A. fumigatus CYP51A gene associated
or not with sequence repetitions in its promoter have been found to confer different
patterns of azole resistance in A. fumigatus (14). The most commonly described
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resistance allele is TR34-L98H. It was first described in Spanish and Dutch A. fumigatus
isolates and later worldwide (14–16). In South America, this combination of CYP51A
alterations was described in isolates obtained from flower fields in Colombia and from
azole-naive patients in Peru, confirming the idea that such strains are potentially
propagated by the use of fungicides in agriculture (demethylase inhibitors [DMIs]) (23,
24). In this work, we present the first A. fumigatus strains (strains A and C) harboring this
allele isolated in Argentina (7). Our isolates also carry the S297T substitution at
Cyp51Ap. In 2007, Mellado et al. described an A. fumigatus strain carrying the same
allele (TR34-L98H-S297T) (16). They demonstrated that only TR34-L98H is enough and
necessary to confer the complete azole resistance phenotype (16). Later, it was sug-
gested that the extra S297T mutation might represent a compensatory mutation (25).
Oppositely, our third strain (named B strain) carries an R65K Cyp51Ap substitution
(associated with the TR34-L98H-S297T) that confers a pan-azole MIC increase (including
posaconazole and isavuconazole) and a complete insensitivity to voriconazole when
tested by agar diffusion (no inhibition halo observed). The effect of the R65K mutation

FIG 2 (A) Representation of the relative positions of the primers used in this work. Gray and white boxes symbolize the 5= UTR and the ORF of the AfCYP51A
gene, respectively. The black box and arrows represent the 34-bp sequence that is repeated in resistant strains (TR34) and the used primers, respectively. Thin
lines symbolize the expected PCR band sizes.(B) Selection plates of minimal medium plus itraconazole (1 �g/ml) (MM-ITC) where the transformant LMDM-1428
(LMDM-31::TR34-65K-98H) was obtained. (C to F) Replica plates used minimal medium (MM) (C and E) and minimal medium plus itraconazole (1 �g/ml) (MM-ITC)
and plus itraconazole (0.12 �g/ml) (D and F, respectively). Some false transformants (isolated during the transformation process but with no transformation
cassette integration) were included in photography and named FTA and FTB (C and D). (G) Homologous recombination of the TR34-65K-98H fragment was
confirmed by using gradient PCRs and A7/A5R primers. Lane M, ladder (numbers on the left are in nucleotides). PCR amplification using DNA from parental
strain LMDM-31 (lanes 1, 4, and 7), LMDM-1427 (LMDM-31::TR34-98H) (lanes 2, 5, and 8), and LMDM-1428 (LMDM-31::TR34-65K-98H) (lanes 3, 6, and 9). (H)
Confirmation of the integration of the TR34 sequence in the promoter of the CYP51A gene using a PCR with A7/A10 primers. Lane M, ladder (numbers express
the size in nucleotide). Lane 1, LMDM-31; lane 2, LMDM-1427 (LMDM-31::TR34-98H); lane 3, LMDM-1428 (LMDM-31::TR34-65K-98H).

Novel Cyp51A Mutations in Aspergillus fumigatus Antimicrobial Agents and Chemotherapy

August 2020 Volume 64 Issue 8 e02501-19 aac.asm.org 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
05

 J
an

ua
ry

 2
02

2 
by

 1
52

.1
70

.3
5.

16
3.

https://aac.asm.org


on the described phenotype was confirmed in this work by gene replacement exper-
iments. We used different PCR fragments in order to individualize the effect of the
newly described Cyp51Ap substitution. The obtained transformants showed that the
integration of the TR34-L98H allele reproduced the results published earlier (16), but it
was not sufficient to reproduce the pan-azole MIC increase and the voriconazole
insensitivity when tested by agar diffusion. On the other hand, the introduction of
TR34-R65K-L98H allele into the A. fumigatus LMDM-31 strain produces a phenotype that
exactly mimicked the MIC values observed in the clinical A. fumigatus strain (strain B).
In addition, we also confirmed that the sole R65K mutation or that associated with the
TR34 promoter alteration does not produce important azole susceptibility modifica-
tions. Similar results were obtained by Mellado et al. (16) when the sole L98H substi-
tution or the TR34 promoter alteration were transformed into an azole-susceptible
A. fumigatus. Thus, it seems that the association of these two CYP51A mutations
together with the TR34 promoter are needed to confer the azole resistance phe-
notype. The three A. fumigatus strains studied herein were isolated from a cystic
fibrosis patient who was receiving a long-term triazole therapy. The patient re-
ceived itraconazole that was switched later to voriconazole. Strains A and B were
isolated in the course of itraconazole, while strain C was cultured during voricona-
zole therapy. The acquisition of TR34-L98H-mediated resistance appears to be
related to the so-called environmental route of azole resistance acquisition (10).
This concept implies that patients are infected by strains that acquired their
resistance in the environment (they are already resistant at the time of the
infection) and not by susceptible strains that become resistant during treatment.
Knowing these facts and adding the MLST results, we can speculate that our patient
was infected by two different environmental strains carrying the TR34-L98H-S297T
(A and C) allele that were selected during itraconazole and voriconazole treatment,
respectively. The origin of strain B is not so clear since it shared the same MLST
pattern with strain A but only the B isolate harbors the newly described allele
(TR34-R65K-L98H-S297T). However, MLST has enough discriminatory power to es-
tablish if two strains are different but not to determine if two isolates are clonal (26).

This fact makes it difficult for us to explain how the R65K mutation emerged during
itraconazole therapy and why it was not isolated later during voriconazole treatment
even when it is more resistant to the latest. One possible rationalization is the random
isolation of each of the strains in a context of a nonclonal (mixed) infection, as
suggested by Kolwijck et al. (27). However, further studies are needed to establish the
route of acquisition of the R65K mutation.

The results presented here, together with other recent papers, demonstrate that A.
fumigatus triazole resistance in Argentina is emerging (28, 29).

MATERIALS AND METHODS
Samples, strains, and media. Three fungal isolates recovered from different sputum samples of an

Argentinean cystic fibrosis patient obtained in October 2015, November 2016, and June 2017 (identified
as A, B, and C, respectively) were sent to the Centro de Micología, Instituto de Microbiología y

FIG 3 Susceptibility evaluation by agar diffusion and voriconazole paper disks for A. fumigatus parental
strain (LMDM-31) (A), A. fumigatus transformant strain named LMDM-1427 (TR34-L98H) (B), and A.
fumigatus transformant strain named LMDM-1428 (TR34-R65K-L98H) (C).
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Parasitología Médica, Universidad de Buenos Aires-CONICET. The patient received itraconazole treatment
(400 mg/day) during 2015 to 2016. In 2017, antifungal treatment was switched to voriconazole (200 mg/
day). Isolates were identified to section level by macroscopic and microscopic morphology and to species
level by sequencing of the CaM gene (30). A. fumigatus ATCC 204305 and Aspergillus flavus ATCC 204304
were used as quality-control strains for susceptibility testing. A. fumigatus LMDM-31 (akuBKU80Δ) (20) and
A. fumigatus LMDM-32 (LMDM-31:: CYP51AΔ) were used as recipient strains in electroporation assays (21).

PCR amplification, clonality, and sequencing of the CYP51A and CaM genes. Conidia from each
strain were inoculated into GYEP broth (2% glucose, 0.3% yeast extract, and 1% peptone), and DNA
extraction was performed as previously described (5). CaM gene amplification was performed using the
set of primers CMD5 and CMD6 (30). The full sequences of the CYP51A genes and its 5= untranslated
region (UTR) and 3= UTR regions were amplified (31), and sequences were analyzed using the Unipro
UGENE v1.29.0 software (32). CYP51A sequences were aligned with wild-type A. fumigatus CYP51A
(GenBank accession number AF338659). The three clinical isolates underwent multilocus sequence
typing (MLST) using the Bain et al. MLST scheme (17) and the Aspergillus PubMLST (https://pubmlst.org/
cgi-bin/mlstdbnet/mlstdbnet.pl?page�allseq&file�af_profiles.xml).

Aspergillus fumigatus transformation vectors, transformation method, and integration confir-
mation. A. fumigatus LMDM-31 was transformed by electroporation with two linear DNA fragments of
1.1 kb long each, following a method published earlier (16, 21, 22). One of the fragments was named
TR34-L98H and contained the cyp51A promoter sequence of CYP51A with the 34-bp tandem repeat in
combination with a t364a mutation (leading to a L98H substitution). The second fragment was desig-
nated TR34-R65K-L98H and included the same promoter and open reading frame (ORF) mutations
described for the fragment TR34-L98H but with a second nucleotide change (g194a) that generates the
substitution R65K. Both fragments were amplified by PCR using the primer set A7-A10 and the genomic
DNAs from A. fumigatus A and B strains. Primer A7 (5=-TCATATGTTGCTCAGCGG -3=) hybridizes to the
AfCYP51A 5= UTR 462 nucleotides (nt) downstream of the CYP51A start codon, and primer A10
(5=-GGACATCTCTGCGGCAAT-3=) hybridizes 604 nt upstream of the start codon. Transformants were
selected on minimal medium using itraconazole (1 �g/ml).

Strain LMDM-32 was transformed with two different linear PCR fragments (2.1 kb and 1.6 kb)
obtained by fusion PCR and cloned later into two pGEM-T easy vectors (Promega, Biodynamics Argen-
tina). Vectors were named TR34-65K and 65K. The last vector (cyp51A with the a194g mutation) was
generated by amplifying the DNA obtained from LMDM-31 and introducing the a194g mutation by
fusion PCR. The first two PCR amplifications were done using the following primer pairs: A7 together with
R65K-fusion-R (5=-CTACAATCTTGAGACTTGCCTTTTCcCTGCACGCAAAGAAGAACTTGTAGG-3=) and R65K-
fusion-F (5=-CCTACAAGTTCTTCTTTGCGTGCAGgGAAAAGGCAAGTCTCAAGATTGTAG-3=) together with
P450-2-R (21) (5=-CTGTCTCACTTGGATGTG-3=) (lowercase letters indicate the inclusion of the nucleotide
a194g change). Later, these two fragments (682 nt and 1,449 nt, respectively) were fused by PCR using
the A7 and P450-2-R primers and cloned into a pGEM-T easy vector.

The transformation vector TR34-65K was generated using DNA obtained from the clinical strain A and
the vector 65K. The first DNA was used to PCR amplify a 692-nt CYP51A fragment (496 nt downstream
from the start codon of the CYP51A to 220 nt upstream of the ATG, including a TR34 duplication) using
the primers A7 and R65K-fusion-R. The vector 65K was used as the DNA template to amplify a second
portion of the CYP51A gene (220 nt to 1,619 nt) by using the R65K-fusion-F together with P450-2-R
(5=-CTGTCTCACTTGGATGTG-3=) (21). These fragments were fused using the A7 and P450-2-R primers and
cloned into a pGEM-T easy vector.

An itraconazole resistance phenotype was expected after the incorporation of a functional mutant
cyp51a gene. The integration of the DNA fragments was phenotypically confirmed by plating the strains
in duplicate in minimal medium and minimal medium containing 1 �g/ml and 0.12 �g/ml itraconazole
to select transformants with LMDM-31 and LMDM-32 as the genetic background, respectively. Genomic
DNA from itraconazole-resistant transformants and parental strains was obtained. Incorporation of the
cassettes in the A. fumigatus genome was screened by a gradient PCR (temperature [T] annealing from
56°C to 66°C), using primers A7 and A5R (5=-CTTCTTTGCGTGCAGAGA-3=). Primer A5R hybridizes 197 nt
upstream of the start codon of AfCYP51A. The mutation R65K (g194a nucleotide change) produced a
negative PCR result since primer A5R would not hybridize at the upper limit of the T annealing gradient
(Ta, �65°C). On the other hand, another PCR was designed to assess the presence of a cyp51a promoter
alteration using the primers A7 and A10. If the TR fragments were incorporated in the genome, a 1,100-nt
PCR band would be observed. In contrast, a 1,066-nt PCR fragment would be obtained for the parental
strain or for nontransformant strains. PCR amplifications were performed in an Applied Biosystems
thermocycler (Tecnolab-AB, Argentina) in a 25-�l final volume by using Pegasus DNA polymerase (PBL,
Argentina). The cycling program used included an initial 2-min step at 95°C, followed by 30 cycles of 30
s at 95°C, 30 s at the melting temperature of the primer set used (56°C for A7/A10 and a gradient from
56°C to 66°C for A7/A5R to assess the presence of the g194a mutation), and 90 s at 72°C. A final cycle
of 10 min at 72°C was included. The CYP51A genes, including the promoter area from the transformants,
were sequenced to confirm their incorporation.

Antifungal susceptibility testing. Antifungal susceptibility testing by microdilution was performed
following the CLSI M38 3rd ed. document (33). Amphotericin B, anidulafungin, caspofungin, itraconazole,
isavuconazole, voriconazole, and posaconazole were evaluated. Drugs were obtained as standard
powders from their manufacturers or from Merck-Sigma-Aldrich (Argentina). All samples were analyzed
at least three times on different days. Susceptibility testing results were interpreted by using the
epidemiological cutoff (ECOFFs) values published in the CLSI M59 2nd ed. document for amphotericin B,
caspofungin, itraconazole, isavuconazole, and voriconazole (18). For posaconazole, the ECOFFs were
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those published by Espinel-Ingroff et al. (19). Voriconazole susceptibilities were also assessed by agar
diffusion following the guidelines published in the CLSI document M51A (34).

ACKNOWLEDGMENTS
M.L.C. and G.G.-E. are staff members of CONICET. D.M. and T.B.D. have a PhD

fellowship from CONICET (Argentina). D.M. has received an Overseas Scholarship from
the British Society for Antimicrobial Chemotherapy (Overseas Scholarship BSAC-2017-
0022). This work was supported, in part, by grants from the Ministerio de Ciencia,
Tecnología e Inovación Productiva (MinCyT) to M.L.C. (PICT 2016-0206) and to G.G.-E.
(PICT 2016-1985).

We declare that we do not have anything to disclose regarding funding or conflict
of interest with respect to the manuscript.

REFERENCES
1. Ziesing S, Suerbaum S, Sedlacek L. 2016. Fungal epidemiology and

diversity in cystic fibrosis patients over a 5-year period in a national
reference center. Med Mycol 54:781–786. https://doi.org/10.1093/mmy/
myw035.

2. Sabino R, Ferreira JAG, Moss RB, Valente J, Veríssimo C, Carolino E,
Clemons KV, Everson C, Banaei N, Penner J, Stevens DA. 2015. Molecular
epidemiology of Aspergillus collected from cystic fibrosis patients. J Cyst
Fibros 14:474 – 481. https://doi.org/10.1016/j.jcf.2014.10.005.

3. King J, Brunel SF, Warris A. 2016. Aspergillus infections in cystic fibrosis.
J Infect 72:S50 –S55. https://doi.org/10.1016/j.jinf.2016.04.022.

4. Seufert R, Sedlacek L, Kahl B, Hogardt M, Hamprecht A, Haase G, Gunzer
F, Haas A, Grauling-Halama S, Mackenzie CR, Essig A, Stehling F, Suthar-
san S, Dittmer S, Killengray D, Schmidt D, Eskandarian N, Steinmann E,
Buer J, Hagen F, Meis JF, Rath P-M, Steinmann J. 2018. Prevalence and
characterization of azole-resistant Aspergillus fumigatus in patients with
cystic fibrosis: a prospective multicentre study in Germany. J Antimicrob
Chemother 73:2047–2053. https://doi.org/10.1093/jac/dky147.

5. Mellado E, Diaz-Guerra TM, Cuenca-Estrella M, Rodriguez-Tudela JL.
2001. Identification of two different 14-� sterol demethylase- related
genes (cyp51A and cyp51B) in Aspergillus fumigatus and other Aspergillus
species. J Clin Microbiol 39:2431–2438. https://doi.org/10.1128/JCM.39.7
.2431-2438.2001.

6. Mortensen KL, Mellado E, Lass-Flörl C, Rodriguez-Tudela JL, Johansen HK,
Arendrup MC. 2010. Environmental study of azole-resistant Aspergillus
fumigatus and other aspergilli in Austria, Denmark, and Spain. Antimi-
crob Agents Chemother 54:4545– 4549. https://doi.org/10.1128/AAC
.00692-10.

7. Rivero-Menendez O, Alastruey-Izquierdo A, Mellado E, Cuenca-Estrella M.
2016. Triazole resistance in Aspergillus spp.: a worldwide problem? J
Fungi 2:21. https://doi.org/10.3390/jof2030021.

8. Camps SMT, Van Der Linden JWM, Li Y, Kuijper EJ, Van Dissel JT, Verweij
PE, Melchers W. 2012. Rapid induction of multiple resistance mecha-
nisms in Aspergillus fumigatus during azole therapy: a case study and
review of the literature. Antimicrob Agents Chemother 56:10 –16.
https://doi.org/10.1128/AAC.05088-11.

9. Chowdhary A, Kathuria S, Xu J, Meis JF. 2013. Emergence of azole-
resistant Aspergillus fumigatus strains due to agricultural azole use cre-
ates an increasing threat to human health. PLoS Pathog 9:e1003633.
https://doi.org/10.1371/journal.ppat.1003633.

10. Garcia-Rubio R, Cuenca-Estrella M, Mellado E. 2017. Triazole resistance in
Aspergillus species: an emerging problem. Drugs 77:599 – 613. https://
doi.org/10.1007/s40265-017-0714-4.

11. Berger S, El Chazli Y, Babu AF, Coste AT. 2017. Azole resistance in
Aspergillus fumigatus: a consequence of antifungal use in agriculture?
Front Microbiol 8:1024. https://doi.org/10.3389/fmicb.2017.01024.

12. Verweij PE, Snelders E, Kema GH, Mellado E, Melchers WJ. 2009. Azole
resistance in Aspergillus fumigatus: a side-effect of environmental fun-
gicide use? Lancet Infect Dis 9:789 –795. https://doi.org/10.1016/S1473
-3099(09)70265-8.

13. Parker JE, Warrilow AGS, Price CL, Mullins JGL, Kelly DE, Kelly SL. 2014.
Resistance to antifungals that target CYP51. J Chem Biol 7:143–161.
https://doi.org/10.1007/s12154-014-0121-1.

14. Dudakova A, Spiess B, Tangwattanachuleeporn M, Sasse C, Buchheidt D,
Weig M, Groß U, Bader O. 2017. Molecular tools for the detection and
deduction of azole antifungal drug resistance phenotypes in Aspergillus

species. Clin Microbiol Rev 30:1065–1090. https://doi.org/10.1128/CMR
.00095-16.

15. Camps SMT, Rijs AJMM, Klaassen CHW, Meis JF, O’Gorman CM, Dyer
PS, Melchers WJG, Verweij PE. 2012. Molecular epidemiology of
Aspergillus fumigatus isolates harboring the TR34/L98H azole resis-
tance mechanism. J Clin Microbiol 50:2674 –2680. https://doi.org/10
.1128/JCM.00335-12.

16. Mellado E, Garcia-Effron G, Alcázar-Fuoli L, Melchers WJG, Verweij PE,
Cuenca-Estrella M, Rodríguez-Tudela JL. 2007. A new Aspergillus fu-
migatus resistance mechanism conferring in vitro cross-resistance to
azole antifungals involves a combination of cyp51A alterations. An-
timicrob Agents Chemother 51:1897–1904. https://doi.org/10.1128/
AAC.01092-06.

17. Bain JM, Tavanti A, Davidson AD, Jacobsen MD, Shaw D, Gow NAR, Odds
FC. 2007. Multilocus sequence typing of the pathogenic fungus Asper-
gillus fumigatus. J Clin Microbiol 45:1469 –1477. https://doi.org/10.1128/
JCM.00064-07.

18. Clinical and Laboratory Standards Institute. 2018. Epidemiological cutoff
values for antifungal susceptibility testing, 2nd ed. CLSI supplement
M59. Clinical and Laboratory Standards Institute, Wayne, PA.

19. Espinel-Ingroff A, Turnidge J, Alastruey-Izquierdo A, Dannaoui E, Garcia-
Effron G, Guinea J, Kidd S, Pelaez T, Sanguinetti M, Meletiadis J, Botterel
F, Bustamante B, Chen YC, Chakrabarti A, Chowdhary A, Chryssanthou E,
Córdoba S, Gonzalez GM, Guarro J, Johnson EM, Kus JV, Lass-Flörl C,
Linares-Sicilia MJ, Martín-Mazuelos E, Negri CE, Pfaller MA, Tortorano AM.
2018. Posaconazole MIC distributions for Aspergillus fumigatus species
complex by four methods: impact of CYP51A mutations on estimation
of epidemiological cutoff values. Antimicrob Agents Chemother 62:
e01916-17. https://doi.org/10.1128/AAC.01916-17.

20. Da Silva Ferreira ME, Kress M, Savoldi M, Goldman MHS, Härtl A, Hei-
nekamp T, Brakhage AA, Goldman GH. 2006. The akuBKU80 mutant
deficient for nonhomologous end joining is a powerful tool for analyzing
pathogenicity in Aspergillus fumigatus. Eukaryot Cell 5:207–211. https://
doi.org/10.1128/EC.5.1.207-211.2006.

21. Leonardelli F, Macedo D, Dudiuk C, Cabeza MS, Gamarra S, Garcia-Effron
G. 2016. Aspergillus fumigatus intrinsic fluconazole resistance is due to the
naturally occurring T301I substitution in Cyp51Ap. Antimicrob Agents Che-
mother 60:5420–5426. https://doi.org/10.1128/AAC.00905-16.

22. Macedo D, Leonardelli F, Dudiuk C, Theill L, Cabeza MS, Gamarra S,
Garcia-Effron G. 2018. Molecular confirmation of the linkage between
the Rhizopus oryzae CYP51A gene coding region and its intrinsic vori-
conazole and fluconazole resistance. Antimicrob Agents Chemother
62:e00224-18. https://doi.org/10.1128/AAC.00224-18.

23. Bustamante B, Illescas LR, Posadas A, Campos P. 2020. Azole resistance
among clinical isolates of Aspergillus fumigatus in Lima-Peru. Med Mycol
58:54 – 60. https://doi.org/10.1093/mmy/myz032.

24. Alvarez-Moreno C, Lavergne RA, Hagen F, Morio F, Meis JF, Le Pape P.
2017. Azole-resistant Aspergillus fumigatus harboring TR 34/L98H, TR
46/Y121F/T289A and TR53 mutations related to flower fields in Colom-
bia. Sci Rep 7:45631. https://doi.org/10.1038/srep45631.

25. Abdolrasouli A, Rhodes J, Beale MA, Hagen F, Rogers TR, Chowdhary A,
Meis JF, Armstrong-James D, Fisher MC. 2015. Genomic context of azole
resistance mutations in Aspergillus fumigatus determined using whole-
genome sequencing. mBio 6:e00536-15. https://doi.org/10.1128/mBio
.00536-15.

Macedo et al. Antimicrobial Agents and Chemotherapy

August 2020 Volume 64 Issue 8 e02501-19 aac.asm.org 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
05

 J
an

ua
ry

 2
02

2 
by

 1
52

.1
70

.3
5.

16
3.

https://doi.org/10.1093/mmy/myw035
https://doi.org/10.1093/mmy/myw035
https://doi.org/10.1016/j.jcf.2014.10.005
https://doi.org/10.1016/j.jinf.2016.04.022
https://doi.org/10.1093/jac/dky147
https://doi.org/10.1128/JCM.39.7.2431-2438.2001
https://doi.org/10.1128/JCM.39.7.2431-2438.2001
https://doi.org/10.1128/AAC.00692-10
https://doi.org/10.1128/AAC.00692-10
https://doi.org/10.3390/jof2030021
https://doi.org/10.1128/AAC.05088-11
https://doi.org/10.1371/journal.ppat.1003633
https://doi.org/10.1007/s40265-017-0714-4
https://doi.org/10.1007/s40265-017-0714-4
https://doi.org/10.3389/fmicb.2017.01024
https://doi.org/10.1016/S1473-3099(09)70265-8
https://doi.org/10.1016/S1473-3099(09)70265-8
https://doi.org/10.1007/s12154-014-0121-1
https://doi.org/10.1128/CMR.00095-16
https://doi.org/10.1128/CMR.00095-16
https://doi.org/10.1128/JCM.00335-12
https://doi.org/10.1128/JCM.00335-12
https://doi.org/10.1128/AAC.01092-06
https://doi.org/10.1128/AAC.01092-06
https://doi.org/10.1128/JCM.00064-07
https://doi.org/10.1128/JCM.00064-07
https://doi.org/10.1128/AAC.01916-17
https://doi.org/10.1128/EC.5.1.207-211.2006
https://doi.org/10.1128/EC.5.1.207-211.2006
https://doi.org/10.1128/AAC.00905-16
https://doi.org/10.1128/AAC.00224-18
https://doi.org/10.1093/mmy/myz032
https://doi.org/10.1038/srep45631
https://doi.org/10.1128/mBio.00536-15
https://doi.org/10.1128/mBio.00536-15
https://aac.asm.org


26. Alanio A, Desnos-Ollivier M, Garcia-Hermoso D, Bretagne S. 2017. Inves-
tigating clinical issues by genotyping of medically important fungi: why
and how? Clin Microbiol Rev 30:671–707. https://doi.org/10.1128/CMR
.00043-16.

27. Kolwijck E, Van Der Hoeven H, De Sévaux RGL, Ten Oever J, Rijsten-
berg LL, Van Der Lee HAL, Zoll J, Melchers WJG, Verweij PE. 2016.
Voriconazole-susceptible and voriconazole-resistant Aspergillus fumiga-
tus coinfection. Am J Respir Crit Care Med 193:927–929. https://doi.org/
10.1164/rccm.201510-2104LE.

28. Leonardelli F, Theill L, Nardin ME, Macedo D, Dudiuk C, Mendez E,
Gamarra S, Garcia-Effron G. 2017. Primer aislamiento clínico en Suda-
mérica de una cepa de Aspergillus fumigatus resistente a itraconazol con
la sustitución G54E en Cyp51Ap. Rev Iberoam Micol 34:46 – 48. https://
doi.org/10.1016/j.riam.2016.05.005.

29. Isla G, Leonardelli F, Tiraboschi IN, Refojo N, Hevia A, Vivot W, Szusz W,
Córdoba SB, García-Effron G. 2018. First clinical isolation of an azole-
resistant Aspergillus fumigatus isolate harboring a TR46 Y121F T289A
mutation in South America. Antimicrob Agents Chemother 62:e00872
-18. https://doi.org/10.1128/AAC.00872-18.

30. Samson RA, Visagie CM, Houbraken J, Hong SB, Hubka V, Klaassen CHW,

Perrone G, Seifert KA, Susca A, Tanney JB, Varga J, Kocsubé S, Szigeti G,
Yaguchi T, Frisvad JC. 2014. Phylogeny, identification and nomenclature
of the genus Aspergillus. Stud Mycol 78:141–173. https://doi.org/10
.1016/j.simyco.2014.07.004.

31. Diaz-Guerra TM, Mellado E, Cuenca-Estrella M, Rodriguez-Tudela JL.
2003. A point mutation in the 14�-sterol demethylase gene cyp51a
contributes to itraconazole resistance in Aspergillus fumigatus. Antimi-
crob Agents Chemother 47:1120 –1124. https://doi.org/10.1128/aac.47.3
.1120-1124.2003.

32. Okonechnikov K, Golosova O, Fursov M; the UGENE team. 2012. Genome
analysis Unipro UGENE: a unified bioinformatics toolkit. Bioinformatics
28:1166 –1167. https://doi.org/10.1093/bioinformatics/bts091.

33. Clinical and Laboratory Standards Institute. 2017. Reference method for
broth dilution antifungal susceptibility testing of filamentous fungi, 3rd
ed. CLSI standard M38. Clinical and Laboratory Standards Institute,
Wayne, PA.

34. Clinical and Laboratory Standards Institute. 2010. Method for antifungal
disk diffusion susceptibility testing of nondermatophyte filamentous
fungi, approved guideline. CLSI Document M51A. Clinical and Labora-
tory Standards Institute, Wayne, PA.

Novel Cyp51A Mutations in Aspergillus fumigatus Antimicrobial Agents and Chemotherapy

August 2020 Volume 64 Issue 8 e02501-19 aac.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
05

 J
an

ua
ry

 2
02

2 
by

 1
52

.1
70

.3
5.

16
3.

https://doi.org/10.1128/CMR.00043-16
https://doi.org/10.1128/CMR.00043-16
https://doi.org/10.1164/rccm.201510-2104LE
https://doi.org/10.1164/rccm.201510-2104LE
https://doi.org/10.1016/j.riam.2016.05.005
https://doi.org/10.1016/j.riam.2016.05.005
https://doi.org/10.1128/AAC.00872-18
https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1128/aac.47.3.1120-1124.2003
https://doi.org/10.1128/aac.47.3.1120-1124.2003
https://doi.org/10.1093/bioinformatics/bts091
https://aac.asm.org

	RESULTS
	Strain identification, clonality, and antifungal susceptibility testing. 
	Sequence analysis of CYP51A genes and their promoters. 
	CYP51A gene replacement. 

	DISCUSSION
	MATERIALS AND METHODS
	Samples, strains, and media. 
	PCR amplification, clonality, and sequencing of the CYP51A and CaM genes. 
	Aspergillus fumigatus transformation vectors, transformation method, and integration confirmation. 
	Antifungal susceptibility testing. 

	ACKNOWLEDGMENTS
	REFERENCES

