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Abstract
Despite the increasing morbidity and mortality associated with fungal diseases in low-income and sub-Saharan Africa 
countries, it is apparent that most of the fungal pathogens involved have been omitted from the dilated list of neglected 
and emerging tropical diseases (NETDs). Because most of these pathogens are inextricably linked with other underlying 
diseases such as tuberculosis and AIDS, the main fungal pathogens causing diseases viz. Pneumocyctosis and meningitis 
are categorized as deadly AIDS-associated opportunistic infections, and they most often coexist with tuberculosis. In 
addition, other infections like candidiasis, keratitis, histoplasmosis, and mycetoma often cause deforming and debilitat-
ing illnesses that affect the working class in rural communities, largely due to underlying comorbidities. Inadequate 
diagnostic tests prevent easy identification of the burden associated with these diseases making treatment very difficult. 
Likewise, the rise of resistance to most antifungal medications currently accessible in Africa is still extremely concern-
ing, as observed in other locations. To expatiate on the destructive impact of fungal infections on the socioeconomic 
and health status of sub-Saharan Africa’s skint populace and to improve the menace posed by these pathogens, there 
is a need to stop trivializing and underestimating fungal pathogens of health importance. This viewpoint is intended to 
revisit threats associated with neglected, emerging, and re-emerging fungal pathogens (NEFPs) in sub-Saharan Africa. 
As a result, information needed to prioritize strategies for the diagnosis, prevention, and control of neglected fungal 
pathogens and emerging superbugs will be presented. Revisiting threats and possible diagnoses associated with NEFPs 
could serve as a better leverage toward curbing the effects of opportunistic pathogens on individuals living with either 
an underlying health condition or impaired immunological status in sub-Saharan Africa/ low-income countries.
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1.	 Structural presentation of deforming and debilitating illnesses associated with NEFPs.
2.	 Reassessment of important therapeutic antibodies against NEFPs.
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3.	 Improved diagnostic methods for the diagnosis, prevention, and control of neglected fungal pathogens and emerg-
ing superbugs.

Keywords  Revisiting abandoned fungal pathogens · Resource-limited population · Sub-Saharan Africa · Deforming and 
debilitating illnesses · Candida auris

1  Introduction

The term “neglected tropical diseases” (NTDs) refers to a class of potentially treatable, incapacitating, and disfiguring 
chronic illnesses caused by microbial and parasite infections that mostly afflict people in rural regions who are living 
in abject poverty [1]. These diseases have been left off the expanded list of NTDs despite the significant morbidity and 
mortality associated with them in sub-Saharan Africa. Important fungal diseases such as pneumocystosis and cryptococ-
cosis manifest as relatively common and fatal AIDS-defining opportunistic infections [1–4]. Because few diagnostic tests 
are available in sub-Saharan Africa, opportunistic infections like these are frequently detected very late or not at all. The 
neglected, emerging, and re-emerging fungal pathogens (NEFPs) such as Mycetoma and Candida auris, which mostly 
affect rural adults and have a direct impact on the socioeconomic productivity of rural communities, are misdiagnosed 
due to a lack of resources and clinical awareness. Endemic fungal diseases such as blastomycosis and histoplasmosis are 
also under-/misdiagnosed [5].

Sub-Saharan Africans account for the largest percentage of all cases of HIV infection and AIDS-related fatalities [6]. 
Despite significant efforts, only two-third of people harboring the virus in sub-Saharan Africa have started antiretroviral 
therapy (ART); the remaining patients will need ART in the future. Because of poor access to treatment, limited health-
care infrastructure, and undetected HIV infection, a significant number of HIV-infected people will not receive ART until 
their immunity is severely impaired and other opportunistic infections emerge. At this point, fungi are frequently sentinel 
opportunistic infections that increase the mortality rate of infected hosts [6–8].

Few NEFPs individually cause a disease burden that is significant enough to warrant public health attention and 
monitoring, but studies have shown that the combined disease burden of NEFPs in sub-Saharan Africa is more than 
twice that of tuberculosis and almost one-half that of malaria. Together with the three deadliest infectious diseases viz. 
tuberculosis, malaria, and HIV/AIDS, diseases caused by NEFPs have been heaved into the spotlight as important public 
health diseases. It has been justified for several reasons to tackle the severe disease burden caused by the NEFPs along 
with the aforementioned diseases. First, the geographic overlap between the disorders associated with the deadliest 
infections and NEFPs with the highest prevalence. Second, NEFPs may increase vulnerability and aggravate the symp-
toms of these deadly diseases [9, 10].

We suggest including the following fungal diseases on the list of NETDs: Candidiasis caused by Candida auris, Blasto-
mycosis, Sporotrichosis, Histoplasmosis, Mycetoma, Pneumocystis jirovecii pneumonia (PCP), and Cryptococcal meningitis. 
This study will draw attention to the devastating effects of fungal diseases on the socioeconomic and health conditions 
of the poorest people in sub-Saharan Africa and raise awareness on the efforts to manage these diseases. In this study, 
we describe the epidemiology, advanced technological methods, and the disease burden of NEFPs in sub-Saharan Africa 
in order to prioritize measures for their prevention and management.

2 � Overview of often neglected and emerging fungal pathogens (NEFPs)

2.1 � Mycetoma

The arid African region, a known area with a high prevalence of mycetoma, stretches between the latitudes of 15° S to 30° 
N and includes nations such as Senegal, Somalia, Sudan, Nigeria, Niger, Cameroon, Chad, Djibouti, Ethiopia, Kenya, and 
Mauritania. These areas are homes to mycetoma (severely crippling fungal infection) (Fig. 1). There is no question that 
this fungus has severe socioeconomic repercussions; it typically affects economically active and healthy people, who are 
believed to get the infection via traumatic implantation with the infection-causing soil-dwelling organisms. It progresses 
relentlessly with or without surgical and medical intervention. This can potentially lead to additional complications, such 
as other infections, and ultimately result in paralysis and deformity. Within the 50 s and 60 s, approximately 2500 cases of 
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mycetoma were diagnosed at various referral hospitals in Sudan [10, 11]. However, no recent update is available on the 
treatment of most subcutaneous infections. For many reasons, assessing the incidence of mycetoma is challenging. First, 
although the eumycetoma lesion is characterized by a subcutaneous mass with multiple sinuses draining pus, blood, 
and black, white, or green fungal grains, other conditions such as foreign body granulomas, soft tissue malignancies, 
and actinomycetoma may mimic the disease [10].

Second, the diagnosis must be confirmed by a laboratory specialist, which is usually unavailable in endemic regions. 
Black-grain mycetoma is caused by several different fungi, although Madurella mycetomatis has most frequently been 
linked to this condition. M. mycetomatis develops slowly and frequently produces a sterile, melanized mycelium, making 
it challenging to distinguish phenotypically [12]. Although this fungus may be identified by molecular testing, its use is 
restricted to environments with limited resources [12, 13]. Radiological, cytological, and histological aspects may also 
be useful depending on the level of knowledge available. Here is a snippet on the diagnostic growth and biochemical 
of mycetoma;

2.1.1 � Diagnostic growth

Mycetoma typically presents with a triad of painless subcutaneous mass, multiple sinuses, and discharge containing 
grains.

•	 Imaging Techniques such as ultrasound, MRI, and X-rays help assess the extent of the infection and differentiate 
mycetoma from other soft tissue infections.

•	 Microbiological Culture Culturing the grains from discharge or tissue biopsies allows for the growth of the causative 
organism. Fungal cultures are usually grown on Sabouraud dextrose agar, while bacterial cultures require specific 
media like Lowenstein-Jensen or brain heart infusion agar.

•	 Histopathology Tissue biopsy examination reveals characteristic grains within granulomas, aiding in diagnosis [12].

2.1.2 � Biochemicals

•	 Enzymatic Activity Biochemical tests often involve assessing the enzymatic activities of isolates, such as urease produc-
tion in actinomycetoma [13].

Fig. 1   Countries reporting NEFPs cases in sub-Saharan Africa
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2.1.3 � Serological tests

•	 These detect antibodies against specific mycetoma pathogens, although they are not always reliable due to cross-reactivity.

Third, individuals may be unable to receive medical care or may forgo medical attention completely out of concern for 
amputation. Simple public health measures like giving away protective clothes and shoes to people who are at high risk 
might reduce the spread of the infection. Patients with mycetoma may have the best chance of recovery if the disease is 
detected early and treated appropriately with antifungal medications and surgery. Therefore, it is important to develop 
quick and accurate diagnostic tools for settings with limited resources as well as quick and efficient treatment regimens. 
Meanwhile, timely consultation and self-monitoring of injuries related to the infection are also necessary to prevent the 
entry of opportunistic pathogens.

2.2 � Sporotrichosis

Sporothrix schenckii, a saprophytic fungus that thrives on organic material, peat moss, and wood typically causes sporadic 
lymphocutaneous infection after either contact with an infected animal or traumatic implantation during outdoor activi-
ties [1, 14]. Although there is a dearth of ecological information, the fungus is probably indigenous to most tropical and 
subtropical regions of sub-Saharan Africa [15, 16]. In 1914, South Africa published the first description of the diseases. 
Inhabitants of Pretoria, South Africa’s urban and semi-urban areas, were the victims of 154 cases of lymphocutaneous 
illness, according to Vismer and Hull [17].

Some South African miners were documented to have been infected in the 1940s by a massive outbreak of sporotri-
chosis suspected to have been caused by exposure to untreated wood used to support tunnels [18]. In the 1970s, Sudan 
also had two instances of lymphocutaneous illness documented. During the same period, a case of juvenile sporotrichosis 
from the Democratic Republic of the Congo was also reported [19, 20]. However, few rare occurrences of disseminated 
illness have been documented among highly immunosuppressed HIV-infected individuals since the start of the AIDS 
pandemic in many nations, including Sporotrichosis, which appears to be an opportunistic illness linked with HIV that 
is infrequently detected (Table 1) [21]. Common diagnostic tests for Sporotrichosis include;

A. Histopathology Microscopic examination of stained tissue samples and cells to identify yeast forms of the fungus.
B. Culture Growing the fungus from clinical specimens on specialized media. Incubation at 37 °C helps confirm diag-
nosis by converting mold to yeast phase.
C. Serological Tests Detects fungal antigens in body fluids. Identifies antibodies against the fungus, though less com-
monly used due to cross-reactivity.
D. Molecular Diagnostics Amplifies fungal DNA for rapid and accurate identification. Confirms the presence and identity 
of the fungus.
E. Direct Microscopy Rapid preliminary diagnosis by visualizing fungal elements in treated specimens.
F. Skin Tests Intradermal injection to detect hypersensitivity, indicating exposure to the fungus (Sporotrichin Test) [18, 
21].

Table 1   Reported cases of sporotrichosis infections in sub-Saharan Africa

Country Causal organism Number 
of cases

Clinical presentation Diagnosis References

South Africa Sporothrix schenckii 1 Cutaneous, disseminated Culture, Histopathology, MALDI-TOF [22]
Madagascar Sporothrix schenckii 63 Cutaneous Culture, Molecular testing [16]
Zambia Sporothrix schenckii 1 Cutaneous, Disseminated Histopathology [23]
Madagascar Sporothrix schenckii 34 Lymphocutaneous, Cutaneous PCR, Culture, Microscopy, Histopathology [16]
Uganda Sporothrix schenckii 1 Lymphocutaneous Histopathology [24]
Morocco Sporothrix schenckii 1 Lymphocutaneous Histopathology [25]
Tanzania Sporothrix schenckii 1 Lymphocutaneous Histopathology [26]
South Africa Sporothrix schenckii 17 Cutaneous Histopathology, Culture [27]
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2.3 � Blastomycosis

In Africa, blastomycosis is rarely identified. Since detection in the 1950s, less than 100 cases have been reported, as docu-
mented in the last two decades. South Africa accounted for approximately 25% of the cases [1, 27]. The most obvious 
differences in the clinical characteristics of blastomycosis in North America and Africa include the involvement of the 
central nervous system. Moreover, there is a higher prevalence in the bone and distinct morphology of the skin lesions 
in African patients. The HIV epidemic that has emerged since those earlier case series were published has likely increased 
the frequency of the disease. This emergence has made blastomycosis more difficult to detect, as it is to some extent an 
opportunistic infection. A number of interconnected elements complicates the disease associated with blastomycosis. 
Both radiologically and clinically, blastomycosis commonly mimics pyogranulomatous illnesses and TB [28–30]. Blas-
tomycosis most often affects any part of the bone, complicating spine infection and forming paravertebral abscesses. 
Pleural involvement may manifest as empyemas, densities, or effusions. It can also present as masses, lobar or segmen-
tal consolidation, cavitation, patchy infiltrates, nodules, miliary patterns, or diffuse bronchopneumonia (Table 2). Most 
times, tuberculosis is frequently the first radiological and clinical diagnosis, which is understandable [31, 32]. Clinicians 
may thus be reluctant to change or reject this diagnosis. Sometimes, PCP or disseminated histoplasmosis cannot be 
distinguished from the radiological image. Drug resistance and a lack of laboratory resources for the diagnosis of deep 
fungal infections and TB-related diseases may reduce the diagnostic options [33].

Studies have revealed at least 12 sub-Saharan African nations and North African nations viz. Morocco, Libya, Algeria, 
Tunisia, and Egypt have reported cases of blastomycosis [1, 27]. The reports from southern African countries such as 
Zimbabwe and South Africa predominate; however, this may be due to the availability of diagnostic tools and the loca-
tion of research rather than the actual prevalence of the disease (Table 2).

2.4 � Histoplasmosis

Two Histoplasma capsulatum varieties, namely Histoplasma capsulatum var. capsulatum and var. duboisii, causing his-
toplasmosis are found in sub-Saharan Africa. The most widespread infectious agent in the world, H. capsulatum var. 
capsulatum, is linked to severe disseminated illness in people with AIDS and other underlying conditions. Although the 
sickness induced by the var. duboisii strain is not well characterized, it is believed to be virtually exclusively prevalent in 
Africa and does not have a strong relationship with AIDS [8, 38]. Histoplasmosis cases have been documented in several 
African nations (Table 3), and the pathogen is believed to be widespread in these countries. Bats and soil disturbance 
have both been linked to this fungal infection, which are regarded as standard concerns. The spectrum of manifestation 
ranges from an asymptomatic clinical state to a progressive disseminated form of histoplasmosis (PDH). Because of a 
strong immunological state and exposure to modest inoculum, immunocompetent individuals often have moderate or 
asymptomatic, typically pulmonary illness. PDH arising from patients with AIDS or other underlying immunosuppressive 
diseases may have severe manifestations [4, 39, 40].

Any patient in sub-Saharan Africa who exhibits a fever of unclear etiology, CD4 +T-cell count < 50 cells/L and weight 
loss should be examined for PDH. The exact burden of the disease is unclear, and due to a dearth of diagnostic tests, it is 
unquestionably underdiagnosed. Sub-Saharan Africa currently lacks access to diagnostic methods like the urine antigen 
test, bone marrow biopsy, and culture, which are widely available in developed countries [41, 42]. The diagnostic tests 
now being created and used in other resource-limited situations must be made available in Sub-Saharan Africa in the 
near future [51, 52].

2.5 � Pneumocystosis (PCP)

The early assumption that PCP, another significant fungal opportunistic illness, is not as common in sub-Saharan Africa as 
in the advanced world has been negated by recent studies. According to these studies, the prevalence among hospital-
ized adults and children and HIV-positive individuals is up to 43%, 49%, and 53%, respectively. The false assumption could 
be a result of factors such as the high prevalence of TB in sub-Saharan Africa, where PCP is frequently misdiagnosed as 
tuberculosis and the lack of technology and resources for easy diagnosis. Because PCP testing is not frequently performed 
and empiric treatment is still the norm, there is a likelihood of misdiagnosis [8, 53–57]. In sub-Saharan Africa, studies on 
the mortality rate of PCP are very low, with reports showing the death rate for PCP ranging from 20 to 27% [58–62]. A low 
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prevalence rate < 0.4% was reported in a study conducted in Tanzania, although this result is most likely because of the 
use of oral-wash specimens, which are subpar for PCP identification (Table 4). Contrary to the results generated during 
the height of the HIV/AIDS epidemic in Western nations, PCP was the most prevalent opportunistic illness among HIV-
infected individuals before ART was widely accessible [63–65]. Given the high prevalence of HIV infection in sub-Saharan 
Africa, the question arises regarding the true burden of PCP on the continent and what is at stake. The available report 
provides a rough approximation. For example, a study in Malawi found that less than 12% (75 out of 660) of HIV-infected 
individuals had PCP [66]. Based on the region’s projected HIV prevalence of 22.5 million, it is estimated that approximately 
2.5 million adults and children in sub-Saharan Africa have PCP [64]. All HIV-infected individuals who have respiratory 
symptoms should be suspected of having PCP because it frequently acts as a sentinel opportunistic infection [59]. PCP 
remains a serious health issue for those who are ignorant of their HIV infection status and have little to no access to care. 
To replicate the declining status of PCP in developed countries, there is a need to implement an effective public health 
intervention that would eradicate the sources of PCP infections.

2.6 � Cryptococcosis

In several nations in sub-Saharan Africa, Cryptococcus neoformans is the most common cause of adult-onset meningitis. 
In sub-Saharan Africa, cryptococcosis also serves as a sentinel opportunistic infection in people with HIV [3, 73–75]. 
Although there are variations in the geographic distribution of cases reported in the literature, the inconsistencies are 
most likely caused by a lack of monitoring resources. Along with a greater prevalence of HIV/AIDS, cryptococcal meningi-
tis is likely to be more common in southern and eastern Africa. With an estimated 750,000 new cases of this AIDS-defining 
fungal meningitis emerging each year among people with HIV/AIDS, sub-Saharan Africa remains the focal point in the 
world that is most impacted, as shown in Table 5 [4, 76].

With the aggressive scale-up of ART in southern Africa, cryptococcal meningitis (CM) remains a major infection in AIDs 
patients. The persistence of CM could be attributed to factors such as late diagnosis of HIV and initiation of ART, immune 
reconstitution inflammatory syndrome (IRIS), the prevalence of cryptococcal infection, issues with ART adherence and 
retention, gaps in preventive measures and resource limitations, and the presence of co-infections and comorbidities. 
Several sources such as ART sites in Malawi and population-based monitoring in South Africa, have reported a similar 
trend regarding the persistence of CM in AIDS patients. However, the percentage of patients who have not started ART 
and are experiencing severe immunosuppression remains stable. Patients with no treatment are predisposed to CM 
[77–80, 82].

In sub-Saharan Africa, it has been estimated that CM causes > 500,000 fatalities per annum compared with > 300,000 
deaths from TB. The detection of cryptococcal antigen in blood before the symptoms by adopting a screening method 
that enables preventive fluconazole therapy and subsequently access to ART offers fresh hope for reducing mortality 
linked to CM. Meanwhile, asymptomatic treatment becomes more practical with the help of a dipstick test—an afford-
able, easy lateral flow assay that enhances the detection of cryptococcal antigen [81–85].

2.7 � Candidiasis

The first case of Candida auris was documented in 2009 after it was isolated from the ear of a patient in Japan. After 
genomic analysis, the isolate was found to be distinct from the previously identified species but closely related to C. 
heveicola, C. ruelliae, C. pseudohaemulonii, and C. haemulonii. Further analysis verifying its ability to assimilate carbon 
showed an unusual capacity for growth at 42 °C. Subsequently, the author proposed a new species, C. auris (Latin name 
for “ear”), based on these traits [99, 100].

In 2011, C. auris was reported in specimens collected from 15 patients in South Korea. As part of a multi-center surveil-
lance investigation of atypical yeasts, ear samples were obtained in 2006 from three hospitals and used to identify the 
cases. Investigators first classified these isolates as a new species closely related to C. haemulonii because the original 
identification of these isolates occurred before C. auris was given a name. After C. auris was published from an isolate 
identified in 2006, the later isolate was identified using an ITS-specific D1/D2 sequencing approach. All studied patients 
were diagnosed with chronic otitis infection. Based on genomic clustering, researchers proposed that an inter-/intra-
hospital transmission of the pathogen had occurred. Afterwards, the first C. auris invasive bloodstream infections were 
reported [101, 102].

A retrospective review of unidentified yeast in South Korea showed that an incidence of C. auris reported in 1996 
was the oldest occurrence of the pathogen, but the isolate was misdiagnosed and reported as C. haemulonii. Two other 
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instances in the same country occurred in 2006. Thus, all three patients had hospital-onset infections, and before their 
initial culture revealed C. auris, they had all been in the hospital for at least 12 days. Using ITS-specific genomic sequenc-
ing, other isolates misidentified as Rhodotorula glutinis and C. haemulonii on API 20C and VITEK 2, respectively, were 
accurately identified as C. auris. Two 1-year-olds and a 74-year-old were affected by these instances. Only one child 
survived the infection. This article was the first to show that C. auris could produce serious, sometimes deadly, invasive 
infections and was not merely limited to the ears as its name may imply [100, 103].

Subsequently, another incidence of C. auris bloodstream infections was reported from a university referral hospital 
in India in 2013. Studies conducted in India revealed four affected institutions: a university hospital, a pediatric center, 
a hospital critical care unit, and a tertiary care general hospital, all situated in northern and southern India [104–107]. 
Thereafter, other occurrences were reported in South Africa, Kenya, and Kuwait in 2014 and 2015, respectively. Since the 
inception of the disease in 2009, C. auris has been recorded in at least 50 countries on six continents. C. auris is frequently 
misidentified by commonly used laboratory procedures and clinical laboratories. As such, C. auris may exist in other 
countries but has not yet been found or published. Since the detection of the pathogen in Southern (South Africa) and 
Eastern (Kenya) parts of Africa in 2014, no progress report has been received on the pathogen making C. auris an NEFP 
(Table 6) [100, 103, 108, 123].

3 � Emerging nosocomial fungal infections (ENFI)

Emerging nosocomial fungal infections represent a growing concern in healthcare settings, particularly affecting immu-
nocompromised patients and those undergoing invasive medical procedures. These infections are caused by a variety of 
fungal pathogens, including Candida spp., Aspergillus spp., and the more recently recognized multi-drug resistant strains 
such as C. auris. The Centers for Disease Control and Prevention in 2019 released a report on antibiotic resistance threats 
in the United States, highlighting fungal pathogens as a primary concern [124]. The report identified Candida auris as an 
urgent threat, drug-resistant Candida species as a serious threat, and azole-resistant Aspergillus fumigatus as a significant 
threat. The increasing incidence of these infections is attributed to factors such as the widespread use of broad-spectrum 
antibiotics, immunosuppressive therapies, and the use of indwelling medical devices. Nosocomial fungal infections (NFI) 
pose significant challenges due to their diagnostic difficulties, resistance to multiple antifungal agents, and high associ-
ated morbidity and mortality rates. Effective infection control measures, timely diagnosis, and appropriate antifungal 
treatment are crucial in managing these infections and preventing their spread within healthcare facilities [125–127].

Significant advancements in understanding fungal pathogenesis have greatly enhanced our knowledge of ENFIs. Key 
developments include:

Table 6   Reported cases of candidemia infections in sub-Saharan Africa

Country Causal organism Number of cases Diagnosis References

Tunisia C. tropicalis, C. krusei, C. parapsilosis, C. albicans 4 PCR, Blood culture [109]
South Africa C. krusei C. glabarata, C. auris, C. parapsilosis, C. albicans 618 Blood culture [110]
Tunisia C. parapsilosis, C. glabrata, C. albicans, C. tropicalis 130 Blood culture [111]
Egypt C. glabarata,, C. tropicalis, C. parapsilosis, C. albicans 88 Blood culture [112]
South Africa C. auris 45 Blood culture [113]
Nigeria C. krusei, C. albicans, Others 27 Blood culture [114]
South Africa Multiple cases (C. auris and a non-auris species), C. krusei, C. tropica-

lis, C. glabarata, C. auris, C. albicans, C. parapsilosis
6669 Blood culture [115]

Kenya C. albicans, C. auris, Other 224 Blood culture [116]
Algeria C. dubliniensis, C. glabarata, C. albicans, C. parapsilosis, C. tropicalis 66 Blood culture [117]
South Africa C. albicans, C. parapsilosis 2996 Blood culture [118]
South Africa C. krusei, C. tropicalis, C. albicans, C. glabrata, and C. parapsilopsis 2172 Blood culture [119]
South Africa C. krusei 48 Blood culture [120]
South Africa C. tropicalis, C. parapsilosis, C. glabrata, C. albicans, Others 108 Blood culture [121]
South Africa C. auris 1 Blood culture [122]
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3.1 � Molecular mechanisms of pathogenicity

Recent research has provided a deeper understanding of the molecular mechanisms underlying fungal pathogenic-
ity. Key discoveries include the identification of virulence factors such as adhesins, proteases, and toxins that enable 
fungi to adhere to host tissues, invade tissues, and evade immune responses. For example, the role of the C. albicans 
adhesin Als3 in adherence and invasion has been well-characterized, highlighting its importance in pathogenicity 
[125].

3.2 � Biofilm formation

Advancements in our understanding of fungal biofilm formation have been pivotal in explaining how fungi persist in the 
host and on medical devices. Biofilms, composed of fungal cells embedded in a protective matrix, contribute to persistent 
infections and resistance to both immune responses and antifungal treatments. Research has elucidated the genetic 
and environmental factors that influence biofilm formation, providing targets for novel therapeutic strategies [127].

3.3 � Host–pathogen interactions

Recent studies have enhanced our understanding of the interactions between fungal pathogens and the host’s 
immune system. These interactions include how fungi sense and adapt to host environments, such as changes in 
temperature and pH, and how they evade immune detection. For example, the ability of C. neoformans to produce 
a protective capsule that shields it from immune cells has been a key focus of research [127].

3.4 � Genetic and epigenetic regulation

Advances in genomics and epigenomics have revealed how genetic and epigenetic factors regulate fungal virulence. 
Studies have identified specific genes and regulatory networks involved in fungal pathogenicity, including those 
related to stress response, metabolism, and cell wall biosynthesis. For instance, the discovery of the role of histone 
modifications in regulating C. albicans virulence has provided new insights into fungal pathogenesis [128].

3.5 � Antifungal resistance mechanisms

Understanding the mechanisms of antifungal resistance has been a major area of research. Advances have identified 
various resistance mechanisms, such as mutations in drug targets, increased efflux of antifungal agents, and biofilm-
associated resistance. Research on C. auris, for example, has highlighted its resistance to multiple antifungal classes 
and the need for novel therapeutic approaches [126].

3.6 � Environmental and epidemiological factors

Research has also explored how environmental factors and epidemiological trends influence fungal pathogenesis. 
Studies have examined how changes in hospital practices, such as increased use of broad-spectrum antibiotics and 
the introduction of new medical devices, contribute to the emergence and spread of ENFIs. Understanding these 
factors has been crucial for developing effective infection control measures [125].

3.7 � Fungal adaptation and evolution

Advances in evolutionary biology have provided insights into how fungi adapt to changing environments and selective 
pressures, such as antifungal treatments and host immune responses. This includes the study of genomic evolution in 
response to environmental stresses and the emergence of new pathogenic strains. For example, research on the evo-
lutionary pathways of Aspergillus fumigatus has shed light on its adaptation mechanisms and resistance profiles [126].

Patients at risk for emerging nosocomial fungal infections (ENFIs) include those who are immunosuppressed (due 
to therapies like corticosteroids or conditions such as HIV/AIDS), have severe underlying conditions (like malnutrition 
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or chronic diseases), use invasive medical devices (such as catheters), or are in intensive care units (ICUs). Additional 
risk factors include environmental exposures within hospital settings, particularly during construction, and certain 
demographic factors, such as age and genetic predispositions. Identifying these high-risk patients is crucial for 
implementing preventive measures and ensuring timely treatment [125, 128].

In the past decade, key advances have been made in understanding the role of the mycobiota—fungal communities 
within the human body—in emerging nosocomial fungal infections (ENFIs). Research has improved our knowledge of 
fungal diversity, pathogenesis, and interactions with the host’s immune system. Disruptions in the mycobiota due to 
antimicrobial treatments and the formation of biofilms have been linked to ENFIs. Genomic studies and insights into 
environmental factors have further clarified how fungal species become pathogenic. Additionally, interactions between 
the mycobiota and bacterial microbiota have shown how these relationships can impact infection risk. These advances 
are crucial for developing effective diagnostics, prevention strategies, and treatments for ENFIs [126, 127].

Overtime, fungal diagnostic methods have witnessed a significant improvement, identify druggable targets, and 
bring new antifungal agents into clinical use. In the past decade, substantial progress has been made in understanding 
the pathogenesis of fungal infections, the cellular and molecular mechanisms of antifungal immunity, genetic and phar-
macologic susceptibility, and the role of endogenous fungal communities (mycobiota) in nosocomial fungal infections. 
These advances are crucial for guiding research priorities to address the growing threat of nosocomial fungal infections 
[125, 126, 128].

4 � Underestimated problems associated with NEFPs

NEFPs are either neglected, emerging, or re-emerging fungal pathogens of medical importance. Because the pathogens 
are mainly associated with the impairment of host immunity, they tend to be ignored because of their association with 
the underlying conditions of their host. For emerging and re-emerging fungal pathogens, most of the infections are 
misdiagnosed using commonly used laboratory procedures. Likewise, at the time of the inception of NEFP, few antifungal 
medications were authorized for use in humans at this time [129]. According to Rodrigues et al. [130], the last antifun-
gal agent approved for human consumption was approved in 2002. This situation may be related to an imbalance in 
the financing and death rates for fungal illnesses. Meanwhile, according to a report by the World Health Organization, 
cryptococcal meningitis causes < 190 000 fatalities worldwide each year, as opposed to 1.6 million deaths from TB and 
429 000 deaths from malaria [131]. However, tuberculosis and malaria are better funded with about 35.5% of the entire 
expenditure in research and development for infectious illnesses, while cryptococcosis had < 0.5% [132]. Current treat-
ments for fungal illnesses are still ineffective; thus, major funding for focused research is needed to create new therapeutic 
options [133]. Researchers have developed various antifungal agents that are still under clinical trial. Some of the new 
substances include; AR-12, BHBM, CD101, E1210/11, F901318, and Ilicicolin H [134–138]. For instance, VT-119 and Nik-
komycin Z are some of the new classes of medications, working on various molecular targets and different mechanisms 
that are quite different from the old medications with approval. These drugs may offer a much-needed supplement to 
the accessible drugs. Programs that explicitly support mycological research are required to further the development 
efficient antifungal treatments and, ultimately, lower the death rate from fungal illnesses [131].

5 � Revisiting therapeutic antibodies against NEFPs

Invasive fungal infections (IFIs) are difficult to treat and remain a global threat to individuals with underlying diseases. 
There are few or no effective broad-spectrum antifungal medications, and even well-tolerated medications used as 
preventatives usually cause resistance. The risk of death from an IFI, especially in immunocompromised patients can be 
more than 40%, even with the best available therapy. This statistic is far worse for low-income nations because many 
invasive infections are always lethal without treatment. Meanwhile, the estimates of fungal infection-related mortality 
worldwide are as high as 1.5 million per year [139–141]. Considerably, comorbidity and mortality in HIV patients are 
caused by fungal infections. According to modeling studies, proper treatment might, over the course of five years, save 
the lives of 1.6 million HIV patients [142].

These important fungal pathogens will be the subject of this discussion: Candidiasis, Pneumocystis, Paracoccidi-
oides, and Cryptococcosis. Monoclonal antibodies (mAbs) can be used as checkpoints to regulate the host immune 
response in addition to antibodies that directly target and inhibit the fungus. This strategy may be very helpful when 
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dealing with fungal diseases with prolonged infection characterized by a change from the protective response of 
Th1 or Th17 cells to a non-inflammatory Th2 response. Although it is evident that the therapeutic usage of anti-IL-17 
in rheumatoid arthritis worsens fungal infection, it is unknown if activating this pathway in the other direction has 
any clinically helpful effects [143, 144].

The most prevalent fungal pathogen worldwide, Candida albicans, is linked to severe morbidity and death, particu-
larly in people with tuberculosis or HIV infection. A recent study revealed that B cell cultures made from C. albicans-
infected individuals allowed for the cloning of antibody genes. These antibodies provide defense in a mouse model 
of disseminated candidiasis by promoting the activities of macrophages [145, 146].

Although less common globally than Pneumocystis or Cryptococcus, Paracoccidioides brasiliensis is the main con-
tributor to IFIs in Latin America. Glycoprotein 43 (gp70) and gp43 which are the main P. brasiliensis antigens have 
been targeted by monoclonal antibodies (mAbs). In the study using a mouse model of infection, anti-gp43 activity 
mediated by mAb E3-enhanced phagocytosis of P. brasiliensis cells, increased the production of interferon-γ and 
decreased the burden of fungal infection. In contrast, the fungal colony-forming units were significantly decreased 
by anti-gp70 mAbs and nearly eliminated granuloma formation in the lungs [147, 148]. Antibodies produced against 
these cells diminished CD25 + cells, causing less severe tissue inflammation and decreased mortality in susceptible 
mice. This indicates the capability of mAbs to control fungus infection, either through modification of host responses 
or incapacitating the fungus cells [147].

Pneumocystis has an estimated incidence of up to 500,000 cases annually. Similar to Cryptococcus, Pneumocystis 
is a significant opportunistic infection in patients with impaired immunity [139]. However, Pneumocystis spp. are 
commensals, with several species inhabiting the lungs of numerous animals, in contrast to Cryptococcus, which is 
acquired from the environment. Pneumocystis is a desirable target for immune-prophylaxis because of its ability 
for endogenous infection and acquisition from asymptomatic carriers. To this effect, a number of initiatives are 
being undertaken to create a Pneumocystis vaccine, and passive immunization experiments using mAbs produced 
to Pneumocystis epitopes [149, 150, 151]. The viability of this strategy was demonstrated by the ability to inhibit the 
spread of Pneumocystis pneumonia from infected to susceptible cohoused mice, a mAb that binds the Pneumocystis 
kexin-like protein KEX1. Recent studies in this field are greatly encouraged by emerging evidence of the significance 
of B cell-mediated immunity against Pneumocystis infection [147, 148].

Cryptococcus neoformans primarily causes opportunistic infections in individuals with HIV/AIDS, resulting in a 
substantial burden of AIDS-related illnesses and fatalities, particularly in sub-Saharan Africa [153]. Despite a recent 
reduction in infection rates, which are most often attributed to significantly enhanced access to antiretroviral therapy 
(ART), mortality among those infected has not seen a corresponding decrease. This highlights the inadequacy of 
antifungal development to keep pace with advancements in antiviral treatment. Initially presenting as a pulmonary 
disease, cryptococcosis subsequently disseminates through the bloodstream to the cerebrospinal fluid and brain, 
causing meningitis and meningoencephalitis. The added challenge of traversing the blood–brain barrier contributes 
to the complexity of drug development in addressing this condition [144, 153].

Several mAbs that target the polysaccharide capsule, an important virulence factor and the main host–pathogen 
interface of Cryptococcus infection, have been shown to be effective in combating lethal cryptococcal infections in 
mice. One of them, mAb 18B7, was examined in a Phase I clinical study and was discovered to result in a moderate 
decrease in circulating cryptococcal antigen [154, 155]. However, financing challenges for a condition with minimal 
financial returns have made further research difficult—a dilemma that plagues neglected infectious illnesses in 
general. Other studies on monoclonal antibodies (mAbs) that target different features of Cryptococcus. These include 
glucosylceramide, melanin, and -glucan. Another target to improve the immune response has been the host CD40 
[156–162]. These findings not only highlight the therapeutic potential of mAbs but also demonstrate the broad 
spectrum of inhibitory effects that mAbs may have on Cryptococcus cells. Inhibiting fungal growth, encouraging the 
release of capsular polysaccharides, preventing the formation of biofilms, increasing opsonization and phagocytosis, 
and boosting the host’s immunological response are only a few of these activities [163–166].

In conclusion, monoclonal antibodies (mAbs) have considerable promise for improving antifungal therapies. They 
provide several possible targets, have shown promise in animal models, and can suppress fungal pathogens and 
strengthen the host’s immune response. To further combat different fungal diseases, combining mAbs or focusing on 
panfungal antigens may be useful. A possible strategy is to combine mAbs with already available antifungal medica-
tions. It is crucial to recognize that not all mAbs are inhibitory; some may worsen infections. Specificity to certain 
species and strains may be difficult, and various mAbs may have quite diverse inhibitory mechanisms [144, 152].
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6 � Fun(gi) omics: a diverse and advanced technological process to unveil NEFPs 
and the defined mechanisms of antifungal resistance

NEFP have recently risen to prominence as infamous pathogens that may be destructive to humans and animals. The study 
of fungi’s function as potential pathogens remains the focus of most researchers. Given the prevalence of systemic and 
superficial fungal infections, which cut across the soft tissues and other systems, affect more than 1 billion people worldwide 
[167, 168]. In fact, NEFPs remain under-recognized. Because of unacceptably high mortality rates, which are most frequently 
documented in people with immunodeficiency predispositions and are predicted to cause more than 1.6 million fatalities 
yearly [140], NEFPs that can cause systemic illness in humans are in the limelight. This situation is worsened by the unavail-
ability of vaccines, restricted repertoire of antifungal medicines, coupled with other issues such as the lack of appropriate 
documentation of the diseases and deficits in developmental and research funding [131, 169–171].

The growing numbers of infectious fungal agents include various disease-causing species, many of which have biological 
advantages over their hosts. The development of adaptability is hastened by factors including robust dispersion cycles, rapid 
sexual maturation, and genomic plasticity with horizontal gene transfer, hybridization, and recombination [172]. Addition-
ally, the unnatural dissemination of fungi is caused by the introduction of NEFPs, which is frequently hastened by the effects 
of human activities, including rising global temperatures and globalized transport. These occurrences have helped expose 
previously undiscovered or uncommon fungal species and aided in the colonization of previously uninhabited and unsuitable 
locations [173]. For instance, the colonization of NEFPs associated with infections such as pneumocystosis, cryptococcosis, 
Candidiasis, mycetoma, histoplasmosis, and blastomycosis, occurring either as an opportunistic or comorbid pathogen in 
patients with underlying conditions, has created a mysterious and highly sensitive medical mayhem in need of immediate 
intervention.

In-depth investigations are required to unravel the molecular processes of host vulnerability and fungal pathogenesis to 
combat the fungal threat to global health and food security, as well as to lessen the future burden on health care systems. 
Advanced molecular methods have ushered in the “omics” era, giving researchers access to cutting-edge tools for metabo-
lomics, proteomics, transcriptomics, and genome analysis (Fig. 2). A modern viewpoint on comprehending the intricacies 
of fungal illness, including the mechanisms of virulence, host adaptability, and potential therapeutic targets, is captured by 
the invention of omics technology when paired with high computing capacity, bioinformatics, and systems biology [174]. 
Each level of the omics platform offers unique insights into the pathogen under study; for instance, improvements in next-
generation sequencing (NGS) reliably detect often misdiagnosed fungal pathogens, such as Candida haemulonii and C. auris 
[175]. Meanwhile, a deeper understanding of the interaction between the molecular levels controlling such pathogenesis is 
also made possible by using multi-omics approaches (i.e. the integration of multiple omics) to study NEFPs. This can quickly 
reveal the systems-scale architecture of fungal pathogenesis.

The section below narrates the advanced molecular techniques used for diagnosing NEFP infections and identifying 
associated resistomes. These techniques include first, second, and third-generation analyses, as well as combinations of one 
or more of these methods, as illustrated in Fig. 2.

6.1 � Genomic diagnosis of NEFPs, infections, and associated resistomes

In line with the genome sequencing revolution, new fungal infections have emerged, enabling opportunities to further our 
understanding of how these diseases have evolved in terms of geographic spread, virulence, and host range. De novo assem-
bly of a genome for a novel species and resequencing using a single reference genome are two current methods for genomic 
study [176, 177]. Assembling and resequencing can be performed using different techniques, such as Illumina sequencing 
(viz. short-read sequence technology) and long-read technology, which is advantageous for repetitive genomes (such as 
Oxford Nanopore and Pacific Biosciences) [178–183]. This development could easily unveil essential knowledge about the 
genome makeup of rapidly evolving fungus species and identify gene family expansions and gene loss events that define 
their functional potential for virulence and host infection (Fig. 2). Even in advanced studies, researchers assess community 
structure, genetic variations, and functional annotation of a specific fungal pathogen, and the other features highlighted 
above using meta-omics processes, as presented in Fig. 3 [184].
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6.1.1 � De novo sequencing for genome assembly

The accessibility of low-cost, high-throughput whole-genome sequencing for de novo sequencing allows assemblies 
for a larger range of fungal diseases, including recently developed and seldom reported species [185, 186]. With a high 
incidence of hospital acquisition, Candida spp., for instance, are a common source of fungal infections in patients with 
impaired immunity [187]. C. albicans has traditionally been the most frequent cause of candidemia; nevertheless, a ris-
ing number of emerging and neglected species, such as C. auris, Candida glabrata, and Candida inconspicua, are now 
included in the clinical epidemiology [100, 188]. A comparative genomic analysis was conducted with the adoption of 
complete-genome assemblies from isolates within each of the four clades as well as closely related species within the 
C. haemulonii clade to fill information gaps about the unusual evolution of C. auris [189]. When compared with closely 

Fig. 2   Outline of the in-depth omics analysis presented in the review. Each process involves the application of advanced genomics, metab-
olomics, transcriptomics, and proteomics platforms. These molecular methods are presented with important components, possible out-
comes, and interpretation
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related species, gene family changes and phylogeny in C. auris showed gene expansions that contributed to antifungal 
resistance and virulence exhibited by all C. auris clades. These expansions included species-specific increases in secreted 
lipases, siderophore iron transporters, and oligopeptide transporters. In addition, amplification and alterations of the 
ERG11 gene were associated with azole resistance in MDR C. auris isolates [190]. A recent study detected several Erg11 
amino acid alterations in clinical isolates from two different C. auris clades, which confirmed the hypothesis that ERG11 
point mutations are associated with azole resistance. This assertion offers value as a potential resistant molecular marker 
for isolates belonging to a particular clade [191].

6.1.2 � Identifying gene markers

The comparison of isolate sequences representing populations or clinical outbreaks is encouraged by the use of publicly 
accessible genome sequences and enhanced reference assemblies to identify conserved gene markers. In medicine, a 
strong pipeline to develop sequencing methodologies of fungal community members of the lower respiratory tract 
during infection, based on an NGS-based amplicon of internal transcribe spacer 1 (ITS1), was adopted by McTaggart 
et al. [192]. The myco-biome of bronchoalveolar lavage (BAL) specimens taken from the lower respiratory tracts with 
known Blastomyces culture status was examined using this barcoding methodology. Blastomyces was identified with 
91.4% accuracy, and other current fungal taxa were profiled objectively to propose novel gene markers [192]. These 
findings conveyed the essence of a reliable gene marker technologies that provide a different chance for the accurate, 

Fig. 3   A Flowchart representing meta-omics approaches
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culture-independent identification of new fungal species that are difficult to identify. In the case of meta-omics for 
disease diagnosis, a shotgun metagenomics technology enables unbiased sequencing of polymicrobial communities 
that were sequenced directly from clinical samples, as well as powerful antimicrobial resistance prediction capabilities, 
virulent gene identification, and high resolution when performing molecular typing [193].

6.1.3 � Duplication and expansion of genes

In a way to differentiate protein family expansions and duplications for niche adaptation, a comparative whole-genome 
study of clinical isolate variance and nonpathogenic isolate variation (environmental) was conducted. For instance, 
Fusarium oxysporum has several species, i.e., variants that include both clinical and soil-borne pathogens [194]. A dis-
tantly related pathogenic species causing fusariosis in tomato was tested against two F. oxysporum human isolates with 
no clinical symptoms. A complete-genome shotgun technique was used to sequence an invasive fusariosis strain that 
can result in opportunistic invasive infections. RNA-Seq was used to confirm the genomic expression and supplement 
annotation, and the results showed > 99% alignment of transcripts [195]. Four distinct chromosomal lineages specific 
to an isolate linked to the Fusarium keratitis epidemic in 2005–2006 were detected [196]. These identified chromosomal 
lineages possess virulence-related genes needed to overcome nutritional immunity, such as cation transporters and 
metal ions. Likewise, both strains have an alkaline pH-responsive transcription factor (PacC/Rim1p) for virulence, as well 
as homologs of ceruloplasmin—a substantial copper-carrying protein in the blood. Inference from this study identified 
two human pathogenic fungal genomes’ transposon-rich lineage-specific chromosomes as a focal point for host adapt-
ability and pathogenicity for infecting humans.

6.1.4 � Bioinformatics pipeline and databases

Different databases are available for confirming pathogens at the species level, functional annotation, and genomic 
attributes of isolated microorganisms. Invariably, these databases provide a different method for mapping the genetic 
diversity of antifungal-resistant and virulent isolates. In order to describe emerging strains within the azole-resistant 
Aspergillus fumigatus meta-population, a public bioinformatics pipeline was recently created [197]. A. fumigatus is a 
widely distributed opportunistic disease with death rates of 40% to 90% in immunocompromised patients. The severity 
of an infection is caused by the development of drug resistance to azoles because of the widespread use of both azoles 
for crop protection [198–200].

6.2 � Metabolomic diagnosis of NEFPs, infections and associated resistomes

Metabolomics analysis networks of tiny, low-molecular-weight metabolites. Chromatography-based MS is used to culmi-
nate all biological processes and represents the whole physiology of genomics, proteomics, and transcriptomics inside 
an organism or cell. Chromatography-based MS is a crucial analytical technique for creating thorough metabolic profiles, 
chemical signaling, and underlying regulatory processes, as well as for contrasting the features of metabolic profiles 
across various species [201–203]. For instance, to assess the multifaceted abilities of secondary metabolites and biosyn-
thetic gene clusters (BGCs) produced by filamentous fungi, especially thermophiles associated with hot springs, are of 
high interest in pharmaceutical and agricultural research as well as in fungal pathogenesis, including host colonization 
and interactions with other microbes [204]. Some of the important features involved in genomic analysis of secondary 
metabolites include (i) assessing the features of effector molecules, (ii) checking antifungal resistance, (iii) regulation of 
distinct growth stages of microorganisms, and (iv) biomarker discovery.

6.2.1 � Assessing the features of effector molecules

An alternative viewpoint to the upstream annotation from the genome, transcriptome, and proteome is offered by 
analyzing metabolites, or effector chemicals from complex biological systems. An example can be seen in Candida spp., 
particularly C. albicans, which uses morphological adaptation via the generation of phenotype-switching metabolites to 
form genuine hyphae (during the process of dimorphism) as one of their primary virulence strategies. The new superbug 
C. auris can only produce pseudohyphae rather than real hyphae [205, 206]. The activation of hypha-inhibiting metabo-
lites and biofilm-forming compounds like tyrosol was the most notable difference between C. auris’ metabolic profile and 
C. albicans’ under hypha-forming circumstances, as detected using GC–MS analyses [203]. The secretion (metabolites) 
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produced by C. auris represents a profile capable of infecting the host, including secreted fatty acids to hinder the body’s 
normal ability to fight off microbes, a pyrazine derivative implicated in host-microbe colonization, and propanoic acid to 
inhibit the immune system. In summary, data derived from chromatography-based MS encourage the creation of a tool 
that can accurately identify changes within complicated cascades involved in both fungal infection and host defense 
systems for disease diagnosis and the development of antifungal drugs [203].

6.2.2 � Antifungal drugs

Using GC–MS and LC–MS (hydrophilic interaction) for comparative metabolomic study of drug-sensitive and -resistant 
strains of fungi and phospholipid-specific metabolism, respectively, ensures easy assessment of the metabolites involved 
in resistance to antifungal treatment [207]. Numerous biomarkers for drug stress and resistance were discovered using 
MS-based techniques, with a tendency toward implications for phospholipid metabolism, sphingolipid, and amino acid. 
This metabolomic study considerably improved our understanding of the evolution of drug resistance in fungal species 
and provides a complementary method to other genomics techniques for detecting resistance.

6.2.3 � Regulation of distinct growth stages of microorganisms

The distinct pathogenic feature of Colletotrichum sublineola (i.e. temporal metabolome variations) were revealed by an 
alternate method of untargeted LC–MS [202]. As harmful phytopathogen features such as the biotrophic host penetra-
tion and necrotrophic nutrient acquisition of Colletotrichum spp. pose a severe danger to the security of the world’s crops 
[208]. These features were assessed using principal component analysis (PCA) models and chemometrical characteriza-
tion of the time-related groups of endo- and exo-metabolite space, which showed dynamic changes in C. sublineola 
metabolism throughout growth. Early adaption during the stationary stage, transition, and biotrophic necrotrophic 
phases were identified as the important stages of development. C. sublineolum showed an upregulation of phytotoxin 
secretion, irrespective of the carbon source during the necrotrophic and biotrophic stages.

6.2.4 � Biomarker discovery

Recently, the properties of the metabolic profiles of several fungus species were compared using GC–MS to uncover 
biomarkers [209]. The metabolic profile of C. neoformans-infected lung epithelial cells under precise GC–MS condi-
tions showed possible disease progression indicators at the early colonization and infection phases [210]. Pantothenic 
acid—a novel prospective biomarker with the ability to differentiate C. neoformans infection, and metabolite features 
that change across co-incubation durations were found by this temporal study. Pantothenic acid (a well-known quorum 
sensing chemical in C. neoformans) has been linked to the virulence of melanization and titan cell production [211, 212].

6.3 � Proteomic diagnosis of NEFPs, infections, and associated resistomes

The outstanding technical upgrade of mass spectrometry (MS)-based proteomics has allowed for a significant break-
through in fungal-related studies during the past 20 years [213]. A wide picture of gene expression patterns is profiled by 
proteomics, which includes interaction networks, alternative protein isoforms, post-translational modifications, and the 
measurement of protein synthesis [214]. High-resolution MS may be used to generate two different proteomic applica-
tions: targeted proteomics, which quantifies specific proteins of interest, and top-down proteomics, which introduces 
fully intact proteins to be quantified and is particularly sensitive to proteoform differentiation. For studies on NEFPs, the 
unbiased, highly sensitive platform of bottom-up proteomics is used. This method submits the proteins to enzymatic 
digestion prior to MS analysis [215–218]. To ensure functional and genomic annotation profiling of fungal pathogenesis, 
involving biomarker development, virulence traits, and host-fungal interactions, these unique MS-based applications 
are capable of profiling from supernatants to the genomic level.

6.3.1 � Immunomodulation

Fungal secreted proteins have recently attracted attention because of their importance in host-fungal interactions 
and potential vaccine candidates, biomarkers, and therapeutic targets [166]. A bottom-up proteomics and cell surface 
“trypsin shaving” on Candida tropicalis, C. parapsilosis, and C. glabrata was used [219]. All Candida spp. experience protein 
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moonlighting to mimic an infection. Atypical cell walls proteins such as glyceraldehyde-3-phosphate dehydrogenase, 
enolase, and pyruvate decarboxylase were found in all isolates. The transfer of cytoplasmic proteins predominantly 
involved in internal metabolic activities to the extracellular environment for engagement in unrelated, frequently viru-
lence-associated tasks is known as moonlighting. These proteins are a recently found virulence factor for fungal infections. 
Karkowska-Kuleta et al. [220] conducted a downstream analysis to characterize the extracellular vesicular proteome of 
non-albicans Candida spp. a significant proportion of identified proteins were classified similarly as moonlighting proteins 
and naturally featured a large overlap with proteins identified on the cell surface. Some moonlighting proteins discovered 
here play functions in adhesion to human extracellular matrix proteins, including laminin, vitronectin, and fibronectin. 
In addition, patients with invasive candidiasis have shown a significant abundance of the enolase Eno1 orthologue as 
an immune-dominant antigen belonging to C. albicans [221, 222]. These immunogenic proteins secreted on the fungal 
cell wall or in vesicles could be used as possible diagnostics and vaccines for treating candidiasis.

6.3.2 � Identifying biomarkers

Intracellular pathogens of alveolar macrophages and Paracoccidioides spp. are most often associated with the newly 
discovered systemic granulomatous illness paracoccidioidomycosis (PCM). In a study by Moreira et al. [223], immune-
proteomics was used to explore potential biomarkers that help improve the ability of laboratory species-specific diag-
nosis. Here, BALB/c mice were immunized with extracellular extracts from different species of the Paracoccidioides com-
plex. Immunoprecipitation from this infection was used to identify reactive fungal extracellular antigens. The complex 
contained 79 exo-antigens, of which two were unique to Paracoccidioides lutzii. In addition, 44 epitomes belonging to 
the Paracoccidioides complex and 12 distinctly specific antigenic sequences with potential application in diagnostic and 
epidemiological surveillance were detected [223].

6.3.3 � Defining virulence

The integration of two proteomic platforms for evaluating fungus response to signaling pathway regulation offers 
a cutting-edge technology for use with novel fungal infections to gain knowledge about potential new therapeutic 
approaches and the identification of biomarkers. For instance, the infection process of Cryptococcus gattii is compara-
ble to that of other Cryptococcus spp., but it progresses more aggressively because of its strong proliferative potential, 
making it difficult to control [224]. Recently, bottom-up proteomics was used to map the survey of protein alterations 
seen in rat lungs infected with a virulent or avirulent strain of C. gattii [225]. In this study, more than 2,000 host proteins 
were found, of which 77 had differential synthesis. This included upregulation of key glucose transporters and glycolytic 
enzymes, along with decreased production of proteins involved in the tricarboxylic acid (TCA) cycle. By creating new 
supply channels for nutrients and metabolites, the host cells’ metabolism shifts away from oxidative phosphorylation 
and toward glycolytic processes of ATP production that help the pathogen replicate energetically. By measuring the 
levels of lactate and lactate dehydrogenase in C. gattii-infected lungs and lung fibroblast cells, it was determined that 
the glycolytic pathway had been activated and the TCA cycle had been downregulated. The Warburg effect, which causes 
cancer cells to proliferate, is reflected in the metabolic state of activated glycolysis and lactate build-up [226].

6.4 � Transcriptomic diagnosis of NEFPs, infections, and associated resistomes

The first effort to identify the signature of various gene expressions in a cell at a certain time came from transcriptome 
analysis. Incorporating genomic-scale techniques, such as serial analysis of gene expression (SAGE) and DNA microarrays 
that assess the abundance of specified transcript pools, has advanced transcript profiling beyond reverse transcriptase 
quantitative PCR (RT-qPCR) [227–229]. RNA-Seq, a cutting-edge approach that combines high-throughput sequencing 
and computational bioinformatics to precisely determine relative gene expression levels, is now the method of choice for 
transcriptome analysis [230]. Understanding the complex regulatory networks involved in infection governed by nutrition 
availability, environmental factors, and developmental stages is made possible by deep sampling of the transcriptome.

6.4.1 � Survival and stress responses

Biological responses to stress frequently control the survival conditions of pathogenic fungi and their receptivity to 
antimicrobial drugs. Recent research has revealed many molecular mechanisms through which fluconazole resistance 
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varies in response to acidic niches in C. glabrata biofilms. There is a high risk of death in immunocompromised persons 
exposed to C. glabrata, which causes candidemia, a nosocomial blood-stream infection, compared with other non-
albicans spp. [231]. Additionally, the capacity of the pathogen to build biofilms because they adhere to host tissues and 
medical equipment increases its resistance to antifungal agents. More than 4000 upregulated genes were discovered 
using Illumina sequencing for whole-transcriptomics of C. glabrata biofilms treated with acetate and fluconazole [232]. 
An enrichment analysis showed enhanced gene expression in the processes of DNA replication, ubiquinone production, 
and ergosterol synthesis. Meanwhile, it was observed that the degree to which fluconazole activates genes associated 
with ergosterol depends on the carbon supply. An 11.5-Mb transcriptome with more than 5000 genes was built from 
sequencing sample data in different research using C. auris biofilm cells produced throughout a range of time intervals 
[233]. Many genes encoding efflux pumps and key facilitators (i.e. the superfamily transporters) were found during the 
mature phases of biofilm production. These temporal studies using transcriptomics offer important new insights into 
the mechanisms of antifungal resistance, especially studies on Candida biofilms that have demonstrated resistance to 
the three types of antifungals.

6.4.2 � Diverse host–pathogen interface interactions

Comprehending the diverse interactions at the host–pathogen interface is critical to discover new targeted treatment 
approaches. Assessing expression levels throughout the colonization and spread of an invasive fungus and the host’s 
defensive reaction allows for a better understanding of this method. Host cell induction of molecular feedback during 
infection provides crucial insights into the virulence, invasion, and pathogenesis of the pathogenic fungi. An example 
is the use of Illumina RNA-Seq to examine the response of alveolar epithelial cells to S. aurantiacum infection. This 
study revealed more than 3,000 differentially expressed genes [177, 234]. Elevated genes with tendencies toward cell 
repair, wound healing, inflammation, and cell death were implicated in the infected host alveolar cells. Conspicuously, 
the mucin-producing gene MUC5 showed greater expression levels during infection, showing a positive reaction of 
the alveolar epithelial cells toward clearing the infection. The inflammatory NF-kB pathway and the pro-inflammatory 
cytokines, i.e. interleukin IL-11 and IL-8 were upregulated, as predicted by the gene network analysis. When other fila-
mentous lung pathogens like A. fumigatus infect human respiratory epithelial cells, the NF-kB inflammatory pathway 
promotes the generation of IL-8 [235, 236]. Host profile transcriptomics revealed that lung epithelial cells have the 
capacity to build physical barriers for defense against inhaled fungal diseases, identify nascent conidia, and initiate a 
predetermined defensive response.

6.4.3 � Determination of the virulence factor

To identify virulence factors in NEFPs, a genome-wide study combined with targeted transcriptomics remains a powerful 
tool. The respiratory tract is frequently colonized by Scedosporium spp., which are common environmental fungi previ-
ously ignored in infections in people with cystic fibrosis (CF) [237, 238]. A recent bioinformatics tool explored the use of 
A. fumigatus iron-related protein to uncover orthologues of S. apiospermum genes putatively involved in iron metabolism, 
which was made possible by the sequenced genome of S. apiospermum [239]. The assessment of several iron-regulating 
genes, viz. a vacuolar iron importer gene, reductive iron assimilation (including ferric reductase, multicopper ferroxidase, 
and iron permease), ferrisiderophore transport, and intra- and extra-cellular siderophore biosynthesis, was validated by 
targeted transcriptomics using RT-qPCR of conidia growth under iron excess or deprivation conditions [239]. S. apiosper-
mum uptake of iron was confirmed using transcriptomics, and this discovery identified a crucial virulence component 
for infection establishment in the particular iron-rich environment of a CF lung.

6.5 � Multi‑omic diagnosis of NEFPs, infections, and associated resistomes

The emergence of omics technologies for scientific findings has provided a unique understanding of the structure and 
organization of biological interactions inside an organism. However, the growing trends of readily accessible and reason-
ably priced high-throughput technologies bestow the additive power of multilayer data analyses and encourage the 
integration of several omics platforms to gain a more unified holistic perspective (Fig. 3) [240]. To link the phenotype and 
genotype, this integrated systems-level method combines single omics data. Advanced bioinformatics methodologies 
are also needed to fully integrate the biological system in order to evaluate the overwhelming flood of information [241, 
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242]. Fungal studies are revolutionized by this substantial advancement, which enables unbiased exploration of minor 
to large biological interactions with predicted accuracy.

Recent omics-based research has provided a clear understanding of the particular biological system under study. In the 
case of Rhizopus and Mucor strains, the combination of comparative genomic and RNA-seq dual-organism transcriptomic 
studies inside human airway epithelial cells showed fungal and host molecular pathways leading to disease [243]. The 
fungus Mucorales can sometimes infect healthy people, leading to outbreaks of cutaneous necrotizing soft tissue mucor-
mycosis [244, 245]. Mucormycosis is a severe opportunistic invasive human illness. The study of 41 annotated genomes 
revealed a distinct concentration of CotH-invasins in Mucorales fungus; the presence and gene copy number of CotH is 
related to species-specific pathogenicity. In RNA-sequencing of Rhizopus delemar and Rhizopus oryzae interactions with 
host cells, CotH also showed increased expression. In addition, receptor B signaling associated with platelet growth fac-
tor was present in the host transcriptional response to Mucorales, supporting an angio-invasive cause of mucormycosis. 
Another comprehensive omics research identified a special mannan on the surface of MDR C. auris that could strongly 
associate with human blood mannan-binding lectin proteins and IgG through the cell wall proteome and glycome 
[246]. Recent studies on the host immunological response to C. auris revealed that opsonization via human serum was 
necessary to trigger the release of cytokines in human mononuclear cells [247]. Mannans were also identified as essential 
elements for eliciting a larger cytokine response than that produced by C. albicans in structural and functional analyses. 
These results are important because C. auris colonization of human skin is extremely challenging to eliminate because 
it binds firmly and displaces the normal skin microbiota [248].

An in-depth comparison of two clinical C. auris isolates with a reference C. albicans strain emphasized the originality of 
combining the metabolome, proteome, and lipidome. Compared to C. auris using proteomic profiling with enrichment 
in the lipid metabolism and proteins in the TCA cycle, quantitative profiling revealed a substantial difference between 
proteins with greater abundance in the gluconeogenesis and glycolysis pathways in C. albicans. The combination of 
proteomics data and metabolite analysis supported this difference in central carbon metabolism. The route of ergosterol 
biosynthesis was also cogently delineated by this integration, showing that one of the C. auris isolates had larger concen-
trations of ergosterol itself as well as ergosterol production enzymes [249]. Likewise, the lipid profile revealed that C. auris 
had larger levels of glycerophospholipids and lysophospholipids than C. albicans, which was supported by proteome 
profiling. This method addressed a variety of issues related to NEFPs and related infections, antifungal resistance, and 
adaptability of this alarming developing pathogen, pointing to the potential for the creation of alternative therapies. 
Understanding NEFPs through the application of integrated omics technology offers vital system-level data ensuing 
disease phenotype, relating the virulence-determining factors, and the ability for emergence and endemism [177].

7 � Conclusions and future prospects

The study of neglected, emerging, and re-emerging fungal pathogens remains an important area of research and pub-
lic health concern. These pathogens are frequently overshadowed by other well-known diseases that pose a growing 
threat to global health. For instance, the emergence of superbugs, such as Candida auris, has revealed the potential for 
widespread outbreaks and high mortality rates. Future possibilities in this field are both difficult and promising.

Meanwhile, the dogma of molecular biology, which outlines the transfer of genetic information from DNA to RNA 
to protein for creating functional products, simplifies what is actually a complex and interconnected process within 
biological systems. Omics technology reflects a more dynamic understanding of biological processes and presents a 
modern approach to mycology research for the management of fungal pathogens. This approach involves tracing the 
evolution of emerging species, including lineage-specific chromosomes, identifying potential biomarkers, and describing 
finely-tuned interactions within infection settings. This wealth of information has predictive value for anticipating the 
emergence of fungal pathogens and also holds promise for precision medicine. These concepts provide an opportunity 
to mitigate the future consequences of infectious diseases. This perspective promotes swift and accurate diagnosis, fol-
lowed by efficient targeting and elimination of mycoses without causing harm to the host.

There is a need for increased awareness, surveillance, and research funding to better understand the biology and epi-
demiology of these fungal pathogens. For early detection and intervention, better diagnostics and monitoring techniques 
are crucial. Additionally, there is hope for reducing the effects of these pathogens through the development of effective 
antifungal medications and treatments, including the possible application of monoclonal antibodies. Collaboration 
among academics, healthcare providers, public health organizations and Government agencies is essential to address 
the challenging healthcare constraint posed by neglected, emerging, and re-emerging fungal infections. Moving forward, 
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it is crucial to continue to be cautious, flexible, and aggressive in dealing with these fungal pathogens because they can 
pose large obstacles in the dynamic world of infectious diseases.
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