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ABSTRACT

KEYWORDS

Cannabis cultivation is an emerging industry within the United States. Organic dust derived in part
from naturally occurring microorganisms is known to cause byssinosis in the hemp industry. In this
pilot study, bacteria and fungi encountered by workers at an outdoor cannabis farm that utilized
organic practices were elucidated by 16 S ribosomal RNA (rRNA) and Internal Transcribed Spacer (ITS)
region sequencing, respectively. Area (n = 14) and personal air samples (n = 12) were collected dur-
ing harvesting and processing activities. 16 S rRNA and ITS regions of extracted bacterial and fun-
gal genomic DNA were amplified and sequenced using Sanger sequencing. Bacterial sequencing
resolved 1,077 sequences that were clustered into 639 operational taxonomic units (OTUs) and pre-
dominantly placed in the phylum, Actinobacteria (46%). Personal air samples revealed higher bacterial
and Actinobacteria diversity compared to outdoor area samples collected within the facility (p < 0.05).
A high degree of dissimilarity between bacteria was identified within and between samples. Fungal
sequences (n = 985) were identified and predominantly clustered in the phylum Ascomycota (53%). Of
the 216 fungal OTUs elucidated, the cannabis plant pathogenic species, Botrytis cinerea, was the most
prevalent and accounted for 34% of all fungal sequences. The relative abundance of B. cinerea was
highest in personal air samples (59%) compared to area samples collected in the drying room (19%),
greenhouse (18%), and outdoor environment (6%). There was 49% sample similarity between fungi
identified within personal air samples, but higher dissimilarity coefficients were observed within and
between greenhouse, drying room, and outdoor area air samples. The results of this pilot study sug-
gest that the cannabis farm workers are potentially exposed to Actinobacteria as well as the cannabis
plant pathogen, B. cinerea during harvesting, bud-stripping, and hand-trimming processes.

Bacteria; cannabis; exposure
assessment; fungus; gene
sequencing; occupational
hazards

Introduction

Recreational and medicinal cannabis use has been legal-
ized in Alaska, Colorado, Oregon, Washington, the
District of Columbia, and, most recently, in Califor-
nia, Maine, Massachusetts, and Nevada. An additional
20 states have legalized medicinal cannabis use with
Arkansas, Florida, and North Dakota approving initia-
tives in the 2016 election. Cannabis legalization in the
United States has resulted in the emergence of a cul-
tivation industry that operates under a state regulatory

environment.[!] Cultivating operations include outdoor,
indoor or a combination of indoor/outdoor farms that
employ a workforce that maintains facilities, harvests, and
processes cannabis for commercial distribution.

The acute and chronic health effects associated
with consumption of the psychoactive compound delta
9-tetrahydrocannabinol (A9-THC) derived from C.
sativa and C. indica are well described.[?] However, the
potential safety and occupational health hazards encoun-
tered by workers that harvest and process cannabis in
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either outdoor processing environments or within green-
houses have not been well studied. Outdoor farms uti-
lizing organic practices are a subset of cannabis growing
operations that do not utilize broad-spectrum pesticides.
These occupational environments are susceptible to nat-
urally occurring microorganisms and plant pathogens.
Concentrations can exceed one million colony-forming
units (CFU) per m? of air in areas where the plant is
manipulated.’>*! Occupational health studies of forensic
laboratorians have described dermal (contact urticaria)
and respiratory immunoglobulin E (IgE)-mediated
hypersensitivity reactions following direct contact with
cannabis.>7] Recent outbreaks of hypersensitivity reac-
tions to cannabis have also been recently reported among
Canadian recreational users.!®] Workers in hemp pro-
cessing facilities can also be exposed to organic dust
that contains respirable and inhalable particles derived
from microbial contaminants.[>°) Hemp workers with
exposure to organic aerosols have higher IgE titers and
chronic respiratory symptoms compared to non-exposed
hemp workers!!®! and a high prevalence of work-related
respiratory conditions, such as byssinosis.!*!1"14] Like
hemp workers, cannabis industry workers are expected to
be exposed to products, such as leaves, buds, sap/exudate,
flowers, and pollen and their associated plant pathogens,
including bacteria and fungi, when handling the plant
during cultivation and processing procedures.

In 2015, the National Institute for Occupational Safety
and Health (NIOSH) Health Hazard Evaluation (HHE)
program received a request to evaluate the potential
ergonomic, chemical, and biological hazards associated
with cannabis harvesting and processing operations at
one outdoor cannabis farm. The farm produced and har-
vested C. sativa and C. indica for medicinal use. Spe-
cific work-related tasks evaluated included big leafing,
destemming, and hand trimming. Based on the occur-
rence of exposure to organic dust within the similar hemp
industry, the objectives of this pilot study were to use
16 S ribosomal RNA (rRNA) and Internal Transcribed
Spacer (ITS) region sequencing to characterize the micro-
bial hazards that can be encountered within an outdoor
U.S. cannabis production facility.

Methods

Facility and process description

The site of the HHE was a 5-acre outdoor farm in
Washington, a state that has legalized the medicinal and
recreational use of cannabis.'! The farm cultivated C.
sativa, C. indica, as well as a C. sativa/indica hybrid for
medicinal use. In addition to cannabis, the farm also
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produced fruits and vegetables utilizing organic practices.
Pesticides were not used at the farm.

NIOSH visited the farm in August and October 2015.
During the October site evaluation, the farm’s workforce
consisted of the owner and 3 employees. The farm cul-
tivated approximately 40 cannabis plants at a time from
seeds. The plants were initially contained within a green-
house and then transferred to hoop houses. Harvesting
the plants included using hand pruners to cut the cola,
a large stem with attached flowers/buds that emerge from
the main trunk. The colas were then transferred to an area
within the hoop house referred to as the big leafing area,
where larger leaves were removed by employees. Colas
were then dried in a drying area that was housed in a sepa-
rate enclosed structure within the facility for drying times
that were subjectively judged. The dried flowers/buds
remaining on the dried colas were then removed through
a process termed destemming. Flowers/buds were then
individually trimmed and prepared for consumption.

Air sampling

Occupational tasks were observed, and personal breath-
ing zone and area air samples were collected in the har-
vesting, big leafing, drying, destemming and hand trim-
ming work locations. Air samples were collected at each
site using a NIOSH BC251 bioaerosol air sampler for gene
sequencing analysis and an AirCheck2000® personal air
sampling pump calibrated at 2 L/min. Air samplers were
placed outdoors (n = 3), in various areas of the green-
house (n = 3), and drying room (n = 8), and on farm
workers (n = 12) for 8 hr. The NIOSH BC251 bioaerosol
air sampler consists of 2 cyclones that deposit aerosols
into standard centrifuge tubes and onto a 2 um pore PTFE
filter, allowing for the collection of particles across 3 size
fractions: 24.9 um; 1.7-4.9 um; and <1.7 pm aerody-
namic diameter. Following collection, area and personal
air samples were packaged and shipped overnight at room
temperature to NIOSH.

Genomic DNA extraction from air samples

Air samples (n = 26), field blanks (n = 5), and media
blanks (n = 5) were processed separately for bacterial
and fungal DNA extraction using the High Pure PCR
Template kit (Roche, Basel, Switzerland) as previously
described.['>1¢] For air samples, including field con-
trols, each stage from the NIOSH BC251 air sampler
was combined and processed sequentially with 650 uL
of the High Pure PCR Template kit lysis buffer as pre-
viously described.!'>] The samples were centrifuged at
20,000 x g for 1 min, transferred to new microcentrifuge
tubes, and incubated with 40 pL CelLytic B lysis reagent
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(Sigma-Aldrich) for 15 min at 37°C. The kit’s binding
buffer (200 pL) and proteinase K (40 pL) was mixed
with the samples and then incubated at 70°C for 10 min.
The samples were mixed with 100 pL of isopropanol,
washed, and eluted as recommended by the manufac-
turer (Roche). The eluate was aliquoted into a 1.5 mL
Eppendorf tube and stored at —20°C. Extraction reagent
blanks (n = 5), referred to as media blanks, were addi-
tionally included in the analysis as a control.

Bacterial 16 S rRNA and fungal ITS region
amplification, cloning, and Sanger sequencing

Extracted bacterial (16 SrRNA) and fungal (ITS) genomic
DNA were targeted for PCR amplification as previously
described.[*17-18] Briefly, bacterial 16 S rRNA genes were
amplified using Platinum Taq DNA polymerase (Invit-
rogen, Carlsbad, CA, USA) and the highly conserved
primer pair p8FPL (AGTTTGATCCTGGCTCAG) and
p806R (GGACTACCAGGGTATCTAAT) using a mod-
ified method of McCabe et al..'®) The PCR conditions
included initial denaturation at 95°C for 4 min, fol-
lowed by 33 cycles of denaturation at 94°C for 1 min,
annealing at 55°C for 1 min, and extension at 72°C
for 2 min, and completed with a final extension at
72°C for 10 min. Fungal ITS1 and ITS2 regions were
amplified using the primer pair Funl8Sf (forward, 5'-
TTGCTCTTCAACGAGGAAT) and ITS4 (reverse, 5”-
TCCTCCGCTTATTGATATGC) and Platinum Taqg DNA
polymerase (Invitrogen, Carlsbad, CA, USA) according to
the methods previously described.['8! For bacterial and
fungal amplification, 3 replicate PCR reactions (50 pL)
were run for each sample using 5 pL of DNA template.
The triplicate PCR reactions were then combined, and
the bacterial and fungal amplicons were purified using a
QIAquick PCR purification kit following the methods rec-
ommended by the manufacturer (Qiagen, Valencia, CA).
Purified product (8 uL) was then resolved on a 1% agarose
gel containing 1 pg/mL ethidium bromide and examined
for amplicons using ultraviolet light.

Bacterial and fungal amplicons were separately cloned
into the pDRIVE vector using a PCR cloning kit (Qiagen)
as previously described.[*8! Clone libraries were produced
by transforming cloned plasmids into chemically com-
petent Escherichia coli cells, as previously described.!'*!
Forty-eight positive colonies per sample (as determined
colorimetrically by the inactivation of the lacZ gene) were
randomly selected and cultured for 16 hr at 37°C in lig-
uid Luria-Bertani media containing 100 pg/mL ampi-
cillin. Resultant cells were centrifuged at 1800 x g and
the pellet resuspended in 200 pL of 15% glycerol in a
96-well plate. The glycerol stocks were then submitted
for Sanger sequencing of the bacterial 16 S rRNA or

fungal ITS insert (Genewiz, Inc., South Plainfield, NJ,
USA).

Plasmid DNA containing bacterial 16 S rRNA and
fungal ITS regions were sequenced in both directions
using primers T7 and SP6. Downloaded sequences were
then trimmed, and forward and reverse reads assembled
using Geneious R7 Software (Biomatters Ltd, Auckland,
New Zealand). Assembled sequences were initially fil-
tered for the presence of primers, low-quality sequences,
chimeras, or short nucleotide read lengths as previously
described.['®] Sequences that could not assemble or be
trimmed due to poor sequence quality did not pass fil-
tering and were omitted from the analysis.

Operational taxonomic units and diversity analysis

Sequence data that passed quality filtering were then
clustered into operational taxonomic units (OTUs) using
MOTHUR software version 1.32.1 and the ClustalW
Alignment algorithm with a 97% similarity cutoft, as pre-
viously described.['8] Sequences representative of each
OTU were then queried against the National Center for
Biotechnology Information (NCBI) using the Basic Local
Alignment Search Tool (BLAST). OTU identification and
abundance data were then prepared for each sample, as
previously described.!8]

OTU abundance datasets were used to calculate rich-
ness and diversity indices for samples derived from per-
sonal, greenhouse, drying room, and outdoor air samples.
Richness and diversity indices including Chao2, the Shan-
non diversity index, and the Simpson reciprocal index
of diversity were calculated for each sample according to
the calculations presented by Magurran.[?) Beta diver-
sity was additionally analyzed by calculating the Bray-
Curtis dissimilarity coefficient, a value between 0 (sim-
ilar) and 1 (dissimilar) to evaluate sample dissimilar-
ity within and between collected samples as previously
described.!'®]

Statistical analysis

Graphical presentation (relative abundance of fungal
community distribution) and statistical analysis of OTUs
captured from the evaluation of personal air sampler,
greenhouse, drying room, and outdoor air samples was
completed using Sigmaplot version 12.5 (Systat Software
Inc., San Jose, CA, USA). The differences in fungal and
bacterial OTUs, Actinobacteria, and Botrytis cinerea val-
ues among personal and area sampling groups were evalu-
ated using the nonparametric rank-based, Kruskal-Wallis
test to measure statistical significance at « = 0.05. A
Mann-Whitney U test was then utilized to compare per-
sonal sampler OTUs, Actinobacteria, and B. cinerea values



to area sampler groups to measure statistical significance
at o = 0.05.

Results

16 S rRNA sequencing analysis of air samples elucidated
1,077 bacterial clones clustered into 639 OTUs. Bacterial
phyla with the highest relative abundance included the
Actinobacteria (46%), Proteobacteria (26%), Firmicutes
(15%), and Bacteroidetes (9%) (Figure 1A). An addi-
tional 11 bacterial phyla were identified in personal and
area samples and accounted for 4% of bacterial clones
(Figure 1A).

The relative abundance of the 4 most prominent bac-
terial classes is shown in Figure 1B. Bacterial classes
with over 10% relative abundance included the Acti-
nobacteria (43%), Alphaproteobacteria (16%), and Bacilli
(13%; Figure 1B). In the area and personal samples,
the most abundant bacterial genera included Arthrobac-
ter spp. (2.5%), Nocardioides spp. (2.5%), and Bacillus
spp. (2.1%; Figure 1C). A complete list of identified
bacterial taxa are included in Supplementary Table 1.
Gram-positive bacteria placed in the Actinobacteria com-
prised 47%, 51%, 46%, and 23% in the personal air sam-
ples, greenhouse, drying room, and outdoor area sam-
ples, respectively (Table 1 and Figure 2). In addition
to gram-positive Actinobacteria, approximately 40% of
bacterial phyla were endotoxin-producing gram-negative
bacteria primarily placed in the phyla, Firmicutes and
Bacteroidetes (Figure 1A and 2). In some field and
media negative controls, bacterial DNA derived from
species such as Bradyrhizobium elkanii were identified
and subtracted from the personal and area air sampling
results.

The mean values of bacterial OTUs were identified to
be statistically different between the cannabis farm sam-
pling locations (p = 0.034; Table 1). Pairwise comparison
of sampling groups also revealed a statistically significant
difference between the mean number of bacterial OTUs
elucidated in personal compared to outdoor air samples
(p = 0.012; Table 1). A significantly higher number of
Actinobacteria OTUs and clone libraries were also iden-
tified in the personal air samples compared to outdoor air
samples (p < 0.05). No statistically significant differences
were identified between personal, greenhouse or drying
room samples (Table 1). Analysis of bacterial richness and
diversity indices confirmed the results of the OTU statis-
tical analysis and showed that all indices were higher in
personal air samples compared to the greenhouse, drying
room, or outdoor area air samples (Table 2). The Bray-
Curtis dissimilarity coefficient also demonstrated a high
degree of compositional dissimilarity within and between
sampling groups (Table 2).
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Figure 1. Relative abundance of the bacterial phyla, classes, and
species identified in the analysis of personal, greenhouse, drying
room, and outdoor air samples. (A) Identified bacterial phyla.
Y-axes represent the rank order of relative abundance of bacterial
phyla sequences. (B) Rank order of the most abundant bacterial
classes. Y-axes represent the rank order of relative abundance of
sequences placed in the 4 most abundant bacterial phyla, includ-
ing Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes.
(C) The relative abundance of the 10 most frequently detected
bacterial taxa (sequences with 97% similarity) out of 639 identified
bacterial OTUs. The x-axis represents the percentage of 1,077
bacterial sequences.

Fungal ITS region sequencing elucidated 985
clones clustered into 216 fungal OTUs. Identified
sequences were placed into the fungal phyla Ascomycota
(53%), Basidiomycota (46%), Zygomycota (1.2%), and
Glomeromycota (0.5%; Figure 3A). The relative abun-
dance of Ascomycota and Basidiomycota classes are
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Table 1. Bacteria and Actinobacteria operational taxonomic units by sampling location. Values presented included mean and range for
OTUs, sum of Actinobacteria clone libraries (p = 0.043), and the prevalence of Actinobacteria to total bacteria (p = 0.043).

Sampling Location Sample Size Bacterial OTU' Actinobacteria OTU Actinobacteria Clone Libraries Actinobacteria % of Total Bacteria
Personal air samples 11¢ 43.1(38-47) 201 (12-28) 21.8 (13-29) 47.3% (28.8-60.4)
Harvesting 3 43.7 (41-47) 24 (20-28) 25.3 (22-29) 55.1% (46.8-60.4)

Bud stripping 3 423 (40-44) 18.7 (13-24) 21.3 (16-28) 46.7% (36.4-58.3)
Trimming 4 43 (38-47) 17.8 (12-23) 18.5 (13-24) 40.2% (28.8-52.2)
Greenhouse 3 40.3 (38-42) 19.7 (16-22) 22.7 (18-28) 50.8% (40.9-62.2)

Drying room 8 37.2 (14—~ 45) 163(6 23) 19.2 (8-26) 46.2% (36.2-55.3)
Outdoor 3 26 (15-36)" 3(1-17)" 97 (1-19)" 26.4% (5.9-42.2)

TStatistically significant differences between the 4 sampling groups were observed in bacterial OTU (p = 0.034) but not Actinobacteria OTU (p = 0.125) or

Actinobacteria clone library (p = 0.172) treatment groups.

*In addition to the personal air samples that were collected from workers that harvested, bud stripped, and trimmed cannabis, one personal air sample was addi-
tionally collected from a site manager that visited different locations throughout the facility during the 8-hr sampling interval. One additional personal air sample
was collected from a harvesting worker but a technical issue during the sampling interval resulted in the removal of this sample from the analysis.

*The Mann Whitney U test, used to compare area sampling groups to the personal sampler values, revealed statistical significant differences between the personal
and outdoor air sample values for bacterial OTU (p = 0.012), Actinobacteria OTU (p = 0.043), and Actinobacteria clone libraries (p = 0.043).
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Figure 2. Relative abundance of the 4 most abundant bacterial
phyla, including Actinobacteria, Proteobacteria, Firmicutes, and
Bacteroidetes, identified in personal (n = 11), greenhouse (n = 3),
drying room (n = 8), and outdoor air samples (n = 3).

shown in Figure 3B. The Agaricomycetes (Basidiomy-
cota) and the Leotiomycetes (Ascomycota) were the most
abundant classes and accounted for 42% and 38% of fun-
gal clones, respectively. Analysis of area samples showed
Basidiomycota sequences were predominant in outdoor
samples from the farm (91%) and within the drying
room (70%; Figure 4). In contrast, greenhouse samples
included a similar relative abundance of Ascomycota

(49%) and Basidiomycota (47%), as well as Zygomycota
(2.7%; Figure 4).

Personal air samples were dominated by sequences
placed in the Ascomycota (87%, Figure 4). Botrytis
cinerea, a plant pathogen of cannabis that causes gray
mold, was identified to be the most common fungus in
the analysis of personal and area samples and accounted
for 34% of fungal sequences (Figure 3C). A complete list
of identified fungal taxa are included in Supplementary
Table 2. Other cannabis plant pathogens placed in the
class Leotiomycetes including Golovinomyces and Sclero-
tinia sclerotiorum were also identified in the analysis and
accounted for 4% of ITS sequences. (Figure 3B and 3C).
B. cinerea was the most common species accounting for
approximately 59% of the fungi detected in personal air
samples, 19% of the drying room air samples, and 18% of
the greenhouse air samples (Table 3).

The mean numbers of fungal OTUs were significantly
different among the fungal sampling groups (p = 0.003;
Table 3). Pairwise analysis of sampling groups showed that
personal air samples had significantly lower OTUs com-
pared to drying room (p = 0.006) and outdoor air samples
(p = 0.013; Table 3). There were no statistically significant
differences between fungal OTUs by occupational tasks
including harvesting, bud stripping, or hand trimming
(Table 3). Analysis of B. cinerea clone libraries showed

Table 2. Bacteria species richness and diversity indices calculated for personal, greenhouse, drying room and outdoor air samples.

Bray-Curtis
Dissimilarity
Shannon Simpson Bray-Curtis Coefﬁcient*
Diversity Reciprocal Dissimilarity Personal versus
Sample Size Chao-2 Index” Index’ Coefficient’ Area Sample
Personal air n 567.77 3.63(0.01) 165.65 (61.17) 0.84(0.05) —
samples
Greenhouse 3 225.93 3.55(0.15) 155.68 (92.82) 0.81(0.03) 0.84 (0.06)
Drying room 8 362.83 3.45(0.37) 102.01 (45.1) 0.86 (0.06) 0.88 (0.05)
Outdoor 3 232.76 3.06 (0.39) 51.33 (17.05) 0.85(0.09) 0.92(0.06)

*Shannon diversity index represents the mean and standard deviation in parentheses for each sample group.
*Simpson reciprocal index of diversity represents the mean and standard deviation in parentheses for each sample group.
*Bray-Curtis dissimilarity coefficient represents the mean and standard deviation calculated for within and between samples.
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Figure 3. Relative abundance of the fungal phyla, classes and
species identified in the analysis of personal, greenhouse, drying
room and outdoor air samples. (A) Identified fungal phyla.
Y-axes represent the rank order of relative abundance of fungal
phyla sequences. (B) Rank order of the most abundant fungal
classes. Y-axes represent the rank order of relative abundance of
sequences placed in the most abundant fungal phyla, including
Ascomycota and Basidiomycota. (C) The relative abundance of
the 10 most frequently detected fungal taxa (sequences with 97%
similarity) out of 216 identified fungal OTUs. The x-axis represents
the percentage of 985 bacterial sequences.
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Figure 4. Relative abundance of the fungal phyla identified in
personal (n = 11), greenhouse (n = 3), drying room (n = 8), and
outdoor air samples (n = 3).

that the highest number of clone libraries were resolved
in personal air samples, particularly among workers per-
forming harvesting and trimming occupational tasks
(Table 3). Personal B. cinerea clone libraries were signif-
icantly higher compared to drying room (p = 0.012) and
outdoor air sampling groups (p = 0.029; Table 3). Fungal
richness was highest in personal and drying room sam-
ples (Table 4). However, richness may have been under-
estimated as rarefaction curves for each sampling group
did not reach a horizontal asymptote (data not shown).
In contrast to bacterial diversity results, fungal diversity
indices were highest in outdoor and drying room sam-
pling groups compared to personal air samples (Table 4).
Bray-Curtis dissimilarity coefficient scores showed 49%
sample similarity within personal air samples; however,
higher dissimilarity coefficients were observed within and
between greenhouse, drying room and outdoor area air
samples (Table 4).

Discussion

Sequencing of 16 S rRNA and ITS regions is a method
increasingly used in occupational health studies to assess
the diversity of bacteria and fungi in air and dust
samples.!718:21] This methodological approach over-
comes some of the limitations associated with tradi-
tional methods of microbial exposure assessment, such
as elucidating non-culturable fungi from viable fungi or
microscopically differentiating fungal spores that share
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Table 3. Mean fungal operational taxonomic units and Botrytis cinerea clone library number and prevalence by sampling location. Values
presented included mean and range for OTUs, sum of Botrytis cinerea clone libraries (range), and the prevalence of Botrytis cinerea to total

fungal sequences (range).

Location Sample Size Fungal oru' Botrytis cinerea Clone Libra ries’ Botrytis cinerea % of Total Fungi
Personal air samples n 13.1(5-24) 22 (3-40) 59.2% (6.7-87)
Harvesting 3 1.7 (5-16) 31(23-40) 68.4% (49-87)

Bud stripping 3 1 (6-14) 15 (11-21) 54.2% (24-60)
Trimming 4 13.5(7-24) 243 (3-36) 61.4% (6.7-85.7)
Greenhouse 3 22.7 (18-28) 8(1-17) 17.7% (2.1-35.4)

Drying room 8 22.5(15-33)" 7(1-14)" 19.3% (2.2-29.2)
Outdoor 3 30 (26-34)" 3(0-8)° 6% (0-13.6)

TStatistically significant differences between the 4 sampling groups were observed for fungal OTU (p < 0.003), and B. cinerea clone library (p = 0.013) treatment

groups.

*In addition to the personal air samples that were collected from workers that harvested, bud stripped, and trimmed cannabis, one personal air sample was
additionally collected from a site manager that visited different locations throughout the facility during the 8-hr sampling interval. One additional personal air
sample was collected from a harvesting worker but a technical issue during the sampling interval resulted in the removal of this sample from the analysis.

*The Mann Whitney U test, used to compare area sampling groups to the personal sampler values, revealed statistical significant differences between the personal
air samples and the drying room values for fungal OTU (p = 0.006), and B. cinerea clone libraries (p = 0.012). Statistical significant differences were additionally
observed between the personal air samples and the outdoor air sample values for fungal OTU (p = 0.013), and B. cinerea clone libraries (p = 0.029).

the same morphology.'"®! In the present study, analy-
sis of personal and area air samples derived from an
outdoor cannabis farm that utilized organic practices
revealed an expected broad diversity of bacterial and fun-
gal sequences. In addition to exposure to cannabis plant
components, the results of this study further elucidated
Actinobacteria as well as the fungal species B. cinerea
as additional microbial exposures for workers that per-
formed harvesting, bud-stripping, and hand-trimming
tasks. These findings build on recent research findings
that found culturable fungi in 30 U.S. indoor cannabis
grow operations.[*]

Actinobacteria are a diverse and abundant phylum
of gram-positive bacterial??! that can be aerosolized
into the breathing zone of a worker.!?*:?*] Occupational
environments that produce or use organic materials
such as mushroom compost, potato processing, or swine
confinement facilities and even water-damaged building
materials can support the growth and proliferation of
Actinobacteria species.[?>?7] The Actinobacteria were
the most abundant bacterial phyla identified in the dry-
ing room, greenhouse and personal air samples collected
at the organic cannabis farm. Areas, where workers
processed and handled cannabis, had the highest relative

abundance of Actinobacteria that was dominated by
the genera Arthrobacter and Nocardioides. Members of
the genus Arthrobacter have been previously identified in
other occupational environments such as sawmills?*! and
accounted for as much as 81% of the total bacterial count
in a potato processing environment where 46% of work-
ers reported work-related respiratory symptoms.’?*! In
contrast, Nocardioides is a soil-borne genus that produces
hyphae that fragment into rod-coccoid elements.[?*) The
prevalence of Nocardioides in occupational environments
has not been widely reported, although this genus was
recently described in low abundance in a study that evalu-
ated the bacterial microbiome of indoor dust and outdoor
air samples collected as part of a Boston area birth cohort
and school exposure study.*) In addition to Actinobac-
teria, the bacterial diversity indices demonstrated a higher
richness and diversity in personal compared to outdoor
air samples. Approximately 40% of bacterial phyla iden-
tified in the analysis consisted of endotoxin-producing
gram-negative bacteria and included Firmicutes genera
such as Bacillus. Occupational exposure to gram-negative
endotoxin-producing bacteria is well characterized and
can elicit adverse respiratory health effects, such as hyper-
sensitivity pneumonitis, chronic bronchitis, organic dust

Table 4. Fungal species richness and diversity indices calculated for personal, greenhouse, drying room, and outdoor air samples.

Bray-Curtis
Shannon Bray-Curtis Dissimilarity
Diversity Simpson Reciprocal Dissimilarity Coefficient Personal
Sample Size Chao-2 Index” Index’ Coefficient” versus Area Sample
Personal air n 266.05 1.52(0.82) 5.78(7.31) 0.51(0.19) —_
samples
Greenhouse 3 129.22 2.64(0.4) 14.5(12.34) 0.71(0.05) 0.73 (0.15)
Drying room 8 224.44 2.71(0.4) 22.39 (18.21) 0.65 (0.09) 0.78 (0.11)
Outdoor 3 19.67 3.01(0.12) 18.88 (4.28) 0.61(0.06) 0.91(0.07)

*Shannon diversity index represents the mean and standard deviation in parentheses for each sample group.
*Simpson reciprocal index of diversity represents the mean and standard deviation in parentheses for each sample group.
*Bray-Curtis dissimilarity coefficient represents the mean and standard deviation calculated for within and between samples.



toxic syndrome, asthma, and allergic sensitization.[31-34]
In the present study, the bacterial sequencing datasets
suggest that workers that handle and trim organic
cannabis can be exposed to a broad diversity of gram-
positive and gram-negative bacterial taxa.

Although unable to quantify biomass, Sanger sequenc-
ing of fungal ITS regions revealed a diversity of fungi that
was predominantly placed in the phyla Basidiomycota
and Ascomycota. Outdoor samples were primarily com-
posed of Basidiomycota species placed in the class, Agari-
comycetes. Common sequences identified in area sam-
ples included Mycena, Paxillus ammoniavirescens, and
Meruliaceae species. The Agaricomycetes is a diverse class
that accounts for approximately 20% of all fungi and
includes species that decay wood!** and produce fruit-
ing structures termed basidiocarps (mushrooms) that are
either edible or contain toxins.[>>3¢) This fungal class was
prominent in outdoor and the drying room samples of the
organic cannabis farm and has been previously identified
in sequencing studies of occupational!’®! and residen-
tial environments.[!>37:38] Members of this class include
most commercially produced edible mushroom species
such as Lentinus edodes (Shiitake) and Pleurotus ostreatus
(Oyster). Worker exposure to the basidiospores in cultiva-
tion and packing facilities can result in the development of
hypersensitivity pneumonitis.[**-*!] In the present study,
we hypothesize that workers may additionally be exposed
to Agaricomycete spores that are produced by species
growing on surrounding trees or breaking down decom-
posing plant material in the humus soil. Many of the
Agaricomycete sequences identified in this analysis have
not been evaluated in exposure assessment studies and, to
date, little is known about potential adverse health effects
associated with inhalation exposures.

Personal air samples derived from workers conduct-
ing harvesting, bud-stripping and hand-trimming tasks
revealed B. cinerea to be the most common fungal
sequence detected in the ITS sequence analysis account-
ing for 34% of all fungal sequences. B. cinerea is placed
in the phylum Ascomycota and is a well-characterized
plant pathogen that causes gray mold in over 200 plant
species.l*?] B. cinerea is considered the most significant
fungal pathogen of cannabis and causes bud rot that
affects the seedlings, stems, and buds.!*>**! B. cinerea
has been found to be among the most common fungi
identified in other greenhouse environments!*>*°! and
disturbance associated with occupational tasks has been
shown to raise airborne B. cinerea conidia levels.[*7*8]
In general, the prevalence of Botrytis in the outdoor air
is low with values as low as 1.1% calculated in a recent
review.[*”] In the present study, the species accounted
for 6% of all outdoor fungal sequences perhaps due to
the lack of pesticide use. Other cannabis plant pathogens
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placed in the class Leotiomycetes were also identified
in the analysis, including Golovinomyces and Sclerotinia
sclerotiorum,!*®! and accounted for approximately 4% of
all fungal clone libraries. These results further suggest that
workers can be exposed to cannabis plant pathogens that
produce respirable size spores. Occupational exposure to
spores mainly derived from B. cinerea may elicit allergic
sensitization or hypersensitivity pneumonitis as shown
in other occupational settings, including bell pepper
greenhouses,!°"*2] Chrysanthemum greenhouses,[>>! and
berry production facilities (raspberry and grape).[>*->¢]

Additionally, the results of this study build upon a
preliminary analysis of 30 indoor cannabis grow oper-
ations and demonstrate that workers handling cannabis
may be exposed to a broad diversity of plant pathogens or
other regionally abundant microorganisms.[*) Although
focused on law enforcement worker exposures, Mar-
tyny and colleagues'*! showed that removal of cannabis
plants resulted in elevated airborne Penicillium levels that
were as high as 5.3 x 10° spores per m®. In our study,
ITS sequencing of air samples derived from an outdoor
organic cannabis farm showed lower fungal diversity in
personal air samples dominated by the fungal pathogen B.
cinerea as well as fungi placed in the class Agaricomycetes.
Differences in the reported species between these studies
could be a function of several previously described lim-
iting variables,['®) including discriminating viable from
nonviable fungi, differentiating unicellular fungal spores
as well as sequencing limitations such as gDNA extraction
bias, amplification bias (Cladosporium and Penicillium
species), homology within ITS sequences of the selected
primer set or variable copy number of DNA, and poten-
tially differences in pesticide use. Although other culture-
independent methods such as matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry may
overcome some of these methodological limitations in
future analyses,?!) the sequencing data obtained in this
study further highlight that workers handling cannabis
may be potentially exposed to respirable spores produced
by cannabis plant pathogens such as B. cinerea.

These findings highlight coexposures that may occur
in workers that process or handle cannabis. Co-exposure
to organic dust that is composed of bacteria (gram-
positive and gram-negative), fungi, insects, and proto-
zoa that may predate on C. sativa and C. indica have
been previously reported in European hemp processing
facilities. Occupational disturbance procedures, such as
floor sweeping, result in the generation of organic dust
that includes endotoxin and other microorganisms.!*! In
one hemp factory, airborne levels of Actinobacteria and
fungi exceeded 6 x 10° CFU per m®. Occupational expo-
sure to organic dust has been particularly problematic in
the hemp processing industry and is a risk factor for the
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development of work-related respiratory symptoms. (37!
Although bacteria and fungi were not quantified in the
present study, the sequence data provide preliminary
insight to suggest that workers undertaking various occu-
pational tasks could be exposed to a variety of microbial
hazards.

Conclusions

Sequencing studies have provided unique insight into
the diversity of bacteria and fungi in a variety of indoor
and occupational environments. Analysis of personal and
area samples derived from a U.S. outdoor cannabis farm
revealed a broad diversity of bacteria and fungi that
included gram-positive Actinobacteria and the cannabis
fungal plant pathogen, B. cinerea. These results highlight
potential exposure to microbiological hazards in workers
that harvest, bud strip, or hand trim organically produced
cannabis. Based on the literature derived from the hemp
industry and given what is known about the microorgan-
isms detected in this study, the relationship between these
exposures and health should be examined in this industry,
to determine the risk to workers and the need for controls.
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