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Abstract

We investigated the diversity of fungal species present on inflorescences as epiphytes and in stem tissues as endophytes in
flowering plants of cannabis grown organically in British Columbia during 2019-2021. Fresh and dried inflorescence samples
were obtained at various times during production while stems were obtained at harvest. Fungal species in the air were assessed
by exposing Petri dishes containing potato dextrose agar + streptomycin sulfate for 1 h in the growing environment while
soil samples were dilution-plated to assess soil fungal diversity. Colonies were identified from PCR-derived sequences of the
ITS1-5.8S-ITS2 region of ribosomal deoxyribonucleic acid. Twenty-nine species in 26 genera were recovered from inflorescences
and 17 species in 11 genera originated from stem tissues. Approximately 96% of species found on inflorescences were present
in air and 45% were present in organic soil. The fungi comprised plant pathogens, saprophytes, and opportunistic human
pathogens. A large proportion of the species found in air and soil in organic facilities are present on cannabis inflorescences,
where they may increase total colony forming units and negatively affect product quality. Some species could contribute to
allergies or secondary infections in humans. The potential benefits of endophytes within organically grown cannabis plants

remain unexplored.
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Introduction

Large-scale production of THC-containing Cannabis sativa L.
(referred to here as cannabis) for medicinal and recreational
use is currently permitted in Canada following its legaliza-
tion in 2018. Licensed producers have several options with re-
gard to the production methods they use. Plants can be grown
indoors in controlled environment rooms, in greenhouses, as
well as outdoors under natural field conditions. Hydroponic
cultivation is most commonly used indoors to provide con-
trolled delivery of water, fertilizers, and other chemicals, and
substrates such as rockwool, cocofibre blocks, and peat are
used as growing media. Alternatively, producers may elect to
grow cannabis plants in soil under conditions that can qual-
ify as “organic”, which requires that fertilizers, pest control
products, and other materials used during production must
meet the requirements to be considered organic. At present,
in North America, federal regulatory agencies such as Health
Canada and the U.S. Department of Agriculture have not es-
tablished specific guidelines for cannabis producers to follow
to meet organic certification standards at the national level.
Therefore, producers must rely on other regulatory agencies
to guide them on the requirements to satisfy organic certifi-
cation. In British Columbia (BC), where the current study was
conducted, these include organizations such as the Fraser Val-
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ley Organic Producers Association, the Pacific Agricultural
Certification Society, and Pro-Cert. Presently, five licensed
producers have chosen to grow their cannabis crops to meet
organic certification standards in BC.

Worldwide, numerous crop plants are grown organically
and there is a vast literature on the pros and cons of or-
ganic methods of production (Reganold and Wachter 2016).
However, there have been no prior studies conducted to as-
sess how organically produced cannabis plants compare to
the more commonly used hydroponic method of production.
In hemp, a recent study comparing different organic fertil-
izer regimes showed that while biomass yields were differ-
ent, there was no impact on the cannabinoid ratios in the
inflorescences (Bruce et al. 2022). In the current study, we
wanted to evaluate the composition of epiphytic fungi found
on cannabis inflorescences grown organically, which is an im-
portant quality aspect that is used to determine whether a
product meets regulatory guidelines and can be sold to con-
sumers in Canada (Bhandare 2020). In addition, we were in-
terested to determine the occurrence of endophytic fungi,
which are generally present in stem, leaf, and root tissues,
in these organically grown plants. A number of these en-
dophytes have been demonstrated to provide beneficial ef-
fects in other crop plants (Xia et al. 2015; Xia et al. 2019; de
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Lamo and Takken 2020) although none have been evaluated
on cannabis plants to date.

The objectives of this study, therefore, were to (1) de-
termine the prevalence of fungi found associated with
the inflorescences of organically grown cannabis plants as
epiphytes (surface-colonizing fungi) and also assess the cor-
responding diversity of fungi found in the air in organic
production facilities and (2) determine the occurrence of en-
dophytic fungi (found inside the stem tissues) of cannabis
plants grown organically as well as the populations present in
soil. As a basis for comparison, the range of fungi previously
reported growing as endophytes in cannabis plants in hydro-
ponic production using cocofibre as a substrate (Punja et al.
2019), and the range of fungal species found occurring on
the surface of cannabis inflorescences as epiphytes produced
using nonorganic (hereafter referred to as conventional)
methods (Punja 2021a), were referenced from previous
studies.

Materials and methods

Organic production facilities

Two licensed organically certified greenhouse facilities and
one licensed outdoor organic production site were sampled
during 2019-2021. All three facilities were located in the
Fraser Valley of BC. Cannabis plants were grown in soil or
a mixture of soil and composted plant waste materials sup-
plemented with a range of amendments approved for or-
ganic production. These amendments included a combina-
tion of fish meal, kelp, bone meal, worm castings, com-
posts and compost teas, various types of manures, wood
bark, rock dusts, wood ash, perlite and vermiculite, depend-
ing on the organic producer. Specific amounts and ratios of
each constituent were not disclosed by the licensed produc-
ers as they are considered proprietary. The growing medium
was placed in pots (10 L), or in raised troughs lined with
polyethylene tarp, depending on the production facility. Out-
door production was in large fabric pots. Rooted plants of
several cannabis strains (genotypes) were grown in these sub-
strates according to standard production practices for green-
house or outdoor production. After 2-4 weeks of vegetative
growth, the photoperiod was adjusted to approximately 12 h
of darkness to induce flowering in the greenhouse. Through-
out the year, supplementary lighting was provided to green-
house grown plants as needed for optimal growth. Outdoor
plants were placed inside polyethylene hoop houses which
were covered with black tarps to reduce daylength expo-
sure during June-September as cannabis is a short day plant.
Pruning and deleafing and other horticultural practices were
conducted as required. Pest control products applied in the
greenhouse included Rootshield® Plus WP, containing Tricho-
derma harzianum Rifai strain T-22 and Trichoderma virens strain
G-41 (BioWorks Inc., Victor, USA), and BotaniGard® ES con-
taining Beauveria bassiana strain GHA (Lam International Cor-
poration, Butte, USA) to manage fungal pathogens and insect
pests, respectively. In addition, potassium bicarbonate (Mil-
stop), hydrogen peroxide (Zerotol), Regalia (extract from gi-
ant knotweed), and various oils were applied to the foliage
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of organically grown plants to reduce powdery mildew infec-
tion (Scott and Punja 2022).

Sampling schedule

To ensure standardization of results for comparative pur-
poses, sampling for fungi present on inflorescences was con-
ducted during weeks 5 through 8 of the flowering period.
Samples were obtained from at least four different cropping
cycles indoors and two cycles outdoors. Each cropping cycle
was approximately 3 months in duration. For detection of
endophytes, plants were sampled only at harvest time from
four cropping cycles in one greenhouse facility. No outdoor
samples were available. Soil samples were collected at vari-
ous times during production in the greenhouse facility. The
frequency of sampling and number of samples obtained are
indicated below.

Inflorescence sampling

To determine the presence of epiphytic fungi on the sur-
face of cannabis inflorescences, a swab method using sterile
Q-tips as described by Punja (2021a) was used. Briefly, Q-tips
were gently swabbed over the surface of the inflorescence
tissues consisting of aggregated pistils (Fig. 1A) and imme-
diately transferred to a Petri dish containing potato dextrose
agar with 140 mg/L of streptomycin sulfate (PDA + S). The
Q-tip was wiped across the surface of the agar in a zigzag
pattern and discarded. A minimum of 10 inflorescences were
included each time, selected at random. This procedure was
conducted during September 2019-December 2021, to in-
clude at least 60 such sampling times, each with 10 inflo-
rescences sampled from the two greenhouse facilities, for a
total of approximately 600 Petri dishes. The sampling time
varied during the year depending on the availability of the
maturing inflorescences in each greenhouse. In addition, ap-
proximately 20 sampling times were performed on harvested
and dried cannabis inflorescences that were swabbed in a
similar manner. For the outdoor location, approximately 20
sampling times were performed on inflorescences towards
harvest in each of two growing seasons from one facility.
The total number of Petri dishes was approximately 1000
for this study. All Petri dishes were transported to the lab-
oratory where they were incubated under ambient condi-
tions (21 °C-24 °C) with 10-14 h/day of florescent lighting
for 5-7 days. After that time, each dish was examined for
the presence of fungal colonies and morphologically distinct
colonies were recorded and transferred to PDA + S. After 2
weeks, they were subcultured again to ensure purity prior to
identification.

Air sampling

Air sampling was conducted in the two indoor greenhouse
facilities. Petri dishes containing PDA + S were placed in-
side the greenhouse, close to the inflorescences or adjacent
to plants where they were left with lids removed for approxi-
mately 60 min (Fig. 1B). The sampling was typically conducted
between 11:00 am and 2:00 pm using a total of 10-15 Petri
dishes. The lids were replaced and the dishes taken to the lab-
oratory for identification of morphologically distinct colonies
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Fig. 1. Sampling methods used to assess epiphytes and endophytes in this study. (A) The swab method where a Q-tip was used to
swab the surface of cannabis inflorescences and then streaked across a Petri dish containing potato dextrose agar with 140 mg/L
streptomycin sulfate (PDA + S). (B) The air sampling method where Petri dishes containing PDA + S were placed within the
plant canopy adjacent to cannabis inflorescences for a period of 60 min and returned to the laboratory and examined for
colonies. (C, D) The whole plant assessment method for stem endophytes. Plants were obtained at harvest and after all side
branches were removed, the main stem was divided into 12 cm sections starting at the bottom and progressing to the top
of the plant, as shown in (D). (E) Internal stem pieces were obtained after surface-sterilization and plated onto PDA + S. (F)
Endophytes, mostly Penicillium spp., growing out from stem pieces. (G) Soil was assessed for fungi following a dilution series
and plated out onto PDA + S.
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of fungal species as described above. A total number of 900
Petri dishes were included in this study.

Endophyte sampling

To assess for stem endophytes, entire plants were sampled
at harvest time after inflorescences were removed. The plants
selected appeared healthy with no visible symptoms of dis-
ease or pest problems (Fig. 1C). The side branches were re-
moved and the entire main stem was divided into 12.5 cm
(5 in.) segments (Fig. 1D) and these segments were trans-
ported to the laboratory in plastic bags. Root samples were
also collected by excising a portion of the root system that
included main and lateral roots. From each stem segment,
tissue pieces measuring 0.5 cm (in diameter) were taken af-
ter the stem was sterilized by immersing in 20% bleach (Javex,
containing 6.25% NaOCl) for 3 min, followed by 70% EtOH
for 1 min, and rinsing thrice in sterile distilled water. Five
pieces were placed on each Petri dish containing PDA + S,
with four dishes per stem segment (Fig. 1E). The procedure
for sterilizing the root samples was as follows: immersion
in a 0.5% NaOCl solution for 30 s followed by 20 s in 70%
EtOH, rinsing thrice in sterile water, blotting on sterile pa-
per towels, after which 0.4 cm long pieces were plated out
onto each of four Petri dishes. All dishes were incubated un-
der laboratory conditions and fungal colonies identified as
described below. A total of eight plants were included in this
study, each divided into roughly eight segments, with 40 Petri
dishes per plant (stems and roots combined). In addition to
the whole plant sampling, the bottom 12.5 cm of stems from
harvested plants was also sampled at time of harvest. These
stem segments were sterilized, plated, and the resultant fun-
gal colonies (Fig. 1F) were identified in the same manner as
the stems sampled from the whole plant dissections. To ex-
amine for the presence of potential fungi in the pith tissues
of stems, stem segments were prepared for scanning electron
microscopy as described by Punja et al. (2019).

Soil sampling

Samples of growing substrate (soil mixtures) were col-
lected from unused batches, as well as at 1 and 3 weeks
post-planting, and at harvest time (8 weeks) from the root
zone. Each sample weighed approximately 200 g. A subsam-
ple of 0.5 g was suspended in 10 mL of sterile distilled wa-
ter and mixed using a vortex mixer for 20 s. A 1 mL sus-
pension was transferred to 9 mL of water, shaken, and a fur-
ther dilution was made in 9 mL of water. This was repeated
up to a 1073 dilution. Aliquots (0.5 mL) of each suspension
were plated onto five replicate PDA + S plates and repeated
three times for each sample. Dishes were incubated for ob-
servation of fungal colony development as described above
(Fig. 1G). The remaining soil was sent to a commercial labo-
ratory (A&L Labs. Inc., London, Canada) for analysis of total
yeast and mold (TYM) levels, total aerobic bacteria, and to-
tal Gram negative bile-tolerant bacteria as per standard pro-
tocols (https://www.alcanada.com/content/solutions/cannabi
s-analysis?title=Microbiological%20Scan). Sample collection
was repeated over two cropping cycles in one greenhouse
facility. For comparison, samples of cocofibre growing sub-
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strate used in a conventional hydroponic production facility
were also taken at 0, 1, 3, and 8 weeks in the production
cycle to provide a comparison of the microbial populations
present. The sampling was conducted in two different crop-
ping cycles.

Identification of fungal species

To identify each morphologically unique colony to genus
and species level, a PCR method utilizing primers for the
ITS1-5.8S-ITS2 region of ribosomal deoxyribonucleic acid
(DNA) was used (Punja 2021b). DNA was extracted from
mycelium scraped from the surface of colonies on PDA + S
using the QIAGEN DNeasy Plant Mini Kit. Aliquots of 1
puL containing 5-20 ng DNA were used for PCR in a 25
uL reaction volume consisting of 2.5 uL 10x buffer (con-
taining 15 mM MgCl,), 0.5 puL. 10 mM dNTP, 0.25 uL Taq
DNA Polymerase (QIAGEN, Venlo, The Netherlands), 0.25
pL 10 mM forward and reverse primers, as well as 20.25
pL DNase- and RNAse-free water (Invitrogen, Waltham,
USA). The universal eukaryotic primers UN-UP18 S42 (5-
CGTAACAAGGTTTCCGTAGGTGAAC-3') and UN-LO28 S576B
(5-GTTTCTTTTCCTCCGCTTATTAATATG-3') were used (Punja
2021b). All PCR amplifications were performed in a MyCycler
thermocycler (Bio-Rad Laboratories, Hercules, USA) with the
following program: 3 min at 94 °C; 30 s at 94 °C, 30 s at 60 °C,
3 min at 72 °C (35 cycles); and 7 min at 72 °C. PCR products
were separated on 1% agarose gels and bands of the expected
size (ca. 700 bp) were purified with QIAquick Gel Extraction
Kit and sent to Eurofins Genomics (Eurofins MWG Operon
LLC 2016, Louisville, USA) for sequencing. The resulting se-
quences were compared to the corresponding ITS1-ITS2 se-
quences from the National Centre for Biotechnology Infor-
mation GenBank database to confirm species identity using
only sequence identity values above 99%. A total number of
100 fungal colonies was analyzed. GenBank accession num-
bers for each of the unique fungal species recovered are pre-
sented in Supplementary Table S1.

Scanning electron microscopy

Samples of inflorescences and stem segments were pre-
pared for scanning electron microscopy to examine for
the presence of fungal spores. Pieces of bract tissues from
cannabis inflorescences, measuring 0.5 x 0.5 cm and bear-
ing pistils and trichomes, and sections made through stem
tissues, 0.5 ¢cm in length, were prepared according to the
method described by Punja et al. (2019). Samples were exam-
ined at various magnifications for any spore-like structures
on stigmas, trichomes, and in the pith tissue.

Comparing species diversity

The total number of different fungal species was compared
relative to the source of the sample—from inflorescences, air,
and soil from two indoor production facilities and from in-
florescences from one outdoor production site. Since the ac-
tual numbers of colonies of each species recovered on each
plate were not recorded, indices of fungal diversity could not
be calculated. Instead, comparisons of the total numbers of
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different genera and species in each sample were made and
are presented.

Results

The air sampling Petri dishes that were placed in the or-
ganic greenhouse production facilities for a 1 h exposure du-
ration (Fig. 1B) displayed a wide spectrum of fungal colonies
growing after 5 days of incubation in the laboratory (Figs. 2A-
2C). The most commonly observed fungal genera were Peni-
cillium, Alternaria, Cladosporium, Aspergillus, Mucor, Epicoccum,
and Fusarium. The various species found to be present in the
air were identified following comparison of PCR-derived se-
quences in GenBank and consisted of 39 species belonging
to 26 genera (Fig. 3). Swabs taken from developing inflo-
rescences (Fig. 1A) and from select dried cannabis samples
at various times similarly showed a wide diversity of fun-
gal colonies growing on PDA + S after 5 days of incubation
(Figs. 2D-2H). These included a similar range of fungal gen-
era that were observed on the air sampling plates. A total of
29 species belonging to 16 genera were present on the in-
florescence samples. In one outdoor organic facility, 11 gen-
era and 17 species of fungi were identified (Fig. 3). The fun-
gal species observed on inflorescences outdoors vs. indoors
were very similar but since only one outdoor facility was sam-
pled in this study, more extensive sampling of other facilities
will be needed to allow a comparison to be made on the fun-
gal populations outdoors compared to indoors. The relative
abundance of fungal species, expressed as the frequency of
occurrence of colonies on Petri dishes originating from in-
door inflorescences, air and soil samples is shown in Sup-
plementary Table S1. The most prevalent genera were Peni-
cillium, Aspergillus, Alternaria, Cladosporium, and Mucor. Sam-
pling of inflorescences revealed that multiple species of fungi
were present at any given time, as can be seen on the swab
plates (Fig. 2). The swab method of sampling recovered viable
spores/mycelium of the various fungi that produced colonies
on PDA + S as summarized in Fig. 3. Scanning electron mi-
croscopy showed the abundant stigmatic hairs (Figs. 4A and
4B) and the large numbers of glandular trichomes that are
normally present on cannabis inflorescences (Figs. 4C and
4D). Fungal spores resembling Penicillium spp. could be ob-
served on the surface of inflorescence leaves (Figs. 4E and 4F).
In addition, these spores were found adhered to the surface
of trichome glands (Fig. 4G) and magnified views revealed
the presence of spores which resembled Aspergillus, Penicil-
lium, and Cladosporium (Figs. 4H and 4I). Furthermore, resin se-
creted from the trichome glands was observed to have fungal
spores embedded in it (Figs. 4]-4L), mostly resembling those
of Aspergillus spp.

The analysis of samples of growing substrate for total mi-
crobial activity, including bacteria and total yeasts and molds
(Table 1), showed extremely high microbial levels in organic
growing substrates compared to cocofibre substrates used in
hydroponic production. The highest population levels of total
yeasts and molds, total aerobic bacteria, and Gram negative
bile-tolerant bacteria were seen from 3 weeks of plant growth
up to harvest time (8 weeks) when compared to 1 week post-
planting or prior to planting. The average fungal population
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levels in organic soil were approximately 158 times higher
than in cocofibre substrate (Table 1). Bacterial populations
were up to 1360 times higher in organic substrate compared
to conventional growing substrate. Soil dilution and plating
revealed a limited number of genera and species to be present
(11 genera and 15 species), in part because of the propen-
sity of fast-growing colonies, such as Mucor and Rhizopus spp.,
which grew over the dishes and obscured the presence of
many other colonies which could not be isolated and iden-
tified (Figs. 2I-2K).

The second aspect of this study was to assess the extent
of fungal endophytes present in cannabis stem tissues at
harvest. In this context, both plant pathogens and sapro-
phytes were recovered from asymptomatic tissues (Fig. 5A).
Several species of Fusarium, Botrytis cinerea, and Penicillium
spp. were recovered from internal stem tissues in this study.
The recovery of these fungi was consistent in stem sam-
ples from the bottom of the plant (0 cm) to the very top
(75 cm) (Fig. 5). A number of other endophytic fungi, includ-
ing Acremonium alternatum, Lecanacillium aphanocladii, Metarhiz-
ium anisopliae, and Trichoderma harzianum, were recovered
from cannabis stem tissues in the present study. Figure 5
shows the colonies recovered of Botrytis cinerea (Fig. 5B),
Fusarium oxysporum (Fig. 5C), Aspergillus puniceus, and Peni-
cillium polonicum (Fig. 5D), Penicillium chrysogenum (Fig. SE),
Chaetomium brasiliensis (Fig. 5F), and Penicillium olsonii (Fig. 5G)
from surface-sterilized stem sections of mature cannabis
plants. Chaetomium globosum was also recovered sporadically
from stem tissues in this study. By far, the most commonly
isolated endophytes were Penicillium spp. Two species of Hu-
micola were recovered from cannabis roots in this study. Se-
quences of unique and previously unreported fungi from or-
ganic cannabis facilities have been deposited in GenBank (see
Supplementary Table S1).

Discussion

In a previous 2 year study which involved sampling of
cannabis inflorescences within drying rooms of several li-
censed production facilities using the Q-tip method, 34
species of fungi belonging to 10 genera were reported to
be present (Punja 2021a). Among them, Penicillium, Alternaria,
Aspergillus, Cladosporium, Fusarium, Rhizopus, and Botrytis were
the most common. The diversity of fungal genera present
on inflorescences in the organic greenhouse production fa-
cilities, as determined in this study, was more extensive
than that previously reported from conventional produc-
tion facilities (16 genera in organic vs. 10 in conventional)
(Punja 2021a). The swab method of sampling recovered vi-
able spores/mycelium of the various fungi described in this
study. Their presence on cannabis inflorescences as epiphytes
is likely due to their ability to adhere to the sticky surface of
stigmatic tissues (Punja 2018), as well as on or around the
abundant trichomes that are produced on bracts surround-
ing the pistils in cannabis plants (Punja and Ni 2021). Previous
scanning electron microscopic studies showed that spores of
Penicillium spp. can adhere to stigmatic tissues (Punja 2018),
and the presence of Aspergillus spores was observed on the
surface of trichome glands (Punja and Ni 2021). The scanning
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Fig. 2. The colonies of a range of fungi recovered from air, inflorescences, and soil samples in this study. (A-C) Diverse fungi
growing on Petri dishes exposed to the air in organic growing facilities. (A) Alternaria, Aspergillus, and Penicillium spp. can be
seen. (B) Alternaria, Epicoccum, and Mucor can be seen. (C) Aspergillus, Fusarium, and Penicillium can be seen. (D-H) Colonies of
fungi recovered from inflorescence swabs. (D) Aspergillus, Fusarium, and Penicillium can be seen on the dishes. (E) Fusarium and
Penicillium are growing on the dishes. (F) Mucor and Rhizopus spp. can be seen on the dishes. (G) Mucor colonies have grown over
the Petri dish. (H) Trichoderma, Fusarium, Penicillium, and Aspergillus are growing on the dishes. (I-K) Colonies of fungi recovered
from soil. (I) Trichoderma, Fusarium, Penicillium, and Aspergillus colonies are growing on the dish. (J, K) Mucor and Rhizopus species
are prevalent on the dishes.
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Fig. 3. Fungal species identified from comparisons of PCR-derived sequences of the ITS1-5.8S-ITS2 region of ribosomal de-
oxyribonucleic acid. Species recovered from air, soil, and inflorescences from an indoor cannabis organic facility and from
inflorescences from an outdoor facility are indicated. Similar colored symbols indicate that particular species was present at

each sampling site.

Indoor Air

Fungal Species
Acremonium alternatum

Alternaria alternata
Alternaria tennuissima
Aspergillus niger
Aspergillus ochraceus
Beauveria bassiana
Bjerkandera adusta
Botrytis cinerea
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Conidiobolus coronatus
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Diaporthe eres

Epicoccum nigrum
Fusarium avenaceum
Fusarium oxysporum
Fusarium proliferatum
Fusarium sporotrichiodes
Humicola brevis
Lasiodiplodia theobromae
Hydnopolyporus fimbriatus
Lecanacillium aphanocladii
Mortierella hyalina

Mucor circinelloides
Mucor racemosus
Nigrospora oryzae
Paraphaeosphaeria michotii
Penicillium brevicompactum
Penicillium citrinum
Penicillium expansum
Penicillium olsonii
Penicillium polonicum
Penicillium spathulatum
Rhizopus stolonifer
Scedosporium aurantiacum
Stemphylium versicarium
Trichoderma harzianum
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A A A
A A
A A
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A A
A A
A
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A A A
A A

images from the present study showed that spores stuck to
trichome glands resembled those of Botrytis, Aspergillus, Cla-
dosporium, as well as other fungi that may be present in in-
florescences while adhered to the sticky surfaces of stigmas
and trichome glands. The swab method of sampling likely
recovered a portion of these fungi that were present as vi-
able epiphytes. There is no previously published information
to demonstrate if the resinous content of cannabis trichome
glands is inhibitory to fungal spore germination but the re-
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covery of viable colonies suggests it may not be. The effects
of resinous trichome secretions on fungal spore germination
is worthy of further study.

Sampling of inflorescences revealed that multiple species
of fungi were present at any given time, many of which are
previously unreported from cannabis inflorescences. In par-
ticular, Conidiobolus coronatus, Nigrospora oryzae, Epicoccum ni-
grum, Mucor circinelloides, and Mucor racemosus were recovered
in this study. None of these species were previously observed
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Fig. 4. Scanning electron microscopic images of cannabis inflorescences to show the stigmas and trichomes that are present
as well as spores of various fungi that adhere to these tissues. (A) A cluster of stigmas (arrow). (B) A close-up of a young stigma
showing the prolific production of stigmatic hairs (arrow). (C) Glandular trichomes (arrow) produced in abundance on bract
tissues surrounding the pistils. (D) A close-up view of the glandular trichomes, many of which are stalked (arrow). (E, F) Scanning
electron microscopic images of the surface of inflorescence bracts showing the presence of chains of spores of Penicillium. (G-I)
Images of spores stuck to the surface of glandular heads. (G) Aspergillus spores (arrow) attached to the surface of a trichome
head. (H) Close-up of chain of Aspergillus spores. (I) A spore of Botrytis stuck on a trichome head. (J-L) Spores of various fungi
embedded in the resinous material secreted from trichome heads. (J) Spores of Aspergillus embedded in the resinous material
(arrow). (K, L) Spores of unidentified fungi in the resin.
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Table 1. Microbial populations in organic soil and cocofibre substrate used for cannabis production sampled at various

time intervals during production.

Microbial populations (cfu/g x 10°)

Total yeast and mold

Total aerobic bacteria Bile-tolerant Gram negative bacteria

Sample analyzed? Range Mean Range Mean Range Mean
Organic soil

Unused 0.45-2.2 0.87 14-44 30 0.45-2.9 1.36
1 week post-planting 5.6-12.5 7.65 400-760 460 4.4-13.1 9.4
3 weeks post-planting 18-29 23 365-1145 780 15.8-32.4 19.8
At harvest (8 weeks) 6.0-11.9 8.4 820-1255 1121 3.5-10.1 8.1
Cocofibre substrate
Unused (dry) 0.001-0.06 0.0055 0.12-0.3 0.07 0.001-0.09 0.001
Unused (wet) 0.09-2.1 0.45 2.1-15.8 8.1 0.01-0.89 0.036
1 week post-planting 0.25-2.1 0.78 7.1-15.7 114 0.11-1.9 0.47
3 weeks post-planting 0.9-3.3 1.26 19.2-31.1 22.4 0.4-1.3 0.72
At harvest (8 weeks) 0.23-1.54 0.69 12-30 18.0 0.5-3.6 1.9

aTesting of all soil and cocofibre samples was conducted by a commercial laboratory (A&L Labs). The ranges and means shown are from three samples taken

during different cropping cycles.

on samples which originated from conventional growing fa-
cilities (Punja 2021a). These fungi are all saprophytes, found
on decomposing plant materials, and mostly present in soil.
They are prolific spore producers and were also found to be
present in the air in this study. The high diversity of fungal
species present in organic production greenhouses, both in
the air and on inflorescences, is assumed to have originated
from the organic soil, which contained a significant high
overall microbial activity (comprising both fungi and bac-
teria). Organic soils have been consistently reported to con-
tain higher levels of microbial activity and a greater diversity
of species compared to soils originating from conventional
cropping systems (Lupatini et al. 2017; Gazdag et al. 2019;
Xia et al. 2019; Fadiji et al. 2020; Visioli et al. 2020Xia et al.
2015). This diversity has been correlated with a greater ability
of organic soils, or soils amended with organic constituents,
to suppress the development of plant pathogens due to the
presence of competing microorganisms, particularly bacte-
ria, as well as fungal endophytes (Bonanomi et al. 2010; Li et
al. 2019; De Corato 2020; Tao et al. 2020; Vida et al. 2019). This
aspect deserves further study with regard to the potential
of organic soils to suppress root-infecting pathogens affect-
ing cannabis plants. Several pathogens, such as Fusarium and
Pythium species, cause a large number of diseases on hydro-
ponically grown cannabis in greenhouses (Punja 2021b; Punja
et al. 2022; Scott and Punja 2022), where disease suppression
is unlikely to be present due to the absence of competing mi-
croflora. Therefore, organic soils may offer an advantage in
terms of providing greater disease suppression but further
research is required to demonstrate this.

Of interest pertaining to the range of fungi present in or-
ganic cannabis production facilities was the identification of
several opportunistic human pathogens. For example, Coni-
diobolus coronatus and Nigrospora oryzae were recovered from
air, soil, and inflorescences in this study (Fig. 3). The former
can cause rhinofacial conidiobolomycosis, especially in trop-
ical countries, and was shown to infect healthy farm work-
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ers between the ages of 20 and 60 (Chowdhary et al. 2010;
Deak et al. 2018). Infection by Conidiobolus coronatus likely oc-
curs due to inhalation of fungal spores which imbed them-
selves into the nasal mucosa; subsequently, they penetrate
into the subcutaneous area of the face as well as the nasal
cavity and sinuses, causing facial deformation with extensive
nasal blockage and bleeding. Nigrospora oryzae is reported to
be a plant pathogen, causing diseases on rice, Indian mus-
tard, bamboo, and hemp plants (Sharma et al. 2013; Hao et
al. 2020; Liu et al. 2021; Balthazar et al. 2022) as well as be-
ing an opportunistic human pathogen, causing pulmonary
and skin infections (Vanam et al. 2020). It is also reported to
be an endophyte (Wang et al. 2017). Other fungi detected in
organic production facilities and not previously found in con-
ventional cannabis facilities include Mucor circinelloides and
Mucor racemosus. These fungi grow rapidly, are prolific spore
producers, and are commonly found on decomposing organic
matter in soil, and frequently are components of the my-
coflora in air. They are also reported to cause post-harvest dis-
eases in plants (Kwon and Hong 2005; Park et al. 2014; Saito
et al. 2016). Both species are considered opportunistic human
pathogens, causing mucormycosis, which can result in poten-
tially fatal infections in immunocompromised patients and
cause problematic infections in young children (Vellanki et
al. 2018). A recent outbreak of mucormycosis in India and
other countries was especially prevalent in recovering Covid-
19 patients (Borkar 2021; Hoenigl et al. 2022). These fungi
have also been reported to cause allergies and inflammation
of sinuses—their allergenicity has made them a common in-
clusion in routine allergen medical testing. Other fungi that
are potentially associated with allergies that were present in
the air in this study, and also reported to be present in con-
ventional cannabis production facilities, included species of
Alternaria, Cladosporium, Fusarium, and Aspergillus (Punja et al.
2019; Ma et al. 2021).

Fungi unique to organic production facilities present in the
air in this study were Acremonium alternatum (a hyperparasite
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Fig. 5. (A) The various endophytic fungal species recovered from cannabis stem tissues at various distances away from the
roots. The black squares indicate the presence of each species at the specific distances indicated on the left. (B-G) Colonies
of various endophytic fungi recovered from cannabis stem tissues growing on potato dextrose agar + 140 mg streptomycin
sulfate. Photos were taken after 7 days of incubation at ambient room temperature. (B) Botrytis cinerea. (C) Fusarium oxysporum.
(D) Aspergillus puniceus (arrow) and Penicillium polonicum (blue colonies). (E) Penicillium chrysogenum. (F) Chaetomium brasiliense. (G)
Penicillium olsonii.
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of powdery mildew and an endophyte) (Malathrakis 1985),
Bjerkandera adusta (a basidiomycete causing white rot and
found on dead trees) (Wang et al. 2021), Cercospora canescens
(causing cercospora leaf spot on mungbean) (Mew et al. 1975),
Humicola brevis (a thermophilic soil inhabiting ascomycete
common in composts and an endophyte) (Christensen et al.
1962), Hydnopolyporus (Polyporus) fimbriatus (a common wood
rotting basidiomycete) (Fidalgo 1963), Mortierella hyalina (a soil
inhabiting fungus and an endophyte) (Ozimek and Hanaka
2021), Paraphaeosphaeria michotii (an ascomycete causing leaf
spot on grasses) (Shoemaker and Eriksson 1967), Stemphylium
versicarium (a pathogen of alfalfa and asparagus) (Foster et
al. 2019), and Scedosporium aurantiacum (a soil-inhabiting as-
comycete) (Kaur et al. 2019). The sources of origin of these
fungi may be from fields and crops (including blueberry,
tomato, and pasture hay) growing in the vicinity of the
cannabis greenhouses, in addition to the organic growing
substrate. Sequences of unique and previously unreported
fungi from organic cannabis facilities have been deposited
in GenBank (see Supplementary Table S1). It should be noted
that these identifications were made solely from sequences
of the ITS region, and while a sequence similarity of 99% or
higher was used, additional gene sequences in addition to the
ITS could have been useful to support the identities of these
species.

The detection of Scedosporium aurantiacum in an organic
greenhouse production facility could be of potential interest
as it belongs to the group of fungi that has recently emerged
as an aetiologic agent of localized and disseminated diseases
in both immunocompromised and immunocompetent hu-
mans (Cortez et al. 2008; Kaur et al. 2019; Mizusawa et al.
2021). This ascomycete fungus has been recovered from soil,
sewage, and cattle, and poultry manures (Cortez et al. 2008).
Consistently, Scedosporium is considered the second most fre-
quent filamentous fungal genus (after Aspergillus) to colonize
the lungs of patients with cystic fibrosis, and can cause in-
vasive infections in transplant recipients and patients with
haematological diseases, resulting in a progressive and severe
deterioration of lung function of these individuals over time
(Kaur et al. 2019). While Aspergillus species are currently rec-
ognized to be of concern by Health Canada and the United
States Department of Agriculture if present on cannabis prod-
ucts, the occurrence of Scedosporium warrants further consid-
eration, although it was not specifically found on cannabis
inflorescences but was present in air samples in the growing
environment.

During organic crop production, a range of naturally oc-
curring inputs from plant, animal, and mineral sources may
be used. The specific inputs allowed can vary according to
crop and geographic region. Two regulatory agencies, the
USDA-National Organic Program and the CFIA-Canada Or-
ganic Regime, regulate organic food production in the USA
and Canada, respectively. Since cannabis is not considered
a food product, however, guidelines do not currently exist
at the national level to guide organic cannabis producers. In
the present study, the specific components and ratios used to
prepare the growing substrate within each facility were not
disclosed, but the inclusion of various forms of manures, fish
meal, wood chips, and bark mulch, was confirmed at both
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production sites. A range of similar inputs were evaluated
for organic hemp production (Bruce et al. 2022). These sub-
strates contain high levels of carbon, nitrogen, and other nu-
trients that can cause a proliferation of microbes over a short
time period, many of which can subsequently become air-
borne as bioaerosols and potentially contaminate cannabis
inflorescences. In mushroom cultivation facilities that uti-
lize varying sources of composts as a substrate, the occur-
rence of high numbers of airborne fungal spores has raised
concerns over the potential for inhalation by workers and
triggering asthma and other respiratory problems (Tanaka
et al. 2001; Ampere et al. 2012). Similar findings were re-
ported in compost manufacturing facilities, where human
exposure to airborne spores was reported to be of potential
concern (Forestier et al. 2008; Wery 2014). In these environ-
ments, aerosols contained a range of fungi, including species
of Aspergillus, Penicillium, Cladosporium, Alternaria, Mucor, Rhi-
zopus, and Conidiobolus, among others (Wery 2014). Interest-
ingly, all of these fungi were present in the organic cannabis
production facilities sampled in this study. A number of acti-
nomycetes were also present in bioaerosols originating from
composts (Wery 2014); these were not assessed in the present
study.

Final TYM levels present on cannabis flowers post-harvest,
which are reported as colony forming units (cfu) per gram,
is an important regulatory requirement in Canada, the USA,
and other countries around the world to ensure that poten-
tially harmful microbes are either absent or present at per-
missible levels in the product at point of sale to consumers.
Commercial testing laboratories carry out the required anal-
yses and TYM numbers exceeding a specified limit (rang-
ing from 1000-10 000 up to 50 000-100 000 cfu/g depending
on the jurisdiction) can cause a product to be rejected. In
Canada, the current limit is set at 50 000 cfu/g (Health Canada
2019). Other than the requirement for reporting the species
of toxigenic Aspergillus and bacteria such as Salmonella, Es-
cherichia coli, and Staphylococcus aureus, the identification of
other fungal species that could potentially cause harm to hu-
mans is not specified in current regulations. In the present
study and in previous work (Punja 2021a), identification of
fungal species using molecular approaches was considered an
important component to estimate the prevalence and types
of fungi found on cannabis inflorescences during production.
Our data indicate that there is a higher diversity of fungal
species, as well as higher microbial load in organic grow-
ing substrates and indoor environments, which could present
an additional challenge for organic producers of cannabis.
It is conceivable that these growing conditions can result in
higher rates of contamination of inflorescences in the final
product; however, we have no data to support this at the
present time. What is probable is that the high diversity and
presence of some potentially harmful fungal species in the
air could be a concern for workers in organic indoor facili-
ties, who may be exposed to inhalation of fungal spores. For
example, during indoor and outdoor cannabis harvesting and
trimming operations, high levels of airborne bacteria, acti-
nomycetes, and fungi were reported to be encountered by
workers (Martyny et al. 2013: Green et al. 2018); the most
prevalent fungal genera were Penicillium, Cladosporium, and
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Botrytis. Air sampling in organic cannabis production facili-
ties, as conducted in this study, has the advantage of iden-
tifying airborne populations of fungi that could potentially
contaminate cannabis inflorescences.

A range of endophytic fungi were recovered from cannabis
stem tissues in this study, some of which have been recovered
previously from stems of plants grown in hydroponic pro-
duction (Punja et al. 2019). These include Fusarium and Peni-
cillium spp. These endophytes have been shown to be prob-
lematic in tissue culture studies of cannabis, as despite rigor-
ous surface-sterilization attempts, they can still be present
as internal contaminants (Holmes et al. 2021). The poten-
tial roles of the Penicillium species within cannabis tissues
remain unexplored. The recovery of Fusarium spp. as endo-
phytes in cannabis tissues was reported previously (Punja
et al. 2019). Similarly, Aspergillus species and Chaetomium glo-
bosum have been reported as endophytes in cannabis stem
and leaf tissues (Punja et al. 2019). A number of potentially
beneficial endophytic fungi that are reported to promote
growth in other plant species, including Acremonium alterna-
tum, Lecanacillium aphanocladii, Metarhizium anisopliae, and Tri-
choderma harzianum, were also recovered from cannabis stem
tissues in the present study. Species of Humicola were also re-
covered from roots in this study. Members of this genus are
commonly found in soil, composts, and decaying plant ma-
terials (Wang et al. 2019). Some species are endophytic and
have potential as biological control agents of plant diseases
(Wang et al. 2019). Infection of tomato roots by Humicola fus-
coatra was not reported to cause any visible disease symptoms
(Menzies et al. 1998). A few species may cause allergies in hu-
mans (Wang et al. 2019). On outdoor grown hemp plants, Al-
ternaria and Cochliobolus were the most prevalent fungal gen-
era recovered (Scott et al. 2018). Further studies are needed
to determine the possible benefits to cannabis growth by var-
ious endophytic fungi harboured in root and stem tissues.

The nature of plant-endophyte interactions ranges from
mutualism to pathogenicity, depending on many abiotic and
biotic factors, including the genotypes of plants and mi-
crobes, environmental conditions, nutrient availability, and
the dynamic network of interactions within the plant mi-
crobiome (Hardoim et al. 2015; Mengistu 2020; Thoms et
al. 2021). With regard to the potential for endophytes to re-
duce plant diseases, Busby et al. (2016) stated “Fungal endo-
phyte effects on plant disease severity are context-dependent.
The complexity within plant microbiomes presents a signif-
icant challenge to disentangling the biotic environmental
factors affecting plant disease severity”. Therefore, carefully
executed studies are needed to elucidate the roles of endo-
phytic microbes within cannabis tissues since their poten-
tial benefits as endophytes can only be established through
experimentation. Their recovery from cannabis plants alone
cannot be assumed to provide benefits until such data are
available.

An interesting observation was the recovery of Botrytis
cinerea from healthy stem tissues in the present study, where
it presumably resided as an endophyte without causing dis-
ease symptoms. These cryptic infections have been described
for Botrytis cinerea on a range of host plants, where there were
no obvious deleterious effects on the growth of the plant
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despite the presence of the pathogen (van Kan et al. 2014;
Shaw et al. 2016). In some cases, quiescent presence of Botrytis
cinerea inside plant tissues could occur for weeks (van Kan et
al. 2014). The prevalence of these cryptic infections appeared
to be greater when plants were grown under high light in-
tensity, which is commonly encountered in cannabis produc-
tion. The isolates of Botrytis cinerea recovered as endophytes
were shown to be pathogenic (Shaw et al. 2016). Sporulation
and disease symptoms did develop on symptomless plants,
however, when infected tissues were stressed, or became ma-
ture, or senescent (van Kan et al. 2014; Shaw et al. 2016).
The cannabis plants from which Botrytis cinerea was isolated
were not showing any visual symptoms and tissues were col-
lected at harvest. The endophytic growth of Botrytis cinerea
in cannabis stem tissues as a latent pathogen and its abil-
ity to cause disease at some point later during plant devel-
opment has not been determined and the importance of this
cryptic phase as a source of inoculum is unknown. Generally,
Botrytis cinerea primarily causes inflorescence rot on cannabis
plants although stem cankers are not uncommon (Punja and
Ni 2021). The ability of Fusarium, Botrytis, and Penicillium spp.,
which were recovered from the penultimate 62-75 cm seg-
ments of the stems of mature cannabis plants in this study, to
be vertically transmitted into the floral tissues (at an approxi-
mate height of 75-87 cm) is unknown. All of these pathogens
are reported to cause bud rots under warm and humid con-
ditions (Punja 2018; Punja and Ni 2021). It is conceivable that
internal stem-inhabiting inoculum is capable of invading the
inflorescence tissues, leading to the development of bud rot
symptoms, but this requires further study.

In conclusion, the results from this study indicate that one
potential challenge to growing cannabis under organic pro-
duction systems is the higher prevalence of fungal spore pop-
ulations in the air, whose origins are the microbially active
growing substrates and components contained therein. This
is similar to the finding that unpasteurized cocofibre used
in hydroponic cultivation can also harbour a range of mi-
crobes that can potentially contaminate the stems and in-
florescences of growing cannabis plants (Punja et al. 2019).
The presence of certain opportunistic fungi that can poten-
tially affect humans, however, may necessitate more care in
providing workers with necessary protection from inhalation
of spores within organic cannabis facilities. The greater mi-
crobial diversity and presence of endophytes in stem tissues
in organically grown cannabis requires additional studies to
determine the potential benefits they may provide in pro-
tecting against plant pathogens, especially those infecting
the roots. Conversely, the higher fungal spore populations
in organic greenhouse facilities could lead to a higher con-
centration of TYM present in inflorescences that could cause
products to fail to meet quality assurance criteria. These chal-
lenges need to be considered against the conventional hy-
droponic cultivation of cannabis, which generally has lower
airborne spore concentrations but on which a larger num-
ber of plant pathogens have been described (Punja 2021c;
Scott and Punja 2022). The insights gained from air sam-
pling in cannabis production facilities in this study sug-
gest that this should become a common practice for quality
assurance.
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