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a b s t r a c t   

The pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is yet to be controlled 
worldwide, especially in India. The second wave of coronavirus disease 2019 (COVID-19) led to panic and 
confusion in India, owing to the overwhelming number of the population that fell prey to this highly infectious 
virus of recent times. In the second wave of COVID-19, the patients had to fight both the virus and oppor-
tunistic infections triggered by fungi and bacteria. Repeated use of steroids, antibiotics, and oxygen masks 
during the management of severely and critically ill COVID-19 patients nurtured opportunistic infections such 
as mucormycosis. Despite mucormycosis being a decades-old disease, it has gained notice of its widespread 
occurrence in COVID-19 patients throughout India. Instances of mucormycosis are usually unearthed in im-
munocompromised individuals and are caused by the inhalation of filamentous fungi, either from the natural 
environment or through supportive care units. In the recent outbreak during the second wave of COVID-19 in 
India, it has been seen to cause secondary infection as it grows along with the treatment of COVID-19. 
Furthermore, COVID-19 patients with comorbidities such as diabetes were more likely to have the mu-
cormycosis co-infection because of their challenged immune systems’ inability to fight it. 

Despite the hype, mucormycosis still remains neglected and least studied, which is predominantly due to all 
focus on diagnostics, vaccine, and therapeutic research. In this review, we emphasize mainly on the association of 
mucormycosis in COVID-19 patients. We also present the molecular mechanism of mucormycosis for a better 
understanding of the fungal infections in patients who have recently been infected with SARS-CoV-2. Better 
understanding of fungal pathogens, immediate diagnosis, and management of the infections are crucial in COVID- 
19 patients, as high mortalities have been recorded in co-infected patients despite recovery from COVID-19. 
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Introduction 

The pandemic initiated by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) causing coronavirus disease 2019 
(COVID-19), has now angled to be associated with a large number of 
opportunistic fungal and bacterial infections [1]. Within a few 
months, SARS-CoV-2 spread to almost 150 countries globally. De-
spite efforts to develop an effective vaccine and other therapeutics 
for SARS-CoV-2, COVID-19-associated mucormycosis (CAM) cases 
have increased dramatically in succeeding COVID-19 waves [2,3]. In 
India’s deadly second wave of COVID-19, the exponential rise in CAM 
has also been recorded. The main reason for the spread of this op-
portunistic fungal infection is the ability of the fungal spores to 
germinate in the ideal environment set up by the respiratory system 
of COVID-19 patients [4]. COVID-19 patients typically possess low 
oxygen, an elevated glucose level, an acidic environment (metabolic 
acidosis), diabetic ketoacidosis (DKA), high iron concentration 
(augmented ferritins), and reduced phagocytic activity [5]. These 
factors combine to encourage opportunistic pathogens (fungi and 
bacteria) to grow in immunosuppressed patients. 

Owing to the highly contagious nature of SARS-CoV-2, WHO (World 
Health Organization) declared the outbreak pandemic on Mar 11, 2020, 
and issued advisory guidelines for containing the virus. Coronavirus 
affected millions of lives in terms of morbidity and mortality. As of 
today (February 03, 2022), more than 386 million people are affected 
worldwide, and 5.7 million people have lost their lives [6,7]. 

The genetic material of SARS CoV-2 is RNA (positive-sense single- 
strand RNA virus +SSRNA). It belongs to the genus beta coronavirus, 
and the corresponding family is coronaviridae [8]. The promiscuous 
biological nature of SARS-CoV-2 and its properties have been re-
viewed by our group [9]. Several groups have also addressed the 
problems associated with SARS-CoV-2 variants and COVID-19 vac-
cination to assist in the battle against pandemic and the challenges 
of post-COVID-19 illnesses [10]. Coronavirus utilizes human angio-
tensin-converting enzyme 2 (ACE2), a receptor on cells, tissue, and 
organs, to access the cells and start its replication using host ma-
chinery [11]. Coronavirus mainly attacks the respiratory system of 
the host. Infection by SARS-CoV-2 shows in various signs and 
symptoms such as fever, congestion, running nose, chill, coughing, 
fatigue, headache, body ache, sore throat, loss of taste and smell, 
difficulty breathing, and gastrointestinal symptoms, including 
nausea, vomiting, diarrhea, and abdominal pain [12]. Initially, 
COVID-19 were perceived as flu (influenza) due to their overlapping 
sign and symptoms. The distinction between these two highly con-
tagious respiratory illnesses is based on proper testing to confirm a 
diagnosis. 

COVID-19 has been linked with a gamut of opportunistic fungal 
and bacterial infections, which develop once the highly infectious 
virus destroys the patients' natural immunity [1]. In India, numerous 
cases of mucormycosis were reported during the recovery from 
COVID-19 of patients with a previous history of diabetes or ex-
hibiting other comorbidities. In a recent report of 275 CAM cases, 
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233 of which were reported from India and 42 from the rest of the 
world, which indicate diabetes mellitus was the most frequent un-
derlying risk factor for CAM in India compared to other nations [13]. 
In another investigation on 99 CAM patients, it was found that most 
incidences (72%) were reported in India, and most of the patients 
(78%) were males with diabetes mellitus (85%). A history of COVID- 
19 was found in 37% of individuals who had mucormycosis after an 
initial recovery [14]. Mucormycosis mortality was at 50% before the 
COVID-19 pandemic. However, during the current pandemic in India, 
it has risen to 85% [15]. The incidence of CAM was 50 times higher 
(seven instances per 1000 patients) than the highest known back-
ground of mucormycosis cases (0.14 cases per 1000 patients), ac-
cording to a meta-analysis of 52,916 COVID-19 patients [16]. A case- 
control analysis of 352 patients (152 cases and 200 controls) found 
that diabetes, systemic steroids, extended use of cloth and surgical 
masks, and frequent nasopharyngeal swab testing were all linked to 
an elevated risk of CAM [17]. SARS-CoV-2 infected patients typically 
show a low level of oxygen, high blood glucose (diabetes), and im-
munocompromised system to fight the disease (SARS-CoV-2 medi-
ated or steroid-induced) [18]. 

In this article, we detailed mucormycosis and summarized its 
association with SARS-CoV-2. During COVID-19, intermittent use of 
steroids, supportive oxygen from cylinders, and ventilators (in cri-
tically ill patients) have played a crucial role in patients' acquisition 
of a secondary opportunistic infection such as mucormycosis, also 

known as a black fungus. Mucormycosis is an angioinvasive severe 
fungal infection which spreads very fast to other parts of the body. If 
not diagnosed and managed within a stipulated time, mucormycosis 
can have serious repercussions and lethal to the affected patients. 

Study selection 

For this article, we searched and reviewed publications on 
COVID- 19 and mucormycosis. PubMed, ScienceDirect and Scopus 
were searched for research articles written on COVID-19 in English 
using the search words COVID-19/Pandemic, SARS-CoV-2, 
Mucormycosis, the second wave of coronavirus disease/mucormy-
cosis, and coronavirus. The search was done in duplicate by two 
different individuals for the reproducibility with exclusion criteria 
for non-English articles and non-COVID-19 papers. Reports and up-
dates from the World Health Organization (WHO), Centers for 
Disease Control and Prevention (CDC), and from other authentic 
sources were added. The results were grouped and systematically 
presented in this review. 

Brief history of mucormycosis 

Mucormycosis has a long history dating back to 1885, when 
Palatuf described this as phacomycosis or zygomycosis [19]. The 
term mucormycosis was later coined by Baker in 1957 [20]. 

Table 1 
Case representation of COVID-19 associated mucormycosis from India and other parts of the world.        

S. No. Study type Reported COVID-19 Associated 
mucormycosis cases (Number) 

Reported 
Country 

Type of mucormycosis References  

1 Case Report 1 India Rhino-orbital cerebral [31] 
2 Case Report 1 India Pulmonary [32] 
3 Case Report 1 India Rhino-orbital cerebral [33] 
4 Case Report 1 India Rhino-orbital cerebral [34] 
5 Case Report 1 India Rhino-orbital cerebral [35] 
6 Retrospective, interventional study 6 India Rhino-orbital cerebral [36] 
7 Comments 10 India Rhino-orbital cerebral [37] 
8 Case series 10 India Rhino-orbital cerebral [38] 
9 Case series 11 India Rhino-orbital cerebral [39] 
10 Retrospective, Multicentric Study 17 India Rhino-orbital cerebral [40] 
11 Observational Study 23 India Rhino-orbital cerebral [41] 
12 Observational Study 2826 India Rhino-orbital cerebral [42] 
13 Multicenter Study 178 India Rhino-orbital cerebral [43] 
14 Case Report 1 India Gastrointestinal [44] 
15 Case series 10 India Rhino-orbital cerebral [45] 
16 Case series 6 India Rhino-orbital cerebral [46] 
17 Case Report 1 India Gastrointestinal [47] 
18 Case Report 1 India Rhino-orbital cerebral [48] 
19 Case series 84 India Rhino-orbital cerebral [49] 
20 Case Report 1 India Rhino-orbital cerebral [50] 
21 Retrospective, institutional cohort, 

interventional study 
19 India Rhino-orbital cerebral [51] 

22 Case Report 1 UK Pulmonary [52] 
23 Case Study 2 USA Rhino-orbital cerebral [53] 
24 Case Report 1 USA Rhino-orbital cerebral [54] 
25 Case Report 1 USA Pulmonary [55] 
26 Case Report 1 USA Rhino-orbital cerebral [56] 
27 Case Report 1 USA Rhino-orbital cerebral [57] 
28 Case Report 1 USA Pulmonary [58] 
29 Case Report 1 USA Pulmonary [59] 
30 Case Report 1 USA Cutaneous mucormycosis [60] 
31 Case Report 1 Brazil Gastrointestinal [61] 
32 Case Report 1 Italy Rhino-orbital cerebral, 

Pulmonary 
[62] 

33 Case Report 1 France Pulmonary [63] 
34 Case Report 1 Iran Rhino-orbital cerebral [64] 
35 Case Report 2 Iran Rhino-orbital cerebral [65] 
36 Cross-sectional descriptive multicenter 

study 
15 Iran Rhino-orbital cerebral [66] 

37 Case Report 1 Turkey Rhino-orbital cerebral [67] 
38 Case Report 1 Mexico Rhino-orbital cerebral [68] 
39 Case Report 1 Austria Pulmonary [69]    
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Mucormycosis is a rare but possibly fatal fungal infection triggered 
by a group of molds collectively called mucormycetes. The mold 
fungi belong to Rhizopus, Mucor, Rhizomucor, Cunninghamella, and 
Absidia [21]. Mucormycosis is a severe and deadly fungal infection by 
causative organisms belonging to the subphylum mucoromycotina 
and the order in Mucorales [22]. Mucorales are widely available in 
nature, including in soil, decaying vegetable matter, bread, and dust. 
The infection of mucormycosis occurs due to the inhalation of spores 
containing Mucorales from the intake of contaminated food mate-
rials or through damaged skin and wounds [23]. In both developing 
and developed nations, mucormycosis is mainly found in the im-
munocompromised hosts. It is generally found in patients with un-
controlled diabetes, influenza, SARS-CoV-2, and poor hygiene 
conditions, and in persons. 

who have suffered from severe trauma [24]. Mucormycosis is 
primarily caused by the invasion of blood vessels, which leads to 
thrombosis, necrosis infraction of tissue, and death. Generally, the 
global incidences of mucormycosis varies in the range of 0.003 – 
0.005–1.7 million of the population; however, in 2019 – 2020, the 
incidence of prevalence became 80 times higher in India than any 
other nation [24–26], making India the country with the highest 
number of mucormycosis globally. Besides COVID-19, the other im-
portant reason for these elevated numbers is directly linked to In-
dia’s highest population suffering from type II diabetes (T2D) [27]. 
Many nations, including Austria, Brazil, Egypt, France, India, Iran, 
Italy, and the United States, have documented CAM as presented in  
Table 1, which could be directly linked to modern-day surgeries such 
as organ transplants and hematological diseases [28]. Table 1 is the 
simple and updated presentation of the previously published data by 
Singh AK et al., [29]. The increasing figures of mucormycosis cases 
associated with COVID-19 have become the primary cause of con-
cern, with an elevated overall mortality rate of more than 45% [30]. 

Mucormycosis, if diagnosed at a right time can be controlled; 
however, if not treated at the right time, mucormycosis can affect 
organs such as the eyes, upper part of the nasal cavity, and brain. In 
these cases, the patient needs immediate surgical intervention to 
stop other vital organs from dangerous infections. As mucormycosis 
is an opportunistic infection, it is often misidentified and therefore, 
resulting in poor prognosis of the disease [70]. In low- and middle- 
income countries including India, diagnoses of mucormycosis- 
causing pathogens are often identified by phenotypic characteristics 
such as growth rate, colony morphology, and reproductive structures  
[71]. In our laboratory, culturing and routine microscopy was used to 
identify the different forms of mucors from the biopsy, aspirate, and 
autopsy specimens (Fig. 1). 

Types of mucormycosis 

The signs and symptoms of mucormycosis are swelling of the 
face, fever, headache, nasal or sinus congestion, black scratch on the 
nose or upper inside of the mouth. Mucormycosis affects different 
body parts such as the sinuses, brain, and lungs [72]. Based on an 
anatomical site, mucormycosis infection is categorized into six types, 
namely (i) rhino-orbital cerebral mucormycosis (ROCM), (ii) pul-
monary (iii) cutaneous (iv) gastrointestinal (v) disseminated, and 
(vi) miscellaneous forms. 

Rhino-orbital cerebral mucormycosis (ROCM) 

ROCM is the most common type of mucormycosis seen in im-
munocompromised patients exhibiting uncontrolled diabetes mel-
litus (particularly with acidosis and ketoacidosis), hematologic 
dyscrasias, retroviral disease, steroid therapy, and malnourishment  
[69,73]. Cases of ROCM are also reported in patients undergoing 
deferoxamine therapy, overload of iron, and in some cases of drug 
abuse. 

The most common pathophysiology of ROCM is high blood sugar, 
where Rhizopus grows efficiently. In a retrospective study on six 
COVID-19 patients who had ROCM, all of the patients were men, 
with a mean blood glucose level of 222.5  ±  144.4 (86−404) mg/dL 
except for one patient who had mucormycosis at the same time as 
COVID-19 [29]. A study describes the instance of a patient with 
COVID-19 infection who developed rhino-orbital mucormycosis 
following therapy [24]. The fungus utilizes its ketone reductase 
system to survive in the acidic environment of DKA. Acidosis helps in 
the dissociation of iron, thereby sequestering proteins in the serum, 
which encourage virulence and survival of the fungus. Deferoxamine 
causes iron-richness, which acts as an iron-chelating agent, favoring 
fungal propagation by serving as siderophores to the fungus for its 
propagation [74]. 

The fungus exhibits the ability to damage the internal lamina of 
blood vessels, particularly the arteries, lymphatics, and veins by 
toxic and mechanical means. Once spores enter sinuses, the an-
gioinvasive infection starts germinating into manifold hyphae in the 
immunocompromised patients. It is believed that the pter-
ygopalatine fossa is the largest reservoir of the fungal hyphae [75]. In 
the next few hours, the fungus spreads and invaginates into vascular 
and neuronal regions. The invagination cause thrombosis and nerve 
dysfunction. The ensuing pathological manifestation involves blood 
vessels, cartilage, bone, neural and perineural areas, and often me-
ninges. The necrosis at the palate region causes palatine eschars and 
damages the nasal turbinates. The infection from the sinuses erodes 
the bone, and successively encompasses the orbital structures. Thus, 
the infection spreads to the brain through the retro-orbital path or 
frontal lobes through the ethmoid sinuses. As the infection spreads 
along the regions of the sphenoid sinuses to the adjacent cavernous 
sinus, it may result in cranial nerve palsies. The extensive throm-
bosis in juglar veins, the cavernous sinus, and the carotid artery may 
further cause deterioration of the patient's condition. With the ad-
vent of new imaging techniques, the extent of tissue invasion can be 
fully delineated. Magnetic resonance imaging and computed tomo-
graphy scans of the affected regions such as the paranasal sinus, the 
bones of the nasal, the septa, the orbit maxilla, and the mandible can 
assist detection. The radiodiagnosis techniques can examine any 
destruction of bones in nasal septa; osseous erosion, mucosal 
thickening, hypo/mild/hyper sinusitis, orbital cellulitis, soft tissue 
infiltration in the optical apex, optic neuritis, bone rarefaction and 
erosion of the skull base, infracts, and intracranial abscesses in the 
brain [76,77]. 

Pulmonary mucormycosis 

Many fungal infection cases are reported nowadays in COVID-19 
hosts, including candidiasis and pulmonary aspergillosis. There are 
several mechanisms by which mucormycosis affects COVID-19 pa-
tients. In COVID-19 infection, there is a high impact on the immune 
system through inflammation, an increase in the number of neu-
trophil cells, a decrease in the number of lymphocyte cells, and 
mainly by its effect on CD4+ and CD8+ T cells. In SARS-CoV-2 infec-
tion, the number of neutrophils increases. CD4+ and CD8+ T cells play 
an essential role in mucormycosis infection in COVID-19 hosts 
through IL-4, IL-10, IL- 17, and interferon-γ (IFN- γ) [78]. 

Coronavirus infection with mucormycosis has a high mortality 
rate owing to complications such as cavernous sinus thrombosis, 
disseminated infection, and osteomyelitis. Diagnosis of mucormy-
cosis is involved in routine blood check-ups, biopsy, and radio ima-
ging. The standard treatment for mucormycosis is first to reduce risk 
factors, remove the damaged tissue or organ by surgical procedure, 
and use intravenous anti-fungal drugs such as liposomal 
Amphotericin B (L-AmB) [79]. 

Historically, the first case of pulmonary mucormycosis was ex-
plained in 1876 by Furbringer [80]. In 1971, Baker comprehensively 
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illustrated most of the results of mucormycosis hitherto described  
[20]. Infection in the pulmonary regions starts owing to inhalation of 
spores either by the hematogenous or lymphatic spread in im-
munocompromised patients. Mucorales enter through the re-
spiratory tract and quickly attack arteries, veins, and lymphatics, 
where the fungus cause thrombosis and infarction [81–83]. De-
pending upon the infection in the region of the lungs, pulmonary 
mucormycosis can be subdivided into unilateral (most common 
62–75%), bilateral (16–25%), and mediastinal (3%). Pulmonary mu-
cormycosis is a destructive and life-threatening infection if not di-
agnosed and managed at the right time [84]. Usual hosts possess 
armed mononuclear and polymorphonuclear phagocytes and de-
stroy Mucorales by generating oxidative metabolites and the cationic 
defensins in the pulmonary system. Defense systems in normal in-
dividuals are facilitated by macrophages that prevent spores 
sprouting, while neutrophils kill elements of hyphae by oxidative 
burst [85]. The immunocompromised host does not have effective 
phagocytes and macrophages to fight the growing fungus in the 
pulmonary regions and succumbs to the coinfection induced by 
COVID-19. Recently, pulmonary mucormycosis in patients with 
COVID-19 has been associated with increased morbidity and mor-
tality, where there are pre-existing comorbidities such as diabetes 
and the continuous use of corticosteroids during COVID-19 man-
agement [86,87]. 

Cutaneous mucormycosis 

Cutaneous mucormycosis is a rare fungal infection caused by an 
opportunistic fungus of the Glomeromycota phylum and 
Mucormycotina subphylum. Mucormycosis may occur in a variety of 
clinical manifestations and locations. Among all forms of mu-
cormycosis, cutaneous mucormycosis is a relatively uncommon 
manifestation of mucor infection and represents a 15% mortality rate  
[88]. Histopathology and culture indicate the fungal infection in a 
cutaneous mucormycosis problem. Cutaneous mucormycosis is 
characterized by vascular invasion and irregularly formed wide, non- 
septate, twisted, ribbon-like, and thick-walled fungal hyphae  
[89,90]. It is becoming increasingly common because of the growing 
number of patients who have been immunocompromised due to 
COVID-19 therapy. Wound damage, lacerations, surgical injuries, 
puncture sites of arterial lines or insulin injections, burns, abrasions, 
bug bites, tattoos, and contaminated adhesive tapes or dressings 
have all been linked to cutaneous mucormycosis [91]. Patients with 
allogeneic hematopoietic stem cell transplants and other hemato-
logic malignancies often show mucormycosis in developed countries  
[73,92]. Uncontrolled diabetes mellitus, on the other hand, is the 
most common related illness in developing countries [93–95]. Early 
detection allows for better infection management and increases 
patient survival. A strong index of suspicion is required for an 

Fig. 1. Phenotypic identification of pathogen causing mucormycosis: (a) All biopsy, aspirate, and autopsy specimens were subjected to routine fungal cultures on agar media; (b), 
and (c) growth of fungi under microscopic examination of culture; (d) and (e) a high-resolution figure of the mucor (A: Sporangiophore, B: Columella, C: Sporangium). 
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accurate diagnosis. Presumptive diagnosis is critical, and physicians 
must examine these fungal infections in patients who have predis-
posing factors, negative bacterial cultures, and a fast progressing and 
severe clinical course that is resistant to standard therapy [96,97]. 
The arms and legs are the most affected regions of the skin. The 
scalp, face, thorax, back, belly, perineum, breast, neck, and gluteal 
region are among the other places where it may be found. Mu-
cormycosis requires a comprehensive approach to therapy. Un-
controlled diabetes, metabolic acidosis, excessive corticosteroid 
doses, extended neutropenia, organ transplantation, skin trauma 
(cuts, scrapes, punctures, or burns), and catheter infection are all 
known risk factors for developing mucormycosis [98]. 

It is recommended that a biopsy and molecular diagnostic 
testing be performed. A biopsy of the lesion, including sub-
cutaneous fat, should be taken. In primary cutaneous mucormy-
cosis, histology is more beneficial. Recently, novel molecular 
diagnostic techniques have been developed to identify the fungal 
species causing opportunistic coinfection. Even yet, most patients 
do not have access to this technology. These tests are specific for 
18 S ribosomal DNA and have no cross-reactivity with other fungi  
[99]. Mucorales may be identified with excellent specificity in tissue 
samples and clinical isolates using real-time polymerase chain 
reaction (RT-PCR). A researcher created a single-tube multiplex 
RT-PCR to identify R. microsporus and Mucor, R. oryzae, from culture 
and clinical isolates. This technique is 100% specific and takes 2–3 h 
to get final results [100]. 

Underlying immunosuppression must be treated for appropriate 
fungal infection care and better survival chances, and a combination 
of intensive surgical therapy and antifungal medication should be 
explored. 

Gastrointestinal tract mucormycosis 

Patients with COVID-19 may be more prone to fungal infections. 
Mucormycosis of the gastrointestinal (GI) system is caused by in-
gestion of fungus spores. Although occurrences of GI mucormycosis 
in immunocompetent hosts are uncommon, the mortality rate from 
GI mucormycosis can reach up to 85% [73]. GI involvement is found 
in about 8% of the patients. The stomach and colon are the most 
frequently affected organs in the GI system. Fever, nausea, GI 
bleeding, perforation, abdominal pain are all signs of GI mucormy-
cosis. Establishing a correct diagnosis is challenging because of the 
non-specific clinical signs/symptoms that may or may not lead to 
suspicion of mucormycosis. 

Endoscopically, stomach mucormycosis appears as a big ulcer 
with necrosis, ultimately presenting with an adherent, thick, green 
exudate [101,102]. Surgical debridement of affected tissues and an-
tifungal medication are used in treatment. The prescription of choice 
for the first treatment is intravenous amphotericin B (AmB)  
[103,104]. Despite early diagnosis and intensive combination sur-
gical and medicinal treatment [73]. COVID-19 has been linked to 
immunological dysregulation [105]. COVID-19 patients may be at 
risk of acquiring invasive fungal infections such as invasive candi-
diasis, aspergillosis, and Pneumocystis jiroveci infection [79,106]. GI 
mucormycosis is an uncommon illness that should be considered if a 
COVID-19 patient develops an unusual stomach ulcer. Clinical sus-
picion and early treatment are essential for disease eradication. As a 
result, in the presence of signs suggestive of mucormycosis, pre-
emptive treatment should be explored. More research is needed to 
determine if these two diseases are linked. 

Disseminated mucormycosis 

Disseminated mucormycosis is an uncommon condition that 
often affects neutropenic individuals with hematologic malignancies, 

transplant recipients, immunocompromised individuals, and people 
using deferoxamine [107]. Invasive fungal infections (IFIs) in COVID- 
19 have a unique etiology. Due to changes in host signaling pathways, 
fungi may infect people in a high-inflammatory state just as they do 
in immunosuppressed individuals [108]. Disseminated mucormycosis 
accounts for 9% of mucormycosis cases, and it has a high mortality 
rate. Renal involvement is common in disseminated illness [109]. The 
disease manifests with nonspecific clinical signs and is typically 
identified at autopsy. In the post-mortem of a young man hospitalized 
with an acute anterior cerebral artery area infarction, an episode of 
disseminated mucormycosis in an immunocompetent host with 
COVID-19 infection was found. Following an autopsy, the cause of 
death was determined to be multi-organ failure due to disseminated 
mucormycosis caused by SARS-CoV-2 infection. Steatohepatitis, hy-
pothyroidism, thrombo-embolic illness, and a high BMI were all 
contributing factors [110]. Clinicians dealing with COVID-19 patients 
have a unique challenge owing to the lack of sensitive non-invasive 
modalities and biomarkers for identifying mucormycosis and the high 
mortality rate in untreated cases. The main comorbid predisposing 
characteristics are uncontrolled diabetes mellitus and systemic 
steroid usage [111]. The reported death rate for disseminated mu-
cormycosis is between 68% and 96%, depending on several conditions, 
including host immunosuppression, early diagnosis, AmB treatment, 
and surgical debridement [69,77,112,113]. The clinical and radiological 
symptoms of pulmonary and disseminated mucormycosis are non- 
specific and may coincide with attributes associated with COVID-19, 
making CAM diagnosis difficult [112]. A systematic review and meta- 
analysis of 851 case reports published in 2018 found that 389/851 
(46%) deaths occurred. Patients with disseminated mucormycosis had 
the greatest case fatality rate (68%) [69]. Because severe COVID-19 
infection is associated with a high risk of death, detecting treatable 
co-infections, and intervening early may improve survival. There 
should be a high index of suspicion for invasive mycoses, including 
mucormycosis, in critically ill SARS-CoV-2 infected patients with 
systemic illness who are unresponsive or partially responsive to 
conventional antimicrobial agents. Furthermore, research in devel-
oping new strong diagnostic biomarkers that may identify mu-
cormycosis early is critically required to avoid bad patient 
outcomes [110]. 

Many fungal infection cases are reported nowadays in COVID-19 
hosts, including candidiasis and pulmonary aspergillosis. There are 
several mechanisms through which mucormycosis affects the 
COVID-19 patients. In COVID-19 infection, there is a high impact on 
the immune system through inflammation, an increase in the 
number of neutrophil cells, a decrease in the number of lymphocyte 
cells, and mainly in its effect on CD4+ and CD8+ T cells. In SARS-CoV- 
2 infection, the number of neutrophils increases. CD4+ and CD8+ T 
cells play an essential role in mucormycosis infection of COVID-19 
hosts through IL-4, IL-10, IL-17, and IFN-γ [78]. 

Coronavirus infection with mucormycosis exhibits a high mor-
tality rate due to complications such as cavernous sinus thrombosis, 
disseminated infection, and osteomyelitis. Diagnosis of mucormy-
cosis is involved routine blood check-ups, biopsy, and radio imaging. 
The standard treatment for mucormycosis is first to reduce risk 
factors, remove the damaged tissue or organ by surgical procedure, 
and use intravenous antifungal drugs such as liposomal AmB  
[114,115]. 

Miscellaneous forms 

Nearly any position of the human body can have an infection by 
the Mucorales. Earlier reports have indicated mucormycosis in kid-
neys [116], bones [117,118], trachea [119,120], peritoneum [88,121], 
external otitis [122], and superior vena cava syndrome [81]. 
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Immunocompromised conditions in COVID-19 patients favoring 
mucormycosis 

From the first COVID-19 case reported in December 2019 in 
Wuhan, China, there have been many ups and downs in the treat-
ment, pathophysiology, diagnosis, and management of associated 
diseases. For example, the treatment of severe COVID-19 infections 
requires a critical care unit and mechanical ventilation, corticoster-
oids, and interleukin antagonists such as tocilizumab to reduce 
constriction in inflamed airways and cytokine burst. On the other 
hand, uncontrolled diabetes mellitus and imprudent use of im-
munosuppressive drugs such as corticosteroids and interleukins 
hamper the host's immune system and increase the chance of many 
opportunistic infections caused by mucormycosis. 

Lymphopenia or lymphocytopenia is an illness with abnormally 
low counts of lymphocytes in the blood. It has recently been re-
ported that severely ill patients infected with SARS-CoV-2 possess 
reduced lymphocytes levels [123,124]. The patients who succumbed 
to COVID-19 exhibited lower lymphocytes than survivors [125]. 
Zheng et al. presented a study that revealed that NK cells and CTLs 
were dramatically diminished in COVID-19 patients [126]. Likewise, 
another study displayed by Diao et al. of older patients (aged more 
than 60 years) has shown sufficiently reduced levels of CD8+ and 
CD4+ T cells [127]. Since lymphocytes play a crucial role in main-
taining immune homeostasis, SARS-CoV-2 infected patients are 
more likely to have co-infection [128]. Usually, SARS-CoV-2 attacks 
lung tissue and alveolar interstitial lesions. In these conditions, pa-
tients are prone to invasive fungal infections, particularly those that 
enter through the pulmonary system. 

The fungus, ubiquitously found in the atmosphere, enters im-
munocompromised host cells, produces fungal-specific T cells, and 
generates IL-4, IL-10, IL-17, and IFN-γ. The pro-inflammatory cyto-
kines stimulate CD4+ T cells and further impair the host cell  
[129,130]. The hyphae of fungi interfere in the release of numerous 
immunomodulatory molecules such as RANTES (regulated upon 
activation, normal T cell expressed and secreted) and IFN-γ, secreted 
by NK cells and appear in the early phase of infection [131,132]. 

Probable cause of lymphopenia 

In severe cases of SARS-CoV-2 infection, the principal patho-
physiology may include hypercytokinemia and associated traumas. 
The association of hypercytokinemia and lymphopenia in severe 
COVID-19 patients may have repercussions in the progress of un-
controlled opportunistic pathogens. Recently, Potenza et al. sum-
marized a brief report on a group of hematological patients co- 
infected with mucormycosis termed Mucorales-specific CD4+ and 
CD8+ cells and were active against Mucorales generating cytokines 
IL-4, IL-10, IL-17, and IFN-γ [130]. Thus, there is a strong assertion 
that lymphopenia may increase the chance of developing mu-
cormycosis. 

Molecular mechanism of mucormycosis 

Raised iron, glucose, and ketone bodies in the COVID-19 patient 
significantly induce host cell receptor GRP78 (glucose-regulated 
protein, 78 kDa) and spore coat protein, CotH3 [133,134]. The ligands 
of fungus identify host receptors distinctive to particular cell types, 
for example, alveolar, nasal, or endothelial cells. The interaction 
between fungal ligands and host receptors is augmented by other 
host factors, carrying the infection to the respective host niches 
(Fig. 2). The fungal protein (CotH3) substantially comes in contact 
with GRP78 of nasal epithelial cells. On the other hand, Rhizopus 
interacts with β1 integrin at the time of alveolar epithelial cell 

invasion (Fig. 2). It is reported that the interaction with β1 integrin 
initiates the activation of the epidermal growth factor receptor 
(EFGR) [135]. Recently, Alqarihi et al. also presented a study showing 
antibodies against either CotH3 or GRP78 annul fungal invasion and 
nasal epithelial cells [136]. 

Mucorales not only damage endothelial cells by recognizing 
CotH3 and GRP78 but by other non-viable fungal factors which are 
killed by heat and chemicals such as glutaraldehyde and ethanol. 
The considerable amount of damage to endothelial cells by nonvi-
able cells is not destroyed by strong chemicals. Secondary 
metabolites produced by Mucorales facilitate the interaction be-
tween the host and pathogen, and cause food poisoning sickness 
recently reported [137]. The genomic study supports the idea that 
Mucorales secrete secondary metabolites such as polyketide syn-
thases, L-tryptophan dimethylallyl transferases, and non-ribosomal 
peptide synthetases and indirectly affect the signaling mechanism  
[138]. These secondary metabolites directly affect the signaling 
mechanism between the host and fungal pathogens and facilitate 
the spreading of mucormycosis in the COVID-19 patients. 

Identification of fungal agents 

As mentioned above, misidentification and misdiagnosis of 
mucormycosis are one of the leading causes related to the high 
mortality rates of this infection. Therefore, it is vital to identify 
the fungal agents causing the infections. The gold standard for 
clinically identifying mucormycosis in the lab is based on the 
principle of Smith and Krichner criteria [139]. The essential criteria 
for microbiological identification are (i) black necrotic turbinate’s 
easily, mistaken for dried crusted blood, (ii) blood-tinged nasal 
discharge with facial pain, (iii) soft peri-orbital, peri-nasal swelling 
plus discoloration and induration, (iv) ptosis of the eyelid, proptosis 
of the eyeball and complete ophthalmoplegia, and (v) numerous 
cranial nerve palsies. 

Mycological identification of mucormycosis is based on the dia-
meter of hyphae, the occurrence of septa, pigmentation, and the 
branching angle, so distinguishing this from other fungal infections. 

The foundation for diagnosis of fungal infection relies on a few 
basic diagnostic techniques such as direct microscopy, fungal cul-
ture, histopathology, susceptibility testing, antigen testing, antibody 
testing, and molecular tests (DNA and RNA) of the specimen of the 
suspected specimen patient. In the next section, we briefly discuss 
the microbiological and pathological tests carried out regularly in 
labs to determine the fungal infection [140]. 

Potassium hydroxide test 

This rapid test is commonly applied for superficial fungal infec-
tion and routinely performed in microbiological or pathological labs  
[141,142]. 

Procedure   

(i) Samples (body fluids, swabs, tissues, etc.) are placed on a clean 
glass slide, and about 5–10 uL KOH solution is poured. The KOH 
solution completely dissolves non-fungal components while 
fungal hyphae and yeast cells are exposed to visualization under 
a microscope.  

(ii) Place the cover glass slip on the top of the slide and gently press 
to remove any air bubble. Wipe off excess solution with 
non-sticky tissue paper. 

(iii) Now microscopic slide is ready for examination under the mi-
croscope. Low power magnification (10X) is utilized to visualize 
epithelial cells. 

A. Azhar, W.H. Khan, P.A. Khan et al. Journal of Infection and Public Health 15 (2022) 466–479 

472 



(iv) Fungal structure (hyphae or yeast) can also be examined at 10X 
magnification if any suspicious specimen is seen, then high 
magnification (40X) to ascertain other budding fungi. 

Calcofluor white stain 
The basic principle behind the calcofluor white stain test is that 

the stain (non-specific fluorochrome) binds with cellulose and chitin 
present in the cell walls of fungi and other microscopic organisms. 
The rapid white stain can detect yeast and pathogenic fungi, 
including Acanthamoeba, Balamuthia species, Naegleria, and 
Pneumocystis spp [143–145]. 

Procedure  

(i) Place the sample (swabs, body fluids, hair, nail and skin scrap-
ings, sputum, etc.) on the clean glass slide.  

(ii) Pour carefully one drop of calcofluor white stain and one drop of 
potassium hydroxide solution (10%).  

(iii) Place the clear cover glass slip over the sample and leave it for 
1 min to settle the solution and wipe off the remaining solution 
from the slide.  

(iv) Observe the slide under UV light at low magnification (100X) 
and then higher magnification (400X). 

Fungal culture test 
A fungal culture test is a primary technique to confirm and di-

agnose fungal infection. Growing culture in culture medium takes 
several weeks. 

Procedure   

(i) Culture medium is prepared to grow specimen.  
(ii) Sample is placed onto Sabouraud’s dextrose agar containing 

cycloheximide and chloramphenicol.  
(iii) Samples containing nutrient media are incubated at a particular 

temperature over in an incubator and closely monitored during 
the experiment. 

Fungal susceptibility test 

Following the identification of fungal species in the fungal cul-
ture, a susceptibility test is performed to determine the most sui-
table antifungal agents of the pathogenic microorganisms. The 
standard disk-diffusion method is exploited to test non-dermato-
phyte filamentous fungi isolated from the fungal culture pre-
viously [146]. 

Fig. 2. Pictorial representation of mucormycosis in immunocompromised COVID-19 patients. The molecular mechanism involves the inhalation of spores reaching the alveoli of 
the lungs. Spores interact with alpha-beta integrins through ligands. The following molecular events trigger activation of EFGR, cell invasion, and finally, infection in the lungs. 
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Procedure   

(i) Mueller-Hinton agar (pH, 7.2–7.4) placed onto agar plates for 
optimal growth of molds at 24–48 hr [147].  

(ii) Agar plates should be streaked in three different directions after 
drying. 

(iii) Disk (6 mm) containing AmB) (10 µg), itraconazole (10 µg), po-
saconazole (5 µg), caspofungin (5 µg), and voriconazole (1 µg) 
must be pressed down onto the inoculated agar plates so that 
the entire disk encounters the agar.  

(iv) Following incubation 16–24 hr, the zone of inhibition is noted 
down in mm. Zone of inhibition of A. fumigatus, A. flavus, and A. 
niger are visible after 24 hr of incubation. 

Antibody testing 

This is a non-culture-based immunodiagnostic test performed to 
establish the fungal infection of endemic mycoses. The most 
common tests under antibody testing are immunodiffusion, com-
plement fixation, and enzyme immunoassay [140]. The im-
munodiffusion test identifies precipitating antibodies to Histoplasma 
M and H antigens. The qualitative immunodiffusion test reveals the 
diagnosis of coccidioidomycosis by displaying coccidioidal IgM or 
IgG. In the diagnosis of acute primary coccidioidomycosis, the pre-
sence of IgM is beneficial [148]. IgG antibodies are produced in 
chronic infection and are typically detected by complement fixation 
assay [140]. 

Molecular diagnostic test for fungi 

In this method, biomarkers for DNA, RNA, or gene products of 
pathogenic fungal species are investigated [149]. 

The molecular diagnostic method exploits the use of PCR, re-
striction fragment length polymorphism analysis, DNA sequencing 
of internal transcribed spacer, and 18 S rRNA gene region for iden-
tification and detection of Mucorales [150,151]. Voigt et al. reported a 
method for rapid and accurate identification of etiological agents 
mucormycosis where 18 S rDNA and the D1-D2 domains of the 28 S 
rDNA were identified for 42 isolates of Zygomycetes and 13 taxon- 
specific PCR primers [152]. Recently, bronchoalveolar lavage fluid 
was taken from the patient for rapid and exact detection of invasive 
pulmonary mucormycosis with the help of real-time quantitative 
PCR assays [153]. 

For precise and accurate identification of fungal species, mole-
cular diagnostic tests are exploited where biochemical, micro-
biological, and phenotypic examination failed to recognize the 
pathogenic species. 

Nanotechnology in fungal detection 

Nanotechnology has been used in medicine since the 1980 s. 
However, nanotechnology has not been adequately utilized for 
fungal diagnostic purposes. Our group recently has reported the 
potential use of nanotechnology-based approaches to detect the 
SARS-CoV-2. The strategy employs graphene (G-FET), biosensor- 
based, as well as plasmonic photothermal-associated sensors to 
detect the virus (naked-eye detection on changing the color)  
[154,155]. Lately, gold nanoparticles have recently been used for the 
detection of Aspergillus niger in human cutaneous fungal infections 
based on the difference in color from red to blue in a short time  
[156]. The nanoemulsion has been used as an effective treatment 
against human pathogenic fungi [157]. Myconanotechnology is an 
emerging science to tackle fungal infection with the aid of nano-
technology. The multidisciplinary approach of nanotechnology is the 
interface between fungal science and nanotechnology and has con-
siderable potential to detect fungal species [158]. 

Treatment 

The treatment approaches to counter mucormycosis are pri-
marily based on novel methods. The introduction of statins into CAM 
therapy has recently been proposed due to the potential benefit 159]. 
The possible reason for the inclusion of statins in the CAM therapy 
may be due to (i) cytoprotective GRP78 expression, (ii) reduce in-
fection risk, and (iii) synergize anti-CAM levels of the drug in plasma. 
Few drugs under preclinical investigation, such as VT-1161, SCH 
42427, APX001A, colistin, and PC1244, possess potential against 
Mucorales [160,161]. 

The successful management of mucormycosis is based on five 
basic steps, namely (i) immediate diagnosis, (ii) urgent start of an-
tifungal medication, (iii) adjunct therapy, (iv) reversal of essential 
predisposing factors, and (v) surgical intervention, if needed [162]. 
Ascertaining an early diagnosis of mucormycosis is the mainstay for 
facilitating and initiating the start of antifungal therapy [163]. 

Immediate diagnosis 

The diagnosis of mucormycosis relies upon the identification of 
fungal species grown on laboratory culture media for mucormycosis 
and subsequent confirmation from histopathology [85]. The major 
disadvantage associated with culture identification is that most of 
the time, culture yields no growth. In that scenario, clinicians must 
utilize appropriate invasive testing to establish an early diagnosis. 
Physical examination of the patient’s nostril airways and other signs 
and symptoms are necessary to diagnose mucormycosis. 

With the advent of PCR, molecular diagnosis of mucormycosis 
has gained tremendously, exploiting 18 S rDNA [164]. Recently, 
Gholinejad-Ghadi et al. amplified 18 S rDNA regions using endpoint 
detection to identify mucormycetes [165]. Several articles report 
DNA sequencing of either internal transcribed spacer region of 18 S 
rDNA regions to establish mucormycosis diagnosis [166]. PCR-based 
assay effectively detects circulating DNA and assist in molecular 
detection of pulmonary mucormycosis. 

In the patient with ROCM, computed tomography (CT) scans 
usually discover sinusitis and cannot scan deeper tissues. A CT scan 
is routinely performed for early detection of pulmonary mucormy-
cosis. A CT scan can differentiate pulmonary mucormycosis from 
aspergillosis based on sinusitis and numerous nodules (more than 
10) in the scan. A more powerful magnetic resonance imaging 
technique detects infection in the orbital and central nervous 
systems. 

Urgent start of antifungal medication 

The two main classes of antifungal medicines against mu-
cormycosis are polyenes (amphotericin derivatives) and triazoles 
(isavuconazole and posaconazole). AmB and isavuconazole remain 
the only two anti-fungal agents approved by FDA for the manage-
ment. Posaconazole is given as salvage treatment to the patient 
showing intolerance to AmB [167,168]. Posaconazole's moderate 
strength and isavuconazole are also suggestive of first-line anti-
fungal monotherapy [169]. 

To provide high doses of antifungal, clinicians begin with lipid 
formulations of L-AmB rather than AmB deoxycholate since L-AmB 
has less nephrotoxicity in immunocompromised patients. The re-
commended beginning dose of liposomal AmB or L-AmB complex is 
5 mg/kg per day. The dose may increase up to 10 mg/kg daily to 
control the co-infection. 

Recently, combinatorial therapy has been proposed. 
Combinations of L-AmB with posaconazole, L-AmB with echino-
candins, and posaconazole with echinocandins have been used to 
treat mucormycosis in a retrospective cohort study [169]. Combi-
natorial therapy like (AmB+ atorvastatin/lovastatin) exhibited better 
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efficacy against Rhizopus arrhizus as compared to AmB alone [170]. 
However, no convincing results in mortality between monotherapy 
and combinatorial therapy were reported. Posaconazole and isavu-
conazole are broad-spectrum azoles and are highly effective against 
mucormycosis in oral and parenteral formulations [171,172]. Patients 
responding to L-Amb, posaconazole, and isavuconazole can be pre-
scribed for step-down therapy. Another line of treatment for mu-
cormycosis is salvage therapy, where those patients not responding 
to AmB are given posaconazole or isavuconazole intravenously with 
a dose of 300 mg/kg every 12 h, followed by 300 mg every 24 h 
afterward. 

Itraconazole and terbinafine may be applied depending on the 
strains of Mucorales [71]. Combinatorial therapy utilizes polyene and 
caspofungin as a promising alternative and better therapy to treat 
the ROCM as compared to polyene monotherapy [173]. 

Adjunct therapy 

Patients with elevated serum iron concentrations are more prone 
to mucormycosis infection. Iron metabolism plays a significant role 
in spreading infection with Mucorales, thus exploiting iron chelators 
as an adjunct therapy to control the mucormycosis [174,175]. Some 
of the iron chelators approved by the FDA are deferiprone, injectable 
desferrioxamine, deferasirox [176]. Iron chelators (deferiprone and 
deferasirox) have been reported to possess in vitro as well as in vivo 
antifungal activity against Mucorales and thus exploited as effective 
iron chelators in clinical management [177]. Therefore, iron chela-
tors may be exploited as an adjunct therapy to regulate the iron 
concentration in the body. As of now, iron chelators have not been 
utilized regularly to contain the CAM. Thus, combinatorial therapy of 
antifungal agents and non-xenosiderophore iron chelators could be 
engaged in the treatment management for an apparent synergistic 
effect [150]. 

Reversal of essential predisposing factors 

The patient undergoing immunosuppressive medication, mainly 
steroids, and corticosteroids, should be carefully monitored and 
checked every 12 h. In the follow-up process, biochemical para-
meters are checked, and if no sign of improvement is recorded, then 
immediately all immunosuppressive medications are stopped. 
Restoring glucose levels is critical to balance normal acid-base status 
in a patient with a history of DKA. 

The use of immunosuppressants, especially corticosteroids, 
should be minimized or stopped if possible. The immuno- 
suppressant has been extensively used to reduce hospital stay and 
reduce the mortality of CAM patients [33]. Furthermore, to reduce 
the severity of infection caused by mucormycosis, the administra-
tion of iron, blood transfusion, and desferrioxamine should be 
carefully regulated. 

Surgical intervention 

In mucormycosis, debridement of necrotic tissue may cause 
blood vessel thrombosis, leading to poor penetration and absorption 
of antifungal drugs at the site of infection. Therefore, removal of 
necrotic tissue through surgical intervention is critical for the sur-
vival of the afflicted mucormycotic patient. Previously several case 
reports involving mucormycosis have presented that patients who 
did not opt for surgical intervention of the affected regions had a 
higher mortality rate as compared to the patients who underwent 
surgical debridement [178–181]. The amount and timing of surgical 
intervention in the affected portion of fungal infection have not been 
fully delineated, and expert clinicians can choose when to operate. It 

also depends on the case-to-case basis. The surgical treatment de-
pends on the site and extent of the infection, and it is the preferred 
line of treatment for ROCM and soft tissue mucormycosis. 

In ROCM, surgical care involves drainage of sinuses and may 
require excision of orbital contents of the affected brain region. For 
complete control of pulmonary mucormycosis, excision of pul-
monary lesions is performed if restricted to a single lobe. In cuta-
neous mucormycosis, entire cutaneous lesions are excised, while in 
the GI, necessary resection of GI masses is executed [182]. 

Recently, Hussain et al. conducted a study involving evidence- 
based mapping of CAM patients and observed a higher percentage 
(64.96%) of survival who underwent surgical procedures in adjunct 
to antifungal therapy [86]. Hence, the timing of surgical intervention 
is crucial to stop the spread of infection to nearby tissues and organs. 
The subsequent prognosis essentially depends on the infection site, 
etiology of fungus, spectrum, and comorbidities associated with the 
patient. Surgical management becomes challenging in cases of dis-
seminated mucormycosis or the absence of removal of infected 
focus. 

Conclusion 

COVID-19 has put the entire world population in a precarious 
situation. Due to the unavailability of an exact cure for the deadly 
viral infection, and the advent of the second wave in India, condi-
tions became out of hand control of the pandemic by the frontline 
health workers & paramedical staff with limited medical resources 
was impossible as the rate of infection was increasing day by day. 
During the handling of COVID-19, routine use of steroids, antibiotics, 
and supportive care (supportive oxygen and ventilators) to patients 
with reported comorbidities such as diabetes and cardiovascular 
diseases have worsened the management problem. Patients showing 
comorbidities are more likely to have secondary coinfection such as 
mucormycosis. Due to their immunocompromised system, in-
dividuals with a history of comorbidities may develop a life-threa-
tening fungal infection, accompanied by high glucose levels, DKA, 
neutropenia, and amplified serum level (iron). Combining all these 
parameters may reduce levels of WBC, T cells, and other immune 
factors, leading to cytokine storm and impairment of cellular organs. 
Hence, frontline medical staff, including clinicians and health 
workers, may quickly control mucormycosis infection in the COVID- 
19 patients. A multidisciplinary approach in diagnosis is essential as 
well as treatment with antifungals within few hours, as the timing of 
mucormycosis management is critical to the subject. Sometimes 
surgical intervention is needed in the affected organs to control the 
spread of infection to other patient body parts. Further research and 
investigations are suggested to determine the molecular pathways 
involved in COVID-19 patients developing mucormycosis who have a 
history of comorbidities. Finally, a regular follow-up procedure is 
recommended to the COVID-19 patient with a prior history of co-
morbidities who has recently recovered from mucormycosis. 
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