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Abstract: Mucormycoses are rare but serious opportunistic fungal infections caused by filamentous
organisms of the order Mucorales. Here we report the first molecular identification of Rhizopus oryzae
(heterotypic synonym Rhizopus arrhizus), R. delemar, and Apophysomyces ossiformis as the etiological
agents of three cases of severe mucormycosis in Honduras. Conventional microbiological cultures
were carried out, and DNA was extracted from both clinical samples and axenic cultures. The ITS
ribosomal region was amplified and sequenced. Molecular tools are suitable strategies for diagnosing
and identifying Mucorales in tissues and cultures, especially in middle-income countries lacking
routine diagnostic strategies.
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1. Introduction

Mucormycosis (MM) is a term that describes a set of infections produced by ubiqui-
tous, saprophytic, and filamentous fungi of the order Mucorales [1]. MMs are angioinvasive
and life-threatening opportunistic mycoses, accounting for 1.6% of invasive fungal infec-
tions predominantly among immunosuppressed patients [2]. Fungal infections caused by
species of the Mucorales order can occur by inhalation of sporangiospores present in the
environment or by trauma that penetrates the mucocutaneous barrier. They can also enter
the body through the digestive tract after food colonization. Furthermore, environmental,
or instrumental contamination may be responsible for outbreaks in the hospital [3].

MMs are generally acute, angioinvasive infections that cause diffuse, non-suppurating
necrosis and severe tissue destruction. More than six forms of clinical presentation have
been described according to their anatomical location: (1) rhino–orbital–cerebral, (2) pul-
monary, (3) cutaneous, (4) abdominal/pelvic or gastrointestinal, (5) renal, (6) disseminated,
and (7) a miscellany of other forms (endocarditis, osteomyelitis, etc.). The most frequent
clinical presentations of MMs are rhino–orbital–cerebral (ROCM) and pulmonary (PM).
The gastrointestinal, cutaneous, and renal clinical forms are less frequent [2,3].

The main underlying diseases that have been recognized as predisposing factors
associated with MM include diabetes mellitus with or without diabetic ketoacidosis, neu-
tropenia, hematologic and solid organ malignancies, patients receiving hematopoietic stem
cells, and solid organ transplants, as well as treatment with corticosteroids [3,4]. MM is the
fourth cause of systemic fungal infection, surpassed only by candidiasis, aspergillosis, and
cryptococcosis. The prevalence of the causative agents of MM is approximately 10 times
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lower than that of the etiological agents of aspergillosis and 50–100 times lower than Can-
dida spp. infections [2]. A total of 11 genera and 38 species of the order Mucorales are
known to cause MM [5,6]. Species of the genera Rhizopus, Rhizomucor, Mucor, Lichtheimia
(formerly Absidia), Syncephalastrum, and Cunninghamella are the most common causing
human infections [3]. Cokeromyces and Thamnostylum are less frequently associated with
MM cases worldwide [3].

The current pandemic by SARS-CoV-2 has caused an alarming increase in the number
of MM cases, particularly in tropical regions [7–9]. During the pandemic alone, tens of
thousands of cases of MMs have been recorded in the scientific literature in people with
COVID-19, a condition that some authors have called “Coronavirus disease (COVID-19)-
associated mucormycosis” (CAM) [8]. Most cases have occurred in India [10]; however,
there are some cases of CAM reported in the American continent [11–13]. In Honduras, the
first case of ROCM associated with COVID-19 was reported in July 2021. The authors did
not identify with certainty the causative species, and the genus was identified morphologi-
cally as Mucor spp. using a conventional approach based on branched sporangiophores
and the absence of rhizoid structures [14]. In December 2021, an epidemiological follow-up
of 17 MM patients revealed that 11 of them were associated with COVID-19. The causative
agents were not taxonomically identified in the study [15].

Due to the high mortality associated with MM, it is necessary to rely on methods that
guarantee a timely diagnosis to prevent fatal outcomes. The microbiological diagnosis
of MM in most developing countries faces a crucial challenge mainly due to the lack of
standardized methods such as those proposed by international scientific associations in
more industrialized countries [16]. The methods available for the diagnosis of MM in most
clinical laboratories are traditionally based on stains and cultures, which have technical
limitations [17]. For this reason, the use of molecular methods based on ribosomal ITS
regions has been recognized as complementary alternatives for the diagnosis of these
clinical entities [18]. One of the main advantages of techniques based on molecular biology
is the precise identification at the genus and species level, which contributes to a better
understanding of the epidemiology of MM.

To date, international guidelines for the treatment of MM include surgical debridement
followed by treatment with liposomal Amphotericin B (AMB), along with the reversal
of predisposing conditions, while Posaconazole (PCZ) is recommended as rescue ther-
apy [19–21]. Moreover, Isovuconazole has been included in the treatment of invasive MM
in patients who are intolerant to AMB [19]. For many years, the Mucormycetes were
believed to be a homogeneous group in terms of their antifungal susceptibility profiles [22];
however, recent studies show notable differences in susceptibility between species of the or-
der Mucorales, even within the same genus [20–23]. Therefore, the taxonomic identification
of the fungi that cause MM would result in a better guide for clinicians in making thera-
peutic decisions, taking into account the significant differences in the profiles of sensitivity
and/or resistance to antifungal agents between the species of the order Mucorales [22].
This study describes for the first time the molecular and morphological identification of the
etiological agents of MM isolated from three severe clinical cases in Honduras.

2. Materials and Methods

We had access to three isolates resulting from serious or fatal cases of MM. One of them
corresponded to a PM, the second case was a ROCM, and the third one was a cutaneous
MM (CM) due to lower limb trauma. The second and third patients presented the fungal
infection in a post-COVID-19 stage. The second patient had suffered from COVID-19
two months earlier and was diagnosed by RT-PCR. The third patient presented positive
IgG and IgM serology at the time of diagnosis of MM. Patients with ROCM and CM had
underlying diabetes.

The ROCM case met the European Organization for Research and Treatment of Cancer
and the Mycoses Study Group Education and Research Consortium (EORCT/MSGER)
definitions for the diagnosis of proven invasive mycoses. The cases of CM and PM were
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classified as probable mycosis [24,25]. The cases of PM and CM were described in patients
from the city of Tegucigalpa (Social Security Honduran Institute, IHSS) while the ROCM
came from the city of Bonito Oriental and was diagnosed in the Hospital Mario Catarino
Rivas, San Pedro Sula. In the case of PM, a bronchoalveolar aspirate sample was collected
with a sterile trap. Nasal secretions were obtained in the case of ROCM. The CM sample
was obtained by debridement of the ulcerative lesion. The samples of the ROCM and PM
cases were immediately sent to the laboratory for processing. Gram staining and KOH
tests were performed. The samples were cultured to search for bacteria on blood agar
and chocolate agar, incubated for 48 h at 37 ◦C. To search for fungi, potato dextrose agar
(PDA) was cultured and incubated at 28–30 ◦C for a week under aerobic conditions. The
mycological cultures were carried out in triplicate. A microculture was carried out in
cases where the fungal structures did not allow their identification. In the KOH of the
PM and ROCM cases, broad aseptate hyphae with right-angled branching were observed
compatible with the morphology of fungi of the order Mucorales (Figure 1a).
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Agarose gel electrophoresis of PCR products amplified using primers ITS1 and ITS4 and a 100 bp 
molecular weight marker (MW). The lines correspond to three different electrophoreses that have 
been merged into a single image. 
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extraction was carried out directly from the clinical sample using a phenol-chloroform-
based approach [26]. DNA extraction from the clinical samples of the ROCM and CM 
cases was not performed. The ribosomal ITS region is recognized as a universal marker 
for the identification of fungi [27]. Likewise, sequencing of ITS regions is a suitable strat-
egy to identify Mucorales in biological tissues as well as in culture samples [28–31]. Thus, 
successful amplification of this locus was obtained from the genetic material directly ex-
tracted from one clinical specimen and three mycotic cultures (Table 1). Briefly, amplifi-
cations were carried out under the following conditions. In a volume of 50 μL, 25 μL of 
PCR Master Mix (Promega Corp. Madison, WI, USA), 1 μL of each ITS1 and ITS4 primer 
(10 μM): 5′-TCC GTA GGT GAA CCT GCG G-3′/5′-TCC TCC GCT CTT ATT GAT ATG 
C-3′, and 1 μL of DNA (40 ng/μL). Reactions were performed with an initial denaturation 
step at 95 °C for 5 min, 37 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with a 

Figure 1. (a) Potassium hydroxide (KOH 10%) wet mount showing irregular, wide, and aseptate
fungal hyphae. (b) Lactophenol cotton blue stain showing Rhizopus sp., 10 ×. (c,d) Lactophenol
cotton blue stain showing Apophysomyces sp. 100 × and 40 × respectively, collected from microcul-
tures. (e,f) Growth of white cottony colonies in PDA culture after 5 days of incubation at 28–30 ◦C.
(g) Agarose gel electrophoresis of PCR products amplified using primers ITS1 and ITS4 and a 100 bp
molecular weight marker (MW). The lines correspond to three different electrophoreses that have
been merged into a single image.

Due to the fungal structures observed in the KOH wet mount of the PM case, DNA
extraction was carried out directly from the clinical sample using a phenol-chloroform-
based approach [26]. DNA extraction from the clinical samples of the ROCM and CM cases
was not performed. The ribosomal ITS region is recognized as a universal marker for the
identification of fungi [27]. Likewise, sequencing of ITS regions is a suitable strategy to
identify Mucorales in biological tissues as well as in culture samples [28–31]. Thus, suc-
cessful amplification of this locus was obtained from the genetic material directly extracted
from one clinical specimen and three mycotic cultures (Table 1). Briefly, amplifications were
carried out under the following conditions. In a volume of 50 µL, 25 µL of PCR Master Mix
(Promega Corp. Madison, WI, USA), 1 µL of each ITS1 and ITS4 primer (10 µM): 5′-TCC
GTA GGT GAA CCT GCG G-3′/5′-TCC TCC GCT CTT ATT GAT ATG C-3′, and 1 µL of
DNA (40 ng/µL). Reactions were performed with an initial denaturation step at 95 ◦C for
5 min, 37 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, with a final extension at
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72 ◦C for 10 min. The amplifications were visualized on 1.5% agarose gel electrophoresis
with ethidium bromide (Figure 1g). The amplified products were sequenced on both flanks
with their respective primers according to Psomagen company protocols. The sequences
were trimmed and edited with the Geneious® 9.1.7 software.

Table 1. Mucormycosis-producing species identified in this study and accession numbers assigned
to GenBank.

Code Case Origin Species ID# Query Cover Per. Identity GenBank Accession
Numbers Assigned

IHSS-1 PM Clinical sample Rhizopus oryzae 100% 100% MZ711229
IHSS-3 PM Culture Rhizopus oryzae 100% 100% MZ711233
MCR-1 ROCM Culture Rhizopus delemar/R. oryzae 100% 100% MZ711235

P10 CM Culture Apophysomyces ossiformis 100% 100% OL604794

To better understand the phylogeny of the isolates, 219 homologous sequences of
Mucorales of the genera Rhizopus, Mucor, Apophysomyces, Lichtheimia, Syncephalastrum,
Cokeromyces, Thamnostylum, and Rhizomucor were downloaded from GenBank. The se-
quences were aligned using the Muscle tool of the Geneious® 9.1.7 software. The aligned
sequences were edited to a length of 525 bp, and an unrooted phylogenetic tree was
constructed using the Neighbor-Joining algorithm with 1000 Bootstrap replicates and
no outgroup.

3. Results

All mycological cultures produced white cottony colonies with macroscopic morphol-
ogy consistent with fungi belonging to the Mucorales order (Figure 1e,f). Lactophenol
staining was performed, and the fungi isolated from the ROCM, and PM cases were mor-
phologically identified as Rhizopus/Rhizomucor sp. by the presence of rhizoids (Figure 1b).
The fungus isolated from the cutaneous ulcer in the primary culture did not produce
structures that would allow identification at the genus level. Consequently, a microculture
of the fungus was carried out, which allowed observing fungal structures compatible with
Apophysomyces, Absidia or Mucor genera (Figure 1c,d).

Subsequently, DNA was extracted from the three fungal cultures and the ITS region
was amplified and sequenced as previously described. PCR products from 650 bp to 850 bp
were obtained from the cultures. The amplicons obtained from the PM clinical sample
and the resulting amplicons from the three cultures were sequenced and analyzed using
the NCBI BLAST tool. Four nucleotide polymorphisms were detected in a sequence of
530 nucleotides among the isolates from the PM and ROCM (Figure 2a). The microorganism
causing PM was identified as Rhizopus oryzae (heterotypic synonym Rhizopus arrhizus).
However, the sequence obtained from the culture of the ROCM case was identified as
R. oryzae/R. delemar (Table 1). The microorganism isolated from the cutaneous lesion was
identified as Apophysomyces ossiformis. The sequences were deposited in the GenBank with
the accession numbers shown in Table 1.

The cladogram obtained with the ITS ribosomal locus sequences of seven Mucorales
genera shows the separation into clades of Cokeromyces/Rhizomucor, Apophysomyces, Tham-
nostylum, and Lichtheimia. The genus Rhizopus shows a separation of two clades with a
Bootstrap of 64. One clade groups sequences from R. arrhizus and the second clade includes
sequences from R. arrhizus, R. oryzae, R. delemar, and Mucor. The sequences obtained from
the PM case are in a different clade than the sequence obtained from the ROCM case
(Figure 2b).
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4. Discussion

MM are aggressive infections with a poor prognosis characterized by being angioinva-
sive and responsible for massive tissue necrosis. Due to this characteristic, these infections
have been recently and incorrectly called “black fungus”, a term that must be reserved for
dematiaceous fungi belonging to a different taxonomic group [32]. Mortality associated
with MM can be up to 90%, particularly during disseminated infections [2,33]. The genera
of fungi with the worst outcome are Cunninghamella, Saksenaea, Rhizopus, and Apophysomyces
with registered mortality of 77%, 50%, 47%, and 44% respectively [33]. The main clinical
presentations of MM are rhino–orbital cerebral, pulmonary, and cutaneous [3]. MM is a
clinical entity considered rare in the past [2]. Recently, MM cases have increased dramati-
cally with the current SARS-CoV-2 virus pandemic [11], mainly due to the indiscriminate
use of steroids as part of the clinical management of COVID-19, in addition to concurrent
risk factors such as diabetes [12]. Due to the unexpected increase in cases in the world,
the Pan American Health Organization (PAHO) published an epidemiological alert of
mucormycosis associated with COVID-19 (CAM), for the Americas on 11 June 2021 [34].

In this study, Rhizopus oryzae (heterotypic synonym R. arrhizus) was identified as the
causative agent of two fatal cases of MM, one ROCM and the other affecting the lungs (PM).
This finding is consistent with the literature where R. oryzae is the most common etiological
agent of MM worldwide, mainly of ROCM [3,5,35]. On the other hand, Apophysomyces
ossiformis was identified as the causative agent of a non-fatal case of CM. This finding
supports the known association of Apophysomyces sp. with cases of CM, mainly after trauma
or skin injuries [3,36–38]. The genus Apophysomyces includes six species, but only A. elegans,
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A. mexicanus, A. variabilis, and A. ossiformis have been reported as causing infection in
humans in both immunocompetent and immunocompromised patients [39]. Infections
caused by this genus are rare, with less than 3% of all MM cases worldwide [39]. Although
the isolation of Apophysomyces is rare in the world, it has been described more frequently in
India, where A. variabilis is the second most frequent etiological agent of MM. Furthermore,
60% of the cases of MM by Apophysomyces spp. in the literature are reported in India [3,5].
Cases of MM by Apophysomyces sp. reported in the Americas are exceptional [39]. There
are very few reports in the literature describing the isolation of A. ossiformis from clinical
samples [39], probably due to the fact that it is a recent species proposed in 2010 as part of
the A. elegans complex [40].

Diabetes has been recognized as one of the main risk factors associated with MM,
and more recently SARS-CoV-2 infections have been added to this list [4,10]. In this study,
patients with ROCM and PM had a history of elevated blood glucose levels. Likewise, the
ROCM and cutaneous cases were post-COVID-19 patients. Honduras is a country with
more than 9 million inhabitants and according to PAHO and the National Diabetic Institute
(INADI), about 1 million people suffer from diabetes, of which 50% are undiagnosed [41,42].
Added to this, the high morbidity of symptomatic infections by COVID-19 [43] generates
a population at high risk of infection by MM-producing fungi in Honduras. In 2021, an
epidemiological follow-up was published by the Ministry of Health of Honduras with the
support of the PAHO and the CDC of USA, of a group of 17 patients with MM from four
geographically distant hospitals in Honduras [15]. Eleven of those 17 cases were associated
with COVID-19, 12 patients had underlying diabetes, and 2 had proliferative hematologic
disorders. Twelve patients underwent ROCM and four presented CM. The report confirms
that immunosuppressive conditions and COVID-19 infections are associated with an in-
crease in MM cases among the population. Unfortunately, the authors identified the cases
by direct microscopy, culture, or histopathology, but did not taxonomically identify the
responsible fungal species.

The routine diagnosis of MM is a significant challenge for clinical laboratories. The
identification and characterization of the fungal species responsible for MM are gener-
ally based on histopathology, direct examination of wet mounts, stains, and cultures [17].
Certainly, these techniques provide valuable information that contributes greatly to myco-
logical diagnosis, but they also have limitations that should not go unnoticed. Microscopic
observation of the clinical specimen with KOH and staining almost never allows identifica-
tion of genus and species. On the other hand, some isolates of fungi of the Mucorales order
produce Mycelia sterilia that do not allow their exact identification either [5]. Added to this,
the cultures have a long incubation time, show low sensitivity, which in the case of MM is
usually close to 50% [17,18]. Further, there are still no serological tests that contribute to
the diagnosis of MM, as is the case with other fungal infections such as aspergillosis, histo-
plasmosis, and cryptococcosis [2,17]. Therefore, the diagnosis of MM and the definitive
identification of the etiological agent traditionally based on clinic and conventional mycol-
ogy must be expanded to include more recent methods based on molecular biology and
mass spectrometry, increasingly accessible for laboratories in non-industrialized countries
such as Honduras.

5. Conclusions

To our knowledge, this is the first report of Rhizopus oryzae/delemar and Apophysomyces
ossiformis as etiological agents of MM in Honduras. This report sets a precedent in the use of
tools based on molecular biology for the diagnosis and identification of filamentous fungi
from both clinical samples and cultures in the country. The best diagnostic algorithm for
MM should consider the use of molecular biology approaches in addition to conventional
diagnostic techniques.
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