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Medicinal and recreational uses of Cannabis sativa, commonly known as cannabis or hemp, has increased following its legalization in certain regions of the world. Cannabis and hemp plants interact with a community of microbes (i.e., the phytobiome), which can influence various aspects of the host plant. The fungal composition of the C. sativa phytobiome (i.e., mycobiome) currently consists of over 100 species of fungi, which includes phytopathogens, epiphytes, and endophytes, This mycobiome has often been understudied in research aimed at evaluating the safety of cannabis products for humans. Medical research has historically focused instead on substance use and medicinal uses of the plant. Because several components of the mycobiome are reported to produce toxic secondary metabolites (i.e., mycotoxins) that can potentially affect the health of humans and animals and initiate opportunistic infections in immunocompromised patients, there is a need to determine the potential health risks that these contaminants could pose for consumers. This review discusses the mycobiome of cannabis and hemp flowers with a focus on plant-infecting and toxigenic fungi that are most commonly found and are of potential concern (e.g., Aspergillus, Penicillium, Fusarium, and Mucor spp.). We review current regulations for molds and mycotoxins worldwide and review assessment methods including culture-based assays, liquid chromatography, immuno-based technologies, and emerging technologies for these contaminants. We also discuss approaches to reduce fungal contaminants on cannabis and hemp and identify future research needs for contaminant detection, data dissemination, and management approaches. These approaches are designed to yield safer products for all consumers.
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1. Introduction

Cannabis sativa is a highly domesticated plant species that has been bred for hundreds of years to develop genotypes (i.e., strains) that are cultivated worldwide for medicinal, therapeutic, and recreational properties, as well as for grain, seed, and fiber [Krane, 2020; United States Department of Agriculture (USDA), 2020; Rafei et al., 2023]. The inflorescence tissues (which are also referred to as flowers or buds) are of significant economic value, since they can be used as dried flowers and as raw materials for cannabinoid extraction [United States Department of Agriculture-Economics, Statistics and Market Information System (USDA ESMIS), 2023]. The legal classification of genotypes depends upon content of Δ9-tetrahydrocannabinol (THC) content in the tissues, with cannabis containing levels greater than 0.3% (by dry weight) and hemp containing less than 0.3% Δ9-THC (Williams and Buchert, 2020). Cannabis and hemp can be used in a variety of ways, including as dried flowers that are smoked, inhaled, or vaped; flowers that have undergone an extraction process for cannabinoids; and formulated concentrates that include capsules, gels, creams, suppositories, and tinctures.

The mycobiome of cannabis and hemp is defined as the totality of fungal communities associated with various parts of the plant. The mycobiome is a subset of the phytobiome, which includes bacteria, phytoplasmas, viruses, and viroids that are beyond the scope of this review (Trivedi et al., 2020; Wei et al., 2021). Mycobiomes have garnered considerable recent interest within the scientific community, because they are present in virtually every plant species (Trivedi et al., 2020). Their interactions with host plants can lead to beneficial, neutral, or detrimental interactions, and conversely plant chemical composition can influence the mycobiome (Ranjith et al., 2021). Fungi that occur on the inflorescence tissues of cannabis and hemp as phytopathogens, surface entities (epiphytes) or as internal endophytes have the potential to produce toxic secondary metabolites (mycotoxins) and a few are pathogenic to humans (see Section 2 below). These fungi pose concerns for human health as they can result in opportunistic infections (i.e., mycoses) and cause toxicological effects. For the purposes of this review, the assemblage of fungi and their toxins from these sources found on cannabis and hemp are referred to as “contaminants.”

Although fungi and mycotoxins are common and well-studied contaminants in many agricultural crop species, they have been generally under-studied in cannabis and hemp. This is partly because human health risk assessment methodologies used to regulate food and pharmaceuticals have yet to become standard for the emerging cannabis and hemp industries. Additionally, the wide range of consumer uses of cannabis and hemp flowers, including for medical use by patients with susceptible conditions, makes it uniquely challenging to assess and manage human health risk of these contaminants. This review will discuss the relative importance of the floral mycobiome of cannabis and hemp emphasizing its potential to impact consumer health. We will assess the potential of cannabis and hemp contaminants to affect consumers of cannabis, discuss regulatory considerations and management practices, and highlight areas for future research.



2. Mycobiome of Cannabis sativa: phytopathogens, endophytes, and epiphytes

Fungal organisms comprising the mycobiome belong to the Kingdom Mycota and are characterized by a number of unique features, including: (i) the ability to grow rapidly on an appropriate substrate; (ii) growth over a wide range of temperatures; (iii) production of enzymes and toxins that destroy plant substrates; (iv) production of prolific numbers of asexual propagules (spores, conidia) that are easily disseminated by air and water; and (v) production of mycotoxins potentially harmful to humans and animals. The presence of fungal organisms in cannabis plants is not unique since many species comprising the floral mycobiome are also abundantly present across a wide range of agricultural crops. From the perspective of consumer health, the destruction of plant tissues and the production of spores and mycotoxins in association with cannabis and hemp plants are deemed of potential concern.

The cannabis and hemp mycobiomes can be subdivided into three components: phytopathogens, endophytes, and epiphytes (Figure 1). They are distinguished by where they are found on the plants and whether they cause visible damage to the plant (Figure 2). Phytopathogens cause visible disease symptoms on these plants, endophytes reside within plant tissues without causing discernable symptoms, while the epiphytes reside and grow on the outside of plant tissues and may or may not cause symptoms. According to United States National Fungus Collections and Fungal Database (NFCFD) (2023), more than 100 species of phytopathogens, epiphytes, and endophytes are associated with cannabis and hemp. The composition of this mycobiome can be influenced by host plant genotype, growth stage of the plant, external environment, and cultural practices used during commercial production (Barnett et al., 2020; Comeau et al., 2020; Punja et al., 2023). In particular, the floral mycobiome is impacted by the host genotype, host chemistry, growing environment, and pre-and post-harvest handling practices (Punja et al., 2023). Thus, the floral mycobiome of cannabis and hemp is a dynamic biological entity that is greatly influenced by plant genotype × environment interactions (Punja et al., 2023). This makes predictions and assessments of fungal population levels challenging, which can further complicate efforts to assess their potential impact on consumer health.
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FIGURE 1
 Mycobiome of cannabis and hemp. (A) Epiphyte—asymptomatic relationship with fungal propagules (dark green circles) that colonize only the outside of host plant. Propagules can only be observed with magnification. (B) Endophyte—asymptomatic relationship with fungal propagules (orange) that are found within the host. Endophytes can only be seen with dissection of the host and magnification. They may be beneficial to the plant or with an alteration in host physiology may became pathogenic. (C) Phytopathogen—symptomatic relationship that alters host physiology; signs (pathogen propagules—white) and symptoms (brown) may be seen without magnification. Cannabis graphic created by Maya Albert.
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FIGURE 2
 Fungal pathogens, epiphytes, and endophytes affecting cannabis inflorescences. (A) Cannabis inflorescence at maturation showing the large floral structure that is composed of female reproductive organs (pistils) and inflorescence leaves and bracts surrounding them. (B) Scanning electron micrograph of the surface of one of the bracts showing the abundance of glandular trichomes and non-glandular hairs among which fungal populations may reside. (C) Destruction of the inflorescence by the fungal pathogen Botrytis cinerea that causes browning and death of the tissues. (D) Proliferation of mycelium of a Fusarium species within the inflorescence tissues under conditions of high humidity. (E) Scanning electron micrograph showing growth of mycelium of a Trichoderma species on inflorescence tissues following a foliar application made to the plant. (F) Spore bearing structures of a Gliocladium species on inflorescence tissues following a foliar application made to the plant. In (E,F), tissues were collected 5 days following application for observation. (G) Commercially dried cannabis inflorescences prior to packaging. (H) Spores of Penicillium species commonly observed on the surface of cannabis samples as an epiphyte either during or after the drying process. (I) Swabs taken from dried cannabis samples and streaked onto potato dextrose agar shows the diversity of Penicillium species growing on the medium and producing a range of pigments. (J) Growth of two Aspergillus species on potato dextrose agar from swabs taken from dried cannabis samples where they were present as contaminants. On the left dish is A. niger (black) and on the right Aspergillus ochraceus (yellow). (K) Colonies of Fusarium oxysporum emerging from stem pieces of cannabis plants. (L) Colonies of two Penicillium species emerging from sections of stems where they were growing as endophytes.


The floral mycobiome of cannabis and hemp plants discussed above is important for several reasons: (i) it can impact the quality of the final product; (ii) it can have an impact on consumer health; and (ii) it can pose regulatory challenges that can vary depending on the jurisdiction. Examples of fungal species associated with cannabis inflorescences and their relative abundance are summarized in Table 1. A similar study has not been conducted in hemp. In addition, the presence of airborne fungal contaminants during harvesting of cannabis and hemp and those that are present in the cultivation environment can be of potential concern for human health (Martyny et al., 2013; Vanhove et al., 2018; Root et al., 2020; Punja, 2021c; Punja and Scott, 2023). Lastly, a few fungal species of cannabis and hemp can directly impact human health by causing tissue infections, resulting in mycoses for immunocompromised individuals (see Section 3.1). For example, after inhalation of spores, these fungi can enter nasal passages and the lungs where they may cause lung infections, particularly in immunocompromised patients [National Academies of Sciences, Engineering, and Medicine (NASEM), 2017; Benedict et al., 2020].



TABLE 1 The mycobiome of cannabis inflorescences and fungal species relative abundance in samples.a
[image: Table1]


2.1. Phytopathogens of Cannabis sativa

Just like most agricultural crops, cannabis and hemp plants are grown in cultivation systems that achieve efficiency of production at reduced cost; monoculture conditions are typical for greenhouse or indoor environments or field conditions, depending on the crop. The potential sources and levels of fungal contaminants may vary depending on these environmental factors, but data are lacking on the specific similarities or differences. Hence, the quality of the cannabis and hemp products could be influenced by the specific growing environment. A large number of fungal phytopathogens are known to infect the roots, stems, leaves and inflorescences of cannabis, and hemp plants both indoors and outdoors [Punja, 2021a; Gauthier and Thiessen, 2022; United States National Fungus Collections and Fungal Database (NFCFD), 2023]. In addition, fungi considered to be epiphytes and endophytes which cause no obvious symptoms in plants have been characterized and are common in stems and roots (Figures 1, 2). Furthermore, plant organs (roots, stems, leaves, and flowers) vary in the community structure of their mycobiomes and plant pathogens (Barnett et al., 2020; Comeau et al., 2020). For example, plants grown in soil and soilless media used for indoor production may harbor different endophytic and phytopathogenic fungi (Punja and Scott, 2023). The origins of these fungi can be traced back to the growing medium used, source of plant propagation materials, or are present externally in the ambient environment. These latter populations would constitute one potential source of contaminants on cannabis inflorescences (Punja et al., 2023). Therefore, an understanding of the myriad of potential sources of contaminants on cannabis and hemp inflorescences can have an important bearing on the quality of products derived from them. This information becomes important for consumers and identifying any potential health risks.



2.2. Endophytes of Cannabis sativa

Endophytes in cannabis and hemp can be latent phytopathogens, mutualists, or commensals (Alam et al., 2021). A number of endophytes that are latent pathogens can be present as pre-and post-harvest contaminants of cannabis inflorescences (Table 1). In mutualistic responses in other plants, fungal endophytes may improve plant health by modulating responses to biotic stresses (phytopathogens and pests; Ball et al., 2006; Ownley et al., 2010; Ball et al., 2011) and abiotic factors (Kristy et al., 2022). Endophytes can produce antimicrobial compounds that may render them beneficial in the plant (Taghinasab and Jabaji, 2020; Mishra et al., 2022). There is, however, currently little published data to support these roles in cannabis or hemp plants. Paradoxically, some endophytes may also produce secondary metabolites that are harmful to humans and other animals (i.e., mycotoxins; see Section 3.3). Translocation of these mycotoxins within the plant to distal tissues, including inflorescences, has been demonstrated for other crops (Snigdha et al., 2015; Pecoraro et al., 2018; Jaster-Keller et al., 2023), but to the best of our knowledge, translocation of mycotoxins within cannabis and hemp has not been demonstrated. A secondary metabolite produced by the endophyte, Sarocladium zeae, inhibited biosynthesis of the mycotoxin, fumonsin, by Fusarium verticillioides, a phytopathogen that coexists with S. zea in corn seed (Gao et al., 2020). Therefore, the potential negative impacts of endophytic fungi on human health remain unknown. During post-harvest operations, however, the release of endophytic spores that can colonize the tissues of cannabis inflorescences can lead to potential increases in fungal populations that negatively influence product quality and potentially could impact consumer health (Punja et al., 2019).



2.3. Epiphytes of Cannabis sativa

Cannabis and hemp inflorescences provide unique ecological niches for fungal growth. Temperature and relative humidity conditions are higher within these tissues compared to the ambient environment, which provides a more conducive environment for fungal growth (Punja et al., 2023); however, growth may be restricted by the presence of certain terpenes in these tissues (Ranjith et al., 2021). Epiphytes on cannabis and hemp inflorescences may originate from populations of endophytes that are released from internal tissues, such as stems, during post-harvest processing of inflorescences (Punja et al., 2019). Damaged tissues can also be colonized by fungal spores that are released from harvested tissues or are present in the ambient environment during crop production. Release of nutrient compounds that favor fungal growth has not been established and would depend on the genotype of the plant. These epiphytes can grow and produce spores on damaged inflorescence tissues under favorable ambient conditions that include high temperatures and relative humidity. If sufficient growth is achieved, the potential for mycotoxin production is increased. Spores of epiphytic fungi such as Penicillium and Aspergillus species can also be observed to stick to the surface of the glandular trichome heads (Figure 2), which are produced in abundance on the inflorescence bract tissues of cannabis where terpene concentration are also high. In organic cannabis production facilities, populations of air-borne fungal propagules originating from the soil may be high, and a greater prevalence of species of fungal epiphytes has been reported on cannabis inflorescences than in conventional culture (Punja and Scott, 2023). In addition, fungal spores may be observed stuck to the surface of trichome glands or are embedded in the sticky resin, potentially enhancing these populations (Punja and Scott, 2023). The predominant terpenes found in cannabis inflorescences, namely myrcene, β-caryophyllene, limonene, α-terpinene, and α-pinene (Chacon et al., 2022) may play a role in the community structure of floral mycobiomes. Many of these compounds are shown to be fungistatic and inhibit growth of toxigenic fungi under laboratory conditions (Karpiński, 2020; Cai et al., 2022; Jiang et al., 2023). Antifungal activity of terpene essential oils may also be due to synergistic interactions of compounds. Nanoemulsions composed of terpenes of hops (Humulus lupulus) in which terpene profiles are similar to those in cannabis and hemp, inhibited mycelial growth, spore germination, and mycotoxin production (deoxynivalenol (DON) and its derivatives) by F. graminearum (Jiang et al., 2023). Complex resin composed of terpenes reduced germination of two nonpathogenic species but not that of a phytopathogen (Slinski et al., 2015). These data suggest that terpenes in various cannabis and hemp genotypes and chemotypes may limit development of some epiphytic Aspergillus and Penicillium species. More research is needed to show whether fungistasis can be overcome under conducive environmental conditions. Also, there is presently little information as to whether cannabis or hemp plants can regulate the extent of endophytic or epiphytic colonization of the inflorescence through recruitment or exclusion of microbes. This has potential significance to human health as selection for lower fungal population levels can lead to a higher quality product.




3. Potential health hazards of fungal contaminants in cannabis


3.1. Health impacts for patients with susceptible conditions

Contaminant fungi pose a recognized health risk to patients with susceptible conditions, such as those who are immunocompromised [National Academies of Sciences, Engineering, and Medicine (NASEM), 2017; Figure 3]. These fungi can cause opportunistic infections on skin and lung tissues, which could lead to life-threatening conditions. The exposure route, dosage, and frequency of cannabis and hemp use can determine the potential health effects of fungal contaminants on consumers. In patients, fungal infections were mostly associated with the smoking of cannabis (89%) and were least common for edibles (4%; Levi et al., 2019). Although the heating conditions during smoking and vaping should kill fungal spores, they may be insufficient to render all spores nonviable (Kurup et al., 1983; Szyper-Kravitz et al., 2001). At the same time, these pathogens can gain access to the airway passages as aerosols. For example, species of Mucorales (e.g., Mucor) can be found in cannabis inflorescences (Stone et al., 2019; Punja and Scott, 2023). These fungi release spores into the environment where they remain airborne until they enter the body through inhalation. These fungi can result in opportunistic infections on skin and lung tissues, which can lead to life-threatening conditions (see Section 3.2).
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FIGURE 3
 Health risks of fungal and mycotoxin contaminants to cannabis and hemp users. (A) Adverse health effects of fungal pathogens. Aspergillus was the most common organism associated with infection of cannabis users. (B) Adverse health risks of mycotoxins. Created with BioRender.com.


Cancer is another susceptible medical condition that can increase a patients’ risk of opportunistic infection. In 29 out of 30 US states and Washington D.C. that have legalized cannabis for recreational use, cancer is listed as a qualifying condition for medical cannabis use (Jameson et al., 2022). Cancer patients are often treated with chemotherapeutic drugs that result in compromised immunological functions. Consequently, oncologists have expressed concerns over the use of cannabis and cannabis-based products in cancer care, which is administered to improve the appetite of patients and manage symptoms of nausea, vomiting, and pain (Abrams, 2022). Several reports have shown that pulmonary aspergillosis developed in patients with malignancies or other immunocompromised states following smoking of cannabis [National Academies of Sciences, Engineering, and Medicine (NASEM), 2017]. If medical use of cannabis becomes more widely accepted, contaminant fungi represent a potential concern in public health.

Transplant surgeons have expressed concern about the use of cannabis by their patients (Levi et al., 2019; Ryan et al., 2019; Olt et al., 2021). In a study involving 52,689 Medicare kidney transplant recipients, those with post-transplant cannabis dependence or abuse (CDOA) were associated with a higher rate of all-cause graft failure (26.8 vs. 12.6%) and death (10.6 vs. 7.9%) occurring 1–3 years post-transplant as opposed to those without CDOA (Alhamad et al., 2019). Cannabis usage was associated with fungal infections in kidney transplant patients and an increased rate of aspiration pneumonia (4.3 vs. 1.1%) and other forms of pneumonia (18.3 vs. 10.6%; Alhamad et al., 2019; Olt et al., 2021). Aspergillus was the most common organism followed by Mucorales (includes Mucor spp.) responsible for these infections (Levi et al., 2019; Olt et al., 2021). The Canadian Cardiovascular Society/Canadian Cardiac Transplant Network has made a strong recommendation for a 6-month abstinence from cannabis use before heart transplant (Chih et al., 2020). Cannabidiol has been studied as a potential preventative agent to reduce COVID-19 viral load and to suppress cytokine storms related to viremia (Nguyen et al., 2022). COVID 19 patients are also immunocompromised and 20–30% of them get aspergillosis (Kuehn, 2021; Lin et al., 2022; Feys et al., 2023). Given the prevalence of COVID 19 infection, fungal contaminants in cannabis and hemp can be important public health concern in preventative use.



3.2. Fungal pathogens directly affecting humans

A number of studies have examined the allergenic responses to Aspergillus spp. and aspergillosis associated with cannabis use. Trullas et al. (2010) reviewed seven case reports of aspergillosis in cannabis smokers. Cases not reported in Trullas et al. (2010) are summarized in Table 2. Pulmonary aspergillosis is a common form of Aspergillus infection and has been reported in cannabis users with HIV and type 1 diabetes (Remington et al., 2015; Salam and Pozniak, 2017). Aspergillus fumigatus is a common species associated with aspergillosis in cannabis users (Table 2). It was also cultured from the cannabis products used by patients with aspergillosis (Kagen et al., 1983; Kouevidjin et al., 2003).



TABLE 2 Reports of allergenic responses to toxigenic fungi and mycoses associated with cannabis users (excluding those reported in Trullas et al., 2010).
[image: Table2]

Cannabis has also been reported to contain fungi in the order Mucorales (including Mucor spp.; Stone et al., 2019; Punja and Scott, 2023). These fungi release spores into the environment where they remain airborne and can potentially enter the body through inhalation. Pulmonary mycormycosis was reported seen in patients in a diabetic patient (Stone et al., 2019).

At present, only one published study has examined the association between cannabis use and fungal infection using data collected nationally (Benedict et al., 2020). From the United States insurance records from 53,217 people in 2016, the study demonstrated that cannabis users, particularly those with susceptible conditions, were 3.5 times more likely to develop a fungal infection than non-users. Aspergillosis accounted for 43% of fungal infections among cannabis users, while mucormycosis accounted for 3%. Among the population that was examined, individuals who used cannabis and had fungal infections were generally immunocompromised, a greater proportion were males, and a higher percentage also used tobacco when compared to those that did not use cannabis (Benedict et al., 2020). The source of the infections could not be determined to have originated specifically from cannabis products.




4. Mycotoxins in cannabis and hemp

Among several fungal species reported to be present on cannabis and hemp inflorescences (Table 1), a number can produce mycotoxins when grown on culture medium and potentially in the affected plants (Tables 3–5). Since fungal growth precedes mycotoxin production, generally the greater the growth, the higher the predicted levels of mycotoxins (Ismaiel and Papenbrock, 2015). Fungal growth on any substrate is directly impacted by water activity of the substrate (aw) and most fungi grow best at aw of 0.83–0.99 (Caplan et al., 2022). An important caveat, however, is that presence and recovery of toxigenic fungi from cannabis inflorescences in routine laboratory testing mandated by governmental agencies should not imply that they produce mycotoxins unless the moisture and temperature requirements for extended growth and mycotoxin production are available, which may differ by the type of mycotoxins produced (Milani, 2013). On cannabis inflorescences, visible fungal growth may occur prior to or after harvest (Figure 1). Post-harvest growth commonly leads to rejection of final products due to visible mold contamination and these buds are destroyed (Punja, 2021d). Subsequently, cannabis inflorescences that are improperly dried or stored under humid conditions may be expected to raise concerns for mycotoxin accumulation. If sufficient drying is achieved, the aw (water activity) of cannabis tissues is reduced to <0.7, which prevents the growth of most fungi (Carter, 2019). Because two of the most commonly encountered fungi that can potentially produce mycotoxins in cannabis tissues, namely Penicillium and Aspergillus spp., can survive at aw of 0.62–0.7, this range is suboptimal for fungal growth. Additionally, environmental conditions for gene transcriptional activity for mycotoxin production are narrower than those for fungal growth (Kolawole et al., 2021). Therefore, it is improbable that mycotoxin levels would significantly increase in cannabis tissues maintained at a low aw. The drying phase can be a component of quality assurance that can reduce the concerns for accumulation of mycotoxin produced by epiphytes in cannabis products.



TABLE 3 Species of Aspergillus that have been reported in Cannabis sativa and mycotoxins produced in vitro.a
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TABLE 4 Potential for toxigenic Penicillium spp. isolated from Cannabis sativa to synthesize toxic secondary metabolites.
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TABLE 5 Potential for mycotoxin production by species of Fusarium reported in Cannabis sativa.
[image: Table5]


4.1. Mycotoxin-producing fungi

Fungi reported to be present in cannabis and hemp plants (i.e., Penicillium, Aspergillus, and Fusarium spp.) have the genetic potential to produce a range of mycotoxins, including ones recognized as significant problems on other agricultural crops [e.g., aflatoxins, ochratoxin A (OTA), DON, fumonisins (FUM), zearalenone (ZEA), T-2 toxin, HT-2 toxin, citrinin (CIT), and patulin (PAT); Figure 4]. Some mycotoxins such as aflatoxins are produced by a few species, whereas others (e.g., OTA and PAT) are produced by multiple species belonging to multiple genera. The synthesis of mycotoxins involves several metabolic pathways and corresponding enzymes, such as polyketide synthases, nonribosomal peptide synthetase, the mevalonate pathway, or a combination of these. Mycotoxin profile, however, is typically different among genera. For example, Penicillium and Aspergillus are members of the same family, yet they only have a few secondary metabolites in common (Samson et al., 2011), and their mycotoxin profiles are very different from other members of the cannabis floral mycobiome. Other fungi such as Alternaria, Cladosporium, Chaetomium, Mucor, and Trichoderma that can be found in cannabis inflorescences (Table 1) may also produce different cytotoxic and genotoxic mycotoxins such as PAT, alternariol, tenuazonic acid (Ismail et al., 2023), chaetoglobosins (Fogle et al., 2008), viridin, and gliotoxin (Sugui et al., 2007; Bulgari et al., 2020) when adequate fungal growth has been achieved. This list is not exhaustive but is reflective of the diversity of the floral mycobiome from a few recent studies (Punja et al., 2023). Under organic crop production systems, the diversity of fungal species present on cannabis inflorescences can be greater than in conventional production systems (Punja and Scott, 2023). It is important to note that fungi listed in Table 1 are commonly found on a wide range of plant species and, hence, are not unique to cannabis and hemp. They pose a potential concern to cannabis consumers only if they have the potential for mycotoxin production or have been shown to infect individuals as discussed in Section 3.
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FIGURE 4
 Mycotoxin production potential of toxigenic fungi reported in cannabis mycobiome. (A) Mycotoxins that have been reported in cannabis and hemp products (red) or for which genes for their production have been reported in toxigenic fungi isolated from cannabis products (blue). (B) Other mycotoxins that are known to be produced by toxigenic fungi associated with cannabis and hemp but have not been reported in the crops or their commercial products.




4.2. Aspergillus and Penicillium mycotoxins

There is a paucity of published studies on mycotoxin presence in cannabis-derived products (Table 6). Most of these studies included a limited number of samples (n < 100), with most of them identified as illicit samples. The legalization of cannabis in several countries, including Canada and in numerous US states, should increase the availability of samples for testing for mycotoxin presence moving forward. Species of Aspergillus are known to produce aflatoxins and OTA (Table 3). Aflatoxins B1, B2, G1, and G2 represent some of the most toxic and carcinogenic compounds occurring in nature. Although aflatoxins were produced by A. flavus and A. parasiticus when cultured on sterile herbal cannabis samples (Llewellyn and O'Rear, 1977), they have rarely been identified in compliance testing (Jameson et al., 2022; Table 6). This anomaly may be due to: (1) predominance of atoxigenic isolates in cannabis and hemp production systems (Sweany et al., 2022); (2) environmental conditions during crop production that do not support growth and development of the fungus to the extent where mycotoxins accumulate; (3) terpenes found in the inflorescence that can restrict fungal growth and development (see section 2.2); or (4) degradation of compounds by the plant or its associated microbes can occur. While the presence of potentially toxigenic species of Aspergillus has been reported on cannabis inflorescences (Table 1), there are fewer reports confirming the production of their associated mycotoxins (Table 6). Further research is needed to demonstrate whether the current concern over Aspergillus contamination of cannabis flowers can or should be extrapolated to infer the presence of associated mycotoxins.



TABLE 6 Reports of toxigenic fungi in cannabis and cannabis products sold for consumer consumption or consumed by patients with mycoses.
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The most frequently recovered toxigenic fungi from cannabis tissues are Penicillium spp. (Punja et al., 2019, 2023; Punja, 2021d). They can produce citrinin, OTA, CIT, and PAT, but only OTA has been found in cannabis samples to date (Tables 4, 6). Exposure of humans to OTA can result in kidney damage (Bui-Klimke and Wu, 2015). One fungal species associated with cannabis, Talaromyces pinophilus, produced OTA in culture, while a closely related strain, T. radicus, did not (Laut et al., 2023). Although no studies have compared mycotoxin levels in legalized and illicit cannabis products, the literature suggests that OTA presence can be of concern in illicit cannabis. In a recent study, OTA was detected in one-third of 142 illicit cannabis samples (Buchicchio et al., 2022). In a second study, OTA was not detected in more than 9,000 flower and extract samples from ~300 legal cannabis producers and manufacturers for compliance testing in California during 2020 and 2021 (Jameson et al., 2022). This study suggests that legalization of cannabis production may be having an intended consequence of improving quality with lower mold contamination, but additional studies are needed to confirm this.

In cannabis and hemp products that are smoked or vaped, aflatoxin B1 is likely to be degraded since it was completely degraded under experimental conditions at 180°C (Raters and Matissek, 2008). Temperatures in marijuana cigarettes can exceed 600°C (Fehr and Kalant, 1972) while coil temperature of three types of vaporizers exceeded 400°C (Oar et al., 2022). For example, OTA levels in dry wheat were reduced by 25% when exposed to 200°C for 6 min and by 44% if exposed for 12 min (Boudra et al., 1995). The degradation of these mycotoxins by heat does not always result in reduced toxicity since some degradation products are as toxic as the parent molecule (Kabak, 2009). Further studies are needed to confirm relationships between modes of product preparation and consumption and mycotoxin, and, in particular, potential for accumulation of mycotoxins in concentrated cannabis and hemp extracts used to prepare consumable items such as infused gummies and candy, or in capsules and gels, warrants further study.



4.3. Fusarium mycotoxins

Production of mycotoxins has been associated with several Fusarium species (Table 5). A number of Fusarium spp. that have been reported to infect cannabis inflorescences can produce an abundance of mycelial growth and mycotoxins under laboratory conditions (Gwinn et al., 2022; Munir et al., 2023). In a recent survey, diseases caused by Fusarium (including Fusarium head blight and Fusarium wilt) were commonly encountered during cannabis and hemp production in the United States (Munir et al., 2023). This may have important implications for cannabis worker safety, as exposure to infected cannabis plants has been linked to cutaneous fusariosis (Altibi et al., 2020). At present, there is a scarcity of analytical studies on Fusarium mycotoxin accumulation in cannabis and hemp inflorescences. There is only one reported study of DON production in hemp (Bergstrom et al., 2019, 2020). In that study, DON was present in the grain and floral tissues of outdoor-grown hemp at concentrations of up to 7 ppm, which was greater than the 1 ppm level established by the U.S. Food and Drug Administration permitted for cereal grains used for food [United States Food and Drug Administration (FDA), 2010]. Fusarium mycotoxins, including trichothecenes, ZEA, ionophores, FUM, and fusaric acid, have both acute and chronic effects in humans (Gruber-Dorninger et al., 2017; Ji et al., 2019). In addition to causing chronic immunosuppression and cancer, trichothecenes such as DON (one of the most common Fusarium mycotoxins, also known as vomitoxin), nivalenol (NIV), and T-2 toxin can cause acute symptoms of toxicosis, including nausea, vomiting, diarrhea, and death (Ji et al., 2019). Translocation of DON from stem base infections to the inflorescences has been reported in barley and wheat plants, which while not showing obvious symptoms in the inflorescences, may contain DON or other mycotoxins (Pecoraro et al., 2018). An analysis of gelatin capsules containing the cannabinoid, cannabidiol (CBD; n = 10) revealed the presence of T-2 toxin in 10% of the samples but the levels were below those allowed for animal food (Narváez et al., 2020). Fusarium mycotoxins are generally considered to be thermally stable and can still be detectable in foods that have undergone thermal processing (Bretz et al., 2006; Kabak, 2009). We are unaware of studies that have discussed the fate of these mycotoxins in combustion. When cannabis or hemp is smoked in a water pipe, DON contamination may be reduced because DON leaches into water at high temperatures; the water acts as filteration for the smoke (Liu et al., 2019; Feizollahi and Roopesh, 2022). However, even though the smoking process can reduce the level of Fusarium mycotoxins, these mycotoxins are absorbed into the bloodstream efficiently and rapidly through inhalation. Further studies are needed to demonstrate if Fusarium mycotoxins could pose potential health risks to consumers, which will be dependent on variables such as the growing environment to which the cannabis and hemp plants are exposed, as well as post-harvest processing and manufacturing and the form of exposure to consumers.

Cannabis hyperemesis syndrome (CHS) is a condition of recurring vomiting that some individuals develop after prolonged cannabis use (Perisetti et al., 2020). In Colorado, most cannabis-related emergency department (ED) visits were for CHS (Wang et al., 2021). The etiology of CHS is largely unknown and it may be triggered by multiple chemicals present in cannabis. Although no studies have linked presence of Fusarium mycotoxins (or their degradation products) in cannabis to CHS, the symptoms of CHS are remarkably similar to the toxicity of DON, NIV, and T-2 toxin, all of which can result in vomiting and partial or complete refusal of food (Bonnet et al., 2012). Additionally, the ingestion of fusaric acid—another common Fusarium mycotoxin that is often found together with DON—can cause hypotension (Gruber-Dorninger et al., 2017). This is consistent with the observation that CHS can be relieved by hot water bathing. Further studies are needed to establish the scale of contamination cannabis and cannabis products by Fusarium spp. and to understand neurotoxicity of potential mixtures of cannabinoids with Fusarium mycotoxins. This is especially important given the presence of several Fusarium species in cannabis and hemp inflorescences, both in indoor and outdoor cultivation (Punja, 2021a, 2021b; Punja and Scott, 2023).

Zearalenone is another prevalent Fusarium mycotoxin that is a major threat to food safety in cereal crops. It was isolated from 60% of CBD capsules (Narváez et al., 2020), but at levels below limits established for food products (Ji et al., 2019). Because of its structural similarity to estrogen, ZEA binds to estrogen receptors and affects reproductive systems of animals. This can potentially add to the adverse health effects associated with cannabis use in a subsegment of the population, which is an increased risk of preterm birth and small-for-gestational-age infants in prenatal exposure (Ryan et al., 2021). In rodent models and human cells, ZEA is immunotoxic, induces toxicity in the liver and kidneys, and is hemotoxic (Choi et al., 2012; Ji et al., 2019). Findings to date suggest that levels of certain mycotoxins associated with Fusarium species infecting growing cannabis or hemp plants pre-harvest may be found in products where extraction and concentration of the mycotoxins can occur alongside the cannabinoids of interest.



4.4. Other potential mycotoxins

The fungi belonging to the Mucorales produce mucoricin, a ricin-like toxin that damages host cells in vitro by inhibiting protein synthesis and is required for pathogenesis (Soliman et al., 2021). Enniatins and beauvericin are cyclodepsipeptides that are often classified as emerging mycotoxins because they are not regulated, and thus, there is little routine testing conducted for them. In animal studies, BEA, ENN, and MON can cause reproductive disruption in both males and females and increased offspring mortality (Chiminelli et al., 2022). In the study on CBD gelatin capsules, one sample contained three enniatins at levels similar to those of ZEA (Narváez et al., 2020). The U.S. EPA and Health Canada have registered a number of biopesticides for cannabis and hemp cultivation that contain Trichoderma spp. as active ingredients [United States Environmental Protection Agency (US EPA), 2023]. These species, including T. harzianum, T. virens, and T. asperellum, can all colonize cannabis plants as an endophyte (Punja and Scott, 2023; Scott and Punja, 2023), and in culture produce toxins, such as viridin and gliotoxin, that could potentially impact consumer health. Gliotoxin is a powerful mycotoxin that inhibits growth of other fungi and causes cytotoxicity by suppressing macrophage immune function and inflammation (Sugui et al., 2007). Additional research is required to establish whether these secondary metabolites are produced in cannabis inflorescence tissues following application of these beneficial fungi for plant pathogen control during the crop production cycle.




5. Contaminant regulation and assessment for cannabis and hemp

ASTM International, AOAC International, and U.S. Pharmacopeia are presently developing standardized methods for quantification of fungal and mycotoxin contaminants in cannabis and hemp, but there is there is a paucity of data available to determine the prevalence of these contaminants and their health impacts to cannabis and hemp consumers worldwide. The regulations currently in place have been largely adopted from the food industry, where fungal and yeast contamination of food products consumed by humans is not uncommon and can result in illnesses and potential fatalities. While the latter has yet to be studied in a statistical robust matter to support human health risk assessment of cannabis and hemp products, regulatory policies and assessment technology are evolving to meet the production and safety needs of the emerging industries.


5.1. Contaminant regulation for cannabis and hemp worldwide

The current regulatory policies for assessing cannabis contaminants in the United States and European Union have been extensively reviewed (Pruyn et al., 2022; Veit, 2023; Jameson et al., 2022). In the United States, the regulation of fungal contaminants in CBD and hemp products falls under the jurisdiction of federal agencies following the passage of the 2018 Farm Bill. However, due to the illegal status of cannabis at the federal level in the United States, the contaminant regulation policies for cannabis and cannabis-related products fall under the jurisdiction of state agencies. Each legalized state therefore has its own regulatory policies and testing programs (Jameson et al., 2022; Pruyn et al., 2022). This creates a dilemma for consumers due to varied potential health exposure risks. For example, regulatory action levels exist for aflatoxins and ochratoxins in some US states, but the levels are highly variable, ranging from a zero-tolerance policy in some states to no action level in others (Jameson et al., 2022). Similarly, the quantification of total yeasts and molds (TYM) and regulatory action levels are highly variable by state. Paradoxically, in jurisdictions where cannabis is still considered illegal but is being sold, there are no regulations to limit fungal contaminants in products. Not surprisingly, a few studies have found that illicit cannabis samples contained more contaminants than legally grown cannabis (Eykelbosh, 2021; Southall, 2022; Gagnon et al., 2023). The literature also suggests that aflatoxins and OTA can be more prevalent in illicit cannabis samples (see Section 4.2). These observations point to the need to harmonize the regulatory action levels for TYM and mycotoxin contaminants across all legalized jurisdictions for cannabis production. It also underlies the importance of supporting legal cannabis and hemp production systems where stringent regulations ensure a higher quality product.

Worldwide, current cannabis contaminant regulations have been directed to address a combination of concerns stemming from production, quality, and safety issues. The European Pharmacopoeia Commission (2023) provides generalized guidelines for aflatoxin and ochratoxin testing, and each member of the European Union has its own interpretation of these requirements. Countries such as Germany and the Netherlands have implemented individual monographs for cannabis (Veit, 2023). A few non-E.U. countries, such as Canada and Israel, also follow the general guidelines for aflatoxin and ochratoxin testing in the European Pharmacopoeia [Israel Ministry of Health—Medical Cannabis Unit (IMC), 2017; Health Canada, 2020]. Canada has an irradiation requirement for the export of cannabis to other countries. In Israel, cannabis is irradiated (beta and gamma) before it can be used for medical purposes. No countries, or any state in the United States, currently require testing for presence of Fusarium spp. or their mycotoxins.



5.2. Methods for assessment of molds and human pathogens

The general guidelines established by AOAC International and United States Pharmacopeia for microbial contamination include testing methods based on isolation on culture media and enumeration of colonies (i.e., total yeast and mold, or TYM) and identification by quantitative PCR (qPCR) analysis, but other methods based on molecular technology are in development (Goldman et al., 2021). Fungi that are known to be pathogens of humans require a qualitative presence/absence analysis. All methods are potentially problematic for regulatory agencies. For example, using culture-based methods to detect Aspergillus spp. can be difficult due to the problems in differentiating human pathogenic and nonpathogenic species. There is currently no requirement to identify the colonies to species level. While it often requires a highly trained mycologist to correctly identify these fungi to species, it is essential in evaluating them for human health risks (Chen et al., 2019). In addition, multiple species of the same genus can infect plants of cannabis and hemp. For example, in Kentucky, Fusarium avenaceum, members of the F. incarnatum-equiseti species complex, F. sporotrichioides, and F. graminearum were all isolated from hemp samples collected during a single cropping season (Smith et al., 2023). This illustrates the importance of species identification from TYM testing.

Currently, TYM quantification is widely used by regulatory agencies such as Health Canada and different state regulatory agencies in the United States. The regulatory action levels for TYM can vary considerably by jurisdiction, ranging from 10,000 colony forming units per gram (cfu/g) to 100,000 cfu/g. Also, there is no standard dilution curve that can be used to measure test reliability because of the inability to ship cannabis samples across state lines. The assessments are usually conducted by certified commercial laboratories using plating assays that homogenize and plate extracts from tissues onto different agar media and enumerate colonies after 3–5 days of incubation. Since the community structure of the mycobiome varies according to season and is impacted by other environmental factors, such as temperature, humidity, and air movement, there is considerable biological variability among samples in TYM content (Punja et al., 2023). Furthermore, the TYM assessments are based on enumeration of all yeasts and molds present in a sample, regardless of whether they have a previous history for concern based on human exposure or have potential for mycotoxin production. For example, cannabis plants that are treated with a registered fungal biological control agents (e.g., Trichoderma spp.) would likely carry over sufficient propagules in the inflorescence tissues that cause it to fail to pass regulatory limits in certain jurisdictions (Punja et al., 2023). The current concept of TYM testing requires further evaluation, and determination of its value to provide information on the fungal species composition to support human health risk assessment is an area that urgently needs assessment.

The variability in the regulatory action levels based on TYM and the inter-laboratory variation of testing results bring into question how cannabis producers, consumers, and health practitioners can reliably interpret what is safe from what is not. More targeted approaches such as testing specifically for certain fungi known to pose a threat to consumers due to potential mycotoxin production (e.g., Aspergillus spp. and Fusarium spp.) would be more informative when compared to an assessment of total fungi and yeasts present. This is consistent with the practices currently used for regulation and monitoring of agricultural food products consumed by humans. If similar TYM testing were to be imposed on these foods, many could fail to pass due to their natural inherent microbiome composition. In fact, a subset of the microbiota of cannabis inflorescences may be providing undetermined benefits based on what is known from other crop plants (Punja et al., 2023).

Several toxigenic Penicillium and Aspergillus species were detected on dispensary-based cannabis flowers, including P. citrinum and P. paxilli, when samples were analyzed by next-generation sequencing but not by culture-based methods (McKernan et al., 2015). Molecular methods such as next-generation sequencing and qPCR, depending on the primer/probe, are far more sensitive and specific than culture-based methods (Sarma et al., 2020). For DNA-based testing, it is recommended that the enrichment of cannabis matrices in fungus-specific media requires at least 48 h for Aspergillus spp. to grow to detectable levels and dilute the concentration of DNA from nonviable organisms. To increase the sensitivity of qPCR methods, a larger sample volume for downstream DNA extraction is highly recommended (Sarma et al., 2020). Molecular methods, however, can lead to false positives because of the cross-reactivity with non-specified Aspergillus species. Since genetic materials from dead organisms are still detectable by qPCR after cannabis irradiation (Frink et al., 2022), assessment of the success of the decontamination process must not solely rely on qPCR and should include culture-based methods unless methods to circumvent these issues are used. These methods include the 48-h enrichment method described above and the use of nucleases that do not penetrate living cell walls or cell membranes but can degrade DNA of nonviable organisms. However, these methods have not been validated on cannabis treated with the decontamination methods currently used in cannabis production. Different forms of decontamination may require different enrichment and PCR techniques to perfectly match plating. Because decontamination techniques have not been certified by AOAC for hemp, no PCR kits are certified to work with decontaminated products. Irradiated products will require enrichments methods similar to those described above for molecular methods to identify only living organisms.



5.3. Methods for assessment of mycotoxins

Analytical methods for testing mycotoxin must be accurate, reproducible, and sensitive, but considerations such as speed and cost are also important if the method is to be adopted for routine testing. In cannabis, the Association of Official Analytical Collaboration (AOAC) International (2021) established target levels for limits of quantification (LOQ) for OTA, aflatoxin B1 and total aflatoxins (aflatoxin B1 + aflatoxin B2 + aflatoxin G1 + aflatoxin G2). In order to be accepted as an AOAC International method, LOQ must be below target levels; however, in some countries (e.g., EU and Australia) regulatory limits are much lower than the LOQs established by Association of Official Analytical Collaboration (AOAC) International (2021). Sample size and sample extraction methods play a pivotal role, and these methods vary for individual laboratories and technologies. Gas chromatography–mass spectrometry is used to monitor mycotoxins in other systems, but there have been no reports on its use in analysis of cannabis or hemp.


5.3.1. Liquid chromatography

Liquid chromatography coupled with MS (LC–MS) is commonly used to detect and identify small molecules in complex matrices, such as cannabis and cannabis-infused products (Table 7). Tandem MS (LC–MS/MS) allows multiresidue methods that detect and quantify both mycotoxins and pesticide contaminants. Typically, these commercial methods target only those specified by AOAC International and does not target other mycotoxins discussed above; however, there are a few studies that have detected contaminants beyond those specified by the AOAC International. Five categories of bioactive compounds were identified (cannabinoids, primary metabolites, secondary metabolites, contaminants, extracted and leached compounds) using technology that coupled a Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) method for sample extraction and separation with identification by non-targeted LC–MS/MS. Contaminants identified by this method included a synthetic cannabinoid, nicotine, 11 drugs, 15 pesticides, and sterigmatocystin, the precursor to aflatoxin biosynthesis, but no aflatoxin was detected (Stempfer et al., 2021). Sixteen mycotoxins (aflatoxins, HT-2, T-2, α-and β-zearalenol, ZEA, beauvericin, and enniatins) were quantified in spiked samples using a QuEChERS method and quantified by ultra-high-performance LC coupled with quadrupole Orbitrap high-resolution MS, but only six mycotoxins were isolated from cannabis-based samples (Narváez et al., 2020; Table 6). To enhance detection, immunoaffinity columns with antibodies specific for aflatoxins and OTA have also been used for cannabis and hemp sample clean-up before LC analysis (Wilcox et al., 2020; Greaves et al., 2021; Buchicchio et al., 2022).



TABLE 7 Summary of advantages and disadvantages of methods reported for testing of mycotoxins in cannabis and hemp.
[image: Table7]



5.3.2. Immuno-based technologies

Analysis by LC is time-consuming and requires both trained operators and expensive equipment, so strategies that allow for simpler and more rapid detection of mycotoxins in food samples are desired (Xiong et al., 2022). The most commonly used of these methods is an enzyme-linked immunosorbent assay (ELISA); however, like the immunoaffinity columns above, ELISA is limited by the specificity and availability of mycotoxin-specific antibodies. ELISA is an excellent screening tool that can be used to estimate mycotoxins in other crops and cannabis plants (Bergstrom et al., 2019, 2020). Tests have been certified for rapid (≤30 min) determination of single mycotoxins (aflatoxin, DON, OTA, fumonisin, and ZEA) in grains [United States Federal Grain Inspection Services (FGIS), 2023], but there have been no certifications for use in cannabis or hemp. Dipsticks are rapid tests that can be performed rapidly (usually providing results in 30 min). Most dipstick tests are immuno-based assays that have antibodies immobilized on an analytical membrane and are used to verify mycotoxin content in food and grain. Dipstick tests can detect mycotoxins, either single or a group of compounds, and when portable photometric strip readers are used can support on-site screening (Lattanzio and Nivarlet, 2017). Gold nanoparticles (AuNPs) can be functionalized to recognize and bind to specific target molecules (Ferrari, 2023) and have been used as optical mycotoxin biosensors. A multiplex dipstick test using AuNP technology for detection of Fusarium mycotoxins in oats identified levels of multiple mycotoxins in a rapid on-site protocol, but this technique identified only relative levels of the toxins (e.g., negative, low positive, or positive; Lattanzio and Nivarlet, 2017). AuNPs are routinely used for detection in ELISA testing (Ferrari, 2023).



5.3.3. Other emerging technologies

A DNA-based dipstick technology was developed to identify Fusarium spp. and trichothecene production potential” (Suga et al., 2022). E-nose technology is a rapid and cost-effective diagnostic tool for mycotoxin detection, but development of a universal e-nose is “unrealistic [because] a unique e-nose must be validated for each mycotoxin” (Cheli et al., 2023). In flow-injection analysis mass spectrometry (FIA-MS) chromatographic, chromatography separation steps are omitted. When FIA is coupled with triple quadrupole instruments and high-resolution mass spectrometers, such as time-of-flight (TOF) and Orbitrap instruments, high-throughput quantitative screening of analytes is possible. Rakk et al. (2023) validated FIA-MS methods that provided quantitative analysis of corn and wheat samples for 11 mycotoxins (aflatoxins, DON, fumonisins, HT-2, T-2, OTA, and ZEA) in less than 1 min.





6. Approaches to reduce fungi and mycotoxins on cannabis and hemp

The fungal and yeast species that have been found on cannabis and hemp can be reduced through various practices intended to minimize the incidence of propagules (mostly consisting of spores and/or mycelium) on the tissues or by reducing development under conditions favoring their spread. These practices can be grouped into pre-harvest and post-harvest management and are discussed in more detail below.


6.1. Pre-harvest management

Most strategies aimed at reducing fungal development on inflorescences before harvest are targeted to (i) reduce spread of fungal spores onto inflorescences, (ii) alter environmental conditions by reducing relative humidity in the growing environment, or (iii) prevent spread of spores by workers tending to the plants. For example, enhancing air circulation using fans in the final weeks leading up to harvest significantly reduced the numbers of total yeast and molds in cannabis inflorescences (p = 0.05; Punja et al., 2023). Genotypes of cannabis under cultivation can also affect the levels of fungi found to be present within the inflorescences and thus influence final quality of the product (Punja et al., 2023). Additional research is needed to develop genotypes that would allow cannabis producers to select plants that are less prone to high yeast and mold levels.

Based on observations of significant differences between C. sativa genotypes these differences may be based on chemical interactions with the fungal populations, but more knowledge is needed to determine if naturally occurring chemical compounds in cannabis inflorescences affect fungal development. This knowledge would allow breeders to target chemical profiles for the selection of new chemotypes. Although biological activities have been shown for extracts of C. sativa (summarized by Hourfane et al., 2023), few studies have tested activity against toxigenic fungi. Acetone extracts from C. sativa inflorescences and hashish inhibited both growth of A. flavus and the production of aflatoxin B1 but extracts of leaves and stems did not inhibit the fungus in poisoned food assays (Al Khoury et al., 2021). However, in disk diffusion and agar well diffusion assays, growth of Fusarium spp. and A. niger was inhibited by acetone, chloroform, ethanol, and water extracts of C. sativa leaves (Anjum and Zel-E-Arooj, 2018). For A. niger, inhibition zone in disk diffusion assays ranged from 20.6 mm (chloroform) to 23 mm (ethanol), and for Fusarium spp., inhibition zones ranged from 18.3 mm (chloroform) to 24.3 mm (aqueous). Hot water extracts of callus (CE) derived from leaves that contained alkaloids, terpenoids, and flavonoids, were active against A. flavus, A. fumigatus, A. niger, F. solani, and Mucor in an agar diffusion test. Inhibition zones (IZs) for CE treatments were greatest for A. fumigatus (15 mm) and IZs increased to 20 mm when the fungus was treated with zinc nanoparticles made from CE (CE-ZnONPs); the activity of CE-ZnONPs was greatest against Mucor (IZ = 30 mm), but the fungus was only slightly inhibited by of CE (IZ = 7 mm; Zaka et al., 2021). Growth of F. oxysporum was inhibited (up to 47%) by water extracts of C. sativa leaves (Tapwal et al., 2011). In greenhouse studies, nanoemulsions of the terpene-rich C. sativa by-products from commercial CBD extraction controlled powdery mildew diseases of hemp (Akinrinlola et al., 2022; Fei et al., 2023). These observations indicate that there are opportunities to enhance naturally occurring anti-fungal compounds in C. sativa to reduce levels of TYM.

Another area of research that can reduce potential levels of fungal contaminants is monitoring disease incidence and severity on cannabis and hemp inflorescences as they approach harvest and developing strategies that can reduce their levels pre-harvest. Such remediation approaches reduce the burden for post-harvest interventions that can alter the chemical composition and aroma profile (primarily a function of terpene composition and concentration) of the product. Application of registered microbial products to manage fungal pathogens infecting cannabis inflorescences should be undertaken with the knowledge that they may inadvertently increase total yeast and mold levels (Punja and Ni, 2022; Punja et al., 2023).



6.2. Post-harvest management

After harvesting, the trimming method used can influence the buildup of total yeast and molds in cannabis inflorescences (Punja et al., 2019). Furthermore, duration of drying and final moisture content (water activity) has a significant impact on the levels of fungi present, particularly those like Aspergillus and Penicillium spp. that are tolerant of low moisture levels (Punja et al., 2023). Storage method and duration and temperature can also influence the extent to which the dried inflorescences may build up yeasts and molds. Various post-harvest treatment methods can impact quality of cannabis-derived products with regard to yeast and mold levels. The use of irradiation by e-beam (ß-irradiation) or γ-irradiation is permitted in specific countries such as Canada and Israel and reduces fungal contaminants to zero (Punja, 2021d). These technologies are expensive, and although γ-irradiation did not change terpene profile in cannabis, treatment resulted in overall reduced levels of terpenes (Hazekamp, 2016). In medicinal cannabis, TYM levels of cannabis were reduced (6–4.5 log) when treated with γ-irradiation and by 5-log when treated with cold plasma treatment or e-beam (Jerushalmi et al., 2020). The relative advantages and disadvantages of other methods used for decontamination or sterilization in the food industry [e.g., heat; high pressure; chemical, filtration; extraction; non-ionizing and ionizing irradiation; photonic decontamination (i.e., X-ray); and cold plasma] for use in cannabis industries have been reviewed by Dhillon et al. (2022). In cases where cannabis use is destined for medical use by patients with immunocompromising conditions (e.g., cancer, AIDS, and diabetes), the use of these forms of irradiation may be worthy of consideration to ensure that fungal contaminants are reduced to negligible levels. The enhanced safety of these products should correspondingly reduce the incidence of various forms of fungal infections as reported in Section 3.



6.3. Reducing mycotoxins in cannabis tissues

After mycotoxins are produced either in the intact plant or the harvested inflorescences, there are no proven technologies to degrade or detoxify them, but cold plasma treatments have been reported to degrade mycotoxins in other systems (Doshi and Šerá, 2023); hence, cannabis products that have been sterilized or produced from sterilized materials may still contain mycotoxins. Byproducts formed by alteration of mycotoxins by varied mechanisms [opening of ring structure (aflatoxin B1, DON), closure of a ring structure (OTA), and oxidation, hydroxylation, and methylation (ZEA, FUM B1)] are usually but not always less harmful. A notable exception is the formation 𝛼-zearalanone, a more toxic compound, from ZEA (Liu et al., 2020). Flavonoids and phenolics in water extracts of plants have been implicated as active degrading agents of aflatoxins, but it is likely that higher molecular weight compounds, possibly enzymes, are involved (Loi et al., 2020). Essential oils of plants that contain fungistatic or fungicidal terpenes can potentially reduce mycotoxin content in cannabis products (Ranjith et al., 2021). For example, when the essential oil of Heliotropium bacciferum containing 32.9% a-pinene and 9.4% β-myrcene was mixed with aflatoxin B1, 82.6% of the mycotoxin was degraded (Al-Harrasi et al., 2021). Biocontrol agents may also affect mycotoxin levels. In co-culture studies, some antagonistic Trichoderma strains were able to glycosylate DON or convert ZEA into its hydroxylated derivative, β-zearalenol (Modrzewska et al., 2022). Therefore, there are opportunities for further research into decontamination of cannabis or hemp products should Fusarium mycotoxins become a regulatory issue.




7. Future directions for research

Current knowledge of the extent of fungal contamination on cannabis and hemp inflorescences relies on publicly available data from published independent studies and cannabis compliance tests. The latter is only available in a few legalized jurisdictions where such data are publicly disclosed [California Bureau of Cannabis Control (CBCC), 2018; Li et al., 2023]. Therefore, essential information on the incidence and frequency of several fungal species of concern is unavailable. In addition, most compliance tests currently rely on culture-based isolation (e.g., TYM) that provide no information on which specific fungal contaminants are present. While aflatoxins and OTA are regulated in many legalized jurisdictions, there are no US states or any country that currently regulate Fusarium spp. and their mycotoxins. As such, the incidence of Fusarium contamination is currently unknown in cannabis and hemp products, in contrast to cereal grains and many other agricultural commodities worldwide. In a recent survey of diagnostic professionals in the United States, infection by Fusarium spp. on cannabis or hemp in most areas of the country, except for the Great Plains region (Munir et al., 2023); this is likely due to the low numbers of samples received from this region. Similarly Canadian production areas have reported f Fusarium occurrence on cannabis plants and inflorescences during commercial cultivation (Punja et al., 2019, 2021, 2023; Punja, 2021a,b,c; Punja and Ni, 2022). Continued surveillance for the prevalence of Fusarium species and other phytopathogens that could impact the health of cannabis consumers, particularly those with immunocompromised systems, should be undertaken in production areas annually.

While LC–MS–MS methods are available to detect multiple mycotoxins together with pesticide residues in cannabis and hemp flowers (see Section 5.3), most methods used in cannabis or hemp compliance laboratories are largely based on existing regulatory action levels. Hence, Fusarium mycotoxins are not being included in compliance testing. Further research is needed to develop commercial analytical methods that would allow data collection to determine to what extent these potentially widespread but unregulated mycotoxins occur in cannabis and hemp products. In addition, large-scale international and national collaborations are needed to collect and disseminate information on fungal contaminants found in cannabis and hemp, similar to existing efforts in other agricultural commodities (e.g., NFCFD) for surveillance purposes. These data should be made available in the peer-reviewed literature.



8. Conclusion

A review of the current literature indicates there are potential human health risks of fungal and mycotoxin contaminants in cannabis and hemp flowers, particularly for the subset of the population that is immunocompromised. Further research is needed to understand contamination prevalence, inform regulatory policies, and advance management practices. Several studies have linked cannabis use to increased risk of fungal infection in immunocompromised patients. Current regulations have addressed the potential for harm from Aspergillus species, yet few reports have confirmed whether mycotoxin production is widespread or is rare in occurrence in cannabis products. While there are many reports of cannabis and hemp diseases caused by Fusarium species, there are no regulations currently in place for assessing mycotoxin levels. Additional research is needed to survey the extent of both Aspergillus and Fusarium species occurrence and potential mycotoxin presence.

A major hurdle faced by cannabis and hemp industries is addressing the disconnect between production-related issues and human safety issues. The current regulatory requirement for enumerating TYM present in cannabis and hemp tissues using plating on culture media does not allow for a direct interpretation as to potential health risks to consumers. The huge variation between United States jurisdictions in the acceptable levels of TYM, ranging from 100 to 100,000 cfu/g illustrates the difficulty in implementation of human health risk assessment. A consistent and widely adopted protocol for sampling, analysis, and interpretation of TYM results is essential to provide a consistent quality assessment for consumers and health practitioners. We suggest consideration of exclusion of non-harmful fungal and yeast species from a priori testing and instead encourage the adoption of species testing targeting a smaller range of fungi with potential to cause harm. The current reporting of “everything that is present” in cannabis samples may not serve the cannabis industry well moving forward since other potential harmful fungi such as Fusarium and Penicillium can be under-represented in the overall TYM counts. We recommend testing for the presence of Aspergillus, Penicillium, Fusarium, and Mucor as priorities, with an adjustment to adding other species if they are discovered to have potential harm. Additionally, multi-residue analytical methods (i.e., LC–MS–MS) used by most compliance testing laboratories should be further developed to enable the detection of Fusarium mycotoxins together with regulated contaminants.

One possible solution to reduce potential harm to medical users of cannabis from toxigenic fungi is to develop a two-tier system that distinguishes products intended for medical and recreational use. The products for medical use should have a unified national standard that includes mandatory irradiation to eliminate fungal contaminants and protect immunocompromised patients. The products for recreational use would have a higher tolerance for TYM (e.g., 50,000 cfu/g). The latter would still require mandatory testing for the presence of Aspergillus and Fusarium to provide assurances to consumers that they pose no harm from fungal contaminants. A zero-tolerance policy seems untenable for a plant-derived product exposed to many variables in the cultivation environment. There are many fungal species present in cannabis inflorescences that are not deemed to be of concern to human health. Rather, regulatory agencies could impose a limit of 10 cfu/g for species of concern such as Aspergillus and Fusarium, which may be sufficient to provide assurances to consumers while reducing the burden on an industry that already experiences significant regulation.
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among the total Petri dishes assayed. Adapted from Punja and Scott (2023).
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subgenus® Gy, Gz, and My) and Fumonisin E
and (B2, B, and Be)
sterigmatocystin
+ + | Zingales etal. (2020); Zhao
A, nidulans etal. (2021)
A, unguis + + | Reijula and Tuomi (2003)
+ + + + + | Frisvad (2018); Zingales
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+ + + | Frisvad (2018); Steenwyk
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+ + + + | Frisvad etal. (2019); Navale
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+ + + Frisvad et al. (2019); Gil-
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A.sclerotiorum + Palumbo et al. (2007)
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+ + + +  |Frisvad etal. (2018); Chen
A. niger etal. (2023)
+ + + | Fragaetal. (2008); Frisvad
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A. fumigatus + + + + | Shankaretal. (2018);
Steenwyk etal. (2020);
Fumigati Chen etal. (2023)
Cremei A. wentii + Diaz et al. (2009)
Aspergillus A. restrictus. + Brandhorst et al. (1996)
A. penicillodes + | Micheluz etal. (2016)

‘Pathogens reported for Cannabis sativa (Sources: United States Fungus-Host Database, Gautarm et al, 2013; Kusari etal, 2013; Punja et al, 2019; Punja, 2021a.b.cd).

“Assignment to subgenus based on Houbraken et al. (2020).

‘Other includes selected secondary metabolites include but not limited to: aspyridone (A. nidulans); versicolorin (A. versicolor); aflatrems and cyclopiazonic acids (A. flavus);citrinin (A.
fumigatus and A. terreus); secalonic acid (A. flavus and A. fumigatus), and oxalic acid (A. niger), terrain, lovastatin, and terretonin (4. terreus); fumagillin and fumitremorgins (A. fumigatus);
asphenamate and indole alkaloids (. restrictus)s asperglaucide (4. peniciliodes).

Production of patulin by A. ferreus has been reported but is called into question by Frisvad, 2015,
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Mahmoudian et al. (2021);
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(2018); Kamle et al. (2022)

P copticola + | Ezekiel etal. 2020)
P paxili + Pitt (2002); Briise et al. (2009)
P sumatrense + Malmstrom et al. (2000)
P daleae + | Frisvad and Filtenborg (1990)

Kim etal. (2012); da Silva-
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Filho etal. (2021)

Brise etal. (2009); Dai etal.
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P corylophilum + dos Santos et al. (2012)

Assaf etal. (2020); Li etal.

Penicillium P expansum + + + +
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Banani et al. (2016); Briise
P griseofulvum + +
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‘Wang et al. (2016); Soliman
P olsonii s + + + .

etal. (2021)
P brevicompactum + + + + | Pitt (2002); Wang et al. (2016)

Frisvad etal. (2013); Wang
P spathulatum + +

etal. (2016)

Alapont et al. (2014); Brse
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etal. (2009)

Alapont et al. (2014); Brise
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etal. (2009)

Circumdati P, sclerotiorum + + Yin etal. (2017)

‘Pathogens lsted in United States fungus-host database.
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Produced only at low levels

‘Biosynthesis genes were detected but not toxin.
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