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Evolutionary trends in antifungal resistance: a meta-analysis
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ABSTRACT The present paper includes a meta-analysis of literature data on 318 species 
of fungi belonging to 34 orders in their response to 8 antifungal agents (amphotericin 
B, caspofungin, fluconazole, itraconazole, ketoconazole, posaconazole, terbinafine, and 
voriconazole). Main trends of MIC results at the ordinal level were visualized. European 
Committee on Antimicrobial Susceptibility Testing and Clinical & Laboratory Standards 
Institute (CLSI) clinical breakpoints were used as the staff gauge to evaluate MIC values 
ranging from resistance to susceptibility, which were subsequently compared with a 
phylogenetic tree of the fungal kingdom. Several orders (Hypocreales, Microascales, and 
Mucorales) invariably showed resistance. Also the basidiomycetous orders Agaricales, 
Polyporales, Sporidiales, Tremellales, and Trichosporonales showed relatively high degrees 
of azole multi-resistance, while elsewhere in the fungal kingdom, including orders with 
numerous pathogenic and opportunistic species, that is, Onygenales, Chaetothyiales, 
Sordariales, and Malasseziales, in general were susceptible to azoles. In most cases, 
resistance vs susceptibility was consistently associated with phylogenetic distance, 
members of the same order showing similar behavior.

IMPORTANCE A kingdom-wide the largest set of published wild-type antifungal data 
comparison were analyzed. Trends in resistance in taxonomic groups (monophyletic 
clades) can be compared with the phylogeny of the fungal kingdom, eventual relation­
ships between fungus–drug interaction and evolution can be described.

KEYWORDS antifungals, resistance, breakpoint, phylogeny

I nfections by fungi tend to be chronic and recalcitrant with frequent relapse, and 
hence management can be problematic in compromised patients and sometimes 

even in otherwise healthy individuals. Susceptibility of human cohorts is increasing 
already for decades due to widespread constitutional factors such as diabetes, trans­
plant, and leukemia (1–5). The Leading International Fungal Education website estimates 
that >80% of the world's population suffer from any kind of fungal infection (6). The 
species spectrum of proven infections today, including pathogens and opportunists, 
comprises over 720 agents (7). Although the majority of infections is caused by a limited 
number of human-associated pathogens such as Candida, dermatophytes, and relatives 
of Histoplasma, a significant share is due to a gamut of environmental fungi (8–10). 
The most frequent opportunist by far is Aspergillus fumigatus, a saprobe on decompos­
ing plant material (11). Recent reports estimate the occurrence of around 3 million 
cases of chronic pulmonary aspergillosis today (12). Some fungal groups, particularly 
in Mucorales, are able to cause rapidly progressive, acute invasive infections in suscep­
tible patients, such as rhinocerebral mucormycosis, a life-threatening condition that 
requires immediate medical attention, the disease becoming rapidly fatal in 50%–80% of 
patients if left untreated (13–15). Other potentially fatal conditions include Cryptococcus 
neoformans in individuals with impaired acquired immunity, especially in AIDS, with an 
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estimation of over a million cases per year and with 60% of these patients dying within 
3  months after diagnosis (16).

Antifungal drug resistance (17–19) in fungal opportunists is an increasing prob­
lem in modern medicine (20). Especially the rapid emergence of multi-drug resistant 
(MDR) species such as Candida auris (21) and Covid-19-associated mucormycosis have 
challenged hospital hygiene measures and patient management. The chronic nature 
of fungal infections poses a severe management problem with immunocompromised 
patients, and sometimes even in otherwise healthy individuals. The emergence of 
drug- and MDR species has been linked to environmental exposure of saprobic fungi 
to short-tailed azole fungicides (22–24). Such drugs, developed for the protection of 
agricultural crops, are used in the dimension of gigatons in monocultures, factory 
farming, aquaculture, mass-agriculture, and in shipping industries (25, 26). Subsequent 
to wide-spread application, azoles accumulate in soils and water bodies (24). Short-tailed 
agricultural azoles such as benomyl, carbendazim, flubendazole, imazalil, oxpoconazole, 
triflumizole, diniconazole, epoxiconazole, and flutriafol are similar in chemical structure 
to compounds used in human medicine (23, 27, 28). Environmental azole contamination 
leads to a selective pressure toward azole-resistance in saprobic and opportunistic fungi 
which may reappear as etiologic agents of disease in human medicine (23, 29, 30). 
Looking at this problem from a one-health perspective, separation of compound classes 
used in human medicine vs agriculture is overdue.

Antifungal resistance, as defined in the guidelines of the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST), can be classified as microbiological vs 
clinical (31, 32), referring to intrinsic abilities of the fungus vs recalcitrance of the 
infection. Resistance may involve a single compound, but more often multi-resistance 
is observed against different antifungal classes. Resistance is mostly described for 
particular species, such as C. krusei, C. auris, or Naganishia albida, even though sev­
eral entire genera or families may show multi-resistance. Consequently, multi-resistant 
genera are often phylogenetically related, as members of a single order. Examples 
are Acremonium–Fusarium–Trichoderma belonging to the Hypocreales, and Scedospo­
rium–Lomentospora–Microascus–Scopulariopsis belonging to the Microascales. Conse­
quently, the phylogenetic position of a fungus predicts its antifungal resistance. This 
demonstrates a certain relationship between phylogeny and resistance, which we aim to 
explore in the present manuscript.

The commonly systemically applied antifungal agents belong to four classes: azoles, 
polyenes, allylamines, and echinocandins. With systemic and disseminated infections, 
susceptibility testing is done in clinical settings on patient isolates to provide approxi­
mate guidance for management (7). For some groups, such as Aspergillus and Candida, 
results can be validated with clinical breakpoints (CBPs) (33), which guide to a reliable 
estimate of the therapeutic sensitivity of the fungus. However, for the great majority of 
fungal opportunists, no CBPs have been determined, and approximate evaluation has to 
be done by analogy with phylogenetically remote species (21, 34).

A kingdom-wide comparison of antifungal susceptibility has been enabled by the 
new Atlas of Clinical Fungi (7), where the largest set of published wild-type antifungal 
data has been brought together. Trends in resistance in taxonomic groups (monophyletic 
clades) can be compared with the phylogeny of the fungal kingdom, which is the aim of 
the present paper. Through a comparative analysis of multiple groups and across groups, 
consistent behavior, and changeability in resistance can be detected and quantified, 
which provides a certain degree of therapeutic predictivity for the particular etiologic 
agent. Eventual relationships between fungus–drug interaction and evolution can be 
described. Main functional roles in drug resistance mechanisms and fungal evolution 
may be revealed, as a cornerstone for future research on the significance of antifungal 
resistance in nature vs the clinic.
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MATERIALS AND METHODS

Data collection

A flowchart of applied methodology is given in Fig. 1. Data were extracted from the 
Atlas of Clinical Fungi (7), which includes full descriptions of 720 fungi published with 
proven infections in humans or other vertebrates. Over the entire kingdom Fungi 
(Eumycota), antifungal data are available for 34 orders covering 318 species (Table S1). 

FIG 1 Flow chart of data collection and visualization.
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Data are listed with species identity and phylogenetic information, antifungal agents, 
study year, location, number of isolates tested, test method, MIC values (MIC ranges, 
MIC50, 50% inhibition relative to untreated control, and MIC90, 90% inhibition relative 
to untreated control, and GM, geometric mean), and reference (35). The database 
covers more than 300 papers on antifungal susceptibility. For the current meta-analysis, 
four classes of antifungals were compared, that is, allylamines (terbinafine: TBF), azoles 
(fluconazole: FCZ, itraconazole: ITZ, posaconazole: PCZ, voriconazole: VCZ, ketoconazole: 
KTZ), echinocandins (caspofungin: CAS), and polyenes (amphotericin B: AMB) (Table 1), 
as on these eight compounds sufficient data have been published to allow comparison 
over the entire fungal kingdom (Table S1). Susceptibility test results with methods other 
than microdilution were discarded. For numerous species, MIC90 is close to the maximum 
number of MICs tested. For those fungi where MIC90 data were not available, the MAX of 
MICs was used as and renamed as MICX. The GM reflects the average trend in MIC values 
per taxonomic entity.

Data visualization and analysis

Box–whisker plots

ORIGINLAB 2019 software (OriginLab Corporation, Northampton, MA, USA) was used for 
box–whisker plots which were statistically analyzed separately in each order. The orders 
with insufficient data to construct separate plots were nevertheless included in the 
phylogenetic tree. Several small, phylogenetically related orders forming a monophyletic 
group in the tree were combined in a single plot, leading to a total of 15 groups (A-O; 
Table 2). GM values were used, remaining data MIC50, MICX are given in supplementary 
data (Fig. S1). The box length shows the 50% values ranging within 1.5 interquartile 
range, which means 99% of data are included, while outliers are shown as unique points. 
Median lines show average value levels and rectangles represent mean values. The 
antifungal agents were arranged at X1-axis, from start to end: allylamine (TBF), poly­
ene (AMB), echinocandin (CAS), long-tailed azoles (KTZ, PCZ, and ITZ), and short-tailed 
azoles (VCZ and FCZ). Basic colors were used to distinguish the four classes, with color 
brightness indicating the individual compounds, leading to a total of eight colors. As 
FCZ is exclusively used for the treatment of yeast infections but not for filamentous 
fungal infections, only the orders Agaricales, Polyporales, Saccharomycetales, Sporidiales, 
Tremellales, and Trichosporonales show the FCZ color. X2-axis displays the order groups, 
and subsequently we generated separate MIC50 (Fig. S1), MICX (Fig. S2), and GM (Fig. 
2) box–whisker plots. Accordingly, each line represents the summary of a species taken 
from the Atlas of Clinical Fungi. Abbreviations of antifungal names are according to Atlas 
of Clinical Fungi (7).

Parallel coordinate plots

Data points are presented in parallel coordinate plots using ORIGINLAB 2019 software. In 
each plot, fungal species were classified according to ordinal affiliation (classification 
taken from www.indexfungorum.org) and separate plots were made for each order. We 
selected the orders Mucorales, Microascales, Hypocreales, Malasseziales, Saccharomyce­
tales, and Onygenales to visualize differential trends between groups that are phyloge­
netically remote (Fig. 3); remaining orders are given in supplementary data (Fig. S4). MICX 

TABLE 1 Compared antifungals, with class affiliation and abbreviation

Class Subclass Antifungal agent Abbreviation

Azoles Imidazoles Ketoconazole KTZ
Triazoles Fluconazole, itraconazole, 

posaconazole, voriconazole
FCZ, ITZ, PCZ, VCZ

Polyenes Amphotericin AMB
Allylamines Terbinafine TBF
Echinocandins Caspofungin CAS
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and GM values were plotted separately per antifungal and per genus. The antifungal 
drugs were arranged at left Y-axis corresponding to box–whisker plots X1-axis, with 
the lines connected with the antifungal via the central axis are summarized values of 
individual species in mentioned genera. Left and right columns are connected for each 
species, whereby the connecting line centrally touches the calculated MICX or GM value 
for that species. The different densities between orders are due to varying amounts of 
literature data.

Traffic light

Based on EUCAST CBPs for Candida and Aspergillus (v11.0, https://www.eucast.org/) 
(Table 3), MATPLOPTIL (36) was used to make stacked bar charts. C. albicans was considered 
representative for yeasts, and A. fumigatus for filamentous fungi; breakpoints are listed 
in Table 3. Data are listed for ITZ, PCZ, and VCZ, eventually supplemented with FCZ 
where sufficient data are available. MICX data in our database were used. The follow­
ing EUCAST (https://www.eucast.org/newsiandr/) (version 2022) indications are used: S 

TABLE 2 Overview of orders treated in Atlas, and species allowing antifungal comparison

Order n = Species 
in Atlas

n = Species 
in plot

Phylogenetic 
group show alla

Taxa containing opportunists 
(O) or animal/human-patho­
genic fungi (P)

Dothideales 10 5 A O
Capnodiales 6 3 A O
Venturiales 4 4 A O
Pleosporales 76 36 B O
Botryosphaeriales 1 0 – O
Hypocreales 48 30 C O
Microascales 11 8 D O
Xylariales 4 2 E O
Ophiostomatales 11 5 E O
Diaporthales 4 0 – O
Sordariales 48 20 F O
Eurotiales 99 42 G O
Arachnomycetales 3 0 – O
Onygenales 93 38 H O/P
Chaetothyriales 58 34 I O
Saccharomycetales 66 40 J O
Pneumocystidales 2 0 – O
Wallemiales 1 0 – O
Ustilaginales 3 1 K O
Malasseziales 16 8 K O
Entylomatales 1 0 – O
Microstromatales 1 0 – O
Sporidiales 4 3 L O
Polyporales 10 4 L O
Agaricales 5 3 L O
Tremellales 8 2 M O
Trichosporonales 13 7 M O
Mucorales 34 19 N O
Entomophthorales 4 4 O O
Hymenochaetales 4 0 – O
Mytilinidiales 1 0 – O
Botryosphaeriales 1 0 – O
Mortierellales 2 0 – O
Chytridiales 2 0 – O
aClassified by phylogenetic tree from top to bottom.
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(susceptible with standard dosing regimen) shown in green, intermediate I (susceptible 
with increased exposure) shown in yellow, and R (resistant) shown in red. Examples 
are given of the most frequently reported orders, Eurotiales and Saccharomycetales (Fig. 
4B). The X-axis (Fig. 4B; Fig. S5) represents the counts of species that are susceptible/inter­
mediate/resistant per azole per order. Percentages of S, I, and R for each category in all 
studied orders are shown in Fig. S5. In Fig. S5, CLSI breakpoints for yeasts (M60, ed. 2; 37) 
and filamentous fungi (M61, ed. 2; 35) were also used. We selected the breakpoints of the 
same species C. albicans and A. fumigatus to compose CLSI breakpoint traffic lights for all 
orders.

Heatmap

To show the distribution trends of MICs under different dilutions of antifungal agents 
(Fig. 4A), we used the same data and CBPs as the traffic light charts (Fig. 4B; Fig. S5). A 
script based on the R package, GGPLOT2 (38) was applied, with an X-axis corresponding 
to drug concentrations 0.001, 0.006, 0.06, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, 
and >256 mg/L. Susceptible S is shown in green, intermediate I in yellow, and resistant 
R in red. The color alpha indicates the data point counts for each box (Fig. S6). Results 
of Eurotiales and Saccharomycetales, both having large amounts of data points, are given 
as an example (Fig. 4B). CLSI breakpoints are shown according to the same flowchart as 
EUCAST (Fig. S6), this Figure also shows a comparison of the results.

Phylogeny

The D1/D2 regions of large subunit rRNA (LSU) regions of representatives of 34 clinically 
relevant orders and 11 non-clinical orders sequences were downloaded from GenBank 
and aligned with MAFFT v7 (39). Sequences were analyzed using Maximum Likelihood 

FIG 2 Box–whisker plot of GM values of the 15 ordinal groups of the fungi kingdom listed in Table 2. Eight antifungal agents are shown with colored labels, 

arranged at the X1-axis, in order of appearance: allylamine (TBF), polyene (AMB), echinocandin (CAS), long-tailed azoles (KTZ, PCZ, and ITZ), and short-tailed 

azoles (VCZ and FCZ).
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FIG 3 Parallel coordinate plot GM and MIC values of Hypocreales, Microascales, Mucorales, Saccharomyce­

tales, and Malasseziales. MIC and GM values are plotted separately per antifungal and per species (generic 

names listed), with GM at the left and MIC at the right. Antifungal drugs arranged at left Y-axis, from

(Continued on next page)
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(ML) algorithm in the CIPRES Science Gateway portal (www.phylo.org, accessed on 1 
December 2021) (40). Maximum Likelihood analyses were run using RAxML v8.2.10 (41) 
with default parameters. The ML bootstraps were computed after 1,000 replicates. The 
resulting tree from ML analysis was edited in MEGA v11.0. Bootstrap values > 80% are 
shown (Fig. 5). Of selected orders, the available traffic light data of Fig. S5 are presented 
next to the collapsed ordinal cluster; the X-axis presents the data point counts.

RESULTS

A recent overview (7) of antifungal susceptibility data in the kingdom fungi (Eumy­
cota) provided susceptibility profiles of 318 species belonging to 34 orders (Table S1). 
Responses to eight antifungal agents (AMB, CAS, FCZ, ITZ, KTZ, PCZ, TBF, and VCZ) 
were included. Members of the orders Entomophthorales, Hypocreales, Microascales, 
Mucorales, the combined Ophiostomatales and Xylariales, and most basidiomycetes 
(orders Agaricales/Polyporales/Sporidiales, and Tremellales/Trichosporonales) all showed 
consistently high MIC values for almost all antifungal agents (Fig. S4C, G, E, and M). 
Consistent susceptibility is noted in the filamentous ascomycete orders Chaetothyriales, 
Onygenales, Pleosporales, Sordariales, the combined clade Capnodiales/Dothideales/Ven­
turiales, and the basidiomycetous yeast order Malasseziales. The Eurotiales and Saccha­
romycetales take a somewhat intermediate position. FCZ is in vitro effective against 
ascomycetous yeasts (order Saccharomycetales) only. The compound has also widely 
been tested in the basidiomycetous yeast orders Sporidiales, Tremellales, and Trichosporo­
nales, but rarely in remaining orders, where data on this compound are scant.

Box–whisker

MIC50, MIC90, and GM data showed optimal differentiation between groups with the 
use of box–whisker plots (Fig. 2; Fig. S1 and S2). In all plots, exemplified by the 
display of GM values (Fig. 2), FCZ (gray) shows relatively high values, usually signifi­
cantly higher than those of remaining antifungals in the same group and in nearly all 
groups outside the range of variability of other agents. In Saccharomycetales, absolute 
FCZ values are somewhat lower, though still consistently high compared to other 
agents in the same order. CAS (blue) yielded relatively high values in 6 of the 14 
(groups of ) orders, particularly in the basidiomycetes (Agaricales, Polysporales, Sporidiales, 
Tremellales, and Trichosporonales; for Malasseziales insufficient data were available). 

FIG 3 (Continued)

top to bottom: short-tailed azoles (FCZ and VCZ), long-tailed azoles (ITZ, PCZ, and KTZ), echinocandins 

(CAS), and polyenes (AMB and TBF). Eight colors were used to distinguish the antifungals. As FCZ is 

applied in yeasts but not in filamentous fungi, only the orders Agaricales, Polyporales, Saccharomycetales, 

Sporidiales, Tremellales, and Trichosporonales show the FCZ color. Right Y-axis displays the genera; the 

lines connected with the antifungal via the central axis are summarized values of individual species. Left 

and right columns are connected for each species. Accordingly, each line represents the summary of a 

species taken from the Atlas of Clinical Fungi.

TABLE 3 EUCAST clinical breakpoints (v11.0) for interpretation of MICs for antifungal agentsa

Species Agents S I R

Candida albicans FCZ ≤2 4 >4
ITZ ≤0.06 >0.06
PCZ ≤0.06 >0.06
VCZ ≤0.06 0.125–0.25 >0.25

Aspergillus fumigatus ITZ ≤1 >1
PCZ ≤0.125 >0.25
VCZ ≤1 >1

aS: susceptible, standard dosing regimen; I: susceptible, increased exposure; R: resistant. https://www.eucast.org/
clinical_breakpoints.
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In addition, obtained values of the compound showed a large spread in three of 
the groups (Capnodiales/Dothideales/Venturiales, Hypocreales, and Ophiostomatales/Xylar­
iales). Entomophthorales, Hypocreales, Microascales, and Mucorales showed consistently 
high GM, MIC values for almost all antifungal agents. In contrast, members of Malasse­
ziales, Ustilaginales, and Chaetothyriales were relative sensitive to azoles other than FCZ. 
Similarly, Saccharomycetales were equally susceptible to all antifungals reviewed, while 
Chaetothyriales showed the largest intra-ordinal variation (Fig. 2). The largest difference 

FIG 4 Two methods CBP were compared in the orders Eurotiales and the Saccharomycetales as an example. EUCAST CBP displayed at the top, CLSI CBP at the 

bottom. Fig. 4A is the heatmap result, Fig. 4B is the traffic light result.
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FIG 5 Maximum likelihood tree of the fungal kingdom combined with antifungal data in traffic light format. Thirty-four clinically relevant orders and 11 

non-clinical orders are included. Red bars display >50% resistance, green bars >50% susceptible; yellow = intermediate.
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in susceptibility to azoles vs AMB (red) and CAS (blue) was noted in Tremellales/Tricho­
sporonales. Among the azoles, PCZ (green) mostly yielded rather consistent data which 
were similar within orders, whereas VCZ (ochre) showed larger ranges of variability, 
particularly in Entomophthorales. TBF values were mostly low, particularly in Ophiostoma­
tales/Xylariales and Malasseziales, while the largest ranges of variability were noted in the 
multi-resistant orders Microascales and Mucorales (Fig. 2).

In the box–whisker plot using MIC90 as input data (Fig. S1), the poor performance of 
FCZ is less conspicuous. The orders Pleosporales and Mucorales show average susceptibil­
ity for this compound, while CAS showed higher resistance. In Chaetothyiales, Trichospor­
onales, and Tremellales all azoles except FCZ yield relatively low values. VCZ, ITZ, KTZ, 
and PCZ demonstrated large degrees of variability between species. In the MIC50 plot 
(Fig. S2), the spread is more pronounced, being available in a larger number of species. 
Sordariales perform similarly as Malasseziales and Ustilaginales in azole susceptibility, 
being relatively susceptible to agents other than FCZ. TBF shows low values in Xylariales, 
Ophiostomatales, Capnodiales, Dothideales, and Venturiales (Fig. S2).

Significant differences are observed between three main groups of Ascomycota 
frequently involved in systemic infections, that is, ascomycetous yeasts (Saccharomy­
cetales comprising Candida spp.) and Aspergillus (member of Eurotiales) on the one 
hand, with the dimorphic fungi (Blastomyces, Emergomyces, Histoplasma, and relatives 
in Onygenales) on the other (Fig. S3). The dimorphic fungi show relatively consistent 
profiles, with little spread and no outliers. FCZ again shows the highest degree of 
resistance of tested antifungals, particularly in dimorphic fungi. Onygenales on average 
are more sensitive to five remaining drugs (for CAS, KTZ, and TBF insufficient data were 
available), with low medians and GMs. Between Aspergillus and Candida, differences are 
smaller, although on average the yeasts are slightly more susceptible to azole agents 
than Aspergillus. For TBF, this trend seems to be the opposite, but this result may have 
been impacted by limited availability of data in Saccharomycetales.

Parallel coordinate

These plots show the values of individual species. MIC90 data are used to judge the 
degree of antifungal resistance, while GM is important to compare the effectivity of 
antifungal agents between species. The latter is a more accurate measure of the general 
tendency within the species, mitigating the effect of the extremes. Therefore, all plots 
are shown in double, whereby MIC90 values are characterized by discrete intervals, and 
GM data are continuous. In Microascales, high MIC90 values are found for all agents. In 
members of this order, CAS, FCZ, and VCZ consistently show high MIC90 values, which is 
also reflected in the GM (Fig. S4). In the order Entomophthorales, the high MIC90 values 
were consistent with GM and MIC50 for FCZ, AMB, KTZ, and ITZ. In Basidiobolus, MICs are 
somewhat lower than those of Conidiobolus (Fig. S4).

Antifungal resistance in Hypocreales is on average slightly lower than that in 
Microascales. This is demonstrated by Fusarium, the largest genus in Hypocreales (Fig. 
3), showing a wide range of responses to AMB and TBF; most species had high MIC90 
values, but lower values also occurred. Other hypocrealean genera, that is, Acremonium, 
Gliomastix, and Trichoderma shared high MIC90 values for all agents analyzed. However, 
while GM values in these genera for azoles were all at a high level, AMB and TBF ranged 
in the same species between high and low. All species of the orders Malasseziales, 
Chaetothyriales, and Onygenales demonstrated pronounced susceptibility to ITZ, PCZ, 
KTZ, and VCZ (Fig. 2; Fig. S4), with very few deviating strains.

Traffic light

The traffic light plot (Fig. S5) shows the number of susceptible vs resistant species 
according to EUCAST breakpoint recommendations for C. albicans and A. fumigatus. Only 
for Candida, the intermediate category I was introduced, while for filamentous fungi the 
values are interpreted as either S or R. For ascomycetous and basidiomycetous yeasts, 
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sufficient FCZ data were available, but for filamentous fungi, only three compounds 
(ITZ, PCZ, and VCZ) could be compared. Over the entire fungal kingdom, data represent­
ing 22 orders were collected, leading to 14 traffic light graphics (Fig. S5). The X-axis 
of the graphics denote the number of species analyzed. Extrapolating the EUCAST 
values to other fungi, a large number of orders displays significant resistance. The most 
extreme order is Microascales, where no susceptibility is observed. The most susceptible 
orders are Malasseziales (lipophilic skin colonizers) and Chaetothyriales (black yeasts 
and allies). In summary, by using C. albicans and A. fumigatus EUCAST breakpoints as 
standard, the following orders can be listed as being commonly susceptible: Capno­
diales/Dothideales/Venturiales, Malasseziales, Onygenales, Pleosporales, and Sordariales, 
while resistance is prevalent in Agaricales/Polyporales/Sporidiales, Hypocreales, Microas­
cales, Mucorales, Ophiostomatales/Xylariales, and Tremellales/Trichosporonales. The orders 
Eurotiales (containing Aspergillus) and Saccharomycetales (containing Candida) take a 
somewhat intermediate position.

All orders of basidiomycetous yeasts and filamentous basidiomycetes analyzed 
(Agaricales, Polyporales, Sporidiales, Tremellales, and Trichosporonales) showed 100% 
resistance to the long-tailed azoles ITZ and PCZ. In contrast, sensitivities against these 
compounds in ascomycetous yeasts (Saccharomycetales) ranged between 30.7% and 
37.4%. This order also showed more susceptibility to FCZ and VCZ than the basidiomy­
cetous members of Sporidiales/Polyporales/Agaricales, which demonstrated 9.1%–12.5% 
sensitivity. In general, significant antifungal resistance is apparent in Basidiomycota, 
except for 80% intermediate resistance to VCZ in Tremellales/Trichosporonales.

The intrinsically resistant orders Hypocreales and Microascales are among the fungi 
with highest degrees of multi-resistance. The long-tailed azole ITZ yielded 35.2% and 
PCZ 7.1% susceptibility; 9.1% was susceptible to the short-tailed azole VCZ. Ophiostoma­
tales/Xylariales were 100% resistant to PCZ, 87.5% to VCZ, and 73.7% to ITZ. This is 
significantly different from the most susceptible orders, Malasseziales (ITZ 9.1%, PCZ 
12.5%, and VCZ 5.3%) and Chaetothyriales (ITZ 8.6%, PCZ 7.1%, and VCZ 11.8%). In the 
order Onygenales, averaged over dermatophytes and dimorphic pathogens, the values 
for ITZ and VCZ were 9.6% and 15.4%, respectively. The uncommon environmental 
opportunists in Capnodiales, Dothideales Pleosporales, Sordariales, and Venturiales all 
showed more than 50% counts in the susceptible range to VCZ and ITZ, but in these 
orders around 50% resistance to PCZ is observed. High degrees of sensitivity to PCZ, ITZ, 
and VCZ are limited to the two most susceptible orders, Chaetothyriales and Malasse­
ziales.

A breakpoint traffic light plot based on CLSI criteria (Fig. S5) showed similar trends in 
the orders investigated. The intrinsically resistant orders Hypocreales (88.5%), Microas­
cales (100%), and Mucorales (90.9%) yielded high percentages of resistance to VCZ, 
followed by Ophiostomatales/Xylariales (87.5%). The orders Tremellales/Trichosporonales 
(87.5%) were more resistant than other yeast orders. Resistance to FCZ was invariably 
high outside Saccharomycetales.

Comparing our quantifications based on CBP criteria of EUCAST vs CLSI (Fig. S5), 
percentages of resistance in orders of filamentous fungi proved closely similar. In the 
CLSI system, 1 mg/µL is listed as I, but EUCAST did not have I in A. fumigatus CBP. 
Consequently, the sum of the percentages of S and I according to CLSI is equal to S 
according to EUCAST criteria. For the yeast orders, the resistance percentage decreases 
and the susceptibility percentage increases, except for Sporidiales/Polyporales/Agaricales.

Heatmaps

The heatmap summary shows the distribution of data points of MICs in the analyzed 
orders, providing a different angle demonstrating S, I, and R based on EUCAST criteria 
(Fig. S6). Concerning resistance against the long-tailed azoles PCZ and ITZ, MIC values 
of the intrinsically resistant filamentous orders Hypocreales and Microascales were found 
concentrated in the higher ranges. In Mucorales, values against PCZ were concentrated in 
lower ranges, while the resistance distribution against ITZ was scattered, and that against 
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VCZ was concentrated in higher ranges. In the intrinsically resistant orders Ophiostoma­
tales/Xylariales, values were concentrated in the higher ranges of the resistance interval 
of VCZ, but scattered with the long-tailed azoles PCZ and ITZ. Of the basidiomyce­
tous yeasts Tremellales/Trichosporonales, and Sporidiales/Polyporales/Agaricales, showing 
relatively high resistance ratios, only ITZ values of Tremellales/Trichosporonales were 
concentrated in lower ranges, and the remaining values in both PCZ and ITZ were 
scattered. The short-tailed azoles VCZ and FCZ yielded values in higher ranges showing 
with Sporidiales/Polyporales/Agaricales, while those of remaining basidiomycetes showed 
relatively uniform distribution over a wide range. Among the relatively susceptible 
filamentous orders, MIC values of Eurotiales and Pleosporales were relatively close to 
R in ITZ and VCZ. The highly susceptible orders/order groups Chaetothyriales and 
Capnodiales/Dothideales/Venturiales were concentrated in lower ranges, while values in 
Onygenales and Sordariales were more dispersed. Two methods for CBP determination 
focused on Eurotiales and Saccharomycetales are shown in Fig. 4.

Phylogenetic summary

Subsequently, we plotted the EUCAST traffic light charts (Fig. S5) on an LSU phylogenetic 
tree of the fungal kingdom, based on 34 orders containing clinical representatives and 11 
orders of strictly non-clinical fungi; the total selection was biased toward taxa containing 
members potential able to cause human infection (Fig. 5). The upper part of the tree 
contains the filamentous Ascomycota, allowing distinction of three classes: Dothidiomy­
cetes (containing orders Capnodiales/Dothideales/Venturiales and Pleosporales included in 
the study), Sordariomycetes (containing orders Hypocreales, Microascales, and Ophiosto­
matales/Xylariales and Sordariales) and Eurotiomycetes (containing orders Chaetothyriales, 
Eurotiales, and Onygenales). In the lower part of the tree, ancestral groups show large 
distances between clades. In the present tree, two approximate class-level groups can be 
recognized, attributable as Ustilaginomycetes (smut-like fungi: order Malasseziales) and 
Tremellomycetes (heterobasidiomycetes, containing orders Agaricales, Polyporales, and 
Sporidiales). In the lower fungi, the Mucorales and Entomophothorales form a clade, albeit 
at very large distance.

In the LSU phylogeny of the fungal kingdom, the most significant resistance is 
observed in the Sordariomycetes, with the orders Microascales, Hypocreales, Ophiosto­
matales/Xylariales, and Sordariales. The sister-branches of Hypocreales and Microascales 
share the highest MIC values. High values against FCZ are found over the entire fungal 
kingdom, including in most species of Saccharomycetales. In the ascomycetous yeasts 
(Saccharomycetales) average resistance is observed against most other compounds. 
Pronounced susceptibility is observed in Eurotiomycetes with the low to average resistant 
orders Chaetothyriales, Eurotiales, and Onygenales. Similar data are observed in the large 
class Dothideomycetes, but since this group comprises very few clinically relevant species, 
data are insufficient for a reliable comparison. High degrees of resistance are noted 
in most basidiomycete class Tremellomycetes, while the opposite is observed in the 
Malasseziales which are phylogenetically affiliated to the smut-like fungi. The lower fungi 
also show high degrees of resistance.

DISCUSSION

Among fungal opportunists, a large variation in degrees of antifungal susceptibility 
is known to exist. Therefore, appropriate clinical management carefully considers the 
antifungal susceptibility profile of the etiologic agent against antifungal drugs. Related 
fungi often show comparable trends in resistance or susceptibility. McGinnis and Pasarell 
were the first to investigate this systematically by comparing antifungal profiles with the 
position of the analyzed fungi in the phylogenetic system (42). Today, more data are 
available, both in molecular phylogeny and in antifungal susceptibility test (AFST) results, 
and this allows a more thorough analysis of the behavior of divergent opportunists 
toward various classes of antifungal agents.
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The Atlas of Clinical Fungi (7) summarizes a large amount of published data on 
antifungal susceptibility of pathogenic and opportunistic fungi. In the literature, values 
of sensitivity, recorded as MICs, have variously been presented as MIC ranges, MIC50, 
MIC90, GM, or as epidemiological cut­off values (ECVs or ECOFFs). This diversity interferes 
with meta-analyses of published data. MIC90 or MIC combined with recognized CBPs are 
preferably used to guide clinical treatment. Breakpoints determine two essential values 
of drug interactions, that is, resistance vs susceptibility, eventually with an intermediate 
zone. Advisably, higher drug levels than the breakpoints are used in clinical practice 
in order to reliably obtain successful treatment. Determination of phenotypic susceptibil­
ity profiles per species allows establishment of a cut­off value marking the borderline 
between in vitro susceptibility and resistance, known as ECV or ECOFF or wild-type 
cut­off value. Species affiliation does not always predict levels of sensitivity, as individual 
strains may have acquired resistance to the drug(s) to which the wild-type population 
is sensitive. For fungi with acquired resistance, the ECV is different from the breakpoint 
value. In clinical settings, the values assist in selecting the most likely effective antifungal, 
although patients may respond well despite determined fungal in vitro resistance to the 
drug.

Standardized for AFST of yeast (M27-A2) and filamentous fungi (M38-A) have been 
published by CLSI and EUCAST. With the emergence of novel antifungal agents, such 
as the new generations of triazoles and echinocandins, protocols have been expanded 
and improved. However, this is a complicated and time-consuming process. We reviewed 
published and in vitro antifungal data generated following CLSI and EUCAST protocols, 
which demonstrate some technical differences but are sufficiently harmonized to allow 
meaningful comparison over larger phylogenetic groups. Both standards were derived 
from the microdilution method, and adjustments for species­specific and more sensitive 
CBP suggest that FCZ and VCZ are rather similar, and that both methods can be used 
to identify and monitor responses in vitro. As a consequence, also ECVs and breakpoints 
deviate between both standards. Both methods can distinguish wild-type strains and 
resistant strains, and between the two methods MICs can differ by as much as three 
dilutions. EUCAST and the more pragmatic CLSI 24 hours protocols of triazoles, AMB, and 
flucytosine produced comparable MIC results (32, 43–45).

Considering the above, we combined all data generated by either one of the two 
protocols for determining CBPs according to EUCAST and CLSI, in order to show trends 
of resistance in the fungal kingdom. At this meta-level, the overall results are consis­
tent. The differences in breakpoint determination affect the distribution gradient of 
resistance vs susceptibility, which in turn affects the percentage of drug resistance. 
EUCAST includes more species with antifungal breakpoints than CLSI, we therefore chose 
the breakpoints of EUCAST to compare levels of susceptibility over larger phylogenetic 
groups in the fungal kingdom, that is, at the level of orders, or sometimes combinations 
of orders.

Despite intra- and interspecies variation in antifungal resistance, significant consis­
tency within and difference between phylogenetic groups were observed. Large sections 
of the fungal kingdom represented “resistance” on the basis of EUCAST criteria for yeasts 
and filamentous fungi (Fig. 5). In contrast to acquired resistance, this natural or intrinsic 
resistance demonstrates a common factor shared by an entire taxonomic/phylogenetic 
group, and is not an adaptation to a particular stress factor. The limited research done 
to date indicates that the mechanisms of acquired and intrinsic resistance might be 
similar (22) and supposedly do not have negative impact on the fitness of the species 
in the natural environment. We combined a simplified phylogenetic tree of the fungal 
kingdom with extrapolated breakpoint data from 318 species collected in the Atlas of 
Clinical Fungi (7). Somewhat contrary to expectations, large parts of the fungal kingdom 
showed intrinsic MDR. Particularly the Sordariomycetes, with the almost fully resistant 
sister orders Hypocreales and Microascales, show preponderance of natural resistance. 
Although difficult to generalize for the thousands of members of this class, the group 
shows an ecological association with dung, agricultural soil, polluted habitats, and 
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opportunism on a variety of weakened plant species, suggesting eutrophy. Significant 
resistance is also observed in Mucorales and Entomophthorales (sister branches in Fig. 5, 
but at considerable distance), orders which contain fungi without nutritional speciali­
zation and found in rich substrates in early stages of decay, including intestines of 
lower animals. High degrees of resistance are also found in the basidiomycetous clade. 
This group has been split up in a large number of subclasses because of large phylo­
genetic distances, and levels of antifungal resistance differ markedly between orders. 
The orders Agaricales, Polyporales, Tremellales, and Trichosporonales have wood decay 
or hyperparasitism on other fungi as important ecological factors, and high degrees of 
resistance. In contrast, the Malasseziales, a small order of lipid-colonizers of mammal 
skin and fur, is highly susceptible. In the filamentous ascomycetes, high degrees of 
sensitivity are found in the subclass Eurotiomycetes containing orders Chaetothyriales, 
Eurotiales, and Onygenales, the last-mentioned order comprising the dermatophytes and 
dimorphic pathogens. The Chaetothyriales, comprising black yeasts and relatives with 
xenobiotic assimilation abilities, are mostly in vitro susceptible despite clinical recalci­
trance (46). Remarkably, the two orders that are widely used to standardize antifungal 
parameters, that is, the Eurotiales and Saccharomycetales containing Aspergillus and 
Candida, respectively, are actually somewhat exceptional in the fungal kingdom in their 
intermediate degrees of antifungal resistance (Fig. 5).

Intrinsic resistance is difficult to describe using current criteria, since the wild type 
is resistant and there is no dual distribution in resistance data. Lomentospora prolifi­
cans (order Microascales) is consistently resistant against several classes of antifungal 
drugs (47); in this fungus and its relatives, susceptible populations are lacking. In such 
fungi, breakpoint and ECV are identical. Intrinsic or natural resistance is opposed to 
acquired resistance, where susceptible populations prevail in the environment. Intrinsic 
resistance is found naturally among fungi without prior exposure to the drug. Since 
all strains of the species behave similarly by being resistant, the species affiliation is
—apart from host factors—predictive for treatment success and this emphasizes the 
importance of identification of the etiologic agent. Resistance may concern a single 
compound, but more often multi-resistance is observed against different antifungal 
classes. The phenomenon has mostly been described ad hoc in particular species, such 
as in C. krusei, C. auris, and N. albida (synonym C. albidus). However, several entire 
genera and orders may show intrinsic MDR. Examples are the relationship of Acremo­
nium–Fusarium–Trichoderma belonging to the order Hypocreales, and that of Scedospo­
rium–Lomentospora–Microascus–Scopulariopsis belonging to the Microascales. Where in 
most fungi long-term exposure to antifungal drugs may lead to acquired resistance 
which is thought to be evolutionarily expensive (adaptive mutations, up-regulation of 
efflux pumps, obtaining foreign DNA, and other mechanisms) (48), intrinsic MDR species 
must have thrived since geological times with these conditions in absence of antifungals, 
thus without an apparent anthropogenic reason. In azole-polluted agricultural environ­
ments, both intrinsically azole-resistant species and strains with acquired azole resistance 
have a competitive advantage. Among the successful naturally resistant fungi are 
some common pest agents, such as Batrachochytrium dendrobatidis causing devastating 
epidemics in frog populations and driving ≈200 frog species close to extinction (49). The 
species is intrinsically short-tailed azole-resistant and was probably favored in fungicide-
contaminated fresh water bodies (50, 51). Outbreaks or pseudo-epidemics of naturally 
multi-resistant species are also problematic in medical settings, where currently applied 
antifungal agents yield limited effects, as is obvious in the high case fatality rates of 
disseminated Fusarium infection (52–54) or by C. auris (21, 55).

Between resistance and susceptibility is a grey buffer zone known as intermediate 
response, which has however only been determined for two model species (Fig. S56). 
Awareness of this zone may prevent interpretive errors which can be circumvented 
by prescribing higher doses of the antifungal to achieve safe efficacy. As yet, precise 
definition of CBPs is limited to two model fungi, which is of great value for the major­
ity of fungal infections, but are poorly representative for the hundreds of remaining 
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opportunistic fungi. The present meta-analysis reveals a wide occurrence of fungi that 
are poorly susceptible to the currently used panel of antifungals. Among the relatively 
susceptible filamentous orders, MIC values of Eurotiales and Pleosporales were concentra­
ted in the critical S and R intervals of ITZ and VCZ (Fig. S6). Although in vitro resistance 
does not exclude therapeutic success, the fact that hundreds of clinically relevant species 
are much less susceptible than the general reference of CBPs is worrying.

In this paper, we used four different types of presentations of the same data, to 
reliably convert the values gained for individual species to trends over the entire fungal 
kingdom. Parallel coordinate plots clearly showed the contributions of single data points 
to trends at ordinal levels and the number of data points in each order. Box–whisker plots 
deviate from other representations in showing the key values, such as average, median 
25th percentile, and outliers are displayed; further, distributional features are shown such 
as whether the data are symmetrical, how tight the data are grouped, whether data are 
skewed and if so, in which direction. Focusing on azole MIC values, the heatmap provides 
the number of counts in different dilution steps. In order to overview the percentages of 
resistance in each group on the CBP scale, the traffic light graphic provides the optimal 
display of ordinal trends.

The present overview of antifungal profiles in the fungal kingdom is hampered by 
decreased comparability due to variable testing methods applied, and in addition, only 
half the number of extant opportunist are covered (7). Nevertheless this phylogenetic 
representation of AFST results demonstrate that current breakpoint data are poorly 
representative for numerous species outside the model taxa of breakpoint determina­
tion. Given the ever-expanding number of clinically relevant fungi, extended studies are 
overdue.
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