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ABSTRACT Dimorphism is known among the etiologic agents of endemic mycoses
as well as in filamentous Mucorales. Under appropriate thermal conditions, mononu-
clear yeast forms alternate with multi-nucleate hyphae. Here, we describe a dimorphic
mucoralean fungus obtained from the sputum of a patient with Burkitt lymphoma and
ongoing graft-versus-host reactions. The fungus is described as Mucor germinans sp.
nov. Laboratory studies were performed to simulate temperature-dependent dimor-
phism, with two environmental strains Mucor circinelloides and Mucor kunryangriensis
as controls. Both strains could be induced to form multinucleate arthrospores and
subsequent yeast-like cells in vitro. Multilateral yeast cells emerge in all three Mucor
species at elevated temperatures. This morphological transformation appears to occur at
body temperature since the yeast-like cells were observed in the lungs of our immuno-
compromised patient. The microscopic appearance of the yeast-like cells in the clinical
samples is easily confused with that of Paracoccidioides. The ecological role of yeast
forms in Mucorales is discussed.

IMPORTANCE Mucormycosis is a devastating disease with high morbidity and mortality
in susceptible patients. Accurate diagnosis is required for timely clinical management
since antifungal susceptibility differs between species. Irregular hyphal elements are
usually taken as the hallmark of mucormycosis, but here, we show that some species may
also produce yeast-like cells, potentially being mistaken for Candida or Paracoccidioides.
We demonstrate that the dimorphic transition is common in Mucor species and can be
driven by many factors. The multi-nucleate yeast-like cells provide an effective parameter
to distinguish mucoralean infections from similar yeast-like species in clinical samples.

KEYWORDS Mucor germinans sp. nov., Mucor circinelloides, dimorphism, mucormycosis,
Paracoccidioides

ucormycosis is an aggressive opportunistic infection with high morbidity and

mortality in humans. Classically, the infection occurs at low frequency in patients
with diabetic ketoacidosis or hematological malignancies (1, 2). A significant increase in
infections due to Mucorales, termed COVID-19-associated mucormycosis, was observed
during the recent COVID-19 pandemic in patients with uncontrolled diabetes and
overuse of steroids (3-5). The species causing mucormycosis are members of the order
Mucorales, with Rhizopus and Lichtheimia isolated more frequently than Mucor species
(1, 2, 6). The main routes of infection by mucoralean fungi are by inhalation of airborne
spores or by inoculation into disrupted skin or gastrointestinal mucous membranes (2,
7, 8). The lungs, skin, soft tissues, and paranasal sinus/sino-orbital and rhino-cerebral
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regions are the main sites of infection (7). Due to the rapid progression and high
mortality rate of mucormycosis, early diagnosis and appropriate antifungal
therapy are critical for improved clinical outcomes and patient survival (1, 9).

Given the acute progression of mucoralean infections and different levels of
antifungal resistance between species, rapid identification of the agent is critical (2,
3). Since isolation and culture from infected sites are difficult, direct microscopy and
histopathology of various clinical specimens are the basis of the diagnosis of mucormy-
cosis (2, 10). Hyphae can be visualized with optical brighteners such as Blankophor (11)
or Calcofluor white/Fungi-Fluor staining (12). Hyphae of Mucorales in infected tissues are
non-septate or pauci-septate with an irregular, ribbon-like appearance (13, 14). However,
there have been case reports where mucoralean agents presented in a yeast-like form in
the clinical specimens (15). Several authors reported the presence of yeast-like forms in
direct microscopic examination of urine, vaginal, and tracheal samples, e.g., in infections
caused by Cokeromyces recurvatus (16, 17).

In the course of the present study, an unknown dimorphic mucoralean fungus was
observed in the sputum of a patient with a history of Burkitt lymphoma, who had
undergone allogeneic bone marrow transplantation. The fungus presented as multilat-
eral budding cells, which were predominant upon direct microscopic examination of
sputum samples; no hyphae were observed. Daughter cells were attached to the mother
cell with broad flat bases, resembling the budding of Paracoccidioides species. This
evidence suggests that yeast-like cell morphology in situ might be an overlooked feature
among the clinical samples of Mucorales. This unexpected appearance of Mucorales in
the host may significantly delay the diagnosis and treatment of mucormycosis as long as
additional diagnostic evidence is missing.

In Mucorales, yeast-like forms have mainly been described in the genus Mucor (18-22).
The ecological advantage of dimorphism in these fungi was thought to enhance survival
in liquid habitats requiring alternation of their thallus organization to unicellularity (22).
Dimorphic strategies are widely applied in plant and animal pathogenic fungi where
encounter with the host prompts a shift in the mode of growth (23). Factors enhancing
mold-to-yeast conversion differ between fungal groups. For Paracoccidioides brasiliensis,
the change from ambient temperature of 25°C to host temperature of 37°C is sufficient
(24), but for Sporothrix species and Talaromyces marneffei, additives are required (25, 26).
In the family Ajellomycetaceae, to which Paracoccidioides belongs, the preponderantly
environmental fungi show more reluctant conversion (27).

Dimorphic transition in Mucorales has been studied mainly in Mucor circinelloides
(28-30), but the phenomenon occurs more widely in the genus Mucor (31). With the
increasing occurrence of Mucorales in the clinic as pulmonary colonizers or causative
agents of mucormycosis and given the acute and fulminant features of infections such as
rhinocerebral mucormycosis (32), the yeast-mycelium transformation and its relationship
with temperature and host conditions require further study.

The present work was prompted by the occurrence of yeast cells with morpholog-
ical similarity to Paracoccidioides in the sputum of an immunocompromised patient.
Additional morphological, phylogenetic, and physiological analyses revealed the fungus
to be a new species of Mucor. In vitro experiments were conducted to determine the
factors that induce the formation of yeast cells in comparison with M. circinelloides and M.
kunryangriensis, which show temperature-dependent conversion.

RESULTS
Isolation of clinical strain

A sputum sample from a 32-year-old patient with Burkitt lymphoma, who was 35
days post-allogeneic bone marrow transplant, was collected at the Microbiology
Service of Department of Laboratory, NIH Clinical Center, Bethesda, MD, USA. The
patient was receiving posaconazole infusion prophylaxis given his post-transplant status
and ongoing reactions of graft-versus-host disease treated with methylprednisolone,
tacrolimus, and ruxolitinib. The patient was afebrile at the time of sample collection,
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and the sputum sample was obtained due to CT chest imaging the day prior showing
interval development of patchy ground-glass opacities throughout the lungs, some
areas of which are nodular in configuration. The sputum sample was Gram-stained
and evaluated microscopically. The sample showed abundant squamous epithelial
cells, mixed oropharyngeal flora, and rare neutrophils. In addition, yeast-like cells were
observed, with large, spherical mother cells giving rise to spherical budding cells with
multilateral production of daughter cells, which were inserted into the mother cell at a
rather broad base (Fig. 1).

Presumptive identification on the basis of the microscopic appearance suggested
a fungus close to Paracoccidioides. A portion of the sputum specimen was separated
aseptically, inoculated repeatedly onto Sabouraud glucose agar (SGA), and incubated at
30°C. After 2 days, rapidly growing, cottony to fluffy, white to yellow colonies (Fig. 2)
appeared with the development of sporangia. This mucoralean-like fungus was stored at
—80°C under number SM1517. No yeast-like fungus was isolated on any occasion.

MALDI-ToF MS

Three Mucor species including the clinical isolate M. germinans (SM1517), M. circinelloides
(CBS 151457), and Mucor kunryangriensis (CNUFC CY223) were analyzed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) in
duplicate. Profiles with more than 80 peaks were considered as reliable results and were
included for further analysis. No match was obtained with any of the profiles stored in
the MALDI Biotyper (Bruker Daltonics Inc.) and NIH Bruker Daltonics databases for M.
germinans (SM1517 and CBS 151458), and M. kunryangriensis (CNUFC CY223); all spectra
yielded scores of <1.7.

Mass spectra obtained from each tested Mucor species were compared to each other,
and for each species, a main spectrum (MSP) was created (Fig. S1). Accurate analysis with
FlexAnalysis software (version 3.4, Bruker Daltonics Inc.) highlighted several discriminat-
ing peaks between M. germinans, M. circinelloides, and M. kunryangriensis. The MSP of
these species resulted to be differentiable based on their overall peak number, consistent
for each Mucor species.

Direct PCR sequencing of sputum sample

Comparison of the internal transcribed spacer (ITS) sequence (577 nucleotides) to both
databases yielded a sequence identity of <94% to the type strain of M. cheongyangensis
(Mucor sp. isolate CNUFC ICL1), but these data were considered insufficient to conclude
the species level of this isolate.

5&

45

FIG 1 Direct microscopic examination of the sputum (Gram stain) with yeast phase resembling Paracoccidioides. (A) Multiple spherical buds all over the surface,

(B) “Mickey Mouse” shaped budding structure. Scale bar: 10 pm.
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FIG 2 Macroscopy and microscopy characteristics of Mucor germinans sp. nov. (A) Colony morphology on Sabouraud glucose agar at 30°C (left) and 37°C (right).

(B) Reverse of colonies at 30°C (left) and 37°C (right). (C) Lactophenol cotton blue wet mount (10x) showing hyaline non-septate hyphae, sporangiophores,

terminal globose, multi-spored sporangia, and columellae. Scale bar: 10 um.

Phylogeny

To understand the evolutionary position of the Mucor-like fungus and its relationship
with other dimorphic Mucor species, sequences of ITS were used for a phylogenetic
analysis (Fig. 3). The ITS analyses revealed that the isolate SM1517 was related to M.
cheongyangensis but formed a separate branch, and this distinction was supported by a
high bootstrap value (100%). M. circinelloides grouped with numerous dimorphic Mucor
species, but remote from the SM1517 strain. M. kunryangriensis, another dimorphic
species, was positioned far from both the mucor-like species and M. circinelloides. On
the basis of these data, the SM1517 strain was considered to represent a novel species as
described below. The corresponding sequences for the SM1517 strain were submitted to
GenBank (accession number: 0Q709230.1).

Mucor germinans Na Li, Bowling, de Hoog, and Seyedmousavi, sp. nov. (Fig. 4)—
MycoBank MB853494

Etymology: Latin germinans refers to the sprouting cells produced at 37°C.

Typus: Bethesda, USA, from the sputum of a human patient, 07 October 2022
(holotype CBS H-25350; Ex-type culture SM1517 = CBS 151458).

Description: Colonies on SGA attain a diameter of 80-86 mm after 4 days at 28°C,
at first white and then becomes yellowish brown; colony reverse yellow to pale with
shades of gray and brown (Fig. 4). Sporangiophores ascendent, 2.5-13 um diameter,
occasionally with long sympodial branches. Sporangia globose, 19-39 x 21-42 um,
dark gray or yellowish-brown sporangia. Columellae globose to subglobose (8.5-14 x
7.5-16.5 pm), with distinct collar. Sporangiospores are smooth, mostly ellipsoidal or
subglobose, 2-3 x 2.5-5 pm, usually with granules at each end. Main and lateral hyphae
with yellow pigments, occasionally with irregularly spaced septa, usually containing
numerous yellowish droplets. Zygospores were not observed. Sporangia on potato
dextrose agar (PDA) were smaller (13.5-34 x 14-35 pm diameter) than those on SGA
and malt extract agar (MEA) and (17-45 x 16.5-43 pm diameter). The columellae on PDA
(6-19.5 x 4.5-21.5 ym) and on MEA (11-23 x 11-23.5 pm) were larger than those on
SGA. The shape and size of sporangiospores on SGA, MEA, and PDA were similar. On PDA,
arthroconidia and irregularly spaced mycelia are abundant.

Colony characteristics: At 25°C, colonies reach a diameter of 61-63 mm on MEA, 42-
63 mm on SDA, and 70-72 mm on SGA after 4 days. At 30°C, colonies reach a diameter
of 84-90 mm on SGA, 70-72 mm on MEA, and 45-47 mm on PDA after 4 days. At 37°C,
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FIG 3 Phylogenetic tree constructed by maximum likelihood algorithm based on rDNA ITS. Bootstrap values are shown with the branches. The three species

included in this study are marked in red. Nine mucoralean strains were selected as the outgroups. Blue dots represent the reported dimorphic mucoralean

species (31). The squares indicate the ecological position of these strains.

colonies reach a diameter of 40-46 mm on SGA, 33-36 mm on MEA, and 25-26 mm on
PDA, after 4 days with no sporulation. Slow growth was observed at temperatures above

40°C.

Notably, M. germinans is phylogenetically related to M. cheongyangensis. Mucor
germinans differs from M. cheongyangensis by producing smaller sporangia, columellae,
and sporangiospores. In addition, M. germinans can grow at 37°C, while M. cheongyan-
gensis is unable to grow at this temperature.

Antifungal susceptibility

No clinical breakpoints are currently available for any species of Mucor. The MIC/MEC
(ug/uL) for M. germinans were as follows in increasing order: amphotericin B, 0.25 pg/mL;
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FIG 4 Morphology of Mucor germinans on SGA. (A) Colony after 4 days. (B) Colony after 6 days. (C) Colony reverse after 6 days.
(D-F) Stereo microscopy of immature and mature sporangia. (G-J) Immature and mature sporangia. (K) Columella after the
release of spores. (L) Chlamydospores. (M) Sporangiospores. Scale bars = 20 pm

posaconazole, 0.5 ug/mL; itraconazole, 1 pg/mL; isavuconazole, 8 ug/mL; voriconazole,
16 pg/mL; and micafungin and terbinafine, >16 pg/mL. Table S2 compares the in vitro
antifungal susceptibility results of M. germinans (CBS 151458) with M. circinelloides (CBS
151457) and M. kunryangriensis (CNUFC CY223). Overall, amphotericin B showed the
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lowest minimum inhibitory concentration (MIC) values among antifungals tested against
all three Mucor strains tested, followed by posaconazole and itraconazole. Isavuconazole
showed relatively high MIC/minimum effective concentration (MEC) (=8 ug/mL) against
all strains tested. Consistent with previous reports, our study also showed that voricona-
zole, micafungin, and terbinafine were not active against three Mucor species.

Dimorphism of clinical and environmental strains

Mucor germinans exhibited significantly different morphology when cultured at 25°C or
37°C in shaken liquid culture (Fig. 5). At 25°C in shaken RPMI 1640 without glucose, the
spores swelled during the first 3-6 h of incubation. Most of the swollen cells produced
germ tubes to form long hyphae with several branches, but some directly converted to
yeast-like cells (Fig. 5, left panel). The long hyphae entangled to form round mycelial
pellets within 12-24 h (data not shown). Subsequently, some septa appeared at the tips
or branches of the mycelium, dividing the mycelium into several compartments (Fig. 5,
left panel) and becoming densely septate, giving rise to arthrospores (Fig. 5, left panel).
After liberation, arthrospores transformed into yeast-like cells, which produced buds on
the surface. In addition, some spherical or fusiform buds were also observed on the
surface of intact hyphae.

In shaken RPMI 1640 containing an additional 2% glucose, the production of arthro-
spores and yeast-like cells increased (Fig. 5, left panel). With 4% additional glucose, yeast
cells were preponderant after 72 h of incubation (Fig. 5, left panel).

In RPMI 1640 at 37°C without glucose, buds initiated frequently on the surface of
seeded sporangiospores, having yeast-like appearance (Fig. 5, right panel). With exten-
ded incubation time, the matured buds were detached and produced new buds, while
the subtending cells developed into short, septate hyphal elements. Part of the hyphal
elements disarticulated into arthrospores (Fig. 5, right panel). The mother cells finally
died. Short hyphae appeared occasionally (Fig. 5, right panel). In RPMI 1640 with 2% and
4% glucose, the production of yeast-like cells increased, eventually with short pseudohy-
phae (Fig. 5, right panel).

The dimorphic characteristics of M. circinelloides were different from those of M.
germinans. At 25°C in shaken RPMI 1640 with or without glucose, isotropic growth was
initially observed during the first 3 h. After 4-6 h, germ tubes were formed, which grew
out with numerous filaments that, after 12 h, became entangled, leading to dense
pellets. The apical portions of external hyphae of the pellets became densely septate,
locally producing clavate daughter cells (Fig. S2, left panel). In part, compartments
detached from the hyphae as arthrospores and rounded off and produced yeast-like
daughter cells after 72 h of incubation (Fig. S2, left panel). In RPMI 1640 medium without
glucose, many chlamydospores appeared (Fig. S2, left panel), with a few arthrospores. At
37°C in shaken media, initially most of the spores of M. circinelloides inflated. Some of
these cells produced daughter cells, but most of them died. No filamentous form was
observed (Fig. S2, right panel).

At 25°C, when shaken in all three media, the seeded sporangiospores of M. kunryan-
griensis initially inflated to spherical cells. Subsequently, a portion of swollen cells
produced small budding cells on the surface, while others formed germ tubes. The germ
tubes produced several septa to form arthrospores, which produced buds on the surface
or separated to form yeast-like cells (Fig. S3, left panel). After 72 h of incubation, budding
cells were preponderant, while arthrospores were observed in RPMI 1640 without
glucose. Occasionally, short hyphae were formed in RPMI 1640 with 2% glucose. In RPMI
1640 with 4% glucose, yeast-like cells were predominant. When cultured at 37°C in RPMI
1640 with 2% glucose and 4% glucose, swollen cells produced few buds or short germ
tubes, while the remainder ruptured and died (Fig. S3, right panel). However, many
budding and non-budding yeast-like cells were present in RPMI 1640 without glucose,
with occasional dying cells (Fig. S3, right panel).
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FIG 5 The characteristics of dimorphism in Mucor germinans at 25°C (left) and 37°C (right). Left panel: (A-F) the process of filamentous to arthrospores to

yeast-like cells cultured at 25°C in RPMI 1640 without glucose. (A and C) Hyphae and budding hyphae. (B) Formation of septate hyphae. (D) Arthrospores. (E

and F) Budding yeast-like cells. (G and H) Many yeast-like cells and arthrospores in RPMI 1640 with 2% glucose. (I-M) Yeast-like cells and arthrospores in RPMI

1640 with 4% glucose. Right panel: (A-D) Mucor germinans in RPMI 1640 without glucose. (A and B) The budding germ tubes. (C) Occasionally produced long

hyphae. (D) Budding yeast-like cells. (E and F) Budding yeast cell formation in RPMI 1640 with 2% glucose. (G and H) Many budding yeast cells and pseudohyphal

formation in RPMI 1640 with 4% glucose. Scale bars = 10 pm.

Nuclear staining

Using Hoechst 33258 nucleic acid stain, the cells of M. germinans and M. circinelloides
at 25°C invariably contained multiple nuclei, whether in the form of mycelium, septate
hyphae, arthrospores, or yeast cells. In the filamentous form, the nuclei were irregularly
distributed throughout the hypha. Upon subdivision of the hyphae into compartments,
each cell contained more than three nuclei. With the maturation of the arthrospores,
the number of nuclei gradually increased, becoming densely crowded. These multinu-
cleate arthrospores detached from the hyphae and produced new buds. At 37°C, M.
germinans grew very fast and predominantly survived in the form of budding cells and
arthrospores, both of which contained more than six nuclei (Fig. 6). However, the number
of nuclei in M. circinelloides cells remained significantly lower, and cells had a shorter life
span (Fig. S4).

At 25°C, yeast cells of M. kunryangriensis initially contained three to six nuclei. Cells
inflated and produced buds, and the number of nuclei increased. Daughter cells
contained one to three nuclei. After detachment, the number of nuclei increased further.
At 37°C, budding cells all had multiple nuclei, even though many cells died in RPMI 1640
with 2% and 4% glucose (Fig. S5).

DISCUSSION
Ruderal strategy of Mucorales

Mucorales are unique among the pathogenic fungi in their acute course of infection,
whereas nearly all members of closely related fungi in the order Entomophthorales result
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FIG6 Mucor germinans multi-nucleate cells at 25°C and 37°C after fluorescent Hoechst 33258 staining. (A-D). Mucor germinans at 25°C. (A, B, and D) Arthrospores

and yeast-like cells. (C) Hyphae. (E-H) Mucor germinans at 37°C. (E-G) Budding yeast cells. (H) Coherent budding cells. Scale bars = 10 um.

in chronic infections. This is most likely due to the behavior of Mucorales fungi in their
natural habitat. They are considered as “microbial weeds” because of their rapid coloniza-
tion of virgin substrates, which have not yet been occupied by other, competing
microbes (33). Various members of Mucorales inhabit Asian fermented foods and are
widely used in industrial fermentation processes of soy-based foodstuffs (34). Accord-
ingly, it may be hypothesized that their competitive ability is low; they sporulate heavily
and die within days, prior to substrate degradation by later-arriving microbes. As a
consequence of this strategy, infections in the human patient are aggressive and rapidly
deteriorating (35). For their colonization of soft and (semi-)liquid substrates, the ability to
produce yeast is beneficial. Decreased sub-surface oxygen and increased carbon dioxide
tension are known parameters of mold-to-yeast transition (20, 22, 28, 36).

Dimorphism in Mucor

It is unclear, however, why the dimorphic property is more common in Mucor species
than other Mucorales (31). Rhizopus arrhizus, Rhizopus microsporus, and Rhizomucor
pusillus proved to be tolerant toward osmotic, oxidative, pH, and metal ion stress, while
Mucor was more susceptible (37). This suggests a different ecological mainstay in Mucor,
where unicellularity seems to be more important.

The Cell wall composition of hyphae and budding cells in a Mucor strain that was
designated as “Mucor rouxii” but probably belonged to Mucor circinelloides are similar,
but the fine structure and thickness are significantly different; the cell wall of yeast
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cells has two layers, while the mycelial cells have only a single layer (38). In addition,
the cell wall of yeast cells is around 10 times thicker than that of the filamentous
form (38). Membranes are strengthened by decreased permeability and increasing cell
stiffness (28). Hence, compared with the mycelial morphology, the yeast cells are more
stress-tolerant and designed to prevent the leakage of intracellular contents. It may
be hypothesized that Mucor species are adapted to submersion, low oxygen, and high
temperature with yeast-like cells as a protective survival mechanism.

In the present study, we determined three factors that stimulate yeast conver-
sion: temperature, oxygen, and hexose (glucose). Arthrospores acted as an important
intermediate to produce yeast-like cells. The production of arthrospores has been
hypothesized to be a survival mechanism because it is formed after the cessation of
logarithmic growth or under unfavorable nutritional conditions (22). However, excess
glucose also stimulates conversion, suggesting ecological similarity with the presence
inside nutrient-rich fruit or foodstuffs. Arthrospores occurred in a random manner at
the terminal and internal regions of the hyphae (30). Arthrospores were formed in
submerged cultures through the septation of normally coenocytic hyphae and the
deposition of a new three-layered wall beneath and distinct from the original hyphal wall
(19). This septate chain ultimately fragments, releasing spherical cells, which superficially
resemble the subsequent budding daughter cells.

Differences are noted between Mucor species. The formation of arthrospores was
not always the intermediate form for yeast cell production. M. kunryangriensis produced
daughter cells via budding directly in RPMI 1640 without glucose at 37°C and few
arthrospores were observed, while M. circinelloides showed preponderantly mycelium-
arthrospore-yeast conversion. Arthrospores were also significant in M. germinans.
However, in general, the morphological dimorphism of M. circinelloides, M. kunryangrien-
sis, and M. germinans is different and is affected by various factors. In this study, their
morphological process is summarized in Fig. 7. The differences between M. circinelloides,
M. kunryangriensis, and M. germinans matched with their phylogenetic position based on
ribosomal DNA (rDNA) ITS (Fig. 3).

Dimorphism is an important morphological characteristic in some filamentous fungi,
when associated with host infection in plant or animal pathogenicity (39). Factors
stimulating dimorphism vary between species and are closely associated with their
habitat. Candida albicans (40), Talaromyces marneffei (41), and Paracoccidioides brasiliensis
(24) are known dimorphic pathogens, where, particularly, temperature is a decisive
virulence factor that induces morphological change. The plant pathogenic fungus
Zymoseptoria tritici integrated light, temperature, and plant cues to initiate dimorphism
and pathogenesis (42). Umbilicaria muhlenbergii is equipped with a variety of physiologi-
cal and biochemical features that enable survival under stress conditions induced by the
presence of heavy metals (43). Nutrient limitation and hyperosmotic stress triggered the
dimorphic change in U. muhlenbergii, while contact with algal cells of its photobiont
Trebouxia jamesii induced pseudohyphal growth (44). Overall, the transformation of
filamentous fungi into yeast forms is a positive strategy for many fungi adapting to
different environments.

Budding in the human host

The potential occurrence of mucoralean budding cells in human tissue has rarely been
mentioned in the literature and remains unclear. Among the mucoralean fungi causing
disease, Cokeromyces recurvatus was the most frequently reported species, existing with
yeast cells with mariner’s wheel appearance in the vagina of pregnant and non-pregnant
women (16, 17, 45-48) and in patients with gastric outlet obstruction (49), pneumonia
(50), chronic cystitis (51), and bone marrow transplant (52). Rhizopus arrhizus was
reported to show abundant yeast-like cells besides the typical mucoralean hyphae in
resected bone and soft tissue specimens from a case of sinonasal and palatal mucormy-
cosis (15). Walther (31) plotted yeast conversion abilities on a phylogenetic tree of the
Mucorales and noted that transformation from hyphae to yeast cells was common,
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FIG 7 Dimorphism characteristics of three Mucor species in RPMI 1640. Mucor germinans mainly followed route 1, route 5, and route 6 to form yeast-like

cells at 25°C. When cultured at 37°C, Mucor germinans produced many yeast-like cells by following routes 3 and 4. At 25°C, Mucor circinelloides produced

a limited number of yeast-like cells by following route 5 and formed chlamydospores in route 7. Most of the seeding spores of Mucor circinelloides grew

into swollen cells and finally died (route 9) at 37°C. Mucor kunryangriensis produced many yeast-like cells by following route 1, route 2, and route 8 at 25°C,

and most of Mucor kunryangriensis cells died when cultured at 37°C (route 9). The figure was created using Bio Render (agreement number: HT26YBOGAY,

https://app.biorender.com/).

especially in the genus Mucor. The criterion for dimorphism was based on induction in
vitro under high glucose or hypoxia conditions. This evidence demonstrated that
dimorphism was widespread and thus could be expected in numerous cases of mucora-
lean infections in humans. Nevertheless, in the clinical diagnosis of mucormycosis, the
possibility of Mucorales exhibiting yeast cells has not been perceived.

Infections by members of Mucorales are typically rapidly progressive and have a
high mortality rate. Severe Mucorales infections occur among immunocompromised
patients, particularly those with uncontrolled diabetes, hematological malignancy, solid
organ transplantation, iron overload, neutropenia, and long-term glucocorticoid use
(53). Rhino-orbital, rhino-orbital-cerebral, rhino-cerebral, pulmonary, and cutaneous
mucormycosis are the prevalent manifestations of mucormycosis, depending on the
comorbidities of the patients. In rhino-orbital and pulmonary mucormycosis associated
with COVID-19, uncontrolled diabetes overshadowed all other risk factors (3). COVID-
associated renal, gastrointestinal (53), small bowel (54), and esophageal mucormycosis
(55) have also been reported. Especially during the second wave of the COVID-19
pandemic, devastating cases of COVID-19-associated mucormycosis were observed
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worldwide, with a mortality rate of up to 80% (3, 53). The hyphae tend to occlude
blood vessels (35), leading to necrosis of efferent tissues and causing impressive clinical
appearance. If no therapy is applied, the disease is potentially fatal. Susceptibility to
some of the commonly applied antifungals differs between species, which necessitates
rapid and accurate species identification (53). Given the acute nature of mucoralean
infections, rapid identification of the culprit is imperative for beneficial clinical outcomes.

Recognition of mucoralean yeast in the patient

Direct microscopic visualization of non-septate hyphae by fluorescent dyes and culture
are the cornerstones of diagnosis but are insufficient to reach species identity (1). The
budding cells of Mucor germinans in this study and in the previous reports of Cokeromy-
ces recurvatus were highly similar to those of Paracoccidioides species in direct micro-
scopic examination. Budding in Candida and Cryptococcus is subterminal or monopolar,
respectively, and buds never appear over the entire surface of the mother cells. It is
possible that the yeast cells of Mucorales are misidentified as any of these fungi. The
anamnesis of the patient usually excludes paracoccidioidomycosis, which is a systemic
mycosis endemic to South America (56). Otherwise, the nuclear condition of mucoralean
cells is a useful diagnostic tool. Mucoralean yeast cells are invariably multi-nucleate
at 25°C as well as at 37°C; this feature might be used for rapid clinical diagnostics.
Budding cells of Candida and Cryptococcus are mononuclear (57). Paracoccidioides may
be problematic because its yeast cells are initially mononuclear but become multinuclea-
ted after inflation (58). The potential misconception of a fungus having a chronic course
of infection may lead to a significant delay in identification and treatment.

Therapeutic consequences

Antifungal susceptibility in Mucorales shows differences between genera (33, 59).
Therefore, it is important for mucormycosis to identify the species level of the patho-
gen as quickly as possible to improve clinical management. Mucor species are usually
sensitive to amphotericin B but show often higher MICs to isavuconazole, itraconazole,
and posaconazole than species of Rhizopus and Lichtheimia spp. (53). In the present
case, the patient received posaconazole infusion as prophylaxis, and amphotericin B
was not added to the treatment regimen until the Mucor species was isolated from the
sputum sample. In vitro antifungal testing of M. germinans showed that it was sensitive
to amphotericin B with a low MIC and was resistant to azoles. This case report high-
lights the importance of species-level identification in mucoralean infection. Importantly,
although Mucorales are usually taken to be strictly filamentous, they may occasionally
manifest yeast-like cells in patients. This phenomenon may mislead clinical diagnosis and
appropriate treatment for mucormycosis. As a result, it is necessary to investigate the
dimorphic properties of Mucorales for a better understanding of its clinical significance of
dimorphism in mucormycosis and to improve therapeutic approaches for mucormycosis.

MATERIALS AND METHODS
Strains analyzed

The strain described in this study was derived from human sputum at the Department of
Laboratory Medicine, National Institutes of Health Clinical Center in Bethesda, MD, USA,
preserved as SM1517 (CBS 151458). Comparative analysis of yeast phases was performed
with a strain of M. circinelloides isolated from compost obtained from a flower store in
Rotterdam, The Netherlands, maintained at Radboud University, Nijmegen under No.
22240565201 (CBS 151457), and with the strain of M. kunryangriensis, originally isolated
from the body of a cricket insect (Gryllus sp.) in South Korea (60), preserved as CNUFC
CY223 at the Environmental Microbiology Laboratory Fungarium, Chonnam National
University, Gwangju, South Korea.
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Morphology

Pure cultures of M. germinans were cultured on potato dextrose agar (PDA, Loifichem,
Abruzzi, Italy), malt extract agar (MEA, VWR Chemicals, Netherlands), and Sabouraud
glucose agar (Sigma-Aldrich, Darmstadt, Germany). The plates were incubated at 30°C for
5 days. Fragments of mycelia were isolated from the cultures and placed onto micro-
scopy slides with Shear’s fluid. Carl Zeiss microscope GmbH 37081 (Carl Zeiss, Germany)
possessing differential interference contrast optics was used to obtain digital images.

Culture conditions and physiology

Cardinal growth temperatures of M. germinans were determined on PDA, MEA, and SGA.
Plates were incubated in the dark for 5 days at temperatures of 25°C, 30°C, 37°C, 40°C,
and 45°C, with three simultaneous replicates for each isolate. Colony expansion was
measured daily. Spores of M. germinans, M. circinelloides, and M. kunryangriensis grown
on SGA at 28°C for 3 days were harvested with a sterile cotton swab, suspended in sterile
demi-water, and adjusted to 1 x 10° spores/mL using Neubauer’s cell count chambers.
A volume of 500 uL of spore suspension was added to culture flasks with 20 mL RPMI
1640 media containing RPMI 1640 (Biowest, USA, 20.8 g/L) and MOPS (morpholinepropa-
nesulfonic acid; Sigma-Aldrich, Darmstadt, Germany, 69.06 g/L). In addition, 10 N NaOH
(Sigma-Aldrich, Darmstadt, Germany) was added to maintain the pH at 7.0. D-Glucose
(Sigma-Aldrich, Darmstadt, Germany) was added to maintain the glucose concentration
at 2% and 4%, respectively. The final spore density of culture was 2.5 x 10* spores/mL,
and flasks were incubated at 25°C and 37°C on a shaking incubator at 170 r.p.m. for 72 h,
as described previously (61).

Fluorescence microscopy

Dimorphism of the M. germinans, M. circinelloides, and M. kunryangriensis was monitored
on a daily basis using fluorescence microscopy. Strains were transferred to sterile tubes
containing 500 mL phosphate-buffered saline (PBS), shaken for 10 s, centrifuged for
3 min at 3,000 rp.m. and washed twice with 500 uL of PBS. After the removal of
PBS, samples were subjected to a series of 100 uL alcohol of 50%, 80%, and 96% and
centrifuged for 3 min at 3,000 r.p.m, shaken for 10 s, and incubated for 3 min at 25°C.
After removing alcohol, samples were allowed to dry before 100 pL of 1 ug/mL Hoechst
33258 (Sigma-Aldrich, Darmstadt, Germany) was added, shaken for 10 s, and incubated
in the dark for 5 min prior to fluorescence microscopy (62).

DNA extraction of fungal strains, amplification, and sequencing

Mucor isolates were grown on SGA for 3 days at 28°C, and the sporangiophores were
picked to extract DNA using the rapid DNA extraction method as previously described
with some modifications (63). Sporangiospores were added into sterilized tubes with
250 pL breaking buffer and glass beads (425-600 diameter). Samples were shaken at
1,500 r.p.m. for 30 min at 70°C. Subsequently, 200 uL phenol-chloroform-isoamyl alcohol
(25:24:1, Sigma, USA) was added, and the mixture was centrifuged at 13,000 r.p.m. for
15 min at room temperature to collect the upper phase for PCR amplification. Primers ITS
1 and ITS 4 were used to amplify the ITS rDNA region (63). Gel Purification Kit (QIAquick,
Hilden, Germany) was applied for PCR product purification. Automated sequencing was
performed with the same primers based on Sanger sequencing.

Alignment and phylogenetic reconstruction

The resulting DNA sequences were checked and assembled via SeqMan in the Lasergene
package. The newly generated sequences were blasted in NCBI GenBank and MycoBank
databases. Sequences were submitted to the GenBank database under the accession
numbers provided in Table S1. Sequence data of closely related Mucor spp. were selected
from the data previously published (21, 31, 60, 64-67) and downloaded from GenBank
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(accessed on 11 September 2023) for the construction of molecular phylogeny (Table
S1). ITS sequences (60 taxa) were aligned using MAFFT (http://mafft.cbrc.jp/, accessed on
12 September 2023) with the algorithm LINS-I, and the alignment results were checked
and trimmed in Bioedit v7.0.5.3. Data were converted from Fasta format to Phylip format
using the CIPRES portal (http://www.phylo.org; accessed 13 September 2023). Phyloge-
netic reconstructions were carried out by maximum likelihood (ML) using RAXML-HPC
BlackBox. We performed the ML analysis using 1,000 bootstrap replicates under the best
substitution model for the ITS (TPM2uf + | + G). The resulting trees were viewed using
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and modified via iTols.

MALDI-ToF MS

The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI
Biotyper Bruker Daltonics Inc., Billerica, MA, USA) was used for the identification of the
clinical strain. Fungal material (approximately the size of a small pencil eraser) was taken
using a sterile culture swab and added to a tube containing 70% ethanol and silica
beads. Using a high-speed tissue homogenizer (MO BIO PowerLyser instrument, Qiagen,
USA), the fungal cell was lysed for 30 s and 4,000 r.p.m. From the lysed cells, proteins
were released into the supernatant of the solvent mixture. This supernatant was used to
inoculate a microtiter plate on the MALDI-ToF MS instrument.

Direct PCR sequencing of sputum sample

Nucleic acid extraction was performed on the sputum sample by the use of an auto-
mated EZ1 extraction instrument (Qiagen, Germany), according to the manufacturer’s
recommendations, followed by PCR sequencing of the ITS region of rDNA. The resulting
DNA sequences were aligned to both the NCBI GenBank (http://www.ncbi.nlm.nih.gov/
genbank) and the International Mycological Association-Westerdijk Fungal Biodiversity
Institute (http://www.mycobank.org) databases.

Antifungal susceptibility

Antifungal susceptibility testing for amphotericin B, itraconazole, isavuconazole,
micafungin, posaconazole, terbinafine, and voriconazole was performed by broth
microdilution according to the Clinical and Laboratory Standards Institute (CLSI)
standard CLSI M38-A3 guidelines. Stock solutions of each drug were prepared by
dissolving the powders in dimethyl sulfoxide, and further dilutions were prepared in
RPMI buffered with 0.165 M MOPS (pH 7.0) and 0.2% glucose, without bicarbonate and
with phenol red, with the final concentrations for each antifungal ranging from 0.016 to
16 mg/mL. Minimum inhibitory concentrations were read visually at 100% inhibition of
growth after 24 h of incubation at 35°C for tested drugs. The MIC was defined as the
lowest concentration that completely inhibited growth as assessed by visual inspection
in comparison with the control (drug-free well). For micafungin, the MEC was defined as
the lowest concentration in which abnormal, short, and branched hyphal clusters were
observed, in contrast to the long, unbranched hyphal elements that were seen in the
well. Candida parapsilosis (ATCC 22019) and Candida krusei (ATCC 6258) were used for
quality controls in all experiments. All experiments on each strain were performed using
three independent replicates on different days.
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