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Abstract: Nosocomial clusters of fungal infections, whilst uncommon, cannot be predicted and
are associated with significant morbidity and mortality. Here, we review reports of nosocomial
outbreaks of invasive fungal disease to glean insight into their epidemiology, risks for infection,
methods employed in outbreak detection including genomic testing to confirm the outbreak, and
approaches to clinical and infection control management. Both yeasts and filamentous fungi cause
outbreaks, with each having general and specific risks. The early detection and confirmation of
the outbreak are essential for diagnosis, treatment of affected patients, and termination of the
outbreak. Environmental sampling, including the air in mould outbreaks, for the pathogen may
be indicated. The genetic analysis of epidemiologically linked isolates is strongly recommended
through a sufficiently discriminatory approach such as whole genome sequencing or a method that is
acceptably discriminatory for that pathogen. An analysis of both linked isolates and epidemiologically
unrelated strains is required to enable genetic similarity comparisons. The management of the
outbreak encompasses input from a multi-disciplinary team with epidemiological investigation and
infection control measures, including screening for additional cases, patient cohorting, and strict
hygiene and cleaning procedures. Automated methods for fungal infection surveillance would
greatly aid earlier outbreak detection and should be a focus of research.

Keywords: fungi; nosocomial; outbreak; whole genome sequencing; genotyping; yeast; mould;
infection prevention

1. Introduction

Invasive fungal diseases (IFDs) are recognized as a global health concern by the
World Health Organization (https://www.who.int/publications/i/item/9789240060241
[accessed on 7 July 2023]) and are caused by an increasing breadth of yeast, filamentous
fungi, and dimorphic fungi pathogens. As fungi are ubiquitous in nature, clusters of
infection can and have occurred, not only in the community but as nosocomial infection
when there is transmission or acquisition of fungi in the healthcare environment. Some
yeast pathogens, such as Candida spp., tend to colonize the skin and gastrointestinal and
genitourinary systems in normal hosts and have not often been as readily recognized as
nosocomial pathogens as moulds. However, with the advent of Candida auris infections and
with more sophisticated pathogen identification and typing methods, the ability of other
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Candida and yeast species such as Candida parapsilosis and Candida tropicalis to colonize
the hospital environment and effect patient-to-patient spread with potentially serious
consequences has been highlighted. Significant notable outbreaks due to mould species
have also occurred in relation to contaminated medical products, and hospital construction
or renovations poses a high-risk period. The aim of this work is to review reports of
nosocomial outbreaks of pathogenic fungi to gain insights into methods employed in the
diagnosis of infection and in outbreak detection, genomic testing to confirm an outbreak,
and approaches to clinical and infection control management of case clusters. For the
purposes of the present review, a potential outbreak is defined as ≥2 cases of a particular
fungal infection linked in time and/or place, where the fungal infection was not evident on
admission and was diagnosed and likely acquired in hospital.

2. Diagnosis, Detection, and Genomic Tracking of Outbreaks

Before describing the epidemiology of individual fungal outbreaks and results thereof,
the methods for diagnosis of fungal infections are broadly outlined as are the general
principles of genomic testing for outbreak investigation.

The detection of fungal outbreaks requires a multi-disciplinary approach between
clinical microbiologists, epidemiologists, and public health units. The diagnostic mycol-
ogy laboratory is key in (i) verifying the diagnosis and (ii) confirming the source of the
outbreak [1]. Culture-based methods of specimens remain the cornerstone of diagnosis,
although culture-independent methods are increasingly utilized [2]. Whilst the latter are
important for diagnosis, culture is still essential for fungal isolation, drug susceptibility
testing, and epidemiological comparisons [3]. For detailed descriptions of each of the
methods, the reader is referred to recent reviews on the topic [1–6].

2.1. Direct Examination and Histopathology

Fungal stains such as periodic acid Schiff (PAS) and Grocott methenamine silver (GMS)
used in histopathological examination or direct examination of clinical specimens provide
clues to the presence of a fungal infection. Within tissue, hyphae may be: (i) hyaline septate,
e.g., Aspergillus, Fusarium species; (ii) broad ribbon-like with rare septation which includes
members of the order Mucorales; and (iii) pigmented or dematiceous, e.g., Cladophialophora,
Exophiala, spp. [7]. However, the diagnostic accuracy of identification to genus or species
level is less than 80% [8,9]. The most common cause for incorrect histopathologic diagnoses
is the misidentification of Mucorales and Aspergillus spp. [10]. However, misidentifications
can also occur with yeast infection, e.g., between Histoplasma capsulatum and Nakaseomyces
(previously Candida) glabratus. It is essential that histopathological results are correlated
with microbiology [9–11].

Pneumocystis jirovecii is non-culturable, and its diagnosis has traditionally relied upon
the visualization of cyst or trophozoite forms in tissue, induced sputum (IS), or bronchoalve-
olar lavage (BAL) fluid specimens using optical brighteners, silver stains, and toluidine
blue [12]. Immunofluorescence assays offer superior sensitivity (>90%) to conventional
microscopy (50–80%) [13], with the diagnostic yield highest in HIV-infected patients [14,15].

2.2. Culture

Although slow, fungal culture remains the gold standard for diagnosing IFD. In
the case of invasive Candida infections, blood cultures are estimated to identify only ap-
proximately 50% of all patients due to the rapid clearance of viable organisms from the
bloodstream [16]. Although moulds such as Fusarium, Aspergillus grow easily on routine
mycological media, recovery from clinical specimens of the Mucorales is difficult and is
positive in only 15–25% of cases [17]. Chromogenic agar media, such as CHROMagar™
Candida (CHROMagar, Paris, France), are widely used in clinical laboratories for the
isolation and presumptive identification of common Candida species, and more recently,
CHROMagar™ Candida Plus was developed to specifically identify C. auris [18]. This
medium improves the recovery of C. auris from surveillance swabs compared with con-
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ventional isolation media whilst also obviating the need for confirmatory identification
tests [18,19]. Additionally, a 10% salt Sabouraud dulcitol enrichment broth was developed
for the isolation of C. auris in patient and environmental specimens [20].

2.3. Nucleic Acid Detection

Either broad-range (or panfungal) assays for capturing “all fungi” or assays tailored
to detect a specific genus/species may be used to directly detect fungal DNA in clinical
specimens [2]. Panfungal PCR followed by DNA sequencing allows for the identification of
the pathogen from a diverse range of clinical specimens, including formalin fixed paraffin
embedded (FFPE) tissue, although the examination of the latter is only recommended
where fungal forms are seen on histopathology [2,7,11]. One study reported results for
blood, cerebrospinal fluid (CSF), and aspirates where the sensitivity, specificity, negative
predictive value (NPV), and positive predictive value (PPV) were 100, 96, 100, and 86%,
respectively. However, these values decreased to 90, 75, 86, and 82%, respectively, for BAL
fluid specimens [21]. Such assays are particularly helpful for the detection of unexpected
fungal pathogens for which fungus-targeted assays may not exist at the time of testing,
e.g., the investigation of the outbreak of Exserohilum rostratum meningitis [22,23] (see
Section 3.2.5).

For either screening for, or confirmation of, invasive aspergillosis (IA), the detection
of Aspergillus using PCR has a sensitivity and specificity of 79% and 80% using blood,
respectively [24]. On BAL fluid, performance improves when PCR is combined with
antigen-based biomarkers [25] (see below). The direct detection of Mucorales DNA in
fresh and FFPE tissue and BAL fluid specimens is helpful for species identification [26,27],
and real-time quantitative PCR (qPCR) has also been used to detect Mucorales DNA in
serum [26,28]. During the outbreak of E. rostratum meningitis, species-specific real-time
PCR assays provided laboratory confirmation of 47% of case patients compared with culture
and conventional PCR (14% and 29%, respectively) [22,29].

For pneumocystis pneumonia (PCP), qPCR is increasingly used instead of microscopy
to detect P. jirovecii DNA in respiratory specimens [14], with qPCR now included by the
European Organization for Research and Treatment of Cancer-Mycoses Study Group Edu-
cation and Research Consortium (EORTC-MSGERC) as evidence of probable disease [12].
PCR-based assays are also often used for screening exposed patients during outbreaks and
to assist source determination [30–32]. Whilst the quantitation of copy numbers of P. jirovecii
DNA or assessment of burden through the cycle threshold (Ct) cutoff value may be useful
in distinguishing infection from colonization with P. jirovecii, these “cutoffs” are variable
and are dependent on the PCR platform, gene tested, and the patient population, e.g.,
HIV-positive vs. HIV-negative patients, due to known differences in fungal burden [14].

The position of Candida PCR assays in the routine diagnosis of invasive candidiasis (IC)
remains uncertain. Commercial assays lack standardized methodologies despite showing
a pooled sensitivity and specificity of 95% and 92%, respectively (compared with culture,
where sensitivity and specificity are 85% and 38%, respectively) [33]. Only the T2Candida
magnetic resonance assay panel (T2 Biosystems, Lexington, MA, USA) has been cleared by
the US Food and Drug Administration (FDA) for the detection of five common Candida
species in whole blood (sensitivity of 91.1%; time to positivity, 4.4 +/− 1 h) [34,35]. Prompt
identification of individuals infected or colonized by C. auris is essential for minimizing
cross infections in hospital outbreaks (see below). In-house and commercial PCR assays
are available for the detection of C. auris from surveillance samples. These assays yield
results within 1–4 h compared to 4–14 days for a culture [36]. Commercial assays include
the Auris ID (OLM Diagnostics, Newcastle Upon Tyne, UK), Fungiplex (Bruker, Bremen,
Germany) and the T2Cauris panel (T2 Biosystems, Lexington, MA, USA) [36].

2.4. Immunodiagnostic Assays

The main biomarker for the diagnosis of IA is Aspergillus galactomannan (GM) (Platelia
Aspergillus Ag, Bio-Rad, Marnes-La-Coquette, France). Results obtained using serum and
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plasma have shown moderate-to-good pooled sensitivities and specificities (0.48–0.92 and
0.85–0.95, respectively) [37,38], with a similar performance on BAL fluid (0.61–0.92 and
0.81–0.98, respectively) [38–40]. For cementing a diagnosis, testing on BAL fluid is preferred.
Cross reactive positive GM has been reported in patients with Fusarium, Penicillium and
Cryptococcus infections [38,41].

Two points of care lateral flow assays (LFAs) are now available for IA diagnoses
using serum and BAL fluid; these are (i) AspLFD (Olm Diagnostics, Braintree, UK), which
detects an extracellular glycoprotein antigen [42,43], and (ii) IMMY sōna Aspergillus GM
lateral flow assay (IMMY, Norman, OK, USA) to detect GM [44]. These are fast, effective
alternatives to the Platelia Aspergillus Ag test, particularly where sample throughput is
low [45]. Both LFA formats are sensitive and specific for haematology patients with pul-
monary aspergillosis [45,46]. The LFA cross-reacts with Scedosporium, Fusarium, Geotrichum,
and Candida spp. [47] whilst the AspLFD cross-reacts against Paecilomyces and Penicillium
spp. [43].

The detection of the panfungal antigen, (1,3)-β-D-glucan (BDG), in the serum of
patients is another approach to assist diagnosis [48]. Serum BDG is useful for the detection
of many IFDs except for mucormycosis and cryptococcosis, but including PCP when
interpreted with clinical/radiological signs and other microbiological markers [48–52]. Its
performance is improved when two consecutive positive assays define a true “positive”
result [16]. Although not approved by the manufacturer, the BDG testing of CSF was found
to be useful in the diagnosis and monitoring of clinical response in the 2012 outbreak of E.
rostratum meningitis [53].

2.5. Fungal Identification

Most clinical laboratories utilize a combination of morphological identification, matrix-
assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS),
and DNA sequencing to identify cultured fungi. Species identification of moulds using
phenotypic methods is not possible if the organism fails to sporulate [2]. MALDI-TOF
MS has revolutionized the rapid and accurate identification of both yeasts and moulds,
although the success of the identification of moulds [54–58] relies on enhanced in-house
databases [57,59].

For outbreak investigations, precise identification is essential, and comparative se-
quence analysis with dedicated databases, e.g., Mycobank (https://www.mycobank.org/
Pairwise_alignment, accessed on 7 July 2023), is the gold standard. The primary and
secondary DNA barcodes for fungal identification are the internal transcribed spacer (ITS)
regions of the nuclear ribosomal RNA (rRNA) gene and translational elongation factor
1α (TEF1α) gene, respectively [60–64], with gene targets including the 28S rDNA D1/D2
regions, beta tubulin II, calmodulin, and RNA polymerase II subunit (RPB2) genes also
used [63,65]. ITS sequencing was essential for the identification/detection of a nosocomial
outbreak of Acremonium kiliense fungemia (see mould epidemiology) [66].

2.6. Molecular Typing (Genotyping)

Fungal strain typing to assess the genetic relationship of isolates is an essential compo-
nent of outbreak investigation to understand epidemiological relationships between clinical
isolates, or between clinical and environmental isolates, to assist with the identification
of the source of the outbreak and to track and limit the spread of nosocomial infections.
Ideally, the genotyping method must reproducibly assign an unambiguous result to each
isolate and discriminate epidemiologically linked isolates from those that are unrelated [67].
Earlier methods such as PCR fingerprinting, random amplification of polymorphic DNA
(RAPD), amplified fragment length polymorphism (AFLP), and restriction fragment length
polymorphism (RFLP) analysis are subject to laboratory reproducibility and are super-
seded by more discriminatory methods such as microsatellite analysis, multilocus sequence
typing (MLST) [68] and, today, whole genome sequencing (WGS).

https://www.mycobank.org/Pairwise_alignment
https://www.mycobank.org/Pairwise_alignment
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MLST uses the DNA sequencing of housekeeping genes (≥4 genes) to identify poly-
morphic nucleotide sites from which the population structure between isolates can be es-
tablished. This method allows for database development for unambiguous interlaboratory
comparisons. MLST typing schemes are publicly available at https://mlst.mycologylab.
org/ (accessed on 9 July 2023), e.g., for Scedosporium spp. [69,70], P. jirovecii [30,71], and Bipo-
laris spp., and are the preferred standard for genotyping P. jirovecii as it can be performed
directly from clinical specimens, even from samples with low fungal loads. The method is
discriminatory, and an epidemic can be excluded if different genotypes are observed [14]. A
drawback of MLST genotyping for P. jirovecii is that a single patient can be co-infected with
two or more genotypes, and PCR amplification creates an artificial diversity of genotypes
when applied to mixed templates [14].

Microsatellite typing is also simple, cheap, and reproducible, involving the amplifi-
cation of short tandem repeat (STR) sequences. It can easily detect multiple genotypes in
samples and has been used for typing A. fumigatus, P. jirovecii, and Candida species including
C. auris [72–75]. Gits-Muselli (2015) demonstrated that a single P. jirovecii genotype may
have been transmitted between 10 patients in one hospital [75]. In another study of C. auris
comparing five typing tools (microsatellite typing, ITS sequencing, AFLP, MALDI- TOF
MS, and Fourier-transform infrared spectroscopy) [73], only microsatellite typing grouped
the isolates into four clusters, corresponding to the four known WGS clades at the time
(Table 1).

Table 1. Candida auris: nosocomial outbreaks that have incorporated genotypic methods to investigate
isolate relatedness.

Country, Year
(Reference) Setting

No. Patients/No.
Outbreak Isolates

Analyzed
Typing
Method Genetic Diversity Drug-Resistance Genes and

Mutations

USA 2017
[76]

Single centre
New Jersey
(NJ), single

centre Illinois
(IL)

2/2 NJ
2/2 IL WGS

NJ: 2 isolates assigned to clade I
(separated by <10 SNPs)

IL: 2 isolates assigned to clade IV
(separated by <10 SNPs)

Not reported

UK 2018
[77]

Neurosciences
ICU (over
3 years)

70/72 WGS

All outbreak isolates formed a single
genetic cluster (clade III) comprising

72 isolates from 37 patients and
6 temperature-probe isolates (separated

by <30 SNPs between isolates);
close matches between patient and

temperature-probe samples

Not reported

Saudi Arabia
2020
[78]

Single centre,
various wards 7/7 WGS

All 7 isolates assigned to clade I but
2 sub-clusters (for both clusters, isolates

within separated by <10 SNPs)
Not reported

USA 2020
[79]

Surgical ICU,
liver transplant 5/5 WGS All 5 isolates assigned to clade I

(separated by <16 SNPs) Not reported

Italy 2021
[80] COVID ICU 10/10 WGS All 10 isolates assigned to clade I

(separated by mean/median SNPs 7)

All isolates resistant to fluconazole
and amphotericin B

ERG11 K143R mutation all isolates
TACB1 A640V mutation all isolates

Hong Kong
2021 [81] Single centre 15/19 WGS All 19 isolates assigned to clade I

(separated by <13 SNPs) Not reported

USA 2021
[82]

Single centre;
COVID-19

ward,
non-COVID-19

wards

15/15
12 in COVID-19 ward,

3 in non-COVID-19
ward

WGS

12 isolates with spatio-temporal link: all
assigned to clade III (separated by

≤5 SNPs);
3 non-COVID ward isolates with no

spatio-temporal link also closely related
to COVID ward isolates (≤5 SNPs)

Not reported

USA 2021
[83]

Single
institution 14/20 WGS

All 20 isolates assigned to clade III
(separated by 1–9 SNPs);

however, unable to distinguish
5 outbreak isolates from

non-epidemiologically unliked isolates
(n = 15)

Not reported

https://mlst.mycologylab.org/
https://mlst.mycologylab.org/
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Table 1. Cont.

Country, Year
(Reference) Setting

No. Patients/No.
Outbreak Isolates

Analyzed
Typing
Method Genetic Diversity Drug-Resistance Genes and

Mutations

USA 2021
[84]

Multiple
LTACH/vSNFs

in region
(9 facilities)

182/81 WGS

81 isolates assigned to clade III (separated
by <11 SNPs);

suggesting significant spread among
these facilities in the region

Not reported

Canada 2021
[85]

ICU of
community

health facility
4/4 WGS All 4 isolates assigned to clade I

(separated by ≤15 SNPs) ERG11 Y132F mutation all isolates

UK 2022
[86]

Single hospital
(ICU,

cardiothoracic,
cardiac

medical)

16/21 WGS

18 isolates assigned to clade I (separated
by mean of 4 SNP); 4 environmental

isolates also belonged to clade I;
3 isolates assigned to Clade III (separated

by mean 12 SNPs);
3 introductions to hospital, with

subsequent spread

ERG11 Y132F mutation-in clade I
isolates (n = 18 clinical and

4 environmental isolates), ERG11
F126L mutation in clade III isolates

(n = 3)

France 2022
[87] Burn ICU 2/2 WGS Both isolates assigned to clade I

(separated by ≤12 SNPs) Not reported

Iran 2022
[88]

5 isolates from
Iran (different

settings)
5/5 STR and

WGS

New clade identified (clade V) (with
isolates within separated by <100 SNPs)
and separated by >200,000 SNPs from

other clades

ERG11 Y132F mutation (n = 1),
ERG11 I466L mutation (n = 1),
TAC1b D599G mutation (n = 1)

Lebanon 2022
[83]

Single centre
(ICU, resp care,

CCU neuro
ICU, ED)

21/28 WGS 28 isolates assigned to clade I (separated
by 1–6 SNPs)

All fluconazole and amphotericin B
resistant

ERG11 Y132F mutation all isolates
CDR1 D709E mutation all isolates

Italy 2023
[89] ICU 503/60 WGS

All 60 isolates assigned to clade Ic
(separated by median of 8 SNPs,

IQR 5–12);
in comparison, non-epidemiologically

linked “control” isolates reported as less
related (separated by median of 14 SNPs,

IQR 12–16)

All 60 isolates resistant to fluconazole
2 isolates resistant to caspofungin

Gene mutations identified in
azole-resistant isolates:

CDR1 (V704L substitution),
ERG1 (K143R),
TAC1B (A640V)
HMG1 (P238H)

Qatar 2023
[90]

9 major
hospitals 65/76 WGS All 76 isolates assigned to clade I

(separated by ≤21 SNPs)

ERG11 Y132F mutation (n = 120),
K143R (n = 2)

CDR1 E709D mutation (n = 12),
V704L (n = 2)

FKS1 S639F mutation (n = 2) and
S639Y (n = 1)

One pan-resistant isolate also
harboured a premature stop codon in
ERG3 and novel mutations in CDR2

Venezuela 2016
[91]

ICU,
single centre 18/18 AFLP

All isolates (n = 18) clustered together
with overall similarity of 85% with two

sub-clusters; cluster was distantly related
to strain type of C. auris.

Not reported

UK 2016
[92]

Cardiothoracic
ICU

single centre
50/15 AFLP

All isolates (n = 15) formed a distinct
cluster with high degree of relatedness;
clearly separated from isolates (n = 48),

not linked to cluster

Not reported

Spain 2018
[93]

Single centre
ICU 140/58 AFLP All isolates (n = 58) in a single cluster,

with overall genetic similarity of >96% Not reported

Kuwait 2020
[94]

HDU of
secondary care

hospital
(long-term care)

71/71

12-locus
short tandem
repeat (STR)

analysis

With exception of 4 isolates from a single
patient which differed only at a single
locus, all outbreak isolates (n = 71) and

environmental isolates (n = 7) had
identical STR patterns and belonged to

clade Ic;
control clade I isolates not linked to

outbreak also differed from outbreak
isolates at one locus only

ERG11 Y123F mutation present in
nearly all isolates; 4 isolates (one
patient) had the ERG11 K143R

mutation.

Brazil 2021
[95]

Single centre
ICU 6/6 Microsatellite

analysis

All 6 isolates belonged to clade I but were
of three different STRs, signifying three

different strains (~85% related)
Not reported

AFLP, amplified fragment length polymorphisms; CCU, coronary care unit; ED, Emergency Department; HDU,
high-dependency unit; ICU, intensive care unit; LTACH, long-term acute care hospital; neuro, neurosurgical; resp,
respiratory; SNP, single-nucleotide polymorphism; STR, short tandem repeat; vSNFs, ventilator skilled nursing
facilities; WGS, whole genome sequencing.



J. Fungi 2023, 9, 1059 7 of 42

Next-Generation Sequencing

Next-generation sequencing (NGS) or WGS tools are well-established preferred meth-
ods, superseding less discriminatory methods for linking genetic relatedness of bacteria
and viruses. Logically, the position of WGS in mycological surveillance and tracking of
outbreaks should be similar, but its implementation into routine workflows has been hin-
dered by a number of factors. These are: (i) the substantively larger genomes of fungi
(>35 Mbp for mould pathogens), (ii) the presence of ploidy, (iii) the likelihood of genome
duplication and recombination events, (iv) the absence of well-developed standardized
bioinformatic pipelines, and (v) the lack of comparative genome databases of an adequate
breadth and depth [96–98]. Further, characteristics that lend themselves to constituting
a reliable “reference” genome for many fungal species are not well documented, and
standard reference genomes are not available, as they are for bacteria and viruses. With
mould pathogens, the genome variability of those within the hospital environment and
in the community needs to be understood, as this is fundamental to contextualizing the
relatedness of strains in a phylogenetic investigation. Nonetheless, as experience grows
and limitations including costs are addressed, the contribution of WGS in fungal outbreak
investigations is increasingly recognized [99–102], with major examples summarized in
Tables 1 and 2.

Table 2. Outbreaks caused by Candida species other than Candida auris: characteristics and results of
genetic analyses according to genotype.

Country, Year
Published

(Reference)

Setting and
Infection

Site(s)
No. Patients/No.
Isolates Studied

Typing
Method(s) Results

Nosocomial Spread Supported
(Yes/No) and Drug Resistance

Mutations Identified

Candida parapsilosis

Spain 2021
[103]

Single centre
NICU 31/31

Microsatellite
typing and

WGS

16 isolates belonged to 3 microsatellite
clusters (15 were singletons). Supported

by WGS analysis (but with varying
numbers of SNP differences between

and within clusters)

Yes, for 16 isolates linked to
3 clusters

Sweden 2009
[104]

Haematology
ward 9/4

MLST
RAPD

Microsatellite
typing

All isolates from cluster were of same
genotypic profile through MLST and

microsatellite typing

Yes, by MLST and microsatellite
typing

Taiwan 2011
[105] NICU * 14/18 + 7 HCW hand

isolates
Microsatellite

typing

11 different subtypes, 2 main subgroups
of highly related isolates with
association with HCW isolates

Results clearly implicate HCW
hands, better discrimination

compared to prior methods (PFGE,
RFLP, RAPD)

Austria 2012
[106]

Adult
cardiothoracic

ICU
50/83

Automated
repetitive

sequence-based
PCR

Microsatellite
typing

Automated repetitive sequence-based
PCR not discriminatory:

by microsatellite typing, 9 genotypes
identified but 2 genotypes prominent

Yes—microsatellite typing
suggested transmission of some

genotypes but also suggested other
isolates were not part of an ongoing

outbreak

Brazil 2013
[107] NICU 11/11 Microsatellite

typing
9 isolates with same genotypic profile,

2 were distinct Yes, for 9 isolates

China 2016
[108]

Single centre,
13 wards 144/201 Microsatellite

typing

45 different genotypes, but 2 genotypes
very prominent with n = 74 and n = 23 in

clusters
Yes, for 2 clusters identified

Italy 2020
[109]

Single centre
(5 wards) 70/70 Microsatellite

typing 4 clusters identified Yes, some nosocomial transmission
identified for each cluster

Turkey 2021
[110]

Single centre
(all wards) 47/58 Microsatellite

typing

31 microsatellite genotypes,
2 major clusters (n = 36 and n = 22

isolates, respectively)—one
fluconazole-resistant isolate and one

fluconazole susceptible, and a number of
fluconazole-non-susceptible isolates;

8 sub-clusters

Yes;
multiple clusters identified

including cluster of
fluconazole-resistant isolates

carrying the ERG11 Y132F mutation
or ERG11 Y132F + G307A mutations;

other drug mutations were ERG11
G458S

Mexico 2021
[111]

Single centre
(all wards) 12/12 Microsatellite

typing

10 microsatellite types,
2 closely related clusters, 1 isolate was an

outlier

Yes;
ERG11 I197I and Y132F mutations

identified

France 2021
[112]

Single centre
(all wards)

18/26 fluconazole- res
isolates/18

Microsatellite
typing

6 microsatellite types: 2 clusters (both
fluconazole-resistant isolates) with low

diversity within the clusters

Yes.
ERG11 Y132F mutation identified
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Table 2. Cont.

Country, Year
Published

(Reference)

Setting and
Infection

Site(s)
No. Patients/No.
Isolates Studied

Typing
Method(s) Results

Nosocomial Spread Supported
(Yes/No) and Drug Resistance

Mutations Identified

Japan 2022
[113] NICU 3/3 Microsatellite

typing
3 patient isolates were identical to each

other and to 2 environmental strains

Yes, with link to environmental
source;

drug mutations not reported

Brazil 2022
[114]

Two hospitals
with shared
cardiac ICU

31/31 Microsatellite
typing

Similarity of >94% amongst
fluconazole-resistant isolates (n = 24)

Yes—nosocomial spread of
fluconazole-resistant isolates

ERG11 Y132F and ERG11 R398I
mutations

Brazil 2022
[115] Single centre

57/60 (all isolates
were fluconazole-

resistant
Microsatellite

typing
51 of 60 fluconazole-resistant isolates

were in same cluster

Yes;
ERG11 K143R mutation;
TAC1 L518F mutation;
CDR1 overexpression;

FKS1 E1939G mutation-conferring
echinocandin tolerance

Iran 2022
[116] Paediatric ICU 42/50

AFLP
Microsatellite

typing
AFLP—2 main clusters;

microsatellite—5 clonal lineages
No; microsatellite typing suggested

clonal spread unlikely

France 2023
[117]

2 Parisian
Hospitals

39 fluconazole-
resistant isolates

Microsatellite
typing

2 clones with minimal intra-clonal
diversity

Yes, spread of
2 fluconazole-resistant clones

France 2023
[118]

Single centre
ICU 17/17 Microsatellite

typing
All isolates of the same clone,

14/17 near identical

Yes; suggests nosocomial spread of
fluconazole-resistant isolates;

ERG11 Y132F mutation identified

Turkey 2019
[119] ICU 13/13

Repetitive
sequence-based

PCR

Genetic similarity of >98% for 11 isolates;
remaining 2 isolates dissimilar Yes, for 11/13 isolates

USA 2004
[120]

Single centre-
medical,
surgical,

neurosurgery
ICU wards

15/15 RAPD All 15 isolates: genetic similarity of >85% Yes

Spain 2004
[121] Paediatric ICU 16/11

RAPD
Electrophoretic

karyotyping

RAPD lacked discriminatory power;
karyotyping + morphotyping more

discriminatory

Yes, karyotyping and morphotyping
helpful

Taiwan 2007
[122] NICU * 17/23 RFLP

RAPD

All blood isolates (n = 14) had high
genetic homogeneity;

colonising isolates (n = 9) genetically
heterogeneous, however;

7/8 of HCW hand isolates same strain as
blood isolates

Yes; strongly suggested clonal
outbreak related to HCW hands

Turkey 2008
[123]

Neurological
ICU 4/4 RAPD All outbreak isolates had same profile Yes

Mexico 2010
[124]

Single centre
NICU, preterm

neonates
3/6 RAPD

6 isolates from 3 patients fell into two
RAPD patterns, (A and B), as did two

isolates from healthcare workers
(A and B)

Yes, suggested HCW hands as
source of outbreak

USA 2008
[125]

4 separate ICU
outbreaks
3 NICU

1 children’s
hospital TPN

program

34/34
Southern blot
Cp3-13 DNA
hybridization

NICU Outbreak I—100% identical
NICU Outbreak II—100% identical

NICU Outbreak III—2 circulating strains;
TPN program—each patient had their
own type causing recurrent infection

Yes, for NICUs with spread, and
indicated TPN issue related to

individual patients with recurrent
infection rather than spread

USA 2004
[126] Single centre 5/5 DNA

fingerprinting

Genetically identical for all 5 clinical and
1 environmental isolate; 2 environmental

isolates were genetically distinct

Yes, for all clinical isolates and
1 environmental isolate

USA 1996
[127] NICU 4/6 PFGE All 6 isolates had identical chromosomal

banding Yes

Taiwan 1999
[128]

NICU and
branch

hospital *
14/14 PFGE

4 genotypes identified amongst
14 isolates (4 clusters)

Of 75 hand isolates, some were
genetically closely related;

26 environmental samples also
analyzed—all negative for C.parapsilosis

Yes, likely multiple introductions
from hand source

USA 1997
[129] NICU 15/19 Electrophoretic

karyotyping

8 different karyotypes amongst
19 isolates; 5 isolates from 4 infants of the

same karyotype but not temporally
related

No, different karyotypes
encountered, and those related had

no epidemiologic link

Brazil 1998
[130]

Haematology/
BMT/Oncology

5/6 + HCW hands
(n = 3)

Electrophoretic
karyotyping

2 different profiles identified, which
were also identified on HCW hands

Yes, 2 clustered identified associated
with HCW hands
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Table 2. Cont.

Country, Year
Published

(Reference)

Setting and
Infection

Site(s)
No. Patients/No.
Isolates Studied

Typing
Method(s) Results

Nosocomial Spread Supported
(Yes/No) and Drug Resistance

Mutations Identified

Candida tropicalis

Korea 2005
[131]

Surgical ICU-
candiduria 34/34 PFGE Identical banding for 34 patient isolates

and 6 environmental strains Yes

Serbia 2020
[132] Single centre 2/2 PFGE Identical banding for 2 isolates Yes

USA 2021
[133]

3 affiliated HD
centres 7/20 PFGE

4 strain types amongst 7 isolates and
together with 11 environmental isolates

from HD machines

Association of strain types with
environmental strains;

ruled out patient-to-patient
transmission, ruled in
environmental source

Greece 2003
[134] Single NICU 8/14 RAPD

RFLP
2 genotypes identified (7 patients with A,

1 patient with B) Yes

USA 1991
[135]

Single centre
sternal wound

infections
8/8

RFLP
(computer

aided)

Outbreak isolates (n = 6 from patients,
n = 2 from scrub nurse) had identical

bands (≥95%);
control isolates (n = 9) demonstrated

band similarity of 13–53%

Yes, link between a scrub nurse and
infected patients

BMT, bone marrow transplant; DNA, deoxyribonucleic acid; HCW, healthcare worker; HD, haemodialysis; ICU,
intensive care unit; MLST, multilocus sequence typing; NICU, neonatal intensive care unit; PCR, polymerase
chain reaction; PFGE, pulsed field gel electrophoresis; RAPD, random amplified polymorphic DNA analysis;
RFLP, restriction fragment length polymorphism; TPN, total parenteral nutrition; VIP, very important person;
WGS, whole genome sequencing; * These are reports of different analyses of isolates from the same outbreak.

3. Causative Pathogens and Epidemiology
3.1. Yeasts

Yeasts have, until recently, been considered uncommon causes of nosocomial out-
breaks. Prior to DNA sequencing, conventional methods of species identification were in-
sensitive to detecting new species and strains. Further, investigations of potential outbreaks
relied on older, less discriminatory genotyping methods or only on clinical epidemiological
data. This all changed with the incursion of C. auris into multiple regions when it was
recognized that this modern Candida species was capable of rapid patient-to-patient trans-
mission, could colonize and persist in the hospital environment, and could cause invasive
infection and be associated with antifungal drug resistance [89,92]. This section covers the
main epidemiological features of healthcare-associated nosocomial outbreaks caused by
Candida spp. and other uncommon or rare non-Candida yeasts.

3.1.1. Candida auris

Originally misidentified as “Candida haemolunii” or as various other Candida spp. [136,137],
the first recognition of C. auris as a pathogen was in 2009 in Japan in a patient with dis-
charge from the ear canal [138]. Following this, it was reported as the causative pathogen
of 15 cases of chronic otitis media in Korea [139] and then fungemia [140], with the earliest
bloodstream isolate found to be from 1996 in Korea [140]. Yet, it was not until much later
that C. auris infections were reported elsewhere in the Americas in 2012 (Venezuela) and
in the USA and India (2013) [76,141,142]. Its emergence in Europe followed, with epi-
demiologic links to India suggesting its introduction from Asia [99]. Once these footholds
were established, a degree of endemicity was established. WGS-enabled approaches have
revealed that there were initially four, then five, distinct geographic clades of the pathogen,
clearly separated from one another and each with limited genetic diversity within the clade,
although delineation of sub-clades is described: South Asian (clade I), East Asian (clade II),
South African (clade III), South American (clade IV), and Iranian clade (clade V) [88,143,144].
Very recently, a likely sixth clade has been identified in three non-epidemiologically linked
isolates from Singapore and one from Bangladesh, where these isolates are closely related
and differ by >36,000 single-nucleotide polymorphisms (SNPs) from existing C. auris iso-
lates [145]. The first global genomic analyses of C. auris isolates indicate near-simultaneous
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emergence of the pathogen [144], and numerous studies have described its genetic diversity
and population structure [143,144,146,147] (summarized in Forsberg et al. [141]).

What is intriguing about C. auris is its potential for patient-to-patient transmission [77,92,148]
and prolonged environmental persistence on dry and moist surfaces [20,137,149]. The
reasons for this may include the ability of C. auris to form cellular aggregates and biofilm
and its tolerance to high salinity and temperatures up to 42 ◦C [137,150]. C. auris is
capable of colonizing the gastrointestinal (GI) tract and skin surfaces of patients, and the
pathogen may be cultured from rectal swab/faecal specimens and axilla and groin skin
swabs [151]. Risk factors for C. auris colonization/infection are similar to those of other
Candida spp. and include prolonged time of hospital stay, indwelling central venous access
devices (CVADs) and urinary catheters, and high-acuity care requirement, mechanical
ventilation in particular [144,152,153]. It seems particularly suited to the intensive care
unit (ICU) environment and ventilator units [92,154] and has shut down entire ICU wards
due to transmission [92]. The duration of colonization with C. auris remains unclear;
one study revealed a median duration of 8.6 months [155], but more work is needed in
this area, particularly as screening is not 100% sensitive, with the tendency to repeatedly
detect C. auris on subsequent testing despite a single negative intervening result [151]. The
colonization of lanyards has been reported [156], and axillary temperature probes have been
implicated as modes of transmission [77,95,142]. Table 1 summarizes the major nosocomial
C. auris outbreaks where molecular methods have contributed to their establishment as
a cluster, according to genotyping method and chronological order. For brevity, we have
excluded the numerous studies that have not incorporated genotypic methods to support
the outbreak [157,158].

The first reported healthcare-associated outbreaks in the USA and Europe occurred
in 2013 [76,141,142], with an increasing number of reports globally since then (Table 1).
Patients receiving care in ICUs—including neurosciences, burn, and cardiothoracic ICUs—
appear to be at particular risk, but outbreaks have occurred in all ward types; affected
individuals have mainly been adults. Outbreaks have comprised patients with invasive
disease as well as those colonized by C. auris. Outbreak size has ranged from involving only
2 to more than 180 patients (Table 1), and there are two reports describing person-to-person
transmission in COVID-19 patients [82,157].

One of the earliest reports involved the Royal Brampton Hospital in the U.K. in 2016,
which encompassed 50 nosocomial C. auris cases over 16 months in a mixed surgical-
medical ICU [92]. Environmental sampling of the area surrounding colonized patients
demonstrated C. auris on the floor, trollies, radiators, windowsills, and equipment. Prospec-
tive surveillance was introduced and managed with strict infection control procedures (see
below). The high degree of genetic relatedness of 15 outbreak isolates by AFLP analysis
(Table 1) suggested the introduction of the infecting genotype into the hospital.

Another study of note described an outbreak in a U.K. neurosciences ICU where after
suspicion of the cluster, an intensive patient and environmental screening and intervention
program, assisted by WGS studies, found that transmission of C. auris was linked to
reusable skin-surface temperature probes [77]. All “outbreak” sequences, including those
from isolates recovered from the reusable probes, formed a single genetic cluster within
clade III separated by <30 SNPs. Only after removal of the temperature probes was the
cluster controlled.

In parallel with the growing number of clinical cases of C. auris worldwide, it is
unsurprising that C. auris infections have emerged in hospitalized COVID-19 patients
(https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html accessed on 10 July
2023). Hinrichs et al. documented the transmission between two patients in their COVID-19
ICU [157]. In another study in Miami during a local surge of patients in the COVID-19
ICU, 15 cases of C. auris infection were identified within concurrent admission time frames
in 2020: 12 were cared for in the COVID-19 ward, and 3 were non-COVID-19 patients
in a separate ward. WGS of the 15 isolates showed that the 12 spatio-temporally linked
COVID-19 patients were genetically clustered with the separation of isolates ≤ 5 SNPs,

https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html
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and they were also closely related to 3 non-COVID patients, suggesting transmission [82]
(Table 1).

Molecular Genotyping of C. auris

A number of molecular genotyping methods have been utilized to determine related-
ness between C. auris isolates and to support the case for a cluster or outbreak. Amongst
these, AFLP analysis has been used in at least three studies [91–93] (Table 1). Using similar
protocols [146], each demonstrated that the outbreak isolates (n = 18, 15, and 58 isolates,
respectively) were closely related (85–96% genetic similarity) and were considered clonal
with a clear distinction from isolates not linked to the outbreak. Techniques such as mi-
crosatellite typing and STR typing were also used [94,95], with overall good discrimination
(Table 1). The most recent studies have used WGS to investigate genetic relationships and
have set the premise that in general, about ≤15 SNPs separate isolates (range <2–<30) are
linked in outbreaks (Table 1).

3.1.2. Candida parapsilosis

Prior to the meteoric rise of C. auris as a nosocomial pathogen, C. parapsilosis was
the most common Candida species reported to cause hospital outbreaks [110,128]. Out-
breaks often centred around ICUs and neonatal ICUs (NICUs) [118,124,128], with reports
of fungemia triggering investigation (see Table 2). As this species produces biofilm, it
is unsurprising that it has been recovered from devices such as NICU incubators and
humidifiers, patient beds, nurse workstations, computers, floors, and hands of health-
care workers [113,159,160]. However, in many of the outbreaks, a point source was not
identified [112].

Major outbreaks of C. parapsilosis which employed molecular testing are summarized in
Table 2, and they have evolved from electrophoretic karyotyping to the more discriminatory
microsatellite typing, which is able to identify clusters and sub-clusters, including drug-
resistant clones. However, RAPD, RFLP, and electrophoretic analyses often yielded results
demonstrating genetic identity reflecting their lesser discriminatory power. Thus far, only
one published study has utilized WGS to investigate a possible outbreak of 31 isolates in
31 patients in a Spanish NICU, in addition to microsatellite typing [103]. Microsatellite
typing was able to identify 3 clusters of C. parapsilosis amongst 16 isolates corresponding
to epidemiologically linked cases, and these were confirmed through WGS, although the
latter suggested 2 sub-populations of isolates within 1 of the main clusters, demonstrating
the heightened granularity gleaned from WGS. SNP differences within clusters varied,
ranging from <10 to >200 [103]. Transmission was halted after implementation of a catheter
care campaign.

Similar to C. auris, there have been descriptions of antifungal drug resistance emerging
in C. parapsilosis and ERG11 gene mutations which confer fluconazole resistance, particu-
larly the Y132F mutation [110–112,118]. Given that only a small proportion of patients who
have fluconazole-resistant C. parapsilosis have been exposed to azoles, it appears that this
emergence may be due to as yet undetected transmission between patients in the hospital or
the community, as confirmed by microsatellite typing [110–112,115,118] (Table 2). Further,
there is some evidence to suggest that azole-resistant isolates are more likely to spread and
be associated with invasive infection and increased mortality [110,112]. Hence, vigilance
for C. parapsilosis infection and the need for antifungal susceptibility testing are essential.

3.1.3. Candida tropicalis

Candida tropicalis causes hospital outbreaks less commonly than C. auris and C. parap-
silosis; however, when described, outbreaks have similar characteristics [132]. Specifically,
the contamination of hospital environments including haemodialysis machines and ICU
environments [132,133] are seen, and risk factors for invasive infection include the ICU and
NICU environment, presence of CVADs, and total parenteral nutrition [132]. The organism
has also been isolated from the hands of healthcare workers [132].
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Molecular typing has been used less frequently in C. tropicalis outbreaks, and methods
employed have tended to be of the “older generation”, including pulse field gel elec-
trophoresis (PFGE), RFLP, and RAPD (Table 2) [131–135]. One study of 20 isolates from
seven patients in three affiliated US haemodialysis centres found that there was an associa-
tion between patient isolates and epidemiologically linked haemodialysis machines, thereby
ruling out patient-to-patient transmission [133]. Another study employing computer-aided
RFLP found genetically identical isolates in eight patients with sternal wound infections
and a particular scrub nurse, highlighting a likely point source [135].

3.1.4. Other Candida Species and Uncommon Yeasts

Other more uncommon Candida spp. and non-Candida yeasts have also caused
nosocomial outbreaks, including Wickerhamomyces anomalus (formerly Candida pellicu-
losa) [161], Candida blankii [162], Dilutina rugosa (formerly Candida rugosa) [4], Cyberlindnera
fabianii (formerly Candida fabianii) [163], and Kurtzmaniella quercitrusa (formerly Candida
quercitrusa) [164]. Generally, these outbreaks were clusters of fungemia cases in ICU/NICU
and were managed with standard outbreak control measures (see Section 4).

Wickerhamomyces anomalus

W. anomalus (formerly C. pelliculosa and Pichia anomala) has caused infrequent noso-
comial outbreaks [161,165–168], which present typically as fungemia. Low-birth-weight
infants in NICUs, premature infants, and hospitalized children appear to be at particular
risk [165,168]. However, adult ICU patients are also affected [167]. Other risk factors are
similar to other Candida infections [169].

In an earlier study (late 1990s) in India, an outbreak of 379 W. anomalus cases occurred
over 23 months in a paediatric ward [165]. The use of multilocus enzyme electrophoresis
(MLEE) on 40 isolates showed that strains were identical, but no external source was found.
The outbreak was terminated by imposing strict hand washing. Kalkanci et al., using
RAPD analysis to study four isolates from each of four infants with W. anomalus fungemia
in the ICU, reported identical RAPD fingerprints using five different primer sets [170]. A
similar outbreak of 17 fungemia cases over 18 months in a Brazilian paediatric ICU linked
the placement of CVADs to fungemia, but no source was found [168]. Also using RAPD,
the investigators identified a single genotype. Similar results were reported in a cluster
of 10 fungemia episodes in six infants in NICU in China over 10 months, caused by a
single RAPD genotype [171]. Of note, Spruitenburg et al. recently applied short tandem
repeat (STR) typing to W. anomalus using six STR makers [172]. On analyzing 90 isolates,
they uncovered 4 outbreak clusters that had simultaneously occurred across multiple units
within the same hospital. When compared with WGS for 11 isolates, SNP calling identified
genetic relationships highly concordant with STR typing.

Cyberlindnera fabianii

Nosocomial case clusters of C. fabianni, previously named Hansenula (or Pichia or
Candida) fabianii, have been studied [163,173]. Sequencing of the ITS-1 gene region of
10 strains from 10 babies in Kuwait identified 100% sequence similarity for all [163]. WGS
was utilized in another study to analyze isolates from three cases within a 2-week period in
the urology department in a hospital in China [173]; the results did not support patient-
to-patient transmission—two of three isolates were separated by a 192 bp SNP difference
whilst the third was separated from the other two by >26,000 SNPs, suggesting different
lineages [173].

Magnusiomyces clavatus

This uncommon yeast (formerly Saprochaete clavata and Geotrichum clavatum) has
been linked to two case clusters both occurring in haematology wards in France [174,175],
suggesting either human-to-human transmission or the introduction of the organism from
the environment. The first study was important in that it provided the (i) assembly of a
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“reference” M. clavatus genome and (ii) premise by which two distinct WGS-enabled clades
(clades A and B) of M. clavatus were established [175]; a clone associated with the outbreak
was uncovered. Of 18 outbreak isolates (recovered within an 8-week period), 16 belonged
to clade A and differed from others by ≤4 SNPs, whilst control isolates belonged to clade B
and were genetically distant [175]. No environmental source was identified.

In a later study, Menu et al. [174] used WGS analysis to examine isolates from nine
patients in a haematology ward over a 22-month period, and 10 isolates recovered from the
environment, including from kitchen appliances. WGS analyses showed that all clinical
and environmental isolates belonged to the same phylogenetic clade (clade “C”) and were
genetically distant to both clade A and clade B from the previous M. clavatus outbreak [175].
Further, a dishwasher with a deficient heating system was identified as a vector of contami-
nation; the replacement of this appliance resulted in cessation of the outbreak [174]. A more
recent study [176] of an outbreak of seven M. clavatus fungemia in haematology patients
also utilized WGS; by aligning with the reference genome of Vaux et al. [175], all seven
clustered together within a single clade separated clearly from a control group. However,
a comparison with results from the two French studies above was not undertaken [176].
Other hospital outbreaks of M. clavatus infections have been described but were not an-
alyzed using WGS, although one study showed through MALDI-TOF MS that the main
spectrum profiles (MSPs) of seven patient outbreak isolates clustered together [177].

Rhodotorula mucilaginosa

Rhodotorula mucilaginosa is another yeast that is ubiquitous in the environment, includ-
ing in hospitals, and with a strong affinity for plastics such as that in CVADs. A single-case
cluster was reported by Huang et al. of R. mucilaginosa infection across four hospitals in
China, although this was uncovered only through a retrospective examination of isolates
over 10 years [178]; hence its impact went unrecognized. Microsatellite typing showed the
presence of an epidemic cluster encompassing 35 strains isolated in the hospital over eight
years. WGS analysis showed that 17 of 35 strains demonstrated >99% genetic similarity.
Other clinical strains were divergent (40–98% single nucleotide variant similarity) [178].

3.1.5. Clinical Consequences of Candida and Related Yeast Nosocomial Outbreaks

Candidemia of any type is associated with significant morbidity and mortality [165,179].
Mortality from C. parapsilosis and C. tropicalis candidemia can be high, particularly in
vulnerable patient groups, such as NICU outbreaks [103,128]. Mortality from C. auris was
initially reported to be high at 30–60% [91,93,140,152]. However, more recent studies have
suggested lower attributable mortality [77,92]. This may be due to the earlier clinical and
microbiological recognition of infection and better knowledge of appropriate treatment
of this pathogen. Nonetheless, due to the significant morbidity and healthcare resource
utilization associated with these infections, measures to control outbreaks are encouraged.

In summary, WGS has been employed primarily in C. auris and M. clavatus spp.
outbreaks and has shown that close genetic relatedness can be suggested by varying
thresholds of SNPs depending on the species, but isolates are often not genetically identical
(Table 1). For instance, with C. auris, <15 SNPs would be suggestive of a spread. Older
molecular methods remain in use for other Candida species such as C. tropicalis and C.
parapsilosis, which may be due to a lack of familiarity and precedent to use WGS with these
pathogens. With time, it is likely that WGS will be employed more widely.

3.1.6. Cryptococcus Species

There have been numerous reports of the utility of WGS in the investigation of ge-
nomic diversity and population studies of both Cryptococcus neoformans and Cryptococcus
gattii, with clear delineation of reference genomes and the establishment of WGS find-
ings with genetic cryptococcal genotypes established through MLST. However, these have
mainly been studied in the context of sporadic infection or community outbreaks of C.
gattii [180–183]. There have been rare reports of the nosocomial transmission of Cryptococcus
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spp. [184–186] and occasional reports of needlestick/laboratory cutaneous inoculation [187].
Donor-derived infections in solid-organ transplant recipients have also been rarely de-
scribed [188,189]. However, in retrospect, the donors appeared to already have pulmonary
parenchymal changes which could have reflected undiagnosed cryptococcosis. Wang et al.
reported possible nosocomial transmission between two patients where RAPD and kary-
otyping showed the isolates to be indistinguishable [186], whilst in three studies employing
MLST [190,191] and WGS [184], genetic analyses of isolates in the respective putative
clusters were dissimilar, and in the case of a WGS-enabled study, the isolates belonged to
well-separated subclades [184]. This is not surprising given the abundance of Cryptococcus
in the environment, and where hospital pseudo-outbreaks have been reviewed, it has
ultimately been found that the Cryptococcus is genetically unrelated [190].

3.1.7. Dimorphic Fungi

Whilst there are well-described environmental, occupational, and geographical risk
factors for exposure to dimorphic fungi which have resulted in outbreaks of infection,
there are few reports of nosocomial outbreaks [192–194], with none reported for histo-
plasmosis, blastomycosis, or emergomycosis. [193]. One described cluster of nosocomial
coccidioidomycosis has been linked to donor-derived infection in organ transplant recip-
ients [195], confirmed by a WGS analysis of isolates from three organ recipients from a
single donor who resided in an area endemic for Coccidioides immitis. The isolates from the
three patients were nearly genetically identical (3 SNPs separating them). Of note, previ-
ously, only microsatellite-based methods have proven useful for molecular epidemiologic
studies of Coccidioides spp., providing adequate separation across geographically diverse
samples whilst capable of identifying genotypically identical isolates recovered from the
same patient [196]. However, microsatellite methods can be biased in that they may fail to
detect genomic changes outside these loci.

3.1.8. Pneumocystis jirovecii

P. jirovecii has no environmental reservoir, and historically, there have been controver-
sies in the description of its epidemiology with uncommon reports of human-to-human
transmission of P. jirovecii [197–200], including where healthcare workers have tested posi-
tive through Pneumocystis PCR post exposure to infected patients [201]. Further, P. jirovecii
has been isolated in air samples surrounding infected patients with a gradient of higher
counts as the proximity to the patient increases [202,203], providing further plausibility of
human-to human transmission. The clinical context is also complicated by the fact that
patients can be colonized by P. jirovecii without developing an infection [204]. Nonetheless,
horizontal transmission has been observed, including in numerous hospital outbreaks
(summarized in Delliere [198]). Probable human infectious reservoirs would be children
with a primary infection, pregnant women, and patients with immunodeficiency.

The late 1990s and early 2000s saw increasing reports of nosocomial outbreaks of
Pneumocystis pneumonia (PCP), with likely inter-patient transmission supported by more
discriminatory genotyping methods [205]. These outbreaks have been almost exclusively
described in solid-organ transplant recipients, and then mostly in renal transplant recipi-
ents [30,206–208] but also in heart [32] and liver transplant recipients [209–211]. Clusters in
patients with haematological malignancies appear uncommon [212], and there is only a
single putative cluster of P. jirovecii infection among patients with rheumatoid arthritis [213].

Case control studies supported with a systematic review [214] have indicated that risk
factors for PCP among renal transplant recipients include: (a) frequent inpatient contact,
(b) lack of adherence to isolation precautions, (c) first year post transplantation without
chemoprophylaxis, (d) cytomegalovirus infection, and (e) age (a mean of 48 vs. 36 years
old) when compared to transplant recipients who did not develop PCP. The time interval
between the first and last cases of reported clusters have ranged from 2 weeks to 52 months,
with the number of clustered cases varying from 3 to 83. The role of colonized patients
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as a potential source of P. jirovecii in the nosocomial acquisition of the fungus has been
acknowledged by molecular studies [30,31,199].

Outbreak characterization has been furnished through methods including RFLP, MLST,
and now WGS. Numerous markers have been evaluated in MLST schemes for P. jirovecii
(ITS region, mitochondrial large subunit [mt26S], β-tubulin, superoxide dismutase [SOD],
cytochrome b, 26S rRNA gene, as well as dihydropteroate synthase [DHPS] and dihy-
drofolate reductase [DHFR] genes), and different combinations of loci have been used
in outbreak investigations and confirmed the presence of identical genotypes recovered
from different patients during outbreaks [30,31,209,211,215,216]. A specific web page
(https://mlst.mycologylab.org/page/PJPasic2020 [accessed on 11 June 2023]) has enabled
inter-laboratory comparisons of results. In 2013, upon the evaluation of different combina-
tions of loci, an optimized MLST scheme restricted to the three most discriminant markers
(ITS, mt26S, and cytochrome b oxidase [CYB]), which achieved a discriminatory power of
0.996, was proposed [217]. One early study of an outbreak in a renal transplant unit used
four-locus MLST to link 9 of 11 cases of PCP, and contact tracing found colocalization of
the cases in an outpatient waiting area [30]. Another MLST study confirmed interhuman
transmission in all colonized and infected PCP cases in heart transplant recipients [32].

Finally, an outbreak investigation study using MLST followed by WGS was employed
to address the limitations of MLST for the detection of mixed bases at SNP positions; this
was resolved using amplicon analysis with WGS [218]. The same approach was used by
Charpentier et al. to investigate an outbreak in a French tertiary hospital [219].

3.2. Moulds

The following section focuses on nosocomial outbreaks of invasive mould infections.
Generally, outbreaks of moulds tend to be related to airborne spread, local inoculation, or
contact with contaminated materials, which are explored below.

3.2.1. Aspergillus Species

Hospital-acquired infections due to Aspergillus species occur more frequently when
building construction or renovation are taking place or have just been completed [220,221].
These activities cause dust contamination and disperse large amounts of fungal spores,
with construction activity reported as an independent risk factor for IFD. A number of
outbreaks of invasive aspergillosis (IA) have been documented in healthcare settings from
1976 to 2022 [220,221], with the number of infected individuals ranging from 3 to 145 and
the most common affected population being haematology-oncology patients [222]. Fungal
spore transmission via the airborne route is typical, with skin and soft tissue infections
less frequent. Aspergillus fumigatus followed by Aspergillus flavus have been the most fre-
quently encountered species; however, outbreaks can result from any Aspergillus species or
from >1 species.

Risks for Nosocomial Aspergillosis-Incipient Aspergillus in Air

Air sampling studies, in the context of hospital-building construction works, have re-
peatedly demonstrated high Aspergillus spore concentrations, exposing those at risk. In one
study, air sampling demonstrated a relatively high Aspergillus concentration (10 CFU/m3)
in the corridor between two haematology wards, cumulating in several cases of IA in
patients with acute leukaemia [223]. Similarly, in an antiquated haematology unit which
documented 36 cases of nosocomial IA, the incidence density in pre-construction was 3.18
per 1000 days at risk versus 9.88 during construction [224]. Aspergillus concentration in air
was 6.77 CFU/m3 during construction. In another cluster, contaminated aerosols from a
ward vacuum cleaner were recorded, where A. fumigatus air concentrations of 65 CFU/m3

were detected [225]. It is unclear, however, what degree of air contamination correlates
most with the risk of IA or whether it can, indeed, predict risk [226,227].

The presence (or absence) of high-efficiency particulate air (HEPA) filters also appears
to be key in the risk of hospital-acquired IA. In an Australian hospital, a cluster of six

https://mlst.mycologylab.org/page/PJPasic2020
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cases occurred in an exposed regional haematology unit without HEPA filtration [228].
Similar case clusters have occurred in the event of disrupted airflow patterns within
hospitals, in addition to the absence of HEPA filtration [229–231]. It is important to note
that HEPA-filtration will not reduce the risk of IA entirely, with one study demonstrating
that bioaerosol contamination with Aspergillus species was significantly increased in HEPA-
filtered rooms one hour after cleaning [232], suggesting that the cleaning and maintenance
of these filters is potentially a time of heightened risk for fungal aerosolization.

Potential Risks for Aspergillus Exposure from Water Environments including Biofilms

Aspergillus species have been isolated from potable and non-potable water sources [233].
Healthcare facilities receive water from local sources, and there is little understood about
the fungal ecology dynamics prior to delivery, including during the water treatment pro-
cess [234]. Fungal infection may result from direct exposure, generation of bioaerosols
(inhalation), ingestion, or direct contact with skin or mucous membranes. Special sources
of contaminated water exposure in the healthcare setting with source-outbreak potential in-
clude that from haemodialysis and shared shower facilities [235,236]. Moreover, Aspergillus
biofilms have been detected in hospital plumbing and water distribution systems [234].
Temperatures of around 37 degrees favour Aspergillus biofilm formation in vitro, and there
has been a report of seasonal variation with regard to the optimal growth of Aspergillus
in water-favouring ambient temperatures around 20 degrees [237]. To prevent healthcare
exposure to contaminated water or fungal biofilms, there have been a number of risk
mitigation strategies proposed, including ultraviolet radiation, chemical pre-treatment,
or thermal shock within the water pipes [238]. Despite the presence of this potential
risk in the hospital environment, there have been no nosocomial outbreaks related to As-
pergillus species where a water source has been identified. In the setting of a suspected
outbreak, there is little evidence to recommend water to be routinely examined as a source
(see below).

Molecular Methods Employed in Aspergillus Outbreaks

Different molecular typing methods have been used to complement the epidemiologi-
cal investigation of outbreaks of IA [239] to confirm a suspected epidemiological link or
exposure towards a probable source [101]. However, there are a number of limitations to
this approach: firstly, environmental transmission (e.g., from construction sites), if this is
to occur, is often associated with multiple strains and even species [240]. Secondly, com-
parative genomic studies using various methods of A. fumigatus have demonstrated great
genetic diversity within the same patient [241]. Thirdly, many current genotyping methods
are slow and costly, thereby diminishing their impact on investigation outcomes. The differ-
ent methods used in the clinical setting have included STR, MLST, RAPD, sequence-specific
DNA polymorphism, microsatellite polymorphism, and MLEE [239]. A study comparing
the discriminatory power of these approaches among 52 clinical A. fumigatus isolates deter-
mined that STR typing was most suitable for use in outbreak investigation [239]. Several
small cohort studies utilizing these various techniques, most commonly in a post hoc anal-
ysis, have demonstrated clonal spread with similar genotypes identified in a proportion
of clinical and environmental isolates [240,242–244]. Equally, other studies have shown
no such pattern [245]. More recently, WGS approaches have been applied to Aspergillus
species isolated from clinical specimens, although not yet to epidemiologically link these
with environmental samples [241]. No study to date has demonstrated a clear real-time
advantage of using genotyping methods in the setting of a suspected nosocomial outbreak.
However, where a point source is suspected (e.g., medication, device), molecular typing
and WGS may have a role in focusing the search on the outbreak [101].

3.2.2. Scedosporium and Lomentopora Species

Invasive infections due to Scedosporium and Lomentospora species are much-feared due
to the extremely limited treatment options and high fatality rates, especially in immunocom-
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promised hosts There is a preponderance of these infections in Australia and Spain [246,247].
Table 3 highlights published studies of outbreaks caused by non-Aspergillus moulds, in-
cluding Scedosporium and Lomentopora species, where molecular typing methods have been
employed to investigate the outbreak.

Nosocomial outbreaks caused by these fungi appear to be uncommon. One outbreak
of Lomentospora prolificans infection occurred among six inpatients, with acute leukaemia
resulting in six deaths [248]. All patients were neutropenic and were being treated in rooms
without HEPA filtration or laminar-airflow systems. No building works were coincident.
Clinical and environmental samples which grew L. prolificans underwent PCR fingerprinting
which showed patterns with identical bands [248]. However, it is not known if this method of
genotyping is sufficiently discriminatory. Another cluster of four cases of fatal L. prolificans
infection occurred again in acute-leukemic patients in the context of hospital renovation over
a 1-month period [249]. Although epidemiological evidence suggested a nosocomial outbreak,
environmental sampling did not yield L. prolificans. The four clinical isolates underwent
genotyping through RAPD and PCR-fingerprinting, which showed three molecular types
(two patients sharing a similar strain and the remaining two patients sharing different strains),
suggesting an absence of direct patient-to-patient transmission but leaving the potential for
a common source [250]. The only study attempting WGS to study the genetic relationships
of six L. prolificans isolates from four patients clustered in space and time together with
two unrelated isolates yielded inconclusive results [251]. Case isolates demonstrated a high
number of mutational difference (>10,000 SNPs) between patients.

A cluster of five healthcare-associated fungal infections due to Scedosporium boydii oc-
curred in cardiac surgery patients from a single hospital, which resulted in two deaths [252].
MLST was performed, which revealed an identical sequence type on all clinical isolates.
No environmental isolates were analyzed (Table 3).

Table 3. Nosocomial outbreaks of non-Aspergillus moulds, typing methods employed, and results.

Country, Year
Published

(Ref)

Setting and
Infection

Site(s) where
Known

Pathogen
No.

Isolates/No.
Patients

Typing
Method(s) Results

Outbreak
Caused by

Clonal Strain
(Yes/No)

Source of
Outbreak Mortality

Scedosporium
and

Lomentospora
species

Spain 1997
[250]

Haematology/
oncology,

single centre

Lomentopsora
prolificans 14/4 RAPD, PCR

fingerprinting

Four outbreak isolates
consisted of three

molecular types with
two patients sharing a

similar strain

No Unknown 100%

Spain 2001
[248]

Haematology/
oncology,

single centre
L. prolificans 6/6 PCR

fingerprinting

Clinical and
environmental isolates

had identical M13
fingerprint patterns

Yes; but may
not be

adequately
discriminatory

Unknown 100%

Germany 2015
[252]

Surgical
patients,

single centre

Scedosporium
boydii 5/5 MLST Identical MLST type

was found in 5 patients Yes Unknown 50%

Fusarium
species

complex

Brazil 2017
[253]

Paediatric
haematol-

ogy/oncology,
single centre

Fusarium
oxysporum 16/7 AFLP

All 7 strains from blood
and catheter tips were

genetically similar
Yes Unknown 0%

South Korea
2022 [254]

Eye surgery
patients,
multiple
centres

F. oxysporum 39/39 MLST

12 clinical F. oxysporum
isolates and 2 isolates

from contaminated
ocular device were of
the same MLST type

Yes
Ocular

viscoelastic
device

Not specified
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Table 3. Cont.

Country, Year
Published

(Ref)

Setting and
Infection

Site(s) where
Known

Pathogen
No.

Isolates/No.
Patients

Typing
Method(s) Results

Outbreak
Caused by

Clonal Strain
(Yes/No)

Source of
Outbreak Mortality

Mucorales

Germany 2000
and 2019
[255,256]

Haematology/
oncology,

single centre

Cunninghamella
bertholletiae 4/4

Rep-PCR,
RAPD,

microsatellite
typing

Probable
epidemiological

association of the cluster
isolates demonstrated

by microsatellite
genotyping (all were

clonally related)

Yes
Possible
hospital

construction
75%

France 2018
[257]

Burn unit,
single centre,

wound
infection

Mucor
circinelloides f.
circinelloides

14/7 WGS

Four clades amongst
outbreak isolates with

each clade separated by
>290,000 SNPs; isolates

within each clade varied
by <20,000 SNPs; seven
“control” isolates also
fell within these four

clades

No
multiple

genetically
diverse strains

caused
outbreak

Unknown; no
point source 83%

Argentina
2018 [258]

Post-
arthroscopic

anterior
cruciate
ligament

repair,
bone infection

Rhizopus
microsporus 3/3

RAPD and
MALDI-TOF

MS

All three strains fell
within one cluster using

both methods; three
“control” strains fell into

a separate cluster

Yes; however,
resolution of
RAPD and

MALDI-TOF
MS likely

insufficient

Unknown 0%

Canada 2019
[259]

Heart/lung
transplanta-
tion, single

centre, various
sites

Rhizomucor
pusillus (n = 2);

Lichtheimia
ramosa (n = 1)

3/3 WGS
The 2 R. pusillus

genomes differed by
>5900 core SNPs.

No, and no
common

source
Unknown 33%

USA 2020
[260]

Solid-organ
transplanta-
tion, single

centre

R. microsporus
(n = 2),

Rhizopus
arrhizus (n = 1),

Lichtheimia
corymbifera

(n = 1)

4/4 WGS

4 case isolates and
68 “control” clinical and
environmental isolates
showed high genetic

diversity overall.
Pan-genome analysis
showed two patient R.

microsporus isolates were
similar, but no link
between cases with

environmental isolates
or with other “control”

isolates

No support
for point
source or
patient-to-

patient
transmission
for Rhizopus

infections

Unknown Unknown

Miscellaneous
species

USA 2014
[261]

Patients
receiving

steroid
injections,
multiple
centres

Exserohilum
rostratum 28/19 WGS

All 28 isolates had
nearly identical

genomes and were
separated by
</= 8 SNPs

Yes

Methylprednisolone
acetate

medication
produced by

single
compounding

pharmacy

Not specified

Chile and
Colombia
2016 [262]

Oncology,
multiple
centres

Sarocladium
kiliense

25/18
(18 clinical
isolates, 7

environmental
isolates)

WGS

All 18 outbreak isolates
were separated by

<5 SNPs) as they were
from 7 strains from

anti-nausea medication
vials

Yes
Contaminated

anti-nausea
medication

Not specified

Abbreviations: AFLP, amplified fragment length polymorphism; MLST, multilocus sequence typing; RAPD,
random amplification of polymorphic DNA; rep-PCR, repetitive sequence-based PCR; SNPs, single-nucleotide
polymorphisms; WGS, whole genome sequencing.

3.2.3. Fusarium Species

Fusarium spp. are ubiquitous in nature and tend to cause infections in heavily immuno-
compromised patients or in the setting of traumatic inoculation in either the healthcare
setting following medical procedures or in the community [263,264]. Nosocomial outbreaks,
which have at times had catastrophic consequences, have been well-reported in the setting
of contaminated medical products (Table 3) [265].
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Outbreaks of Fusarium species keratitis in contact lens wearers related to contaminated
lens solutions has been described [266–268]. Although also a community-focussed matter,
some of these outbreaks have been clearly linked to direct healthcare contact (Table 3). A
same-day outbreak of post-operative endophthalmitis due to Fusarium oxysporum species
complex (FOSC) was reported in nine patients who had phacoemulsification and intraocular
lens implantation [269]. The removal of the intraocular lens resulted in clinical improve-
ment in all cases. In a hospital in Turkey, eight cases of F. solani species complex (FSSC)
endophthalmitis occurred following cataract surgery performed on the same day [270,271].
No environmental source was identified, although contamination of the lens irrigating
solution was suspected. Another nosocomial cluster of 14 cases of FOSC endophthalmitis
occurring after cataract surgery arose where the viscoelastic filling material was identi-
fied as the most likely source of infection [264]. Of note, a large nationwide outbreak of
Fusarium endophthalmitis post cataract surgery involving 156 cases (62 confirmed and
94 probable) occurred in South Korea [254]. The suspected source was ocular viscoelastic
devices from a single manufacturer (Table 3). MLST analysis performed on 12 of 39 FOSC
clinical isolates and 2 isolates from ocular viscoelastic devices found that they were all of
the same MLST type with follow-up data on fungal endophthalmitis resulting from the use
of viscoelastic material identifying a further 89 eyes culturing Fusarium species over the
ensuing seven-month period [272].

Another outbreak of FSSC endophthalmitis after cataract surgery occurred in nine
patients in a Turkish hospital [273]. These cases were consecutive and occurred on the
same day in the same operating room. The suspected source was the same balance salt
solution used for intracameral injections for different patients, but as no molecular typing
was performed, the source was not proven.

Other than outbreaks of keratitis/endophthalmitis, a cluster outbreak of catheter-
related fungemia due to FOSC in seven children with cancer occurred [253]. All patients
developed their infection after catheter manipulation in a specially designed room, although
environmental sampling did not reveal a source. All F. oxysporum strains isolated from
blood and catheter-tips were genetically similar through AFLP fingerprinting (Table 3).
Another outbreak of IFD due to FSSC in five oncology patients occurred at a hospital in
Argentina [274]. All patients had severe neutropenia and two died. On environmental
screening, shower- and sink-surface samples cultured Fusarium species. The outbreak was
successfully interrupted by changing cleaning methods and through the use of a disposable
water filter.

In another study, 10 cases of invasive Fusarium infection in paediatric oncology pa-
tients occurred over a two-year period in a Brazilian hospital [275]. Seven of ten cases died,
and most patients had severe neutropenia without a clear infection site. Environmental
water samples cultured Fusarium species with a demonstrated interruption of the outbreak
with the implementation of water filters. No genotyping was performed. An outbreak
of invasive FSSC infection occurred among 16 patients with acute leukaemia [276]. With
environmental sampling, indoor air and water installations were found to be contaminated
with Fusarium species. Twelve of fourteen (75%) were alive ninety days after diagnosis.
Finally, a nosocomial cluster of Fusarium verticillioides complex was identified in seven
immunocompetent patients over one month [277]. Episodes occurred after hospital re-
construction works, but no environmental sources were found. The outbreak ceased with
enhanced disinfection and the removal of hospital patients from affected rooms.

Most recently, in early 2023, an outbreak FSSC fungal meningitis emerged, which was
related to epidural anaesthesia for cosmetic procedures in two centres in Mexico [278,279].
As of 21 July 2023, there had been 12 probable cases, 10 confirmed cases, and 9 deaths [280].

3.2.4. Mucorales

Outbreaks of IFD due to the mucormycosis described have been typically linked to
contaminated healthcare supplies or other environmental sources [281,282]. Characteristics
of documented hospital outbreaks caused by Mucorales were summarized by Walther and



J. Fungi 2023, 9, 1059 20 of 42

colleagues [283]. The most common route of transmission was contact with the source, and
the most common causative pathogen was Rhizopus species. The number of cases ranged
from 2 to 12, and the common sources cited where known included adhesive bandages,
linen, wooden tongue depressors, and air ventilation systems.

Suboptimal conditions of washing, drying, and storage of hospital linen resulted in six
immunosuppressed patients developing pulmonary and cutaneous Rhizopus microsporus
infections [284]. The identification of all the fungal isolates was confirmed through ITS
sequencing; however, no further genotyping was performed. Further, air samples taken
from the designated laundry were culture-positive for R. microsporus.

Another cluster of four hospitalized patients with invasive cutaneous Rhizopus in-
fections also occurred following exposure to contaminated laundry carts [285], as did a
similar occurrence in five paediatric oncology patients [286]. Finally, a large contemporary
US-based study which performed a fungal culture on freshly laundered linen at 15 trans-
plant and cancer hospitals recovered Mucorales in >10% of these [287]. No genotyping
was undertaken. Rickerts et al. documented a cluster of pulmonary infections due to
Cunninghamella bertholletiae in four haematology patients [255]. Repetitive sequence-based
PCR (rep-PCR) and RAPD analysis of clinical isolates performed retrospectively 10 years
later [256] demonstrated clonal relatedness between all four patients (Table 3).

Due to an unprecedented rise in COVID-19-associated mucormycosis cases in India,
a multicentre hospital-based environmental sampling study was undertaken and found
that 11% of air-conditioning vents and the used masks of 2% of patients were colonized
by Mucorales [288]. In addition, Mucorales grew from 22% of indoor and 54% of outdoor
air samples. Rhizopus species was the most frequent pathogen. This study highlights that
depending on the setting and region of the world studied, there may be a high incidence
of Mucorales in the environment, and additional insults such as viral infection may place
already vulnerable patients at a higher risk of Mucorales infection.

In the three more recent studies that have harnessed WGS to confirm an outbreak, the
analysis results of a relatively small number of Mucor, Rhizopus, and Rhizomucor isolates
showed that there was a very high genetic diversity amongst the case outbreak isolates
(separated by approximately 20,000 SNPs to >200,000 SNPs) (Table 3) and similar diversity
amongst non-outbreak isolates and environmental isolates. Garcia-Hermoso et al. utilized
WGS to answer questions regarding a possible nosocomial cluster of six patients with a
Mucor circinelloides f. circinelloides wound infection [257], where they studied 21 isolates
(14 outbreak and 7 unrelated isolates). This study was important as it found, unexpectedly,
that the threshold of about 5296 SNPs was a cutoff below which two isolates could be
designated as being the same strain. Contrary to the initial notion that a single-strain clonal
transmission caused the outbreak, the cluster was due to multiple unrelated strains present
in the environment.

3.2.5. Exserohilum Species

A large outbreak of E. rostratum meningitis together with (para) spinal abscesses
occurred in the USA where over 13,000 individuals were exposed to contaminated methyl-
prednisolone acetate, and over 750 developed fungal infection, with 55 deaths [261,289–291].
Twenty-two E. rostratum isolates obtained from 19 patients were submitted for WGS, which
revealed only seven non-parsimonious concordant SNPs within the set of isolates, and
most outbreak isolates had identical genomes, suggesting the isolates were closely related
and supporting a common source of infection (Table 3). Using an E. rostratum real-time
PCR assay on body fluids further assisted the delineation of the extent of the outbreak by
identifying a further 57 patients [29].

3.2.6. Sarocladium Species

Sarocladium spp. are environmental moulds found in soil and plant debris and rarely
cause human infection. However, a nosocomial outbreak of Sarocladium (formerly Acre-
monium) kiliense bloodstream infection occurred due to contamination of vials containing
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ondansetron, which was administered to oncology patients [262,292]. This cluster com-
prised 67 cases which occurred across eight different hospitals. A total of 25 outbreak
isolates (18 from patients and 7 from medical vials) underwent WGS, which revealed that
all were nearly indistinguishable (separated by ≤5 SNPs) [262].

Three further cases of suspected catheter-related bloodstream infection due to S. kiliense
in a haematopoietic stem cell transplant unit has been described [66]. Despite extensive
environmental sampling, no source was identified. No genotyping was performed.

In summary, for non-Aspergillus mould fungi, older less discriminatory genotyping
methods and MLST still underpin many outbreak characterizations (Table 3), although the
study on Sarocladium utilized WGS with a good resolution [262]. For WGS analyses of other
genera, given the genomic diversity of Mucorales, Lomentospora, and Scedosporium species
(there are few data on Fusarium spp.), it is necessary to first establish the diversity as it
exists from multiple strains from patients and the environment during epidemiological
investigations; the challenges of this practice are acknowledged.

4. Management
4.1. Containment and Infection Control

When assessing a potential nosocomial fungal outbreak, a key issue is the lack of
well-established incubation periods for fungal pathogens [293,294]. This is particularly
an issue with airborne pathogens that tend to cause clinical infection in the immunocom-
promised, such as Aspergillus spp., where there is likely a sequence of exposure, followed
by colonization, and then clinical disease onset and possible dissemination which may be
precipitated by the immunocompromised state [294]. Along this timeline, it can be difficult
to ascertain when the colonization of the patient occurred, as the definition of colonization
is not clear-cut, and there could be a long period between colonization and the episode of
clinical disease [294]. Murine models of Aspergillus infection have demonstrated neutrophil
accumulation 4 days after immunosuppression, moderate hyphal proliferation and lung
parenchymal invasion by 7 days, and marked hyphal proliferation and development of
necrotic lesions by 10 days [295]. A study of patients with acute myeloid leukaemia who de-
veloped aplasia post chemotherapy found a median time from aplasia to proven/probable
IAs of 15 days [296], providing some insights into the timeline between the onset of a
profound immunocompromise state in a colonized patient and infection. The incubation
period for mucormycosis is also not well established. However, some information can
be gleaned from studies of discrete episodes of percutaneous inoculation in the setting
of trauma. One review of 168 patients found a median incubation period of 8 days for
cutaneous mucormycosis post percutaneous injury [297]. Another study post percutaneous
exposure found an incubation period ranging from 6 to 24 days [298]. How this translates
in the setting of pulmonary or rhino-sinoorbital disease in the immunocompromised is
unclear. Regardless of the uncertainty of incubation periods, given the dire consequences
of invasive mould infections, any contribution which the healthcare setting may have in a
cluster of infections needs to be carefully scrutinized.

The management of a nosocomial fungal outbreak requires several initial steps. Firstly,
there is a need to detect the presence of a potential outbreak, which can be challeng-
ing. Surveillance of fungal infections has traditionally been labour-intensive and time-
consuming [299]. Given this, surveillance has largely been sporadic and project-based
rather than routine; hence, patterns may only be detected in significant retrospect. Routine
surveillance could detect patterns of concern, which would prompt investigation into any
issues, be that nosocomial or external, which is of clinical importance regardless of source.
Artificial intelligence and electronic surveillance are likely the future approaches, with
some work already ongoing in this arena promising to provide more streamlined and
reliable routine data in the future [300].

Once a potential outbreak is detected, this needs to be confirmed. To do this, fungal
species identification, antifungal susceptibility testing, and molecular testing (as above) can
aid in clarifying the relatedness of the organisms. On the confirmation of a likely outbreak,
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a thorough review of cases for infection identification date, the hospital environment in
these settings, and host risk factors is required to identify any commonalities indicating a
potential source [293,301]. The involvement of a multidisciplinary team of infection control,
clinical teams, microbiology, and engineering is essential, and active surveillance for further
cases is recommended [301].

C. auris and, to a lesser extent, other yeasts can behave like a typical nosocomial
pathogen, with patient-to-patient, patient-to-healthcare worker, and environment-to-patient
spreads [77,84,94]. Mould infections tend not to behave in this way and are more likely to
either have airborne spread from aerosolization, soil/vegetation exposure with inhalation,
or contamination of medical product/equipment, and consequently, the approaches to
further outbreak management are different [101].

4.1.1. Candida auris and Other Candida Species

Dedicated guidelines have been produced to inform infection control practices against
C. auris, including from the US Centers for Disease Control and Prevention (CDC), Europe,
and Australia [302–305]. A detailed description of these recommendations is out of scope
for this article; however, key recommendations are discussed.

Isolation of Infected or Colonized Individuals with C. auris

Patients should be situated in a single room, with an ensuite bathroom, where possible;
however, cohorting is acceptable if necessary [302,304]. Standard and contact precau-
tions should be instituted, and it is recommended to minimize the number of staff caring
for these patients [302–304]. Single-use patient equipment should be used where possi-
ble [302,304,305]. The CDC have developed recommendations for subacute care and nurs-
ing home transmission-based precautions [306], which strike a balance between preventing
transmission and practicality. Adequate hand hygiene is essential, and alcohol-based hand
rubs are advised for hands not visibly soiled [302,304,305].

The duration of colonization is unclear, but prolonged colonization (up to a year) has
been described, and surveillance swabs can have variable sensitivity [155,307]. Therefore,
it is not recommended that patients who have been known to be infected or colonized
be de-isolated during their admission [302,303,305]. The provision of patient education
relating to transmission risks is important [304].

Who and How to Screen for C. auris

Composite swabs of the axilla and groin [302,308] are recommended to screen for C.
auris. Close contacts (defined as current-room contacts and past-room contacts within the
previous month) and those at a high risk of colonization are suggested to be screened in
the first instance [308]. Other high-risk individuals include those transferred from endemic
facilities or who have had overseas healthcare admission with at least an overnight stay
in the last 12 months. Close contact and other high-risk patients can be de-isolated after
three consecutive negative screens taken at least 24 h apart [302]. If there is suspected
local transmission based on the screening of close contacts, a wider screening strategy is
generally indicated, including the screening of ward contacts and/or a point prevalence
survey of the ward [302,308].

Environmental sampling is generally not recommended; however, it may be indicated
to perform investigations for an outbreak source [302,304].

Cleaning and Disinfection

As the environment is a reservoir for C. auris, cleaning is of paramount importance
when managing outbreaks. Not all agents labelled as fungicidal are effective in cleaning
in the setting of C. auris [309–311]. Chlorine-based disinfectants (sodium hypochlorite
0.39–0.825%) and peracetic acid (1200 ppm) with hydrogen peroxide (<1%) are generally
effective [310]. Quaternary ammonium compounds are not efficacious [310,312], and their
use is not recommended [302,304]. Non-touch disinfection techniques such as UV light are
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not recommended as the sole cleaning technique [302,304]. The frequency of cleaning of
patient rooms should be at least once a day [302,304].

When a patient is discharged or relocated, terminal cleaning of the patient environ-
ment is advised, where there is thorough cleaning using 1000 ppm of available chlorine
with detergent or hydrogen peroxide [302,303], with training of staff required. The thor-
ough cleaning of reusable medical devices and equipment is also advised, with the CDC
recommending an FDA-cleared liquid chemical sterilant for this purpose.

Other Measures

There are inadequate data to recommend the routine decolonization of patients colo-
nized with C. auris [302,304]. The documentation and alerts of the patients’ C. auris status
are essential, and communication with transferring health facilities of C. auris positive-
patients [304,305] is strongly advised. Regular auditing and feedback of hand hygiene,
personal protective equipment (PPE) donning and doffing, and environmental cleaning
are suggested.

In general, the containment and infection control principles and recommendations for
C. auris infections will suffice for outbreaks caused by other Candida and yeast species. C.
parapsilosis (but also other yeast species), in particular, is found on human skin, including
the hands of healthcare workers and, on occasions, on fomites [105,130,135]. General good
hygiene measures and standard infection control with regard to oral and gastrointestinal
secretions should be attended to. Attention to best-practice aseptic techniques for the inser-
tion and maintenance of invasive devices is important, particularly for CVADs. Isolation
in a single room where possible is advised, otherwise cohorting of patients is acceptable.
Surveillance for additional cases should be carried out (see above).

4.1.2. Mould Outbreaks—Infection Control and Management

A review of a mould outbreak, as outlined above, will potentially highlight a common
factor, such as linen, food source, contaminated surgical equipment, or medical products
such as injectable corticosteroids, to guide further intervention. In addition to this, an
important factor that may be implicated is construction in the vicinity of a healthcare
service (see above for details of prior outbreaks). The principles of cohorting, cleaning, and
surveillance are similar to those of yeast outbreaks.

Building Works—Prevention of Outbreaks

Hospital building works pose a risk of invasive mould infection (as above). The
key to reducing risk is the prevention and planning of risk mitigation strategies prior to
construction/renovation or demolition. There are several best-practice recommendations
in this area [299,313–316], and a summary of principles are discussed herein.

Infection control consultation and planning of risk reduction prior to construction are
essential, and guidelines outline risk assessment matrices and recommendations based
on the level of perceived risk that building works pose to patients. A thorough review of
mechanical air filtration and supply to high-risk areas is required prior to works commenc-
ing [301]. Measures to reduce patients’ exposure to dust, stagnant water, and damp areas
are outlined in best-practice guidelines. Regular inspections by infection control practition-
ers and engineers, with a monitoring checklist of essential measures, is advised; targeted
serial environmental sampling can be considered as part of enhanced surveillance [301]
(see below for details).

In wards where high-risk immunosuppressed patients are cared for, such as allogeneic
stem cell transplant recipients, it is recommended that patients are placed in positive-
pressure rooms with HEPA filtration systems [299,301,316]. These systems also need to
be adequately maintained [225]. Patients may need to be relocated if the above is not
possible. Provision of education to patients about invasive mould infection and ways to
reduce risk of exposure is advised, and masking up when traversing sites of high risks
can be suggested, with some efficacy described in one study [317]. Antifungal prophylaxis
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should be employed as per best-practice guidelines [318], and it is an institution-based
decision as to whether expanded antifungal prophylaxis is warranted during high-risk
construction periods.

Environmental Sampling

The environmental investigation of healthcare-associated mould outbreaks is perti-
nent to the overall infection control response. Tools and checklists are available to aid in
the systematic approach to the investigation of relevant environmental fungi such as As-
pergillus species and Mucorales [293,319]. Environmental sampling may also be warranted
and should be guided by epidemiological findings and results from other environmental
assessments (e.g., inspection of the heating, ventilation, and air conditioning [HVAC]
system) [319].

However, it should be understood clearly that results from environmental sampling
are often unlikely to provide definitive conclusions, and it is important to focus on key high-
risk areas that will then inform a sampling strategy. These include general elements (e.g.,
evidence of fungal growth, water damage, or air intrusion from outdoors), ventilation and
air conditioning (e.g., damaged filters, maintenance and repair issues, airflow disturbances),
facility and built environment (e.g., construction and renovation, roof leaks, efficacy of
environmental cleaning), and laundry and textiles (e.g., storage, cleaning, and laundry
operations) [319]. Environmental sampling to find yeasts involved in nosocomial outbreaks,
namely, C. auris, is generally not recommended [320] (see Section 4.1.1).

Where a decision for air sampling is undertaken, it is important to utilize only vali-
dated methods [321]. Air sampling techniques are either passive (gravitational) or active
(volumetric) approaches. Passive air sampling typically involves the use of settle plates,
which exposes nutrient-rich solid media to the air. Because it is dependent on gravity, there
is a bias towards fungi with larger spore sizes. However, it is simple and cheap to per-
form and requires no additional laboratory equipment. Other important physicochemical
properties of fungal conidia also play a role in the adhesion to environmental surfaces and
propagation in ambient air [322]. This may affect the approach taken to environmental sam-
pling as well as its yield. Conidia from Mucorales (e.g., Rhizopus species) are hydrophilic
and will aggregate within liquid droplets which rapidly sediment on surfaces [323]. In
contrast, conidia from Aspergillus species are more hydrophobic and tend to propagate in
air for longer before falling onto surfaces [324,325]. Sedimentation velocity is a function
of aggregation among microbial aerosols, which depends largely on the manner of spore
formation by fungi and the way in which spores are released [322]. Active air sampling
involves the use of a specialized device which draws in a predetermined volume of air
over a defined period of time [326]. This is a quantitative method whereby specimens are
examined by direct microscopy, culture, or molecular methods. Differences in collection
time, sample volumes, and airflow disturbances will all affect the types of quantity of fungi
captured [327]. Direct-examination (i.e., non-viable) samples can also be collected through
spore traps (i.e., an inertial impactor with air sampling cassettes) [321]. Samples are exam-
ined microscopically for spores, hyphae, and other fungal structures and can usually only
be identified to the genus level. Results are reported in number of spores per cubic metre of
air. A similar direct, non-viable method for sampling uses a tape or slide with an adhesive
which is pressed against the environmental surface of interest (e.g., Bio-TapeTM system),
which is then sent to the laboratory for analysis [328]. There are numerous commercial
air samplers available, although there are no recognized standardized procedures for air
sampling in the setting of a suspected outbreak. The laboratory processing of collected air
samples should be accredited for environmental testing.

Water sampling can also be performed, as hospital water distribution systems may
be a source of invasive moulds such as Aspergillus, Fusarium, and Mucorales [329,330].
However, this is time-consuming and limited by the variability in collection protocols and
analyses; hence, results need to be interpreted with some caution. Water sampling would
only be recommended where a water system was strongly suspected to be the source of the
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outbreak [301]. Standard fungal culture and molecular methods (e.g., PCR) may be used to
detect culprit fungi in water-based samples contaminated with fungal spores, but the yield
of such approaches should be tailored to each case.

Investigation of Nosocomial Mould Outbreaks with Unclear Source

In addition to the general measures outlined for the investigation and management of
a potential fungal outbreak outlined above, other measures recommended in the case of a
suspected nosocomial mould outbreak include consideration of the relocation of high-risk
patients, increased PPE use (i.e., n95 masks), reduction of unnecessary thoroughfare to the
area of concern, and sealing of patient care areas [301]. Importantly, in the setting of a mould
outbreak (as opposed to yeast), the finding of an increased rate of infections from unrelated
strains of mould does not rule out the possibility of a healthcare-associated outbreak, as the
common factors leading to mould infection may still be a healthcare-associated issue, for
instance, construction in the vicinity of the hospital site [301].

4.2. Antifungal Therapy

Patients colonized by fungi do not usually require treatment. However, those at very
high risks of invasive infection can benefit from prophylaxis [318]. Patients with IFD
require antifungal treatment, which varies with the causative pathogen, the site of infection,
and, due to regional variation in drug resistance patterns, the geographic region [142,331].
Whilst detailed descriptions for the treatment of each pathogen are beyond the scope of
this review, Table 4 summarizes the generally accepted first- and second-line agents from
consensus guidelines for the major groups of pathogens.

Table 4. Antifungal drug therapy in patients with invasive fungal disease due to Candida spp., Cryptococ-
cus spp., uncommon yeasts, Aspergillus spp., uncommon moulds, Pneumocystis jirovecii, and endemic
fungi according to causative pathogen (adapted from published guidelines [4,194,263,332–335]).

Pathogen First Line (Preferred)
Antifungal Agent Alternate Antifungal Agent Antifungal Drugs to Avoid

Candida spp. *

Candidemia (prior to
susceptibility testing results)

[335–340]
Echinocandin

FLU # (or other broad-spectrum
azole); refer to in vitro
susceptibility results

FLU as initial therapy in
critically ill and neutropenic

patients

Other forms of invasive
candidiasis +/− candidemia,

e.g., endocarditis,
intraabdominal candidiasis

[335–340]

Various: preferred agent(s) will
vary with site of infection (seek

Infectious Diseases advice);
combination therapy may be

appropriate

Various; will vary with site of
infection; seek Infectious

Diseases advice
-

Cryptococcus spp.

CNS disease and disseminated
infection (all patients) [332]

L-AmB + 5FC initial therapy
followed by FLU #

AmB-d + 5-FC or
L-AmB only or

5-FC + FLU followed by FLU

FLU monotherapy;
Echinocandins

Pulmonary infection only:
Severe disease and/or large

cryptococcomas (>2 cm
diameter) [332]

As for CNS cryptococcosis Echinocandins

Pulmonary infection only: Mild
or asymptomatic pulmonary
cryptococcosis (e.g., solitary

nodules, <2 cm diameter) and
without crypotcoccomas [332]

FLU Alternative broad-spectrum
azole Echinocandins

Uncommon yeasts

Saprochaete/Magnusiomyces spp.
[4] L-AmB +/− 5FC VRC Echinocandins

Rhodotorula spp. [4] L-AmB +/− 5-FC AmB-d +/− 5-FC Triazoles, echinocandins

Trichosporon spp. [4] VRC or POS FLU or POS Echinocandins
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Table 4. Cont.

Pathogen First Line (Preferred)
Antifungal Agent Alternate Antifungal Agent Antifungal Drugs to Avoid

Other

Pneumocystis jirovecii [341] TMP-SMX $ Clindamycin plus primaquine;
or Dapsone plus TMP

Although intravenous
pentamidine has had efficacy
against PCP in HIV-infected
persons, survival rates were

significantly lower compared
with TMP-SMX and

clindamycin-primaquine [342]

Moulds

Aspergillus spp. [333] VRC POS or ISA AmB-d **

Lomentospora spp. [263,334] VRC + TRB VRC L-AmB, AmB-d

Scedosporium spp. [263,334] VRC VRC + L-AmB/
echinocandin/TRB L-AmB, AmB-d

Fusarium spp. Complex
[263,334] VRC +/− L-AmB L-AmB Amb-d

Mucorales [263] L-AmB POS or ISA AmB-d

Dematiaceous fungi, e.g.,
Exserohilum spp. [263] VRC +/− L-AmB L-AmB + triazole other than

VRC Amb-d

Endemic mycoses

Blastomyces spp. [194] L-AmB followed by ITR

Coccidioiddes spp. [194] L-AmB followed by azole

Histoplasma spp. [194] L-AmB followed by ITR

Sporothrix spp. [194] L-AmB +/− ITR

Abbreviations: 5-FC, 5 flucytosine; AmB-d, amphotericin deoxycholate; CNS, central nervous system; FLU,
fluconazole; HIV, human immunodeficiency virus; ISA, isavuconazole; ITR, itraconazole; L-AmB, liposomal
amphotericin B; PCP, pneumocystis jirovecii pneumonia; POS, posaconazole; TMP, trimethoprim; TMP-SMX,
trimethroprim-sulphamethoxazole; TRB, terbinafine; VRC, voriconazole; *Antifungal susceptibility testing should
always be performed in invasive Candida infections; ** Except may be used in neonates; # alternate triazoles may
be used after expert consultation; $ Consider desensitization in all patients with allergy to TMP-SMX as clinically
indicated and after expert consultation [341].

C. auris is known to often be resistant to fluconazole, and traditionally, echinocan-
dins have been the empiric therapy of choice for C. auris infections [302]. Concerningly,
descriptions of emergent resistance to echinocandins have been described in the setting of
established hospital endemicity [89]. This highlights the need for health services to double
their efforts in preventing nosocomial transmission, as well as the need for antifungal
susceptibility testing to identify drug resistance.

5. Conclusions

In conclusion, nosocomial clusters caused by fungi, whilst not common, are unpre-
dictable. Both yeast and filamentous fungi cause outbreaks, and general and specific risks
for each of these should be appreciated. Early detection and confirmation (or not) of the
outbreak is essential for the diagnosis and treatment of affected patients and for termination
of the outbreak. Sampling of the environment, including the air in mould outbreaks, for
the pathogen maybe indicated. Genotyping of epidemiologically linked isolates is strongly
advised utilizing a sufficiently discriminatory method, with WGS expected to be increas-
ingly widely used. In addition to treating affected patients with antifungal drugs and other
measures such as source control, the management of the outbreak encompasses input from
a multi-disciplinary team with sound epidemiological investigation and infection control
measures, including screening for additional cases, patient cohorting, and strict hygiene
and cleaning procedures. More automated methods of fungal infection surveillance would
greatly aid in earlier detection of potential nosocomial outbreaks and should be a focus of
research moving forward.
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J.N.D.A.; et al. Clonal Candidemia Outbreak by Candida parapsilosis Carrying Y132F in Turkey: Evolution of a Persisting Challenge.
Front. Cell. Infect. Microbiol. 2021, 11, 676177. [CrossRef]

111. Corzo-Leon, D.E.; Peacock, M.; Rodriguez-Zulueta, P.; Salazar-Tamayo, G.J.; MacCallum, D.M. General hospital outbreak of
invasive candidiasis due to azole-resistant Candida parapsilosis associated with an Erg11 Y132F mutation. Med. Mycol. 2021, 59,
664–671. [CrossRef]

112. Fekkar, A.; Blaize, M.; Bouglé, A.; Normand, A.C.; Raoelina, A.; Kornblum, D.; Kamus, L.; Piarroux, R.; Imbert, S. Hospital
outbreak of fluconazole-resistant Candida parapsilosis: Arguments for clonal transmission and long-term persistence. Antimicrob.
Agents Chemother. 2021, 65, e02036-20. [CrossRef]

113. Miyake, A.; Gotoh, K.; Iwahashi, J.; Togo, A.; Horita, R.; Miura, M.; Kinoshita, M.; Ohta, K.; Yamashita, Y.; Watanabe, H.
Characteristics of Biofilms Formed by C. parapsilosis Causing an Outbreak in a Neonatal Intensive Care Unit. J. Fungi 2022, 8, 700.
[CrossRef] [PubMed]

114. Thomaz, D.Y.; Del Negro, G.M.B.; Ribeiro, L.B.; da Silva, M.; Carvalho, G.; Camargo, C.H.; de Almeida, J.N., Jr.; Motta, A.L.;
Siciliano, R.F.; Sejas, O.N.E.; et al. A Brazilian Inter-Hospital Candidemia Outbreak Caused by Fluconazole-Resistant Candida
parapsilosis in the COVID-19 Era. J. Fungi 2022, 8, 100. [CrossRef]

115. Daneshnia, F.; de Almeida Junior, J.N.; Arastehfar, A.; Lombardi, L.; Shor, E.; Moreno, L.; Verena Mendes, A.; Goreth Barberino,
M.; Thomaz Yamamoto, D.; Butler, G.; et al. Determinants of fluconazole resistance and echinocandin tolerance in C. parapsilosis
isolates causing a large clonal candidemia outbreak among COVID-19 patients in a Brazilian ICU. Emerg. Microbes Infect. 2022, 11,
2264–2274. [CrossRef] [PubMed]

116. Hare, R.K.; Arastehfar, A.; Rosendahl, S.; Charsizadeh, A.; Daneshnia, F.; Eshaghi, H.; Mirhendi, H.; Boekhout, T.; Hagen, F.;
Arendrup, M.C. Candidemia among Hospitalized Pediatric Patients Caused by Several Clonal Lineages of Candida parapsilosis. J.
Fungi 2022, 8, 183. [CrossRef]

117. Mohammad, N.; Normand, A.C.; Nabet, C.; Godmer, A.; Brossas, J.Y.; Blaize, M.; Bonnal, C.; Fekkar, A.; Imbert, S.; Tannier, X.; et al.
Improving the Detection of Epidemic Clones in Candida parapsilosis Outbreaks by Combining MALDI-TOF Mass Spectrometry
and Deep Learning Approaches. Microorganisms 2023, 11, 1071. [CrossRef] [PubMed]

118. Presente, S.; Bonnal, C.; Normand, A.C.; Gaudonnet, Y.; Fekkar, A.; Timsit, J.F.; Kernéis, S. Hospital Clonal Outbreak of
Fluconazole-Resistant Candida parapsilosis Harboring the Y132F ERG11p Substitution in a French Intensive Care Unit. Antimicrob.
Agents Chemother. 2023, 67, e01130-22. [CrossRef] [PubMed]

119. Haciseyitoglu, D.; Cag, Y. An outbreak of candidemia due to Candida parapsilosis in an adult intensive care unit. Infez. Med. 2019,
27, 403–409.

120. Clark, T.A.; Slavinski, S.A.; Morgan, J.; Lott, T.; Arthington-Skaggs, B.A.; Brandt, M.E.; Webb, R.M.; Currier, M.; Flowers, R.H.;
Fridkin, S.K.; et al. Epidemiologic and molecular characterization of an outbreak of Candida parapsilosis bloodstream infections in
a community hospital. J. Clin. Microbiol. 2004, 42, 4468–4472. [CrossRef]

121. Garcia San Miguel, L.; Pla, J.; Cobo, J.; Navarro, F.; Sanchez-Sousa, A.; Alvarez, M.E.; Martos, I.; Moreno, S. Morphotypic and
genotypic characterization of sequential Candida parapsilosis isolates from an outbreak in a pediatric intensive care unit. Diagn.
Microbiol. Infect. Dis. 2004, 49, 189–196. [CrossRef]

122. van Asbeck, E.C.; Huang, Y.C.; Markham, A.N.; Clemons, K.V.; Stevens, D.A. Candida parapsilosis fungemia in neonates:
Genotyping results suggest healthcare workers hands as source, and review of published studies. Mycopathologia 2007, 164,
287–293. [CrossRef]

123. Dizbay, M.; Kalkanci, A.; Sezer, B.E.; Aktas, F.; Aydogan, S.; Fidan, I.; Kustimur, S.; Sugita, T. Molecular investigation of a
fungemia outbreak due to Candida parapsilosis in an intensive care unit. Braz. J. Infect. Dis. 2008, 12, 395–399. [CrossRef] [PubMed]

124. Hernandez-Castro, R.; Arroyo-Escalante, S.; Carrillo-Casas, E.M.; Moncada-Barron, D.; Alvarez-Verona, E.; Hernandez-Delgado,
L.; Torres-Narvaez, P.; Lavalle-Villalobos, A. Outbreak of Candida parapsilosis in a neonatal intensive care unit: A health care
workers source. Eur. J. Pediatr. 2010, 169, 783–787. [CrossRef] [PubMed]

125. Reissa, E.; Lasker, B.A.; Iqbal, N.J.; James, M.; Arthington-Skaggs, B.A. Molecular epidemiology of Candida parapsilosis sepsis from
outbreak investigations in neonatal intensive care units. Infect. Genet. Evol. 2008, 8, 103–109. [CrossRef]

https://doi.org/10.1128/JCM.01179-12
https://doi.org/10.1016/j.riam.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23147512
https://doi.org/10.1038/srep27099
https://www.ncbi.nlm.nih.gov/pubmed/27251023
https://www.ncbi.nlm.nih.gov/pubmed/33067212
https://doi.org/10.3389/fcimb.2021.676177
https://doi.org/10.1093/mmy/myaa098
https://doi.org/10.1128/AAC.02036-20
https://doi.org/10.3390/jof8070700
https://www.ncbi.nlm.nih.gov/pubmed/35887456
https://doi.org/10.3390/jof8020100
https://doi.org/10.1080/22221751.2022.2117093
https://www.ncbi.nlm.nih.gov/pubmed/36066554
https://doi.org/10.3390/jof8020183
https://doi.org/10.3390/microorganisms11041071
https://www.ncbi.nlm.nih.gov/pubmed/37110493
https://doi.org/10.1128/aac.01130-22
https://www.ncbi.nlm.nih.gov/pubmed/36853002
https://doi.org/10.1128/JCM.42.10.4468-4472.2004
https://doi.org/10.1016/j.diagmicrobio.2004.03.017
https://doi.org/10.1007/s11046-007-9054-3
https://doi.org/10.1590/S1413-86702008000500010
https://www.ncbi.nlm.nih.gov/pubmed/19219279
https://doi.org/10.1007/s00431-009-1109-7
https://www.ncbi.nlm.nih.gov/pubmed/19957192
https://doi.org/10.1016/j.meegid.2007.10.007


J. Fungi 2023, 9, 1059 33 of 42

126. Kuhn, D.M.; Mikherjee, P.K.; Clark, T.A.; Pujol, C.; Chandra, J.; Hajjeh, R.A.; Warnock, D.W.; Soil, D.R.; Ghannoum, M.A. Candida
parapsilosis characterization in an outbreak setting. Emerg. Infect. Dis. 2004, 10, 1074–1081. [CrossRef]

127. Welbel, S.F.; McNeil, M.M.; Kuykendall, R.J.; Lott, T.J.; Pramanik, A.; Silberman, R.; Oberle, A.D.; Bland, L.A.; Aguero, S.; Arduino,
M.; et al. Candida parapsilosis bloodstream infections in neonatal intensive care unit patients: Epidemiologic and laboratory
confirmation of a common source outbreak. Pediatr. Infect. Dis. J. 1996, 15, 998–1002. [CrossRef] [PubMed]

128. Huang, Y.C.; Lin, T.Y.; Leu, H.S.; Peng, H.L.; Wu, J.H.; Chang, H.Y. Outbreak of Candida parapsilosis fungemia in neonatal intensive
care units: Clinical implications and genotyping analysis. Infection 1999, 27, 97–102. [CrossRef]

129. Vazquez, J.A.; Boikov, D.; Boikov, S.G.; Dajani, A.S. Use of electrophoretic karyotyping in the evaluation of Candida infections in
a neonatal intensive-care unit. Infect. Control Hosp. Epidemiol. 1997, 18, 32–37. [CrossRef] [PubMed]

130. Levin, A.S.; Costa, S.F.; Mussi, N.S.; Basso, M.; Sinto, S.I.; Machado, C.; Geiger, D.C.; Villares, M.C.; Schreiber, A.Z.; Barone, A.A.;
et al. Candida parapsilosis fungemia associated with implantable and semi-implantable central venous catheters and the hands of
healthcare workers. Diagn. Microbiol. Infect. Dis. 1998, 30, 243–249. [CrossRef]

131. Jang, S.J.; Han, H.L.; Lee, S.H.; Ryu, S.Y.; Chaulagain, B.P.; Moon, Y.L.; Kim, D.H.; Jeong, O.Y.; Shin, J.H.; Moon, D.S.; et al.
PFGE-based epidemiological study of an outbreak of Candida tropicalis candiduria: The importance of medical waste as a reservoir
of nosocomial infection. Jpn. J. Infect. Dis. 2005, 58, 263–267.

132. Barac, A.; Cevik, M.; Colovic, N.; Lekovic, D.; Stevanovic, G.; Micic, J.; Rubino, S. Investigation of a healthcare-associated Candida
tropicalis candidiasis cluster in a haematology unit and a systematic review of nosocomial outbreaks. Mycoses 2020, 63, 326–333.
[CrossRef] [PubMed]

133. Boyce, J.M.; Dumigan, D.G.; Havill, N.L.; Hollis, R.J.; Pfaller, M.A.; Moore, B.A. A multi-center outbreak of Candida tropicalis
bloodstream infections associated with contaminated hemodialysis machine prime buckets. Am. J. Infect. Control 2021, 49,
1008–1013. [CrossRef]

134. Roilides, E.; Farmaki, E.; Evdoridou, J.; Francesconi, A.; Kasai, M.; Filioti, J.; Tsivitanidou, M.; Sofianou, D.; Kremenopoulos, G.;
Walsh, T.J. Candida tropicalis in a neonatal intensive care unit: Epidemiologic and molecular analysis of an outbreak of infection
with an uncommon neonatal pathogen. J. Clin. Microbiol. 2003, 41, 735–741. [CrossRef] [PubMed]

135. Doebbeling, B.N.; Hollis, R.J.; Isenberg, H.D.; Wenzel, R.P.; Pfaller, M.A. Restriction fragment analysis of a Candida tropicalis
outbreak of sternal wound infections. J. Clin. Microbiol. 1991, 29, 1268–1270. [CrossRef]

136. Kathuria, S.; Singh, P.K.; Sharma, C.; Prakash, A.; Masih, A.; Kumar, A.; Meis, J.F.; Chowdhary, A. Multidrug-Resistant Candida
auris Misidentified as Candida haemulonii: Characterization by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass
Spectrometry and DNA Sequencing and Its Antifungal Susceptibility Profile Variability by Vitek 2, CLSI Broth Microdilution, and
Etest Method. J. Clin. Microbiol. 2015, 53, 1823–1830. [CrossRef]

137. Rossato, L.; Colombo, A.L. Candida auris: What Have We Learned About Its Mechanisms of Pathogenicity? Front. Microbiol. 2018,
9, 3081. [CrossRef]

138. Satoh, K.; Makimura, K.; Hasumi, Y.; Nishiyama, Y.; Uchida, K.; Yamaguchi, H. Candida auris sp. nov., a novel ascomycetous yeast
isolated from the external ear canal of an inpatient in a Japanese hospital. Microbiol. Immunol. 2009, 53, 41–44. [CrossRef]

139. Kim, M.N.; Shin, J.H.; Sung, H.; Lee, K.; Kim, E.C.; Ryoo, N.; Lee, J.S.; Jung, S.I.; Park, K.H.; Kee, S.J.; et al. Candida haemulonii
and closely related species at 5 university hospitals in Korea: Identification, antifungal susceptibility, and clinical features. Clin.
Infect. Dis. 2009, 48, e57–e61. [CrossRef]

140. Lee, W.G.; Shin, J.H.; Uh, Y.; Kang, M.G.; Kim, S.H.; Park, K.H.; Jang, H.C. First three reported cases of nosocomial fungemia
caused by Candida auris. J. Clin. Microbiol. 2011, 49, 3139–3142. [CrossRef]

141. Forsberg, K.; Woodworth, K.; Walters, M.; Berkow, E.L.; Jackson, B.; Chiller, T.; Vallabhaneni, S. Candida auris: The recent
emergence of a multidrug-resistant fungal pathogen. Med. Mycol. 2019, 57, 1–12. [CrossRef] [PubMed]

142. Rhodes, J.; Fisher, M.C. Global epidemiology of emerging Candida auris. Curr. Opin. Microbiol. 2019, 52, 84–89. [CrossRef]
143. Chow, N.A.; Gade, L.; Tsay, S.V.; Forsberg, K.; Greenko, J.A.; Southwick, K.L.; Barrett, P.M.; Kerins, J.L.; Lockhart, S.R.; Chiller,

T.M.; et al. Multiple introductions and subsequent transmission of multidrug-resistant Candida auris in the USA: A molecular
epidemiological survey. Lancet Infect. Dis. 2018, 18, 1377–1384. [CrossRef]

144. Lockhart, S.R.; Etienne, K.A.; Vallabhaneni, S.; Farooqi, J.; Chowdhary, A.; Govender, N.P.; Colombo, A.L.; Calvo, B.; Cuomo,
C.A.; Desjardins, C.A.; et al. Simultaneous Emergence of Multidrug-Resistant Candida auris on 3 Continents Confirmed by
Whole-Genome Sequencing and Epidemiological Analyses. Clin. Infect. Dis. 2017, 64, 134–140. [CrossRef] [PubMed]

145. Chayaporn, S.; Karrie Kwan Ki, K.; Kar Mun, L.; Mei Gie, T.; Patipan, B.; Joash Jun Keat, C.; Sui Sin, G.; Prevena, R.; Lai Chee, L.;
Kwee Yuen, T.; et al. Discovery of the sixth Candida auris clade in Singapore. medRxiv 2023. [CrossRef]

146. Sharma, C.; Kumar, N.; Pandey, R.; Meis, J.F.; Chowdhary, A. Whole genome sequencing of emerging multidrug resistant Candida
auris isolates in India demonstrates low genetic variation. N. Microbes N. Infect. 2016, 13, 77–82. [CrossRef] [PubMed]

147. Tian, S.; Bing, J.; Chu, Y.; Chen, J.; Cheng, S.; Wang, Q.; Zhang, J.; Ma, X.; Zhou, B.; Liu, L.; et al. Genomic epidemiology of
Candida auris in a general hospital in Shenyang, China: A three-year surveillance study. Emerg. Microbes Infect. 2021, 10, 1088–1096.
[CrossRef] [PubMed]

148. Tsay, S.; Welsh, R.M.; Adams, E.H.; Chow, N.A.; Gade, L.; Berkow, E.L.; Poirot, E.; Lutterloh, E.; Quinn, M.; Chaturvedi, S.; et al.
Notes from the Field: Ongoing Transmission of Candida auris in Health Care Facilities—United States, June 2016–May 2017.
MMWR Morb. Mortal. Wkly. Rep. 2017, 66, 514–515. [CrossRef]

https://doi.org/10.3201/eid1006.030873
https://doi.org/10.1097/00006454-199611000-00013
https://www.ncbi.nlm.nih.gov/pubmed/8933548
https://doi.org/10.1007/BF02560505
https://doi.org/10.2307/30141961
https://www.ncbi.nlm.nih.gov/pubmed/9013244
https://doi.org/10.1016/S0732-8893(98)00006-6
https://doi.org/10.1111/myc.13048
https://www.ncbi.nlm.nih.gov/pubmed/31930592
https://doi.org/10.1016/j.ajic.2021.02.014
https://doi.org/10.1128/JCM.41.2.735-741.2003
https://www.ncbi.nlm.nih.gov/pubmed/12574275
https://doi.org/10.1128/jcm.29.6.1268-1270.1991
https://doi.org/10.1128/JCM.00367-15
https://doi.org/10.3389/fmicb.2018.03081
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1086/597108
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.1093/mmy/myy054
https://www.ncbi.nlm.nih.gov/pubmed/30085270
https://doi.org/10.1016/j.mib.2019.05.008
https://doi.org/10.1016/S1473-3099(18)30597-8
https://doi.org/10.1093/cid/ciw691
https://www.ncbi.nlm.nih.gov/pubmed/27988485
https://doi.org/10.1101/2023.08.01.23293435
https://doi.org/10.1016/j.nmni.2016.07.003
https://www.ncbi.nlm.nih.gov/pubmed/27617098
https://doi.org/10.1080/22221751.2021.1934557
https://www.ncbi.nlm.nih.gov/pubmed/34027824
https://doi.org/10.15585/mmwr.mm6619a7


J. Fungi 2023, 9, 1059 34 of 42

149. Piedrahita, C.T.; Cadnum, J.L.; Jencson, A.L.; Shaikh, A.A.; Ghannoum, M.A.; Donskey, C.J. Environmental Surfaces in Healthcare
Facilities are a Potential Source for Transmission of Candida auris and Other Candida Species. Infect. Control Hosp. Epidemiol. 2017,
38, 1107–1109. [CrossRef]

150. Larkin, E.; Hager, C.; Chandra, J.; Mukherjee, P.K.; Retuerto, M.; Salem, I.; Long, L.; Isham, N.; Kovanda, L.; Borroto-Esoda, K.;
et al. The Emerging Pathogen Candida auris: Growth Phenotype, Virulence Factors, Activity of Antifungals, and Effect of SCY-078,
a Novel Glucan Synthesis Inhibitor, on Growth Morphology and Biofilm Formation. Antimicrob. Agents Chemother. 2017, 61,
e02396-16. [CrossRef]

151. Piatti, G.; Sartini, M.; Cusato, C.; Schito, A.M. Colonization by Candida auris in critically ill patients: Role of cutaneous and rectal
localization during an outbreak. J. Hosp. Infect. 2022, 120, 85–89. [CrossRef]

152. Chowdhary, A.; Anil Kumar, V.; Sharma, C.; Prakash, A.; Agarwal, K.; Babu, R.; Dinesh, K.R.; Karim, S.; Singh, S.K.; Hagen, F.;
et al. Multidrug-resistant endemic clonal strain of Candida auris in India. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 919–926.
[CrossRef]

153. Rossow, J.; Ostrowsky, B.; Adams, E.; Greenko, J.; McDonald, R.; Vallabhaneni, S.; Forsberg, K.; Perez, S.; Lucas, T.; Alroy, K.A.;
et al. Factors Associated with Candida auris Colonization and Transmission in Skilled Nursing Facilities with Ventilator Units,
New York, 2016–2018. Clin. Infect. Dis. 2021, 72, e753–e760. [CrossRef]

154. Waters, A.; Chommanard, C.; Baltozer, S.; Angel, L.C.; Abdelfattah, R.; Lyman, M.; Forsberg, K.; Misas, E.; Litvintseva, A.P.;
Fields, V.; et al. Investigation of a Candida auris outbreak in a skilled nursing facility—Virginia, United States, October 2020–June
2021. Am. J. Infect. Control 2023, 51, 472–474. [CrossRef] [PubMed]

155. Bergeron, G.; Bloch, D.; Murray, K.; Kratz, M.; Parton, H.; Ackelsberg, J.; Antwi, M.; Del Rosso, P.; Dorsinville, M.; Kubinson, H.;
et al. Candida auris Colonization After Discharge to a Community Setting: New York City, 2017–2019. Open Forum Infect. Dis.
2021, 8, ofaa620. [CrossRef] [PubMed]

156. Patterson, C.A.; Wyncoll, D.; Patel, A.; Ceesay, Y.; Newsholme, W.; Chand, M.; Mitchell, H.; Tan, M.; Edgeworth, J.D. Cloth
Lanyards as a Source of Intermittent Transmission of Candida auris on an ICU∗. Crit. Care Med. 2021, 49, 697–701. [CrossRef]
[PubMed]

157. Hinrichs, C.; Wiese-Posselt, M.; Graf, B.; Geffers, C.; Weikert, B.; Enghard, P.; Aldejohann, A.; Schrauder, A.; Knaust, A.; Eckardt,
K.U.; et al. Successful control of Candida auris transmission in a German COVID-19 intensive care unit. Mycoses 2022, 65, 643–649.
[CrossRef] [PubMed]

158. Sathyapalan, D.T.; Antony, R.; Nampoothiri, V.; Kumar, A.; Shashindran, N.; James, J.; Thomas, J.; Prasanna, P.; Sudhir, A.S.;
Philip, J.M.; et al. Evaluating the measures taken to contain a Candida auris outbreak in a tertiary care hospital in South India: An
outbreak investigational study. BMC Infect. Dis. 2021, 21, 425. [CrossRef] [PubMed]

159. Modiri, M.; Khodavaisy, S.; Barac, A.; Akbari Dana, M.; Nazemi, L.; Aala, F.; Salehi, M.; Rezaie, S. Comparison of biofilm-
producing ability of clinical isolates of Candida parapsilosis species complex. J. Mycol. Med. 2019, 29, 140–146. [CrossRef]

160. Prigitano, A.; Perrone, P.M.; Esposto, M.C.; Carnevali, D.; De Nard, F.; Grimoldi, L.; Principi, N.; Cogliati, M.; Castaldi, S.;
Romanò, L. ICU environmental surfaces are a reservoir of fungi: Species distribution in northern Italy. J. Hosp. Infect. 2022, 123,
74–79. [CrossRef]

161. Zhang, Z.; Cao, Y.; Li, Y.; Chen, X.; Ding, C.; Liu, Y. Risk factors and biofilm formation analyses of hospital-acquired infection of
Candida pelliculosa in a neonatal intensive care unit. BMC Infect. Dis. 2021, 21, 620. [CrossRef]

162. Chowdhary, A.; Stielow, J.B.; Upadhyaya, G.; Singh, P.K.; Singh, A.; Meis, J.F. Candida blankii: An emerging yeast in an outbreak of
fungaemia in neonates in Delhi, India. Clin. Microbiol. Infect. 2020, 26, 648.e5–648.e8. [CrossRef]

163. Al-Sweih, N.; Ahmad, S.; Khan, S.; Joseph, L.; Asadzadeh, M.; Khan, Z. Cyberlindnera fabianii fungaemia outbreak in preterm
neonates in Kuwait and literature review. Mycoses 2019, 62, 51–61. [CrossRef] [PubMed]

164. Xiao, M.; Wang, H.; Lu, J.; Chen, S.C.; Kong, F.; Ma, X.J.; Xu, Y.C. Three clustered cases of candidemia caused by Candida quercitrusa
and mycological characteristics of this novel species. J. Clin. Microbiol. 2014, 52, 3044–3048. [CrossRef] [PubMed]

165. Chakrabarti, A.; Singh, K.; Narang, A.; Singhi, S.; Batra, R.; Rao, K.L.; Ray, P.; Gopalan, S.; Das, S.; Gupta, V.; et al. Outbreak of
Pichia anomala infection in the pediatric service of a tertiary-care center in Northern India. J. Clin. Microbiol. 2001, 39, 1702–1706.
[CrossRef] [PubMed]

166. Jung, J.; Moon, Y.S.; Yoo, J.A.; Lim, J.H.; Jeong, J.; Jun, J.B. Investigation of a nosocomial outbreak of fungemia caused by Candida
pelliculosa (Pichia anomala) in a Korean tertiary care center. J. Microbiol. Immunol. Infect. 2018, 51, 794–801. [CrossRef]

167. Kalenic, S.; Jandrlic, M.; Vegar, V.; Zuech, N.; Sekulic, A.; Mlinaric-Missoni, E. Hansenula anomala outbreak at a surgical intensive
care unit: A search for risk factors. Eur. J. Epidemiol. 2001, 17, 491–496. [CrossRef]

168. Pasqualotto, A.C.; Sukiennik, T.C.; Severo, L.C.; de Amorim, C.S.; Colombo, A.L. An outbreak of Pichia anomala fungemia in a
Brazilian pediatric intensive care unit. Infect. Control Hosp. Epidemiol. 2005, 26, 553–558. [CrossRef] [PubMed]

169. Rajendran, R.; Sherry, L.; Deshpande, A.; Johnson, E.M.; Hanson, M.F.; Williams, C.; Munro, C.A.; Jones, B.L.; Ramage, G. A
Prospective Surveillance Study of Candidaemia: Epidemiology, Risk Factors, Antifungal Treatment and Outcome in Hospitalized
Patients. Front. Microbiol. 2016, 7, 915. [CrossRef]

170. Kalkanci, A.; Dizbay, M.; Turan, O.; Fidan, I.; Yalcin, B.; Hirfanoglu, I.; Kustimur, S.; Aktas, F.; Sugita, T. Nosocomial transmission
of Candida pelliculosa fungemia in a pediatric intensive care unit and review of the literature. Turk. J. Pediatr. 2010, 52, 42–49.
[PubMed]

https://doi.org/10.1017/ice.2017.127
https://doi.org/10.1128/AAC.02396-16
https://doi.org/10.1016/j.jhin.2021.11.004
https://doi.org/10.1007/s10096-013-2027-1
https://doi.org/10.1093/cid/ciaa1462
https://doi.org/10.1016/j.ajic.2022.12.003
https://www.ncbi.nlm.nih.gov/pubmed/36535319
https://doi.org/10.1093/ofid/ofaa620
https://www.ncbi.nlm.nih.gov/pubmed/33511238
https://doi.org/10.1097/CCM.0000000000004843
https://www.ncbi.nlm.nih.gov/pubmed/33395069
https://doi.org/10.1111/myc.13443
https://www.ncbi.nlm.nih.gov/pubmed/35419847
https://doi.org/10.1186/s12879-021-06131-6
https://www.ncbi.nlm.nih.gov/pubmed/33957894
https://doi.org/10.1016/j.mycmed.2019.02.003
https://doi.org/10.1016/j.jhin.2022.02.006
https://doi.org/10.1186/s12879-021-06295-1
https://doi.org/10.1016/j.cmi.2020.01.001
https://doi.org/10.1111/myc.12846
https://www.ncbi.nlm.nih.gov/pubmed/30184277
https://doi.org/10.1128/JCM.00246-14
https://www.ncbi.nlm.nih.gov/pubmed/24696025
https://doi.org/10.1128/JCM.39.5.1702-1706.2001
https://www.ncbi.nlm.nih.gov/pubmed/11325977
https://doi.org/10.1016/j.jmii.2017.05.005
https://doi.org/10.1023/A:1013739802940
https://doi.org/10.1086/502583
https://www.ncbi.nlm.nih.gov/pubmed/16018431
https://doi.org/10.3389/fmicb.2016.00915
https://www.ncbi.nlm.nih.gov/pubmed/20402066


J. Fungi 2023, 9, 1059 35 of 42

171. Lin, H.C.; Lin, H.Y.; Su, B.H.; Ho, M.W.; Ho, C.M.; Lee, C.Y.; Lin, M.H.; Hsieh, H.Y.; Lin, H.C.; Li, T.C.; et al. Reporting an outbreak
of Candida pelliculosa fungemia in a neonatal intensive care unit. J. Microbiol. Immunol. Infect. 2013, 46, 456–462. [CrossRef]

172. Spruijtenburg, B.; Rudramurthy, S.M.; Meijer, E.F.J.; van Haren, M.H.I.; Kaur, H.; Chakrabarti, A.; Meis, J.F.; de Groot, T.
Application of Novel Short Tandem Repeat Typing for Wickerhamomyces anomalus Reveals Simultaneous Outbreaks within a
Single Hospital. Microorganisms 2023, 11, 1525. [CrossRef] [PubMed]

173. Fan, X.; Dai, R.C.; Kudinha, T.; Gu, L. A pseudo-outbreak of Cyberlindnera fabianii funguria: Implication from whole genome
sequencing assay. Front. Cell. Infect. Microbiol. 2023, 13, 1130645. [CrossRef] [PubMed]

174. Menu, E.; Criscuolo, A.; Desnos-Ollivier, M.; Cassagne, C.; D’Incan, E.; Furst, S.; Ranque, S.; Berger, P.; Dromer, F. Saprochaete
clavata Outbreak Infecting Cancer Center through Dishwasher. Emerg. Infect. Dis. 2020, 26, 2031–2038. [CrossRef] [PubMed]

175. Vaux, S.; Criscuolo, A.; Desnos-Ollivier, M.; Diancourt, L.; Tarnaud, C.; Vandenbogaert, M.; Brisse, S.; Coignard, B.; Dromer, F.;
Geotrichum Investigation, G. Multicenter outbreak of infections by Saprochaete clavata, an unrecognized opportunistic fungal
pathogen. mBio 2014, 5, e02309-14. [CrossRef]

176. Lo Cascio, G.; Vincenzi, M.; Soldani, F.; De Carolis, E.; Maccacaro, L.; Sorrentino, A.; Nadali, G.; Cesaro, S.; Sommavilla, M.; Niero,
V.; et al. Outbreak of Saprochaete clavata Sepsis in Hematology Patients: Combined Use of MALDI-TOF and Sequencing Strategy
to Identify and Correlate the Episodes. Front. Microbiol. 2020, 11, 84. [CrossRef]

177. Stanzani, M.; Cricca, M.; Sassi, C.; Sutto, E.; De Cicco, G.; Bonifazi, F.; Bertuzzi, C.; Bacci, F.; Paolini, S.; Cavo, M.; et al. Saprochaete
clavata infections in patients undergoing treatment for haematological malignancies: A report of a monocentric outbreak and
review of the literature. Mycoses 2019, 62, 1100–1107. [CrossRef]

178. Huang, J.J.; Chen, X.F.; Tsui, C.K.M.; Pang, C.J.; Hu, Z.D.; Shi, Y.; Wang, W.P.; Cui, L.Y.; Xiao, Y.L.; Gong, J.; et al. Persistence of an
epidemic cluster of Rhodotorula mucilaginosa in multiple geographic regions in China and the emergence of a 5-flucytosine
resistant clone. Emerg. Microbes Infect. 2022, 11, 1079–1089. [CrossRef] [PubMed]

179. Keighley, C.; Chen, S.C.; Marriott, D.; Pope, A.; Chapman, B.; Kennedy, K.; Bak, N.; Underwood, N.; Wilson, H.L.; McDonald, K.;
et al. Candidaemia and a risk predictive model for overall mortality: A prospective multicentre study. BMC Infect. Dis. 2019, 19,
445. [CrossRef]

180. Engelthaler, D.M.; Hicks, N.D.; Gillece, J.D.; Roe, C.C.; Schupp, J.M.; Driebe, E.M.; Gilgado, F.; Carriconde, F.; Trilles, L.; Firacative,
C.; et al. Cryptococcus gattii in North American Pacific Northwest: Whole-population genome analysis provides insights into
species evolution and dispersal. mBio 2014, 5, e01464-14. [CrossRef] [PubMed]

181. Gerstein, A.C.; Jackson, K.M.; McDonald, T.R.; Wang, Y.; Lueck, B.D.; Bohjanen, S.; Smith, K.D.; Akampurira, A.; Meya, D.B.; Xue,
C.; et al. Identification of Pathogen Genomic Differences That Impact Human Immune Response and Disease during Cryptococcus
neoformans Infection. mBio 2019, 10, e01440-19. [CrossRef]

182. Meyer, W. Cryptococcus gattii in the Age of Whole-Genome Sequencing. mBio 2015, 6, e01761-15. [CrossRef]
183. Patino, L.H.; Munoz, M.; Ramirez, A.L.; Velez, N.; Escandon, P.; Parra-Giraldo, C.M.; Ramirez, J.D. A Landscape of the Genomic

Structure of Cryptococcus neoformans in Colombian Isolates. J. Fungi 2023, 9, 135. [CrossRef] [PubMed]
184. Farrer, R.A.; Borman, A.M.; Inkster, T.; Fisher, M.C.; Johnson, E.M.; Cuomo, C.A. Genomic epidemiology of a Cryptococcus

neoformans case cluster in Glasgow, Scotland, 2018. Microb. Genom. 2021, 7, mgen000537. [CrossRef] [PubMed]
185. Miozzo, I.; Aquino, V.R.; Duarte, M.; Santos, R.P.; Goldani, L.Z. Cryptococcus neoformans as a rare cause of hospital infection. Infect.

Control Hosp. Epidemiol. 2010, 31, 315–317. [CrossRef]
186. Wang, C.Y.; Wu, H.D.; Hsueh, P.R. Nosocomial transmission of cryptococcosis. N. Engl. J. Med. 2005, 352, 1271–1272. [CrossRef]
187. Glaser, J.B.; Garden, A. Inoculation of cryptococcosis without transmission of the acquired immunodeficiency syndrome. N. Engl.

J. Med. 1985, 313, 266. [CrossRef] [PubMed]
188. Kaul, D.R.; Vece, G.; Blumberg, E.; La Hoz, R.M.; Ison, M.G.; Green, M.; Pruett, T.; Nalesnik, M.A.; Tlusty, S.M.; Wilk, A.R.; et al.

Ten years of donor-derived disease: A report of the disease transmission advisory committee. Am. J. Transplant. 2021, 21, 689–702.
[CrossRef]

189. Natarajan, P.; Lockhart, S.R.; Basavaraju, S.V.; Anjan, S.; Lindsley, M.D.; McGrath, M.M.; Oh, D.H.; Jackson, B.R. Donor-derived
Cryptococcus gattii sensu stricto infection in two kidney transplant recipients, southeastern United States. Am. J. Transplant. 2021,
21, 3780–3784. [CrossRef]

190. Kennedy, E.; Vanichanan, J.; Rajapreyar, I.; Gonzalez, B.; Nathan, S.; Gregoric, I.; Kar, B.; Loyalka, P.; Weeks, P.; Chavez, V.; et al. A
pseudo-outbreak of disseminated cryptococcal disease after orthotopic heart transplantation. Mycoses 2016, 59, 75–79. [CrossRef]

191. Vallabhaneni, S.; Haselow, D.; Lloyd, S.; Lockhart, S.; Moulton-Meissner, H.; Lester, L.; Wheeler, G.; Gladden, L.; Garner, K.;
Derado, G.; et al. Cluster of Cryptococcus neoformans Infections in Intensive Care Unit, Arkansas, USA, 2013. Emerg. Infect. Dis.
2015, 21, 1719–1724. [CrossRef]

192. Benedict, K.; Mody, R.K. Epidemiology of Histoplasmosis Outbreaks, United States, 1938–2013. Emerg. Infect. Dis. 2016, 22,
370–378. [CrossRef] [PubMed]

193. Freedman, M.; Jackson, B.R.; McCotter, O.; Benedict, K. Coccidioidomycosis Outbreaks, United States and Worldwide, 1940–2015.
Emerg. Infect. Dis. 2018, 24, 417–423. [CrossRef] [PubMed]

194. Thompson, G.R., 3rd; Le, T.; Chindamporn, A.; Kauffman, C.A.; Alastruey-Izquierdo, A.; Ampel, N.M.; Andes, D.R.; Armstrong-
James, D.; Ayanlowo, O.; Baddley, J.W.; et al. Global guideline for the diagnosis and management of the endemic mycoses: An
initiative of the European Confederation of Medical Mycology in cooperation with the International Society for Human and
Animal Mycology. Lancet Infect. Dis. 2021, 21, e364–e374. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jmii.2012.07.013
https://doi.org/10.3390/microorganisms11061525
https://www.ncbi.nlm.nih.gov/pubmed/37375027
https://doi.org/10.3389/fcimb.2023.1130645
https://www.ncbi.nlm.nih.gov/pubmed/36960046
https://doi.org/10.3201/eid2609.200341
https://www.ncbi.nlm.nih.gov/pubmed/32818391
https://doi.org/10.1128/mBio.02309-14
https://doi.org/10.3389/fmicb.2020.00084
https://doi.org/10.1111/myc.12978
https://doi.org/10.1080/22221751.2022.2059402
https://www.ncbi.nlm.nih.gov/pubmed/35343400
https://doi.org/10.1186/s12879-019-4065-5
https://doi.org/10.1128/mBio.01464-14
https://www.ncbi.nlm.nih.gov/pubmed/25028429
https://doi.org/10.1128/mBio.01440-19
https://doi.org/10.1128/mBio.01761-15
https://doi.org/10.3390/jof9020135
https://www.ncbi.nlm.nih.gov/pubmed/36836249
https://doi.org/10.1099/mgen.0.000537
https://www.ncbi.nlm.nih.gov/pubmed/33620303
https://doi.org/10.1086/651064
https://doi.org/10.1056/NEJM200503243521225
https://doi.org/10.1056/NEJM198507253130414
https://www.ncbi.nlm.nih.gov/pubmed/4010732
https://doi.org/10.1111/ajt.16178
https://doi.org/10.1111/ajt.16729
https://doi.org/10.1111/myc.12433
https://doi.org/10.3201/eid2110.150249
https://doi.org/10.3201/eid2203.151117
https://www.ncbi.nlm.nih.gov/pubmed/26890817
https://doi.org/10.3201/eid2403.170623
https://www.ncbi.nlm.nih.gov/pubmed/29460741
https://doi.org/10.1016/S1473-3099(21)00191-2
https://www.ncbi.nlm.nih.gov/pubmed/34364529


J. Fungi 2023, 9, 1059 36 of 42

195. Engelthaler, D.M.; Chiller, T.; Schupp, J.A.; Colvin, J.; Beckstrom-Sternberg, S.M.; Driebe, E.M.; Moses, T.; Tembe, W.; Sinari, S.;
Beckstrom-Sternberg, J.S.; et al. Next-generation sequencing of Coccidioides immitis isolated during cluster investigation. Emerg.
Infect. Dis. 2011, 17, 227–232. [CrossRef] [PubMed]

196. Jewell, K.; Cheshier, R.; Cage, G.D. Genetic diversity among clinical Coccidioides spp. isolates in Arizona. Med. Mycol. 2008, 46,
449–455. [CrossRef]

197. Alangaden, G.J. Nosocomial fungal infections: Epidemiology, infection control, and prevention. Infect. Dis. Clin. N. Am. 2011, 25,
201–225. [CrossRef]

198. Delliere, S.; Gits-Muselli, M.; Bretagne, S.; Alanio, A. Outbreak-Causing Fungi: Pneumocystis jirovecii. Mycopathologia 2020, 185,
783–800. [CrossRef]

199. Le Gal, S.; Toubas, D.; Totet, A.; Dalle, F.; Abou Bacar, A.; Le Meur, Y.; Nevez, G.; Anofel, A. Pneumocystis Infection Outbreaks in
Organ Transplantation Units in France: A Nation-Wide Survey. Clin. Infect. Dis. 2020, 70, 2216–2220. [CrossRef]

200. Yiannakis, E.P.; Boswell, T.C. Systematic review of outbreaks of Pneumocystis jirovecii pneumonia: Evidence that P. jirovecii is a
transmissible organism and the implications for healthcare infection control. J. Hosp. Infect. 2016, 93, 1–8. [CrossRef]

201. Miller, R.F.; Ambrose, H.E.; Wakefield, A.E. Pneumocystis carinii f. sp. hominis DNA in immunocompetent health care workers in
contact with patients with P. carinii pneumonia. J. Clin. Microbiol. 2001, 39, 3877–3882. [CrossRef]

202. Valade, S.; Azoulay, E.; Damiani, C.; Derouin, F.; Totet, A.; Menotti, J. Pneumocystis jirovecii airborne transmission between
critically ill patients and health care workers. Intensive Care Med. 2015, 41, 1716–1718. [CrossRef]

203. Wakefield, A.E. DNA sequences identical to Pneumocystis carinii f. sP. carinii and Pneumocystis carinii f. sp. hominis in samples of
air spora. J. Clin. Microbiol. 1996, 34, 1754–1759. [CrossRef]

204. Morris, A.; Norris, K.A. Colonization by Pneumocystis jirovecii and its role in disease. Clin. Microbiol. Rev. 2012, 25, 297–317.
[CrossRef]

205. Alanio, A.; Gits-Muselli, M.; Guigue, N.; Desnos-Ollivier, M.; Calderon, E.J.; Di Cave, D.; Dupont, D.; Hamprecht, A.; Hauser,
P.M.; Helweg-Larsen, J.; et al. Diversity of Pneumocystis jirovecii Across Europe: A Multicentre Observational Study. EBioMedicine
2017, 22, 155–163. [CrossRef]

206. Brunot, V.; Pernin, V.; Chartier, C.; Garrigue, V.; Vetromile, F.; Szwarc, I.; Delmas, S.; Portales, P.; Basset, D.; Mourad, G. An
epidemic of Pneumocystis jiroveci pneumonia in a renal transplantation center: Role of T-cell lymphopenia. Transplant. Proc. 2012,
44, 2818–2820. [CrossRef] [PubMed]

207. Gianella, S.; Haeberli, L.; Joos, B.; Ledergerber, B.; Wuthrich, R.P.; Weber, R.; Kuster, H.; Hauser, P.M.; Fehr, T.; Mueller, N.J.
Molecular evidence of interhuman transmission in an outbreak of Pneumocystis jirovecii pneumonia among renal transplant
recipients. Transpl. Infect. Dis. 2010, 12, 1–10. [CrossRef] [PubMed]

208. Mulpuru, S.; Knoll, G.; Weir, C.; Desjardins, M.; Johnson, D.; Gorn, I.; Fairhead, T.; Bissonnette, J.; Bruce, N.; Toye, B.; et al.
Pneumocystis pneumonia outbreak among renal transplant recipients at a North American transplant center: Risk factors and
implications for infection control. Am. J. Infect. Control 2016, 44, 425–431. [CrossRef]

209. Desoubeaux, G.; Dominique, M.; Morio, F.; Thepault, R.A.; Franck-Martel, C.; Tellier, A.C.; Ferrandiere, M.; Hennequin, C.;
Bernard, L.; Salame, E.; et al. Epidemiological Outbreaks of Pneumocystis jirovecii Pneumonia Are Not Limited to Kidney
Transplant Recipients: Genotyping Confirms Common Source of Transmission in a Liver Transplantation Unit. J. Clin. Microbiol.
2016, 54, 1314–1320. [CrossRef] [PubMed]

210. Miguel Montanes, R.; Elkrief, L.; Hajage, D.; Houssel, P.; Fantin, B.; Francoz, C.; Dreyfuss, D.; Ricard, J.D.; Durand, F. An outbreak
of Pneumocytis jirovecii pneumonia among liver transplant recipients. Transpl. Infect. Dis. 2018, 20, e12956. [CrossRef] [PubMed]

211. Rostved, A.A.; Sassi, M.; Kurtzhals, J.A.; Sorensen, S.S.; Rasmussen, A.; Ross, C.; Gogineni, E.; Huber, C.; Kutty, G.; Kovacs, J.A.;
et al. Outbreak of pneumocystis pneumonia in renal and liver transplant patients caused by genotypically distinct strains of
Pneumocystis jirovecii. Transplantation 2013, 96, 834–842. [CrossRef]

212. Olsson, M.; Eriksson, B.M.; Elvin, K.; Strandberg, M.; Wahlgren, M. Genotypes of clustered cases of Pneumocystis carinii pneumonia.
Scand. J. Infect. Dis. 2001, 33, 285–289. [CrossRef] [PubMed]

213. Mori, S.; Sugimoto, M. Pneumocystis jirovecii infection: An emerging threat to patients with rheumatoid arthritis. Rheumatology
2012, 51, 2120–2130. [CrossRef] [PubMed]

214. de Boer, M.G.; de Fijter, J.W.; Kroon, F.P. Outbreaks and clustering of Pneumocystis pneumonia in kidney transplant recipients: A
systematic review. Med. Mycol. 2011, 49, 673–680. [CrossRef] [PubMed]

215. de Boer, M.G.; Bruijnesteijn van Coppenraet, L.E.; Gaasbeek, A.; Berger, S.P.; Gelinck, L.B.; van Houwelingen, H.C.; van den
Broek, P.; Kuijper, E.J.; Kroon, F.P.; Vandenbroucke, J.P. An outbreak of Pneumocystis jiroveci pneumonia with 1 predominant
genotype among renal transplant recipients: Interhuman transmission or a common environmental source? Clin. Infect. Dis. 2007,
44, 1143–1149. [CrossRef] [PubMed]

216. Nevez, G.; Le Gal, S.; Noel, N.; Wynckel, A.; Huguenin, A.; Le Govic, Y.; Pougnet, L.; Virmaux, M.; Toubas, D.; Bajolet, O.
Investigation of nosocomial pneumocystis infections: Usefulness of longitudinal screening of epidemic and post-epidemic
pneumocystis genotypes. J. Hosp. Infect. 2018, 99, 332–345. [CrossRef]

217. Maitte, C.; Leterrier, M.; Le Pape, P.; Miegeville, M.; Morio, F. Multilocus sequence typing of Pneumocystis jirovecii from clinical
samples: How many and which loci should be used? J. Clin. Microbiol. 2013, 51, 2843–2849. [CrossRef]

https://doi.org/10.3201/eid1702.100620
https://www.ncbi.nlm.nih.gov/pubmed/21291593
https://doi.org/10.1080/13693780801961337
https://doi.org/10.1016/j.idc.2010.11.003
https://doi.org/10.1007/s11046-019-00408-w
https://doi.org/10.1093/cid/ciz901
https://doi.org/10.1016/j.jhin.2016.01.018
https://doi.org/10.1128/JCM.39.11.3877-3882.2001
https://doi.org/10.1007/s00134-015-3835-9
https://doi.org/10.1128/jcm.34.7.1754-1759.1996
https://doi.org/10.1128/CMR.00013-12
https://doi.org/10.1016/j.ebiom.2017.06.027
https://doi.org/10.1016/j.transproceed.2012.09.089
https://www.ncbi.nlm.nih.gov/pubmed/23146531
https://doi.org/10.1111/j.1399-3062.2009.00447.x
https://www.ncbi.nlm.nih.gov/pubmed/19744285
https://doi.org/10.1016/j.ajic.2015.11.012
https://doi.org/10.1128/JCM.00133-16
https://www.ncbi.nlm.nih.gov/pubmed/26935726
https://doi.org/10.1111/tid.12956
https://www.ncbi.nlm.nih.gov/pubmed/29896781
https://doi.org/10.1097/TP.0b013e3182a1618c
https://doi.org/10.1080/003655401300077324
https://www.ncbi.nlm.nih.gov/pubmed/11345221
https://doi.org/10.1093/rheumatology/kes244
https://www.ncbi.nlm.nih.gov/pubmed/23001613
https://doi.org/10.3109/13693786.2011.571294
https://www.ncbi.nlm.nih.gov/pubmed/21453224
https://doi.org/10.1086/513198
https://www.ncbi.nlm.nih.gov/pubmed/17407029
https://doi.org/10.1016/j.jhin.2017.09.015
https://doi.org/10.1128/JCM.01073-13


J. Fungi 2023, 9, 1059 37 of 42

218. Urabe, N.; Ishii, Y.; Hyodo, Y.; Aoki, K.; Yoshizawa, S.; Saga, T.; Murayama, S.Y.; Sakai, K.; Homma, S.; Tateda, K. Molecular
epidemiologic analysis of a Pneumocystis pneumonia outbreak among renal transplant patients. Clin. Microbiol. Infect. 2016, 22,
365–371. [CrossRef]

219. Charpentier, E.; Garnaud, C.; Wintenberger, C.; Bailly, S.; Murat, J.B.; Rendu, J.; Pavese, P.; Drouet, T.; Augier, C.; Malvezzi, P.; et al.
Added Value of Next-Generation Sequencing for Multilocus Sequence Typing Analysis of a Pneumocystis jirovecii Pneumonia
Outbreak1. Emerg. Infect. Dis. 2017, 23, 1237–1245. [CrossRef]

220. Kanamori, H.; Rutala, W.A.; Sickbert-Bennett, E.E.; Weber, D.J. Review of fungal outbreaks and infection prevention in healthcare
settings during construction and renovation. Clin. Infect. Dis. 2015, 61, 433–444. [CrossRef]
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