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A B S T R A C T   

Aspergillus species are the paramount ubiquitous fungi that contaminate various food substrates and produce 
biochemicals known as mycotoxins. Aflatoxins (AFTs), ochratoxin A (OTA), patulin (PAT), citrinin (CIT), afla-
trem (AT), secalonic acids (SA), cyclopiazonic acid (CPA), terrein (TR), sterigmatocystin (ST) and gliotoxin (GT), 
and other toxins produced by species of Aspergillus plays a major role in food and human health. Mycotoxins 
exhibited wide range of toxicity to the humans and animal models even at nanomolar (nM) concentration. 
Consumption of detrimental mycotoxins adulterated foodstuffs affects human and animal health even trace 
amounts. Bioaerosols consisting of spores and hyphal fragments are active elicitors of bronchial irritation and 
allergy, and challenging to the public health. Aspergillus is the furthermost predominant environmental 
contaminant unswervingly defile lives with a 40–90 % mortality risk in patients with conceded immunity. Ge-
nomics, proteomics, transcriptomics, and metabolomics approaches useful for mycotoxins’ detection which are 
expensive. Antibody based detection of toxins chemotypes may result in cross-reactivity and uncertainty. 
Aptamers (APT) are single stranded DNA (ssDNA/RNA), are specifically binds to the target molecules can be 
generated by systematic evolution of ligands through exponential enrichment (SELEX). APT are fast, sensitive, 
simple, in-expensive, and field-deployable rapid point of care (POC) detection of toxins, and a better alternative 
to antibodies.   

1. Introduction 

Fungi are the second largest group of eukaryotes that play a signif-
icant role in human health. The widespread prevalence of fungi in the 
environment and food chain makes them hazardous for humans. My-
cotoxins contamination of agricultural produce is a serious threat to 
human health [1]. The ingestion of mycotoxins contaminated food, re-
sults acute and chronic toxicity to the humans and animals. Food and 
Agricultural Organization (FAO) suggested that about 25 % of the global 
food crops were contaminated by mycotoxins [2]. Approximately 
300–400 mycotoxins have been identified, nevertheless, Aspergillus--
derived mycotoxins have attracted the greatest attention to human, 
animal, and plant health (Fig. 1). The assessment of hazardous myco-
toxin production and toxigenic fungal species is critical in assessing food 
safety and quality [3,4]. World Health Organization (WHO) and FAO, 
addressed global problem of mycotoxin contamination in food by 

adopting strict regulatory guidelines [5,6]. The joint scientific advisory 
committee expressed the responsibility for the evaluation of health risks 
from mycotoxins (WHO/FAO) [2–5]. Aspergillus species produce various 
life-threatening biotoxins such as aflatoxins (AFTs), ochratoxins (OTA), 
patulin (PAT), citrinin (CIT), aflatrem (AT), secalonic acids (SA), 
cyclopiazonic acid (CPA), terrein (TR), sterigmatocystin (ST) and glio-
toxin (GT), and other characteristic molecules [6,7]. 

AFTs outbreaks was reported in India and stands for the 30 % food 
contamination globally. AFTs are thermostable, genotoxic, hepatotoxic, 
mutagenic, teratogenic, and carcinogenic, even nanogram levels. AFB1, 
AFB2, AFG1, and AFG2 that tainting various agronomic crops, food and 
feed and pose a potential risk to wellbeing’s. AFB1 metabolized as AFM1 
in mammals. AFG2 and AFB2 are metabolized AFG1 and AFB1 after 
ingestion, respectively. OTA and CIT synergistically causative agent of 
Balkan Endemic Nephropathy (BEN), attenuate the RNA synthesis in 
renal disorders. AT reported to cause staggers syndromes, and 
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neurodegenerative disorders in both animals and humans. Moreover, 
PAT produced by Penicillium, Aspergillus, Paecilomyces, and Byssochl-
amys, and contaminates various food and fruits. PAT prompts ulcers, 
inflammation, and intestinal hemorrhage. Similarly, CPA, GT, STC, TA 
and other small molecules/natural metabolites produced by species of 
Aspergillus exhibited extended toxicity to the humans and animals. 
Regrettably, various countries have failed to regulate the presence of 
toxins in food and feed. 

Aspergillus species are widely distributed, grow on almost all humid 
substrates, and threaten public health in indoor environments. More 
than 600 fungal species are in human contact and about 50 species are 
widely recognized and characterized in epidemiological studies. Inha-
lation is a primary route of human exposure to fungal propagules. Indoor 
fungi cause irritative disorders such as allergy and asthma. Biological 
airborne particles such as fungi, bacteria, viruses, allergens, and bio-
logical fragments are present abundantly known as bioaerosols. Fila-
mentous fungi is a significant genera of Aspergillus, Fusarium, Penicillium, 
Mucor, and Scedosporium present in the environment causing acute and 
chronic toxicity in humans. Fungal bioaerosols are readily breathable, 
consisting of spores and hyphal fragments, and are active elicitors of 
bronchial irritation and allergy. Besides, specific antigens from this 
pathogenic fungus in the environment induce hypersensitivity (HST). 
The fungal spores or occupational contaminants mediate HST and acti-
vate signs of pneumonia, inducing acute or chronic lung disease. Also, 
these spores are ingested along with food, and they can even come in 
contact with skin, leading to several conditions. Influenza-like fever, 
respiratory symptoms, organic dust toxic syndrome (ODTS), broncho-
pulmonary aspergillosis, invasive aspergillosis, pulmonary aspergilloma 
are some of the infectious diseases caused by large fungal spores in the 
atmosphere. 

Furthermore, several researchers are working on methods ranging 
from traditional densitometer thin-layer chromatography (TLC) to 
advanced and precise detection of mycotoxins. Researchers have 
developed aptamer (APT)-based diagnostics in recent years, there have 
been no attempts to adapt current technologies to prepare POC diag-
nostic platforms. APTs are single-stranded oligonucleotides (ssDNA) 
that bind to their targets in a precise manner, ranging from small organic 
molecules to biological macromolecules. Specific APT are generated by 
systematic evolution of ligands through exponential enrichment 
(SELEX) processes. The word "rapid process" generally refers to a 
method that is significantly faster than the reference method and has a 

proclivity to promote the method. Many PoC test instruments are made 
up of simple membrane-based test strips that come with a test cassette 
for the rapid detection of various toxigenic fungi and their mycotoxins. 

In this current review, authors are highlighted the Aspergillus derived 
mycotoxins in various agrarians produce, processing foods, fruits, meat, 
milk, alcoholic beverages, oil seeds, and indoor air. Besides its global 
occurrence, various toxicity such as liver, HCC, human hepatocytes, 
esophageal epithelial cells, alveolar type II (AT-II) cells, AC3F1 mouse, 
and AC3F1 mouse models, Kidney, liver cells, neurotoxic cell lines 
(SHSY5Y, neuro 2 a, HepG2 Cells), HT29, Caco-2, HEK293, yeast model, 
fibroblasts, a pulmonary tumor cell line, and human gastric epithelial 
cells (Chk1) was reviewed for the understanding the toxicity of myco-
toxins. Furthermore, proteomics, genomics, transcriptomics, and other 
OMICS approaches for the characterization, and precise detection of 
various toxins also discussed. Interestingly, aptamer-based methods, and 
other new technologies used in the study of mycotoxins was also 
discussed. 

2. Literature review methodology 

The current reviews the published research and review literature 
about the Aspergillus derived mycotoxins such as effects of aflatoxins 
(AFTs), ochratoxins (OTA), patulin (PAT), citrinin (CIT), aflatrem (AFT), 
secalonic acids (SA), cyclopiazonic acid (CPA), terrein (TR), ster-
igmatocystin (ST) and gliotoxin (GT). 

2.1. Inclusion and exclusion criteria 

This systematic review included fungal contamination of food and 
feed and effects of Aspergillus-derived toxins on food safety and human 
health. For inclusion criteria, the data obtained from diverse toxigenic 
species of Aspergillus is tabulated with specific sources of world-wide 
occurrence production of mycotoxins in food and environmental sam-
ples. The pivotal aim of the present review is to understand the preva-
lence and toxicity of Aspergillus in the food feed. Moreover, the non-toxic 
Aspergillus were excluded in this review. 

2.2. Information sources 

Owing to the medical nature of the question, the search was confined 
to PubMed, Scopus, Web of Science, and Google Scholar. About 300 
abstracts, full text, Graphical abstract published from 1960 to 2020. 
Samples of various forms of foodstuffs, outdoor air for the isolation of 
toxigenic fungi in this study. 

3. Literature review findings 

3.1. Aspergillus toxins in food chain and toxicity 

3.1.1. Aflatoxins (AFTs) 
Mold poisoning due to ergot alkaloid is known to occur for many 

decades, although acquisition notoriety only after the epoch-making 
discovery of AFTs in 1961. The severity of the toxin and its effects are 
possibly shared by nutrient scarcity, caloric deficit, alcoholism abuse, 
and contagious disease. Susceptibility to microbial infections augments 
the effects of malnutrition. Many countries have established permissible 
confines for such toxins in food and feed intended for consumption 
because of the life-threatening implications of these toxins. The Scien-
tific Committee on Food (SCF) provided a very similar strategy to the 
European Union (EU), which resulted in scientific opinions for the 
regulation of mycotoxins. Nevertheless, no specific maximum limits are 
defined in major markets globally such as India. Along with the high 
stability and accumulation of mycotoxins during grain storage and 
processing, the lack of identification of these toxins at the point of care 
(PoC) centers is of great concern. PoC are basic medical diagnoses (tests) 
performed close to the patient’s point of treatment in order to obtain 

Fig. 1. Aspergillus-derived mycotoxin contamination in food and the environ-
ment and its effects on humans, animals, and plants. 
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real-time, lab-quality outcomes in minutes. It provides users with fast, 
convenient transportation that should accurate and affordable. 

AFTs are the world’s leading food and environmental species of 
Aspergillus which account for approximately 30 % contamination on 
their own [8]. In India, there have been many mycotoxicosis outbreaks 
over the past 40 years, such as AFTs hepatitis [9]. Entero-ergotism 
outbreak in Rajasthan, Maharashtra, and Gujarat in 1976 due to the 
ingestion of bajra infected with ergot alkaloids caused degnala disease in 
buffaloes and cattle. Childhood cirrhosis [10], inclusion body hepatitis 
was found in poultry in Northern India. The extreme aflatoxicosis 
outbreak in chicken occurred in Himachal Pradesh. Gujarat and Rajas-
than were affected in western India, and 106 died during 1974 from the 
consumption of contaminated grains with toxins. A survey reported a 
total of 19,757 mycotoxins in feedstuffs in 2004, whereas, AFTs were 
more widespread in Southeast Asia [11]. 

Of all major mycotoxins, AFTs, which are a group of fur-
anocoumarins derived polyketides, are the most toxic and carcinogenic. 
AFB1, AFB2, AFG1, and AFG2 are major AFTs that contaminate various 
agricultural produce and pose a potential risk to livestock and human 

health. The biosynthetic pathway of AFTs is a complex system coded by 
a 70 kb DNA sequence (Fig. 2) with 25 genes or open reading frames 
(ORFs) representing a well-defined AFTs biosynthetic pathway gene 
cluster. The cluster of genes for the pathway is completely annotated in 
A. parasiticus containing 2.8 kb of chromosomal DNA [9]. So far, 15 
structurally and well-established intermediates and at least 23 enzy-
matic reactions have been reported for AFTs biosynthetic pathway [12, 
5]. 

3.1.2. Aflatoxin B1 (AFB1) and B2 (AFB2) 
Aflatoxins are toxic metabolites produced by various Aspergillus 

species, primarily A. flavus and A.parasiticus that pose a serious threat to 
humans and livestock health [13]. AFTs were first discovered as a 
causative agent for the disease “turkey X” in 1960 in England. These 
toxins also occur naturally in foodstuffs such as groundnuts [14], maize, 
rice [15,16], cotton seeds, legumes, cereals [17], spices [18], crude 
vegetable oils [19], and cocoa beans [20]. AFTs are classified into 
aflatoxin B1, B2, G1, and G2 [21]. 

AFT-induced epidemics have killed many turkeys, pheasants, and 

Fig. 2. Biosynthetic gene cluster A, and the aflatoxin biosynthetic pathway (B) gene cluster in Aspergillus parasiticus and Aspergillus flavus [198].  
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ducklings alike. Originally, traces of AFTs were found in the chick feed, 
which included Brazilian groundnut food [22]. Afterward, the term 
AFTs was coined, symbolizing A. flavus [23]. In Kenya, too, few acute 
aflatoxicosis patients were recorded in 1981, when a drought was fol-
lowed by heavy rainfall [24]. The AFTs’ classification is based on their 
fluorescence property. AFB1 and AFB2 belong to the blue fluorescent (B) 
group in which the lactone ring of the coumarin moiety is fused to the 
cyclopentenone ring. Whereas the members of the green fluorescent (G) 
AFG1 and AFG2 toxins are formed by the fusion of lactone ring with 
cyclopentenone ring [23]. 

AFG2 and AFB2 are both harmless until they are metabolized after 
ingestion into AFG1 and AFB1, respectively. AFB1 in mammals is further 
metabolized to various hydroxylation products, such as AFM1 (“milk 
toxin”), which is further excreted in milk [24,25]. AFB1 can also be 
converted into AFQ1, AFP1, AFB2a, AFH1, and AFL [26,27]. AFTs are 
genotoxic, hepatotoxic [28], mutagenic [29], teratogenic [30], and 
carcinogenic [31]. Specifically, the transversion mutation, G→T is 
caused by AFB1 activity. Patients who are already diagnosed with the 
hepatitis B virus (HBV) are more likely to develop hepatocellular car-
cinoma (HCC) when exposed to AFB1 [32]. However, for longer periods, 
even lower doses of AFTs can result in both immunosuppression and 
nutritional interference [5]. 

Genotoxicity of AFTs was evaluated using the γH2AX assay in HepG2 
human hepatoblastoma cells, human renal cell adenocarcinoma cells, 
and LS-174 T human epithelial colorectal adenocarcinoma cells. AFB1 
can increase the expression of transcription factor Nrf2 and decrease the 
expression of liver Acc, disrupting hepatic mitochondrial lipid produc-
tion and antioxidant capability [33]. AFB1 may change the proportion of 
DNA bases and may cause G: C to T: A and G: C to A: T transversions and 
transitions mutations, respectively in the liver cells [34]. 

A study found that 11 % of the 480 Chinese spices comprised 
noticeable amounts of AFTs, especially at higher levels in chili, prickly 
ash, and pepper [35]. Contamination with AFTB1 has been observed in 
Korean meju (crushed fermented soybean cake) at concentrations of 6.9 
μg/kg [36]. The average tolerance for AFTs in soybean, as well as 
groundnut, is 4 μg/kg according to the European Union (EU). The con-
centration of AFB1 found in feed ranged from 4.22 and 10.54 μg/kg 
[37]. Climate change leads to an increase in the AFB1 concentration in 
maize and dairy feed samples [38,39]. AFB1 exhibits carcinogenic, 
teratogenic, and mutagenic effects when compared with other toxins 
[40]. Mice deficient in the xerodermapigmentosum (XPA) gene exposed 
to AFB1 are more susceptible to both natural tumor development and 
hepatocarcinogenesis (HCC) [41]. AFTs are at the highest degree of 
contamination in butter, sugar, and dark chocolate [42]. The food fer-
menting A. oryzae M2040 strain isolated from Korean Meju may inhibit 
the development of AFB1 and the spread of toxigenic A. flavus in vitro 
and peanuts [43]. Yeasts, bacteria cells, proteins, etc. most widely used 
in animal feed as a binder to mitigate the harm caused by AFTs [44]. 

3.1.3. Aflatoxin G1 (AFG1) and G2 (AFG2) 
AFTs are commonly found in maize and other crops which are grown 

in warmer climates and present a serious threat to health in many re-
gions of the world [45]. AFG1 and AFG2 are produced by several species 
of Aspergillus. In most cases, AFG1 is documented to be at higher levels of 
contamination than AFB2 and AFG2. Interestingly, no production of 
AFB2, as observed during the sense of AFG1, AFG2 [46]. AFB1 exhibits 
higher toxicity and carcinogenicity followed by AFG1, AFB2, and AFG2. 
These contaminants are not eliminated during industrial food process-
ing, due to their high-temperature stability, as a result, they harbor even 
in bakery products and foods for infants and children [47]. Across China, 
a higher amount of AFG1 is detected in the population with elevated 
cases of gastric carcinoma and esophageal carcinoma [48]. AFG1 oral 
administration to mice, rodents, and hamsters has reduced altered he-
patocytes, hepatocellular adenomas, carcinomas, and renal-cell tumors 
of the kidney cells. Severe outcomes, including elevated serum tri-
glycerides, excessive inflammation in the liver cells, neutral fat 

accumulation, sudden autolysis of cells, death due to ingestion of food 
contaminated with AFG1 have been reported [49,50]. Feeding animals, 
affected by the consumption of toxin-contaminated groundnut cake 
(AFB1, AFB2, AFG1, and AFG2) showed the spread of connective tissue 
destroying hepatocytes and liver damage following clinical diagnosis 
[51,52]. AFG1 induced inflammatory response of the TNF-α in lung cells 
and caused in vitro oxidative DNA damage that may lead to lung carci-
nogenicity [53] 

3.1.4. Aflatoxin M1 (AFM1) and M2 (AFM2) 
AFM1 and AFM2 are usually detected after the ingestion of 

contaminated milk and milk products by humans. AFM1 is a by-product 
of AFB1 that is also reported to be toxic and carcinogenic and functions 
as a hydroxylated AFB1 metabolite in humans and animals [54,55]. 
Since cytochrome P450 (in microsome) is abundant in the liver, M1 is 
derived from AFB1 and is present in animal milk [56]. It is known to be 
hazardous to humans and is associated with carcinogenicity, genotox-
icity, mutagenicity [57]. AFB1 and AFB2 metabolites are hydroxylated 
into AFM1 and AFM2 and are usually detected in milk and milk products 
derived from animals fed on infected grains [58]. Ingestion of excessive 
quantities of AFTs or long-term intake has led to the death of milch 
animals. Also, AFTs have been reported for milk production defects, 
immune system suppression followed by reproductive efficiency, and 
resulting in the development of bovine cancers [59]. 

The carcinogenicity of in-vivo AFM1 is about 10 % higher than that of 
AFB1, AFM1 is characterized by DNA-damage, one-third compared to 
that of AFB1 [60]. Similarly, in dairy products, AFM2 is a toxic 
metabolite, which is a 4-dihydroxy derivative of AFB2 [61]. The AFM2 
residue levels which are not governed by dairy cattle regulations was 
around 15 times higher than AFM1 residue levels. On the other hand, the 
AFM2 toxicity spectrum may be lower than that of AFM1 [62]. Acute 
aflatoxicosis causes persistent symptoms of fatigue, loss of appetite, fatty 
liver, jaundice, decreased milk production in dairy cattle. Nonetheless, 
the US Food and Drug Administration (USFDA), set the maximum 
amount of AFM1 in milk as 0.05 μg/kg, [63]. 

3.1.5. Aflatrem (AT) 
Aflatrem (AT) is a potent tremorgenic toxin (indole-diterpene) pro-

duced by A. flavus and the diminutive amount by A. minisclerotigenes. 
These strains are capable to produce paspalitrems, paspaline, terpen-
doles, shearinines, penitrems, lolitrems, janthitrems, paxilline, and su-
pinates [64]. AT is known to cause neurological disorders and is visible 
as noxious food decay that grows on a variety of products [65]. Ger-
anylgeranyl diphosphate (GGPP) is a precursor of all of these metabo-
lites and they also have an indole moiety derived from tryptophan [66]. 
AT has been described to cause staggers syndromes, which include a 
variety of neurodegenerative disorders characterized by muscle tremors 
and hyperexcitability, and therefore is a health hazard for both animals 
and humans [67]. Sequences of genes that are highly similar to paxillin 
synthesis were found in the sequence data consisting of complete ge-
nomes of A.flavus NRRL3357 and A. oryzae RIB40. The genes atmG, 
atmC, and atmM which are homologous to paxG, paxC, and paxM 
respectively are required for AT production [68]. Nonetheless, the 
ATM1 locus expresses putative orthologs of only three of the seven genes 
required for paxilline biosynthesis. The remaining genes similar to the 
paxilline biosynthesis genes paxA, paxB, paxP, and paxQ were identified 
at the second locus, ATM2, and constituted a 25 kb gene cluster [69] 
(Fig. 3). 

3.1.6. Ochratoxins 
Ochratoxins are secondary metabolites of fungal origin which are 

chemically known as OTA, OTB, and OTC. The OTB and OTC are less 
toxic, because of the absence of chlorine [70]. OTA is derived from a 
β-phenylalanine-associated polyketide synthase (PKS) (dihy-
drocoumarin family) [71]. While there is a great deal of knowledge 
about toxigenic properties of OTA, unlike other important mycotoxins, A 
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detailed biosynthetic pathway of OTA in any fungal species (Fig. 4). The 
isocoumarin group is widely believed to be a pentapeptide formed from 
acetate and malonate throughsynthetic PKS pathways. OTA biosynthesis 
requires a PKS gene which is known to be the main enzyme [72]. The 
heterocyclic component of OTA is similar in structure to mullein pro-
duced by A. ochraceus, A. westerdijkiae, and A. melleus. 

OTA is produced primarily by the species of Aspergillus and Penicil-
lium, which are distributed worldwide [53].It is a significant and 
detrimental toxin [54], which contaminates a variety of foodstuffs, such 
as grapes [55], coffee [56], cocoa, nuts [57], infant food [58], wine [59], 
corn [60], rice [61], wheat [62], meat [63], cheese [64], beer [65], 
feedstuffs [66], oilseeds [62] and indoor air [1]. OTA is produced during 
crop storage and is responsible for various cyanogenic effects in animals. 
This toxin primarily affects the kidneys and also harms the immune 
system. Contrary to strong evidence of renal organ toxicity and renal 
organ cancer in animals exposed to OTA, there is no evidence of damage 
of renal organs in humans, but effects on the renal organs are incon-
testable. Furthermore, OTA is also confirmed to be, neurotoxic, hepa-
totoxic, immunotoxic, genotoxic, embryotoxic, teratogenic, and 
carcinogenic in animals and humans [67,68]. Humans are exposed to 
OTA by numerous routes such as dietary route, dermal contact, and by 
inhalation [69]. International Agency for Research on Cancer (IARC), 
classified OTA to a human Group 2B carcinogen (IARC, 1993). OTA has 
also been detected in animal and human body fluids and kidneys [69, 
70]. OTA is not completely removed during cooking [72]. It can also 
withstand 3 h of sterilization at 121 ◦C and higher temperatures and can 
be only partially degraded at 250 ◦C [73] OTA absorption occurs in the 
stomach, which plays a crucial role in enterohepatic circulation. More-
over, OTA decreases the ability of the kidney to absorb the filtrate and 
has detrimental effects on the glomerular filtration rate which impairs 
the function of the kidneys epithelial cells [74]. The majority of animals 
affected by the consumption of contaminated feed from OTA are horses, 
cattle, goats, pigs, sheep, poultry, swine [75], and birds [76]. Laying 
chicks had exhibited medical symptoms of OTA intoxication. In poultry 
birds, reduction as well as delay in egg and weight development, 
increased number of discolored eggs, decalcification of eggshells, shape 
change, high urates content resulting diarrhea, refusal of feed, frailty, 
and even death [77]. 

Geno-toxicity of OTA treatment was induced increased levels of 
apoptosis, expression of oxidative stress genes studied on male Wistar 
rat’s kidney [78,79]. Also, an increased percentage of DNA in the tail 
observed in Vero-E6 cell lines [80]. The combined toxicity of OTA, AFTs, 
and OTA, PAT exhibited the significant DNA strand break upon exposure 
of 60 min studied on human peripheral blood lymphocytes [81,82]. 

Fig. 3. Proposed biosynthesis scheme for aflatrem biosynthesis in Aspergillus flavus [70].  

Fig. 4. Hypothetical OTA biosynthetic pathway [72].  
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OTA has been isolated from A. ochraceus, but studies have shown that 
diverse fungal species are also capable of producing OTA [83]. A. car-
bonarius, A. ochraceus, and A. westerdijkiae produce a huge quantity of 
OTA in grape products [84,85] and coffee beans [73,86,87]. Also, 
A. niger aggregates have been reported as OTA producers on natural 
substrates and section Nigri produces a smaller amount of OTA than 
A. carbonarius [88,89]. A. lacticoffeatus and A. sclerotioniger also produce 
OTA [90]. A. pseudoelegans, A.cretensis, A. roseoglobulosus, A. flocculosus, 
A. sclerotiorum, A. sulphurous, A.ochraceushave been reported as OTA 
producers [91–93]. And details of OTA producing Aspergillusspecies 
(94–158) are depicted in Table 1. 

OTA is a causative agent of Balkan Endemic Nephropathy (BEN), a 
progressive disorder that results in irreversible human kidney failure. 
Moreover, due to its strong binding to human serum macromolecules, it 
has a prolonged serum half-life which delays its removal from the body 
[159]. OTA biotransformation can be brought about by Cytochrome 
P450 3A4 (CYP 3A4), Cytochrome P450 Family 1 Subfamily A Member 1 
(CYP 1A1), and Cytochrome P450 2C9 (CYP 2C9-1) [160]. DNA adducts 
may also occur in animals that are exposed to OTA [161]. Due to OTA 
toxicity; oxidative stress, liver toxicity, nephropathy, cell apoptosis, cell 
autophagy, calcium homeostasis, protein synthesis inhibition, etc. have 
been observed [75]. The mTOR/AKT pathways are remarkably decon-
trolled in rodents after exposure to OTA and this contributes to the 
carcinogenicity of kidney cells [162]. 

3.1.7. Citrinin (CIT) 
Citrinin (CIT) is a polyketide metabolite of P. citrinum and is char-

acterized as an antibiotic that acts against bacteria, bacteriophages, 
sarcomas, protozoa, and animal cells [163]. It is a renal toxin that affects 
poultry birds, domestic animals, and humans [164], CIT is involved in 
the etiology of endemic nephropathy, and is also genotoxic, embry-
ocidal, and fetotoxic although the CIT molecular mechanism of toxicity 
is not completely unknown [165]. It shows structural similarity to OTA. 
Several species can produce CIT, among them are A. alabamensis, A. 
carneus, A. floccose A. allahabadii, A. hortai, A. neoindicus, A. pseudo-
terreus, A. niveus, and A. flavipesare important species [94,103]. 

CIT and OTA both function synergistically to attenuate the activity of 
RNA synthesis in renal tissue [166,167] and causes renal disorders as a 
result of the development of DNA adduct with an increase in the for-
mation of C-C8dG-OTA adduct [168]. Interestingly, the possibility of 
carcinogenesis in humans is significantly increased by CIT and OTA 
[169]. M. ruber is capable of biosynthesis of CIT along with natural red 
dye [170]. Moreover, Aspergillus and Penicillium, synthesizing CIT indi-
cate a potential difference in the CIT biosynthetic pathway from that of 
M. ruber (Fig. 5), but they don’t produce any pigment. CIT is formed by 
the condensation of a single acetyl-CoA molecule with four malonyl CoA 
accompanied by the addition of three methyl units in Aspergillus species 
[171]. 

3.1.8. Patulin (PAT) 
Patulin (PAT) is a toxic metabolites produced by about 30 genera 

belonging to Penicillium, Aspergillus, Paecilomyces, and Byssochlamys, etc 
which in food and fruits [124,172]. Genus Aspergillus, Clavati group: 
A. clavatus, A. giganteus, and A. longivesica can producePAT [120]. It was 
evaluated for human medicinal purposes under the drug forename, 
Tercinin as a probable antibiotic but had been abandoned due to its 
toxicity to humans and animals [173]. Due to its suspected toxicity, PAT 
has been included in the list of mycotoxins and its level in foods is 
limited in several countries. Permissible amounts of PAT in juices (50 
μg/L), solid apple products (25 μg/L) have been laid down, and foods 
intended for infants and children [174]. Structurally PAT has a strong 
affinity to the sulfhydryl groups (S–H) which describes its inhibition of 
various enzymes [175]. It induces ulcers, inflammation, and intestinal 
hemorrhage [176], as well as reduction of TEER (trans-endothelial 
electrical resistance), mediated inactivation of protein tyrosine phos-
phatase in human intestinal cell lines HT29 and Caco-2 [175]. PAT 

affects human embryonic renal cell development (HEK293) resulting in 
increased oxidative stress and eventually apoptosis [172,177]. It also 
results in increased levels of Th2 cytokine and elevated production of 
IFN-gamma, causes airway hyperactivity, hemorrhage, enlarged inter-
stitial tissue, cortex dilation and fibrosis [178], increased serum ALT 
(alanine transaminase), AST (aspartate transaminase), lipid peroxida-
tion and leads to cell damage [179]. 

On another hand, it leads to reduced activity of glutathione peroxi-
dase and glutathione reductase activity [179] which leads to type 2 
diabetes and is further associated with diabetic nephropathy. Mito-
chondrial ATP depletion and lysosomal failure were diagnosed with PAT 
exposure [180]. Expression of p53, bax, and cytochrome C was observed 
when rats were exposed to PAT, along with the downregulation of bcl2 
in kidney cells [181]. PAT also leads to glomeruli disintegration and 
hemorrhage of the kidney [182]. 

Biosynthetic gene clusters linked to PAT biosynthesis have been 
established. PAT biosynthesis is catalyzed by 6-methyl salicylic acid 
synthase (6MSAS). The isoepoxydon dehydrogenase (IDH) gene which is 
encoding the seventh enzyme involved in PAT biosynthesis in 
P. griseofulvum. A cluster of 15 genes located in the 40 kb region is 
involved in PAT biosynthesis in A. clavatus [119]. The formation of 
6-methyl salicylic acid (6MSA) by condensation of one acetyl-CoA and 
three malonyl-CoA units is carried out by acetyl and malonyl trans-
ferase, ketoacyl synthase, ketoreductase, and dehydratase [183], and 
the complete biosynthetic pathway is depicted in Fig. 6. 

3.1.9. Terrein (Ter A) 
Terrein (Ter A) is a secondary, toxic metabolite isolated from several 

species of Aspergillus viz, A. terreus, A. lentulus, A. novofumigatus, A. 
fischeri, A. stellatus [147,148]. The complete biosynthetic pathway is not 
clearly defined, but there are 11 putative genes and their role in TR 
biosynthesis was elucidated [184]. Ter A has several effects, including 
anti-inflammatory anti-oxidant [63], anti-proliferative, and 
skin-whitening properties [35]. Ter A demonstrated angiogenesis inhi-
bition in the androgen-dependent cell line (LNCaP-CR) of prostate 
cancer [185]. The biosynthetic pathway of Ter A is shown in Fig. 7. 
Initially, TerA produces compounds 5 (4-HMP; 4 hydroxy 6 methyl-
pyranone), 4 (OA; orsellinic acid), and 6 (2,3-dehydro-6-HM; 6-hydrox-
ymellein) by condensing acetyl-CoA with two, three, or four 
malonyl-CoA units. 6-HM (6-hydroxymellein) serves as a precursor for 
terrein production [184]. Ter A also functions as a proteasome inhibitor 
by reducing chymotrypsin activity and encourages apoptotic cell fatality 
in tumoral cell lines of the human lung (NCI-H292) [186]. It also inhibits 
human breast cancer cell proliferation [187]. The Ter A toxicity study of 
human lung and Zaehleenocarcinoma epithelial cell line showed inhi-
bition of cell viability, proliferation, and morphological changes [177]. 
It also leads to the secretion of vascular endothelial growth factor 
(VEGF) and phosphorylation of STAT3, ERK1/2, and JNK1/2 in HGFs 
[188]. 

3.1.10. Gliotoxin (GT) 
Gliotoxin (GT) belongs to a class of cyclic dipeptides of fungal me-

tabolites epipolythiodioxopiperazin (ETP) initially discovered in Glio-
cladium fimbriatum [189–191]. Later production of GT was identified in 
A. fumigatus, Eurotium chevalieri, Trichoderma, and Penicillium. GT 
biosynthetic gene is responsible for ETP biosynthesis [192] and 
currently, 12 biosynthetic pathway genes that are responsible for GT 
biosynthesis have been identified in A. fumigatus. The ETP biosynthesis 
genes code for sirodesmin biosynthesis and other ETP-type toxins are 
gliovirin, epicoccin A, sirodesmin A, and sporidesmin A. The GT gene 
cluster comprises 13 genes consisting of gliZ, gliI, gliJ, gliP, gliC, gliF, 
gliM, gliG, gliK, gliA, gliN, gliT, gliH [193]. However, GT biosynthesis 
continues to revolve around several open issues in GT biosynthesis 
(Fig. 8). The GT has various adverse reactions including genotoxicity, 
immunosuppression, apoptosis, and cytotoxicity. This toxin also 
demonstrated strenuous genotoxic effects, DNA damage, and inhibition 

V. Navale et al.                                                                                                                                                                                                                                  



Toxicology Reports 8 (2021) 1008–1030

1014

Table 1 
Worldwide occurrence of Aspergillus species and production of mycotoxins in food and the environment.  

Name of Toxin Aspergillus species Occurrence References 

Aflatoxin G1  

Molecular Formula: C17H12O7 

Molecular Weight: 328.27 g/mol 
Aflatoxin G2   

Molecular Formula: C17H14O7 

Molecular Weight: 330.29 g/mol 

A. arachidicola 
A. arachidicola sp. nov 
A.minisclerotigenes sp. nov. 
A. bombycis 
A. flavus 
A. minisclerotigenes 
A. nomius 
A. parasiticus 
A. parvisclerotigenus 
A. pseudotamarii 
A. toxicarus 
A. rambellii 
A. korhogoensis 
Aspergillus pseudocaelatus 
A. caelatus 
A. novoparasiticus 
A. terreus 

Brazilian 
corn kernels 
Argentinean peanuts 
Poultry feed 
Blackand whitepepper 
Peanuts 
Arachis burkartii leaf 
Corrientes province, Argentina 

[94] 
[95] 
[23] 
[96] 
[97] 
[98] 
[99] 
[100] 
[101] 

Aflatoxin B1  

Molecular Formula: C17H12O6 

Molecular Weight:312.2798 g/mol 
Aflatoxin B2   

Molecular Formula: C17H14O6 

Molecular Weight: 314.29 g/mol 

A. arachidicola 
A. arachidicola sp. nov 
A.minisclerotigenes sp. nov. 
A. bombycis 
A. flavus 
A. minisclerotigenes 
A. nomius 
A. parasiticus 
A. parvisclerotigenus 
A. pseudotamarii 
A. toxicarus 
A. rambellii 
Emericellavenezuelensis 
(A. venezuelensis) 
A. korhogoensis 
A. tamarii 
Aspergillus pseudocaelatus 
A. pseudonomius 
A. caelatus 
A. novoparasiticus 

Brazilian corn kernels 
Argentinean peanuts 
Poultry feed 
Black and white pepper 
Peanuts 
Arachis burkartii leaf 
Corrientes province, Argentina 
Insects and soil in the USA 

[102] 
[95] 
[63] 
[96] 
[97] 
[103] 
[104] 
[98] 
[105] 

Aflatoxin M1  

Molecular Formula:C17H12O7 

Molecular Weight:328.27 g/mol 
Aflatoxin M2   

Molecular Formula:C17H14O7 

Molecular Weight:330.29 g/mol 

A. arachidicola 
A. arachidicola sp. nov 
A.minisclerotigenes sp. nov. 
A. bombycis 
A. flavus 
A. minisclerotigenes 
A. nomius 
A. parasiticus 
A. parvisclerotigenus 
A. pseudotamarii 
A. toxicarus 
A. rambellii 
A. korhogoensis 
A. novoparasiticus 

Brazilian corn kernels 
Argentinean peanuts 
Poultry feed 
Black and White Pepper 
Peanuts 

[100] 
[95] 
[23] 
[96] 
[97] 
[98] 
[105] 

Ochratoxin A  

A. ochraceus – [71] 

A. affinis Italy 
[106] 
[107] 

A. alliaceus 
Australia 
Worldwide (Argentina, Australia, Canada, Egypt, France, Greece, Hungary, 

[100] 
[108] 

(continued on next page) 
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Table 1 (continued ) 

Name of Toxin Aspergillus species Occurrence References 

Molecular Formula: C20H18O6ClN 
Molecular Weight: 403.8 g/mol 

Lybia, Mexico, Netherlands, New Zealand, Russia, Saudi Arabia, Spain, Tunisia, 
Turkey, UK, USA) 

[109] 
[110] 

A. auricomus Queensland, Australia 
[102] A. albertensis Edmonton, Canada 

A. carbonarius 
Southern Thailand 
Food products and tropical soil 

[111] 
[112] 
[113] 

A. lanosus India 
[6] 
[114] 

A. niger Southern Thailand, Northern Thailand 
[111] 
[112] 

A. ochraceus Australia 

[102] 
[109] 
[107] 
[115] 

A. ostianus – 
[109] A.petrakii – 

A. melleus – 
A. sclerotiorum Chaing Mai, Thailand [102] 

[109] A. sulphureus Mysore, India 
A. sclerotioniger – [112] 
A. lacticoffeatus – 
A. cretensis – 

[107] 

A. fresenii – 
A. muricatus – 
A. occultus – 
A. pseudoelegans – 
A. pulvericola – 
A. roseoglobulosus – 
A. sesamicola – 
A. steynii – 
A. westerdijkiae – 
A. ochraceopetaliformis – 

Ochratoxin B  

Molecular Formula: C20H19NO6 

Molecular Weight: 369.37 g/mol 

A. alliaceus 

Australia 
Worldwide (Argentina, Australia, Canada, Egypt, France, Greece, Hungary, 
Lybia, Mexico, Netherlands, New Zealand, Russia, Saudi Arabia, Spain, Tunisia, 
Turkey, UK, USA) 

[102] 
[108] 
[109] 
[110] 

A. auricomus Queensland, Australia [102] 
A. wentii Indonesia 

A. carbonarius Southern Thailand 
[111] 
[112] 
[113] 

A. lanosus India 
[6] 
[114] 

A. niger Southern Thailand, Northern Thailand [111] 
[112] 

A. ochraceopetaliformis – [107] 

A. ochraceus Australia 

[102] 
[109] 
[107] 
[115] 

A. sclerotiorum Chaing Mai, Thailand [102] 
[109] A. sulphureus Mysore, India 

A. melleus – 
[109] A. ostianus – 

A. petrakii – 
Ochratoxin C  

Molecular Formula: C22H22ClNO6 

Molecular Weight: 431.9 g/mol 

A. ochraceopetaliformis – [107] 

A. ochraceus Australia 

[102] 
[109] 
[107] 
[103] 

Citrinin  
A.alabamensis 
A.allahabadii 
A.carneus 
A.floccosus 
A.hortai 
A.neoindicus 
A.niveus 
A.pseudoterreus 

Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 

[94] 
[116] 
[117] 
[118] 

(continued on next page) 
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Table 1 (continued ) 

Name of Toxin Aspergillus species Occurrence References 

Molecular Formula: C13H14O5 

Molecular Weight: 250.25 g/mol 
A.oryzae 
A.terreus 
A.candidus 
A.flavipes 
A.iranicus 
A.urmiensis 
A.aventil 
A.ostianus 
A.fumigatus 
A.awemori 
A.parasiticus 
A.niger 

Soil 
Soil 

Patulin  

Molecular Formula: C7H6O4 

Molecular Weight: 154.12 g/mol 

A.clavitus 
A.giganteus 
A.terreus 
A.longivesica 
A.amstelodami 
A.candidus 
A.echinulatus 
A.flavus 
A.fumigatus 
A.manginii 
A.ochraceus 
A.oryzae 
A.parasiticus 
A.petrakii 
A.repens 
A.sydowii 
A.tamarii 
A.variecolor 

Cereals,malt,Apple, 
Pear,Cherry 
Soil 

[119] 
[120] 
[121] 
[122] 
[123] 
[124] 

Cyclopiazonic acid  

Molecular formulae:C20H20N203 

Molecular Weight: 336.39 g/mol 

A. aflatoxiformans 
A. oryzae 
A. austwickii 
A. bertholletius 
A. cerealis 
A. flavus 
A. minisclerotigenes 
A. mottae 
A. pseudocaelatus 
A. pseudotamarii 
A. sergii 
A. tamarii 
A. aculeatus 
A. lentulus 
A. parvisclerotigenus 
A. versicolor 
A. pseudocaelatus 
A. phoenicis 
A. fumigatus 
A. pipericola 
A. hancockii 
A. korhogoensis 
A. caelatus 
A. fumisynnematus 

China 
Japan 
Argentina 
Nigeria 
USA 

[116] 
[125] 
[126] 
[127] 
[128] 
[95] 
[129] 
[130] 
[131] 
[99] 
[95] 
[132] 
[133] 
[134] 
[98] 

Secalonic acid A  A. Ochraceous 
C. purpurea 
Pyrenochaetaterrestris 
Cetraria ornate 
Parmeliaeutotheiochroa 
Pseudoparmeliasphaerospora 
P. hypomilta 

Brasil 
Canada 

[135] 
[136] 
[137] 
[137] 
[138] 

Secalonic acid B  A. homomorphus 
Clavicepspurpurea 

– [103] 
[122] 

C. purpurea 
Cetrariaornata 

– [122] 
[137] 

(continued on next page) 
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Table 1 (continued ) 

Name of Toxin Aspergillus species Occurrence References 

Secalonic acid C  

Secalonic acid D  Aspergillus labruscus 
A. aculeatinus 
A. aculeatus 
A. homomorphus 
A. uvarum 
A. pseudoheteromorphus 
A. japonicus 
Penicilliumovalicum 

Brazil 
Thailand 
Europe 

[139] 
[140] 
[141] 
[103] 
[111] 
[142] 

Secalonic acid E  P. terrestris – [136] 

Secalonic acid F  A. aculeatinus 
A. aculeatus 
A. homomorphus 
A. uvarum 
A. japonicus 

Thailand 
Europe 

[140] 
[141] 
[112] 
[111] 

Secalonic acid G  P. terrestris – [136] 

Secalonic acid H P.oxalicum – [143] 
Secalonic acid I P. oxalicum – [143] 
Aflatrem  

Molecular formulae:C32H39NO4 

Molecular Weight: 501.67 g/mol 

A. flavus 
A. oryzae 
A.minisclerotigenes 
A. aflatoxiformans 
A. austwickii 
A. cerealis 
A. pipericola 
A. sergii 
A. fumigatus 
A. korhogoensis 
A. parvisclerotigenus 

New Jersey 
USA 
Nashville 
Germany 

[144] 
[126] 
[127] 
[116] 
[95] 
[145] 
[98] 

Terrein  
A.terreus 
A.lentulus 
A.novofumigatus 
A.fischeri 
A.stellatus 
A.monodii 
A.olivicola 
E.enezuelensis 
E.variecolour 

– 

[146] 
[147] 
[131] 
[148] 

(continued on next page) 
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of human lymphocyte development [194]. 

3.1.11. Sterigmatocystin (STC) 
Sterigmatocystin (STC) is a toxic metabolite belonging to fungal 

polyketides, a precursor for AFB1, and is one of the most significant 
carcinogenic toxins. STC was isolated in 1957 for the first time from 
A. versicolor but it is also produced by several Aspergillus species. STC 
contamination occurs in several crops and is detected frequently in food 
grains, green coffee beans, spices, and dairy products [195,196]. 
Furthermore, agricultural commodities contaminated with these fungi 
contain elevated concentrations of STC. A. flavus and A. parasiticus 
infestation are responsible for trace amounts of STC, which is converted 
into AFTs [87]. The structure of the STC is closely related to AFB1, but 
the lethal potency of the STC is about one-tenth (1/10th) of AFB1 [197]. 
The STC biosynthesis pathway includes a 60-kb genome region con-
taining a cluster of 25 genes required for STC biosynthesis (Fig. 9) [198]. 
It has many toxic effects such as immuno-modulatory activity [193], 
mutagenic [200], chromosomal damages [201,202], cytotoxicity [203], 
inhibition of cell-cycle [204,205], oxidative stress in liver of chicks 
[206]. DNA damage in the human liver [207] and reactive oxygen 
species (ROS) that leads to lipid peroxidation [208]. There is no regu-
lation for the maximum allowed limit of STC in the food chain. Never-
theless, from a scientific point of view, the European Food Safety 
Authority (EFSA) acknowledged the possibilities of STC contamination 
in food and feed [209]. Besides, STC contamination of rice has been 
reported globally [196]. 

3.1.12. Cyclopiazonic acid (CPA) 
Cyclopiazonic acid (CPA) is a secondary metabolite (indoletetra-

meric acid) isolated from species of Aspergillus and Penicillium [210], 

Table 1 (continued ) 

Name of Toxin Aspergillus species Occurrence References 

Molecular Formula: C8H10O3 

Molecular Weight: 154.16 g/mol 

Sterigmatocystin 

A. versicolor Unknown  
A. ustus Unknown [149] 
A. fructus Date fruit [150] 
A. protuberus Indoor Air [150] 
A. tennesseensis Chestnut Seed [150] 
A. cvjetkovicii Soil [150] 
A. griseoaurantiacus House Dust Sample [107] 
A. hongkongensis Human [151] 
A. pepii sp. Nov Indoor Air [152] 
A. chevalieri Unknown [153] 
A. amstelodami Unknown [153] 
A. multicolour Unknown [149] 
A. aurantio-brunneus Unknown [149] 
A. amstelodami Unknown [149] 
A. parasiticus Unknown [149] 
A. flavus Unknown [149] 
A. rambellii sp. nov. Unknown [99] 
A. askiburgiensis Cave sediment [154] 
A.croceus Invertebrate and Vertebrate excreta, Soil [154] 
A.fruticulosus Unknown [155] 
A.venezuelensis Marine origin [103] 

Gliotoxin  

Molecular Formula: C13H14N2O4S2 

Molecular Weight: 326.4 g/mol   

A.fumigatus 
A.clavatus 
A.thermonutatus 
A.niger 
A.flavus 
A.terreus 
A.chevalieri 

– 
[156] 
[157] 
[158]  

Fig. 5. Biosynthesis of citrinin (CIT) in Aspergillus and Penicillium is indicated 
by the dashed arrow and red pigment in M. ruber [304]. 
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originally discovered in P. cyclopium Westling (Synonyms: 
P. griseofulvum Dierckx). P. cyclopium was isolated from groundnuts that 
induced acute toxicosis in ducklings and rats [134,211]. Historically, 
CPA has also been reported to occur in food commodities of plant origin 
and is frequently detected in peanuts and maize. Prevalence of CPA has 
been observed in corn, peanuts, Kodo millet, sunflower seed, rice, 
cheese, poultry quail feed, and is associated with alleged field outbreaks 
of CPA toxicity [212,213,210]. CPA is a common mycotoxin and 
co-occurs with AFTs and is identified to be the causative agent of Turkey 
X disease. Apart from being harmful to rats, pigs, guinea pigs, chickens, 
dogs, CPA is also carcinogenic to humans. In addition to CPA, 
P. cyclopium also produces non-toxic indole derivatives, such as 
α-cyclopiazonic acid-imine (α-CPA-imine), and bissecodehy-
drocyclopiazonic acid (β-CPA) [204]. CPA has been isolated from the 
Kodo millet seed (Paspalum scrobiculatum) which causes symptoms of 
‘Kodua poisoning’ in humans [214]. It results in sleepiness and tremors. 
Kodo millet is a staple food in North India, when contaminated with 
A. flavus and A. tamari, its ingestion was often found to cause intoxica-
tion and poisoning [215,216]. Unintended household CPA consumption 
in Uttar Pradesh, India has expressed signs of giddiness and nausea 
[217]. Intra-peritoneal injection of CPA showed depression and mobility 
defects. Also, cattle poisoning is characterized by signs of deficiency in 
muscle strength, overwhelming gait, and depressive disorders. Cattle 
usually recover after a few days but sometimes CPA poisoning is fatal 
[218]. Upon ingesting contaminated feed with CPA, animals displayed 
rigorous gastrointestinal upsets and neurodegenerative disorders [128]. 
CPA also showed adverse effects on the liver, kidney, heart, digestive 
tract along with degenerative changes, necrosis, accumulation in the 
skeletal muscle of rats and chickens [213]. 

Humans are exposed to this toxin through the ingestion of dairy 
products such as cheese, milk, eggs, and meat showing toxic effects 

[219]. Contaminated milk affects weight loss, necrosis and viscera, 
seizure, and death [220,221]. Synergistic activity of AFTs and CPA could 
adversely affect the performance of broiler chicken causing high mor-
tality [222]. CPA is harmful when given orally to swine, guinea pigs, and 
dogs that target the alimentary tract, liver, kidneys, and skeletal muscle. 
CPA is a major contaminant of maize (51 %) in the USA with an average 
level of up to 2.8 mg/kg. About 90 % of the peanut samples showed 
visible damage [223]. P. camemberti is a major food and feed contami-
nants and 20 commercial cheese product which is capable of producing 
CPA. P. camemberti and A. oryzae are used globally for the production of 
fermented foods [224]. 

The tetramide biosynthetic gene cluster is responsible for CPA 
biosynthesis. CPA-related cyclopiazonate scaffold is derived from cyclo- 
acetoacetyl L-tryptophan (cAATrp) and β-CPA, which are assembled in a 
three-enzyme pathway Fig. 10 [225]. The immediate precursor of α-CPA 
is the tricyclic β-CPA, this conversion is catalyzed by oxidocyclase 
(CpaO), whereas dimethyl allyltransferase (CpaD) catalyzes the con-
version of cyclo-acetayl -L-tryptophan (cAATrp) to β-CPA. The first 
enzyme is a hybrid two-module PKS-NRPS (CpaS), homologous to other 
sequenced fungal tetramate synthetases, that is responsible for the 
synthesis of tetramate cAATrp [226] is shown (Fig. 11). 

3.1.13. Secalonic acids 
Secalonic acid (SA) is an important natural and versatile secondary 

metabolite of fungal species. SA has been isolated from the ergot fungus 
Claviceps purpurea in 1906 and reported by Kraft in 1906. Twenty-two 
members of SA were structurally identified as dimers of six mon-
oxanthones, A–F [227,228]. SAA, SAB, SAC, SAD were isolated from 
Claviceps purpurea, P. oxalicum, and A. ochraceus [228,229]. SAA atten-
uates the cytotoxicity of colchicine in rat cortical neurons [230]. SAA, 
SAE, and SAG are known as yellow pigments isolated from P. terrestris. 

Fig. 6. Scheme of patulin biosynthetic pathways [303].  
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SA’s exhibits extensive biological activity such as anticancer, antimi-
crobial, antitumor, and anti-HIV [231–233]. Furthermore, SA is closely 
related to ergofalvin and ergochrysin A that are collectively referred to 
as ergochromes which grow on ryegrasses [231]. Antitumor activities of 
SA against Ehrlich ascites carcinoma, sarcoma-180, and mice tumors 
induced by Rous sarcoma virus have been documented [234]. SAD is 
highly toxic, teratogenic, and weakly mutagenic mycotoxin and is a 
common contaminant in the United States. SAD, a teratogenic toxin has 
effects on pregnant mice and its progeny and acts in a dose-dependent 
response that leads to neurotoxicity [235]. SA with dimeric tetrahy-
droxanthenone skeleton is less toxic to humans but has a wide variety of 
anticancer and antimicrobial activities, including the inhibition of 
topoisomerase 1 and Protein kinase C [236,61]. SAD could inhibit 
VEGF-mediated angiogenesis through the Akt/mTOR pathway in breast 
cancer [237]. 

SAD not only inhibits responsive cell growth and induced leukemia 
but also inhibits multidrug-resistant cells [139,238]. Moreover, SAD 
produces symmetrical tetrahydroxanthone derivatives, which are part of 
novel DNA topoisomerase I inhibitors [239], which regulates the 
conformational alterations in DNA topology. SAD a comparatively low 
toxic molecule shows a promising antitumor, anticancer activity, and 
relatively safe for exploration [240]. SAF has anticancer activity, pre-
vents proliferation, and promotes the apoptosis of HepG2 cells. Never-
theless, the underlying mechanisms and other biological activities of 

SAF remain unknown. 

4. OMICS tools for mycotoxin detection 

Mycotoxins produced mainly by Aspergillus, Penicillium, and Fusarium 
have intensive toxic effects on humans, plants, and animals. Owing to 
the dynamic biosynthetic pathway genes, these toxins are diverse in 
chemical structures and biological activities and can be integrated into 
several ways. Such mycotoxins are often involved in the entire food 
chain therefore they have to be systematically identified and monitored. 
The co-occurrence of the various toxins in agricultural fields, which 
makes it necessary for the development of coherent detection methods. 
Conventional approaches such as LC–MS, HPLC, HRMS, etc. must be 
replaced with modern methodologies that can easily detect the toxins. 
OMICs tools like genomics, proteomics, transcriptomics, and metab-
olomics have been used to classify and quantify the biosynthetic genes 
for mycotoxins and can be used for their detection in the food chain 
[241]. 

4.1. Metabolomics 

Metabolomics is the study of chemical processes and products of 
metabolisms that includes small molecules and other various metabo-
lites. It is based on targeted or non-targeted approaches [242,243] and 
analyzed with the help of several databases such as METLIN, Chem-
Spider, and PubChem. In 1970 Scott et al. performed thin layer chro-
matography (TLC) as the first traditional method in which 18 
metabolites including aflatoxins B1, B2, G1, G2, and OTA were identi-
fied [244]. Mycotoxins can be identified quantitatively as well as 
qualitatively using LC–MS/MS [245], due to their high selectivity and 

Fig. 7. Terrein biosynthetic pathway in Aspergillus terreus [184].  

Fig. 8. Gliotoxin (GT) biosynthetic gene cluster of Aspergillus fumigatus [193].  
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sensitivity in nanogram levels (ng) [246]. 
Later, ultra-high-pressure liquid chromatography (UHPLC) coupled 

with SCIEX triple quad MS system (QDMS) was performed to detect 26 
mycotoxins in commercially available finished grain or nut products 
[247]. LC–MS/MS and LC-HRMS were used to detect 24 mycotoxins that 
were identified from pigs, broiler chickens, and biological matrices 
[248]. Time-of-Flight (TOF) and Orbitrap HR-MS are the most widely 
used techniques for the evaluation of untargeted toxin-metabolites 
[249] with the utmost sensitivity, selectivity, and precise mass resolu-
tion. Furthermore, HRMS has been used to classify 28 different toxins 

and 245 fungal, as well as bacterial metabolites in pet food [250]. The 
MS-based protein analysis technique is very effective and improves 
rapidly in terms of specificity and accuracy [251]. Several researchers 
have identified a wide range of microbes such as bacteria, yeast, and 
fungi, and their role in toxicity [252]. 

4.2. Genomics 

The analysis of mycotoxin-producing species involves the study of 
the genomes of these organisms, the comparison of the sequenced 
genome with the related organisms, and the identification of the cor-
responding homologous proteins [253]. The first analysis was per-
formed by using USDA/ARS (United States Department of Agriculture/ 
Agriculture Research Service) Expressed Sequence Tags (EST) genome of 
A. flavus [254]. Recently, the full mitochondrial genome analysis of AFB 
and AFG producing A. parasiticus has been achieved using sophisticated 
bioinformatics tools [255]. The J. Craig Venter Institute, USA could 
identify more than 12,000 functional genomes in A. flavus by using their 
bioinformatics software [256]. 

In recent years, the use of different genomic tools such as microarray, 
Ion Torrent Personal Genome Machine (PGM), quantitative reverse 
transcription-PCR (qRT-PCR), and whole-genome sequencing (WGS), 
have been used to pursue various research [257]. Genome sequencing of 
AFTs producing fungi A. arachidicola of Argentinian peanut was 
rendered using BLAST2GO [258]. Besides, genome analysis of clinically 
isolated A. flavus was performed in Japan [259]. Furthermore, a 
comparative genomic analysis of A. flavus as a model for understanding 
mycotoxin biosynthesis and plant pathogenicity has been reported 
[257]. Genome sequencing helped to identify the target genes for the 
production of AFTs in field fungal isolates. The genomic study was 
conducted using a Next-Generation Sequencing analysis of 240 Asper-
gillus strains in peanut seeds where nine clades were identified, three 
clades were non-aflatoxigenic and five were aflatoxigenic [260]. Gilbert 
et al. [261] developed a methodology through a functional genomics 
study that can assist to forecast the impact of climatic change on 
A. flavus, AFTs production, and expression of biosynthetic regulatory 
genes [260]. 

More than 50 secondary polyketide synthase (PKS) and non- 
ribosomal peptide synthase (NRPS) genes were located in the OTA 
biosynthetic gene cluster genome of A. westerdijkiae [262]. Genes 
including 633 carbohydrate-active enzymes, 716 cytochrome P450 en-
zymes, and 377 proteases along with two-hybrid t1pks-nrps gene clus-
ters were involved in OTA biosynthesis in A. westerdijkiae [263]. 

Fig. 9. Biosynthesis of sterigmatocystin (STC) and, depending on the fungal 
species, further to aflatoxins [196]. 

Fig. 10. Cyclopiazonic acid biosynthetic enzymes (CpaS, CpaD and CpaO) and their role tailor intermediates cyclo-acetayl -L-tryptophan (cAATrp) and B-CPA to 
afford ((alpha-CPA). 
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Recently, PAT biosynthesis has shown that all the 15 genes, including 
VelA, VelB, and VelC, but not VosA in the cluster, are involved in PAT 
biosynthesis and allow localization of subcellular proteins [264]. 

4.3. Transcriptomics 

Transcriptomics is highly useful in the field of agriculture, in medi-
cine for early-stage diagnosis and treatment, as well as an understanding 
of complex biological systems [265]. It is also useful in crop advance-
ment to study the regulation of large networks of biological processes 
[266,267]. Genes transcribed from mycotoxins-infected plant cells are 
different from not-affected cells; hence they can be subjected to tran-
scriptional profiling. It involves quantifying the gene expression of 
several genes in given conditions. Numerous techniques such as serial 
analysis of the gene (SAGE), RT-qPCR, nylon membrane arrays, and 
northern blots are prominently used for gene profiling. Also, whole 
transcriptome shotgun sequencing (WTSS) and gene expression micro-
array are rapidly being used for food safety consideration [268]. Certain 
approaches that have been recently reported are shotgun analysis 
(RNA-seq) and RT-qPCR [269]. 

The transcriptomic analysis of various mycotoxins producing strains 
has helped to understand the mechanism of plant-fungus crosstalk of 
mycotoxin toxicity as well as the abiotic factors affecting mycotoxin 
production. The induction of resistance genes in Z. mays by 
A. flavusemploys a variety of mechanisms [270]. Which are likely to 
contribute to the development of resistant varieties. Transcriptomic 
profiling resulting in differentiation of A. flavus gene response and sus-
ceptible peanut genotypes [271]. Analysis of transcriptomics of A. flavus 
isolates containing higher levels of AFTs showcased few differentially 
expressed genes under environmental stress [272]. Furthermore, tran-
scriptomics does not elucidate the mode of action of mycotoxin but has 
bestowed appropriate toxicological details [273]. In an attempt to 
identify biomarkers for AFTs production in A. flavus during oxidative 
stress, 220 out of about 1000 proteins were found to be differentially 
expressed [274]. 

4.4. Proteomics 

Protein signals in response to mycotoxin production have been used 
as biomarkers for the enhancement of plant resistance as well as fungal 
stress tolerance that contributes to interactions between host-pathogen 
[275,276]. Degola et al. [277] documented the modification of sclero-
tial production of cuminaldehyde thiosemicarbazone, an inhibitor of 
AFTs biosynthesis in A. flavus. However, there were several problems 
with the detection of undefined peptides, as well as the proteins. The use 

of 2D gel electrophoresis in proteomics addresses the complexity of the 
sample protein mixtures by separating the proteins into smaller groups 
or individual proteins [278]. Tryptic digestion is also used to achieve a 
high output of less complex or length optimum peptides for the analysis. 
Recently, relative and absolute protein quantitation was achieved using 
gel electrophoresis (2D) along with isobaric tags (iTRAQ) to classify 
biomarkers using the number of determined proteins [279]. Following 
the digestion, the identification is performed using tandem mass spec-
trometry (MS/MS) with the aid of UniProt and NCBI applications. Pro-
teomics helps to boost other types of omics such as transcriptomics and 
genomics [280]. 

5. Field-deployable rapid point of care (POC) diagnostics 

Globally, several researchers are actively engaged in the develop-
ment of methods ranging from conventional densitometer thin-layer 
chromatography (TLC) to advanced immunosensors for the detection 
of mycotoxins in food and other matrices. Chromatographic methods 
such as HPLC, HPTLC, GC, LC–MS/MS, Fluorescence Spectrophotom-
etry, Frontier Infrared Spectroscopy, fluorometer, Fourier-transform 
infrared spectroscopy (FTIR), radioimmunoassay (RIA), ELISA, lateral 
flow devices (Immunodipstick), surface plasmon resonance (SPR), 
electrochemical immunosensors are commonly used for the detection 
and quantification of mycotoxins in agricultural food crops [281]. 
Monoclonal/ polyclonal antibodies have been used to identify several 
toxins, but cross-reactivity is a major obstacle, resulting in uncertainty. 
The detection of mycotoxins in various cereal-based foods using 
immunoassay techniques has increased over the last decade [282], 
including field-based immune-chromatographic toxin interaction test 
strips and antibody-coated nano-materials. 

Lateral-flow Devices (LFDs) are emerging and are used commercially 
in agricultural produce to detect toxins. Advances in portable photo-
metric strip readers have enhanced the quantitative detection of my-
cotoxins in food and feedstuffs [130]. Moreover, several researchers 
targeting AFB1, FB1, and OTA have also developed aptamer-based 
diagnostic in recent years, but no attempts have been made to adapt 
existing technologies to prepare POC diagnostic platforms [283]. Rather 
than conventional methods, detection of these enigmatic toxins is more 
feasible using sensitive and field-deployable rapid POC diagnostics using 
aptamers. 

5.1. Aptamers(APT) 

They are short single-stranded oligonucleotides that bind to their 
targets ranging from tiny organic molecules to biological 

Fig. 11. Biosynthetic gene cluster identified in Aspergillus species including two CPA producers and non-producers [226].  
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macromolecules in a precise manner. APTs are synthetic DNA/RNA/ 
XNA molecules and consist of short strands of oligonucleotides se-
quences. Specific APT was developed by systematic evolution of ligands 
by exponential enrichment (SELEX) processes for synthetic materials 
[284]. APTs are an alternative to antibody-based systems and have 
several advantages, particularly thermal and chemical stability, prac-
tical synthesis, as well as the increased binding affinity of the target, are 
also flexible to modification with functional groups such as thiols and 
amines. These unique characteristics provide great potential for the 
detection of biomolecules. Such novel properties make APTs the mate-
rial of choice for highly sensitive biosensing platforms. The APT is 
conjugated with nano-materials with highly specific recognition abili-
ties and a unique way to analyze target analytes in food and feed samples 
(Fig. 12). 

APTs are third-generation molecular probes and can be easily syn-
thesized in the laboratory. At one time, several billion copies of selected 
aptamers can be generated. Animals or high-end in vitro animal cell 
culture facilities are not required. Fungal toxins are non-protein organic 
compounds for which generating precise and adaptive antibodies is 
often difficult and has limitations. On the other hand, APT probes for 
these molecules are easy to generate in the lab in a limited period and 
are very cost-effective when compared to the current probes such as 
antibodies and sensors. These are versatile and minimize the cross- 
reactions that can lead to false results. Until now, only a few detection 
methods and no POC detection methods for fungal toxins are available in 
India. Since these platforms are easy to fabricate, replication is possible 
and user-friendly to use and interpret the results. In the present scenario, 
the detection of FDA approved aflatoxins kits such as Aflatest (VICAM 
Co), Agriscreen (NEOGEN Crop), AflaCup 10 (ROMER LABS Inc), Afla-
Cup 20 (ROMER LABS Inc.), EZ-Screen (MEDTOX) are available in the 
market and are very expensive. Most of the food industries prefer to use 
other toxin determination tests as the above kits are uneconomical. It is 
therefore important to establish simple techniques that are open to all 
kinds of food manufacturing industries. 

6. Toxigenic Aspergillus in environment and its effects on 
humans 

Environmental opportunistic pathogens (EOPs) are a wide class of 
pathogens capable of persisting and evolving outside most environments 
and entering the host under favorable. EOPs are highly contagious, that 
which normal circumstances do not affect the host, but leads to adverse 
conditions when host resistance declines. Human aspergillosis results in 
systemic and localized immune-suppression mainly by A. flavus and 
A. fumigatus. Aspergillomas and invasive pulmonary disease are severe 
Aspergillosis-related infections [285]. Approximately 300 species of 
Aspergillus can cause various diseases including invasive aspergillosis 
(IA), rhinosinusitis, bronchopulmonary and chronic pulmonary asper-
gillosis, keratitis, otomycos, and infections in trauma or burn wounds 
[286]. Many species of the Aspergillusgenera such as A. fumigatus, A. 
flavus, A. terreus, A. lentulus, A. nidulans, A. ustus, A. fischeri, A. versicolor, 
A. glaucus, A. niger, and A. oryzae which are capable of causing asper-
gillosis have been studied [287]. A. fumigatus is a widespread species 
responsible for human aspergillosis with a mortality rate of 40–90 % in 
immune-compromised patients. Approximately 90 % of human IA in-
fections have been identified [288].Furthermore, A. flavus causes about 
30 % of all aspergillosis cases in the United States [289], affecting 
around 11 million patients annually. 

Many therapies have also emerged for these infections. Human 
aspergillosis occurs in about one in 100,000 In the United States, which 
means that seven people are infected every day, and patients suffering 
from this infection spend an average of $95,000 on medications. 
A. fumigatus is an environmental fungal pathogen that may cause severe 
asthma, sinusitis, hematological malignancies, hematopoietic stem cell 
transplantation, leukemia, or lymphoma [290]. The spores of 
A. fumigatus can reach the respiratory system quickly and trigger an 
infection that can evolve into an angioinvasive disease by penetrating 
the liver, kidneys, and brain [291]. In extreme cases, systemic infections 
may lead to death in patients previously diagnosed with hematological 

Fig. 12. Development of novel ssDNA aptamer-based bio-sensing platforms for biothreat fungal toxins in food and feed chain using nano-biotechnology approaches. 
Modified from Front Pharmacol. 2018; 9: 271. doi: 10.3389/fphar.2018.00271 [305]. 
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malignancies, organ transplants, cancer, prolonged steroid treatments, 
and HIV. A. fumigatus produce virulence, surprisingly this strain is 
capable of producing 226 metabolites that act as an immunosuppressant 
[292]. However, the extension of the infection by crossing the 
blood-brain barrier (BBB) to the central nervous system (CNS). Certain 
obstructions may include edema, alveolar flooding, and lack of oxygen 
supply, which causes the fungus to develop a hypoxic environment for 
its survival in the inflamed tissue and different organs. 

Complementary systems and phagocytic cells aid in defensive 
mechanisms against various invasions by the pathogen. EOPs bind to the 
host complement regulators thereby overriding the immune system and 
downregulating the complement system which can also contribute to 
many specific diseases. Luis et al. [293] isolated the environmental 
strains which are more virulent than the clinical strains. The water used 
in the hospital in which patients with hematological malignancies were 
admitted, showed the presence of Aspergillus and other fungal species at 
the concentration of 16.1 CFU/m3 in bathrooms, 7 CFU/m3 in inpatient 
rooms, and 8.6 CFU/m3 in hallways, which symbolizes that the aerosol 
present in the hospitals was created from the infected water and can 
adversely infect the patients as they emerge [286]. 

Furthermore, the widespread occurrence of various filamentous 
fungal spores in the environment of allergic patients and persons with 
impaired immunity makes them more vulnerable to secondary inhala-
tion infections. Pulmonary tuberculosis and pulmonary fungal infections 
have similar clinical characteristics due to which pulmonary tubercu-
losis is misdiagnosed. Patients with prior tuberculosis are affected by 
A. fumigatus and A. flavus causing various secondary diseases. A recent 
study showed that 12.3 % of positive patients with tuberculosis (TB) had 
co-infected TB with secondary fungal pulmonary infections [294]. 
Sivasankari et al. [295] reported that 8 out of 80 sputum samples ob-
tained from patients with TB were positive for Aspergillus species, indi-
cating the extent of the secondary fungal invasion infection in 
Kanchipuram state, India. In Uganda, patients who were diagnosed with 
residual chest x-ray cavitation pulmonary TB were resurveyed after 2 
years using computed tomography, the results showed that 14 out of 285 
patients were positive for cyclopiazonic acid (CPA) [296]. 

7. Effect of mycotoxins on children’s health 

The continuous subjection to mycotoxins is creating havoc in human 
life. Nowadays infants and children are exposed to diverse types of 
toxins through various forms of food supplements. Consumption of such 
highly contaminated food results in different toxic effects right from the 
infant stage, including growth impairment, stunting, underweight, 
which could be further exacerbated immune deficiencies, and other 
infectious diseases. The co-occurrence of the mycotoxins in infant foods 
such as wheat, barley, corn, banana, apples, and sweet potatoes leads to 
episodes of toxicity. According to the European Commission (EC), the 
overall allowable level for the specific toxins in baby food is 0.5–200 ppb 
[172]. An infant cereal, one with cocoa has demonstrated the highest 
level of AFTs. Cereals containing dehydrated fruits and gluten-free ce-
reals have shown an intermediate level in both milk and honey-based 
cereals. Control of the aflatoxin during the production and processing 
of infant food is very important for infant food safety [297]. AFTs and 
CIT have been found in relatively high amounts in processed foods as 
well as in native homemade formulated foodstuffs such as Tom bran 
(native Nigerian food) leading to health risks in infants and young 
children (IYC) [33]. 

In young infants near Cleveland, Ohio, a study reported idiopathic 
pulmonary hemorrhage (PH) due to indoor air exposure to Stachybotrys 
chartarum. This fungus has been thriving in flooding, plumbing leakage, 
or even roof leaks in homes as it requires water-soaked cellulose to grow. 
It is known, infants are highly susceptible to the mycotoxins spores as 
their lungs expand very rapidly. The prevalence of environmental to-
bacco smoke that has prominently triggered hemorrhage, had also led to 
the worsening of the disease. About 101 cases of this disease occurred in 

the United States between 1993–1998 [298]. The presence of molds on 
the indoor walls of the homes in Poland led to a deficiency in the in-
telligence quotient of infants who were residing in these homes for more 
than 2 years. These cases provide an insight into the magnitude of the 
effect of mycotoxins, especially on infants [299]. Another study 
included the occurrence of AFT-albumin adducts up to 720 pg 
AFT-lysine equivalent per mg albumin in Gambian children serum 
samples for malaria patients. In the children with hepatitis B surface 
antigen (HBsAg) and Plasmodium falciparum, the amount of 
AFT-albumin adducts was much higher than their control groups [300]. 
AFM1 measured 0.16–0.33 μg/kg in the breast milk of the lactating 
mothers in Nigeria’s Ogun State. Also, 82 % of the breast milk collected 
from the state samples was positive for AFM1 [301]. 

8. Conclusions and future research 

Mycotoxin contamination has been a global concern since the early 
days of human existence and management of mycotoxin production is 
limited and challenging. Environmental factors play an important role in 
the development of mycotoxins that enters the food chain and the 
interaction of toxigenic fungi is a major concern. The continuous and 
over, period of exposure of toxin developing pandemonium in human 
life. Also, various forms of food supplements highly contaminated with 
toxins right from the infant stage are lead to outbreaks of toxicity. 
However, no quantitative data available for several mycotoxins, and 
more studied are needed globally to know the exact degree of contam-
ination of mycotoxins in food and feed. Unpredictably, the metabolic 
pathway, and toxicity of numerous molecules are yet to understand, 
which are urgently considered for the for safety and public health con-
cerns. As described Aspergillus is the one of the major genera of fila-
mentous fungi in terms of food, agriculture, and pharma industries for 
their wide ranges of applications. In addition to the mycotoxins pro-
ducers, also most prevalent EOPs that directly affect individuals with 
weakened immune system leading to mortality risk. Also, pulmonary TB 
and fungal infections had similar clinical characteristics, and is mis-
diagnosed. Coronavirus pandemic, pulmonary diseases caused by fungal 
bioaerosols might misdiagnosed as COVID-19 which misleads to the 
physicians for wrong prescription of the medicines. AFTs, OTA, CIT, 
PAT, CPA, Ter A, STC, TA and other induced toxins, and their combined 
toxicity was studied in various mammalian cell line models, and animals 
species exhibited Geno-toxicity, and increased levels of apoptosis, 
expression of oxidative stress genes. 

The technological capability of toxin chemotypes for detection using 
various analytical tools are commonly used for the detection and 
quantification. Genome, proteomes, and transcriptional studies are 
imperative for the genome level organization. Till date, no POC detec-
tion methods have been developed for mycotoxins are available in India 
to detect mycotoxin in agricultural food and environmental samples. 
APTs may complement to the traditional methods, and open up new 
technological solutions to the rapid and robust detection of mycotoxins. 
The early, cost effective detection of mycotoxins and eco-friendly 
management approaches are very imperative. Paper-based APT test 
kits are quick, inexpensive and no equipment or laboratory facilities are 
required which are used for early detection of mycotoxins need to be 
explored. Of various management approaches, such as physical, and 
chemical, biological control agents (BCA), help to neutralization and/ or 
degradation of mycotoxins in food. 
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