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Abstract

Background The use of industrial Cannabis sativa L. for recreational, cosmeceutical, nutraceutical, and medicinal
purposes has gained momentum due to its rich content of valuable phytochemicals, such as cannabidiol (CBD)
and cannabigerol (CBG). However, there are concerns regarding the risk of microbial contamination in plants grown
outside controlled environments. Microbes associated with hemp can be either epiphytes or endophytes and may
pose a risk of infectious illness for humans.

Methods Seven Italian hemp genotypes, including Bernabeo, Carmagnola, Carmaleonte, Codimono, CS, Eletta Cam-
pana, and Fibranova, were cultivated in two distinct geographic locations, Catania and Rovigo, for three consecutive
years from 2019 to 2021. Total aerobic microbes (TAMC), total combined yeasts/moulds (TYMC), the presence of bile-
tolerant Gram-negative bacteria, and the absence of Escherichia coli and Salmonella spp. were evaluated and com-
pared. The main phytocannabinoid content was measured and correlated with microbial contamination.

Results Most samples analyzed in this study did not meet the European Pharmacopoeia microbiological limits.

The detection of potential pathogens, such as E. coli and Salmonella spp., in the samples indicates that the use

of inflorescences may represent a possible source of infection. Microbial contamination varied among harvesting
seasons and production sites, with agroclimatic conditions influencing microbial load and composition. The pres-
ence of potentially pathogenic bacteria was less associated with seasonal climate variability and more likely affected
by sporadic contamination from external sources. CBD concentration exhibited a negative correlation with bile-
tolerant Gram-negative bacteria and total yeasts/moulds levels. Samples with lower CBD content were more contami-
nated than those with higher CBD levels, suggesting a potential protective effect of this phytochemical on the plant.

Conclusions The threshing residues (inflorescences, floral bracts, and leaves) of industrial hemp varieties represent
a valuable product and a source of beneficial phytochemicals that warrants further exploration. While post-harvest
sterilization methods may reduce microbiological risks, they may also degrade heat- and light-sensitive bicactive
phytochemicals. The most promising strategy involves implementing best agronomic practices to maintain healthy
and uncontaminated cultures. Rigorous monitoring and quality certification protocols are essential to mitigate

the microbiological risk associated with the consumption of hemp-derived products.
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Background

Hemp (Cannabis sativa L.), also called “industrial hemp”
has a long history, dating back to more than 6000 years
ago (Moscariello et al., 2021). After a decline in the sec-
ond half of the twentieth century, hemp cultivation had a
revival in last decades, thanks to the selection of industrial
varieties with a low concentration of the narcotic delta-9
THC. In Europe, the area dedicated to hemp cultivation
has increased significantly from 20,540 hectares (ha) in
2015 to 33,020 ha in 2022, and the production increased
of the 84.3% in the same period, with France accounting
for more than 60% of EU production (https://agriculture.
ec.europa.eu/farming/crop-productions-and-plant-
based-products/hemp_en). A total of 115 hemp varie-
ties are registered in the European Union (EU) Common
Catalogue of Plant Varieties (accessed the 17th of March
2024). They are characterized by a CBD or CBG prevailing
chemotype, with a THC content below the 0.3% threshold
limit for hemp imposed by EU regulations (European Par-
liament and Council, 2013).

Hemp varieties are cultivated for various agricultural
productions including fiber, seed, or dual purposes (fiber/
seed). In addition to the primary agricultural prod-
ucts, hemp offers valuable by-products such as hurds,
traditionally regarded as waste but holding significant
potential for example within the context of biorefinery
valorization. Hemp stands out as an exemplary model
of circularity within the agricultural production chain,
offering economic opportunities through the optimiza-
tion of both primary and secondary resources (Mos-
cariello et al., 2021). Among these resources, threshing
residue, as termed by Calzolari et al. (2017), constitutes
a mixture of leaves and inflorescences primarily compris-
ing bracts and apical leaves obtained after seed harvest
and cleaning. It accounts for approximately 30% (w/w) of
the total hemp biomass (Matassa et al., 2020; Moscariello
et al,, 2021), with an estimated potential recovery from
hemp cultivation in Northern Italy of up to 2 t ha™! (Tang
et al., 2016) and a yield of extracted CBD of up to 68 kg
ha™! (Calzolari et al, 2017). Consequently, this plant
material could represent a source of profit by earning a
space in the “Cannabis light” market and has garnered
attention in recent years as a source of high-value bioac-
tive compounds, including non-narcotic phytocannabi-
noids, flavonoids, and terpenes, making it attractive for
various applications (Calzolari et al., 2017; Orlando et al.
2021; Pieracci et al. 2023; Cerrato et al., 2023).

The growing demand for inflorescences of C. sativa
and the attempts in valorizing also the byproducts raise
concerns about the quality assurance and associated
risks of their consumption, either as such or in the form
of derived products. These concerns have been com-
pounded by the presence of contaminants of various
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types, including pesticides, fungicides, and other phy-
tosanitary residues, heavy metals, carcinogens, mycotox-
ins, and microbial contaminants (Montoya et al. 2020).
Infected materials containing bacteria or fungi may have
adverse effects on the health of patients and consumers,
particularly given the numerous reports of infections in
immunocompromised subjects (Levi et al. 2019; Ruchle-
mer et al. 2015). Therefore, ensuring microbial quality is
crucial for the supply of healthy products derived from C.
sativa. Safeguard consumer health entails planning strin-
gent quality control measures, complying with relevant
regulatory standards, minimizing microbial contamina-
tion during cultivation and post-harvest handling, and
implementing processing techniques to reduce microbial
load (Jerushalmi et al. 2020).

This study aimed to assess the potential risks linked
to the use of threshing residue derived from hemp seed
cultivation. In particular, it focused on the potential
exposure of consumers who directly utilize the inflores-
cence for recreational purposes, as well as the exposure
of operators who come into contact with the material
during processing phases, for example in the extraction
plant of bioactive components. Specifically, the microbial
contamination was examined in samples from seven Ital-
ian hemp genotypes (Bernabeo, Carmagnola, Carmale-
onte, Codimono, CS, Eletta campana, and Fibranova)
cultivated in two distinct geographical sites (Catania
and Rovigo) for three consecutive years (2019-2021)
and dried at ambient temperature in greenhouse facili-
ties. According to the current European Pharmacopoeia,
the level of total aerobic microbes (TAMC) and total
combined yeasts/moulds (TYMC), the magnitude of
bile-tolerant Gram-negative bacteria, and the presence
or absence of Escherichia coli and Salmonella spp. were
evaluated and compared. The content of the main phy-
tocannabinoids was measured and correlated with the
microbial contamination. Although the results do not
encompass all possible microbial contaminations that
can occur in various environments and across different
hemp genotypes, they clearly underscore the potential
risks associated with the use of this herbal matrix. Addi-
tionally, they highlight the significant impact of agrocli-
matic parameters on the microbial load.

Methods

Plant material, cultivation, harvesting, exsiccation

of inflorescences, and sampling

Six hemp (Cannabis sativa L.) chemotype III varieties
(Carmagnola, Carmaleonte, Codimono, CS, Eletta Cam-
pana, and Fibranova) and the chemotype IV (CBG rich)
Bernabeo have been cultivated for three consecutive years
(2019-2021) in two experimental farms (with three repli-
cated parcels of 20-25 m? each): “Busa Carrare’, located
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in Rovigo (RO; 45°04"45.4”N 11°45'57.3”E) and “ Liber-
tinia’, located in Catania (CT; 37°32"25”N 14°34"41.0"E).
They were all Italian varieties of the Italian/EU register
of plant varieties, characterized by a prevalence of CBD
(chemotype III) or CBG (chemotype IV) and a THC level
below 0.2% (Table 1). The field experiment was carried
out between April and October (according to the length
of the life cycle of the hemp plants), with variations in
sowing and harvesting dates differing between sites and
among genotypes (Table 2). Nitrogen fertilization (40/60
units ha) was applied before sowing and irrigation was
done only during seedling emergence as needed. Mete-
orological information (temperature and precipitation)
was also collected, and the monthly averages are reported
in Table 2. Female or monoecious inflorescences were
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taken at seed harvest time from three different parcels/
repetitions for each genotype, dried at ambient tempera-
ture and with natural ventilation in local greenhouses for
48-72 h until 144 h for the later harvests of Rovigo. In
both cultivation areas, for each harvesting season, the
exsiccated biomass was trimmed and two samples of
approximately 50 g (with inflorescences, floral bracts, and
leaves) of all varieties were sealed in sterile bags, resulting
in 42 duplicated samples, collected for microbiological
contamination and phytocannabinoids content analyses.

Microbiological analyses

The composition of all media utilized for microbio-
logical analysis is reported in Supplementary Table 1.
All the materials, unless otherwise indicated, were

Table 1 Key distinguishing traits of the different Cannabis sativa L. varieties utilized in the study

Variety Sexual type Main cannabinoid  Chemotype Use Geographical origin  Designation
Bernabeo® dioeciuos CBG % Industrial Italy Cultivar®
(&) dioeciuos CBD Il Industrial ltaly Cultivar
Carmagnola dioeciuos CBD Il Industrial [taly Cultivar
Carmaleonte monoecious CBD Il Industrial [taly Cultivar
Codimono monoecious CBD Il Industrial [taly Cultivar
Eletta Campana dioeciuos CBD Il Industrial [taly Cultivar
Fibranova dioeciuos CBD Il Industrial ltaly Cultivar

a

under registration in the National Register of Varieties under the name of “Felsinea”

Table 2 Weather parameters during the hemp growing seasons in Catania and Rovigo station: year of cultivation; sowing and
harvesting date; average temperature (T °C) at the harvesting date; number of rainy days and total precipitations (mm) during the

cultivation cycle

Cultivation sites Year Sowing date Harvesting date T (°C) Rainy days Rainfall (mm)
Catania 2019 02/04/2019 23/07/2019° 26.2 19 834
31/07/2019° 280
28/08/2019° 27.3 22 1183
2020 09/04/2020 28/07/2020° 28.5 18 703
04/08/2020° 286
18/09/2020° 239 30 187.0
2021 02/04/2021 23/07/2021° 27.8 14 393
31/07/2021° 303
28/08/2021¢ 27.8
Rovigo 2019 19/04/2019 22/09/2019%° 183 42 3738
03/10/2019° 16.0 48 396.2
2020 23/04/2020 16/09/2020%° 203 42 260.8
08/10/2020c 131 51 295.0
2021 26/04/2021 28/09/2021%° 18.6 32 227.0
12/10/2021¢ 12.0 35 2474

 Carmaleonte (monoecius)
b Codimono (monoecius)

€ Bernabeo, CS, Carmagnola, Eletta Campana, Fibranova (dioecius)
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purchased by Merck Life Science S.r.l. (Milan, Italy)
or by Biolife Italia (Milan, Italy). In all the procedures
microbial growth was obtained in static incubators
(Binder GmbH, Tuttlingen, Germany) kept in aerobic
conditions.

The microbial contamination of dried inflorescences
was evaluated by culture-dependent methods in com-
pliance with the quality parameters for herbal medici-
nal products required by the European Pharmacopoeia
9th Edition (Council of Europe 2019), that provide a
detailed description of parameter, protocol, and mate-
rial for the microbial analysis. In particular, the total
aerobic microbial count (TAMC), the total combined
yeasts/moulds count (TYMC), and the semiquantita-
tive estimation (order of magnitude) of bile-tolerant
Gram-negative Bacteria (BTGNB) were determined
and expressed as colony forming units (CFU) per
gram. The absence of Escherichia coli and Salmonella
spp. (in 1 and 25 g, respectively) was assessed.

Twenty-five grams of sample were homogenized in
225 ml of casein soya-bean-digest broth (CSBDB) sup-
plemented with 1 g/L of polysorbate for two minutes
in a filter bag by using a blender. tenfold serial dilu-
tions in CSBDB were prepared for TAMAC and TYMC
estimation. Petri dishes of agarized CSBDB and Sab-
ouraud-dextrose agar, the latter supplemented with
chloramphenicol 50 mg/L, were seeded by surface-
spread method, and incubated at 35 °C for 3 days and
25 °C for 5 days, respectively.

For semi-quantitative estimation of BTGNB, after
a 2-3 h of incubation at 25 °C for bacterial resuscita-
tion, the initial sample suspension was serially diluted
in enterobacteria enrichment broth-Mossel and incu-
bated at 35 °C for 24 h. Each dilution was plated in
violet-red bile glucose agar and plates were incubated
at 35 °C for 48 h. The growth of colonies represented a
positive result for the corresponding dilution.

To test E. coli absence, 10 ml of suspension in
CSBDB containing 1 g of sample was incubated at 35
°C for 24 h, then 1 mL of the enriched was seeded in
100 mL of MacConkey broth, incubated at 42 °C for 24
h, and the suspension plated on MacConkey agar, with
plates incubated for 48 h at 35 °C.

To verify the absence of Salmomnella, the sam-
ple suspension in CSBDB was incubated at 30 °C for
24 h, then 0.1 mL was diluted with 10 mL of Rappa-
port Vassiliadis Salmonella enrichment broth and the
sample was incubated at 35 °C for 24 h. The enriched
broth was then inoculated on a plate of xylose, lysine,
and deoxycholate agar (XLDA). After incubation at 35
°C for 48 h, Salmonella contamination was revealed by
the presence of well-grown red colonies, with or with-
out a black center.
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Phytocannabinoids analyses

Phytocannabinoids were extracted from hemp biomass
samples following the protocol reported in the mono-
graph of cannabis flos included in the German Pharma-
copoeia and adapted in our previous works (Tolomeo
et al. 2022). Ethanol extraction was carried out on 500
mg of finely grounded hemp biomass in three cycles
(20 mL, 12.5 mL, and 12.5 mL). The combined extracts
were brought to 50 mL final volume with fresh EtOH in
a volumetric flask. A 1 mL aliquot of the extract was cen-
trifuged at 4000 g for 5 min and filtered through a 0.45
um regenerated cellulose filter, then diluted 10 times with
mobile phase (acetonitrile/H,0O, 60:40, v/v, 0.1% v/v for-
mic acid).

Five pL of each sample were injected into the analytical
apparatus Vanquish Core System (Thermo Fisher Scien-
tific, Bremen, Germany) equipped with a binary pump,
a vacuum degasser, a thermostated autosampler (4 °C)
and column compartment (30 °C), a Poroshell 120 EC
C18 column (100X 3.0 mm L.D., 2.7 um particle size, Agi-
lent Technologies, Santa Clara, USA) and a diode array
detector (DAD). The chromatographic parameters were
adapted from a previously validated method with slight
modifications (Tolomeo et al. 2022). The phytocannabi-
noids were separated with a constant flow rate of 0.5 mL/
min, applying a gradient of acetonitrile from 60 to 95% in
15 min and an isocratic step at 95% acetonitrile held for 3
min, followed by a washing step of 4 min at 98% acetoni-
trile and a re-equilibration step at 60% acetonitrile for
further 4 min. The analyses were acquired in the whole
UV spectrum (190-400 nm) and chromatographic traces
processed after filtration of the wavelength at 228 nm.

Quantification of phytocannabinoids was achieved
using certified reference standard solution of cannabidi-
olic acid (CBDA), tetrahydrocannabinolic acid (THCA),
cannabigerolic acid (CBGA), CBD, A°-THC, A3-THC,
and CBG (1 mg/mL, Cerilliant, Merck Life Science
S.rl, Milan, Italy) diluted with mobile phase to get six
non-zero calibration points at 0.1, 0.5, 1.0, 2.5, 5.0, and
10 pug/mL and analyzed with the same conditions used
for the samples. Limit of detection (LOD) and limit of
quantification were established at 0.03 and 0.1 pg/mL
respectively. Linearity was assessed by the coefficient of
determination (R?), which was greater than 0.997 for all
cannabinoids (detailed information on calibration data in
Supplementary Table 2). The back-calculated concentra-
tion was considered acceptable if it did not exceed 15% of
the nominal value (and 20% for the LOQ). The raw data
were processed with Chromeleon 7 (Thermo Fisher Sci-
entific, Bremen, Germany) and the area of the peaks of
the cannabinoids under investigations were used to cal-
culate their concentration based on the respective cali-
bration curves. The total content of phytocannabinoids
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was calculated using the formula: Total=0.877*C+D,
where C represents the amount of carboxylated species
(either CBDA, A’- and A®-THC, or CBGA), and D repre-
sents the amount of decarboxylated species (either CBD,
THC, or CBQG).

Statistical analysis

The variation of microbial contamination (TAMC,
TYMC and BTGNB), as well as the presence or absence
of E. coli and Salmonella spp., were inspected by con-
sidering three key factors: i) the different varieties, ii)
the cultivation years, and iii) the geographical sites. This
analysis was carried out using a Full Factorial Design of
Experiments (DoE) (Leardi 2009), which estimates lin-
ear and interaction effects of the factors, considering all
sources of information simultaneously. Forty-two sam-
ples, including all the possible combination between the
different levels of each factor, i.e. seven varieties, three
cultivation years (2019. 2020 and 2021) and two sites of
cultivation (Rovigo and Catania), were randomly ana-
lyzed in duplicate to assess the significance of the factors
with genuine replication (Box et al. 2005). The responses
(TAM and TYM counts, BTGNB magnitude, and E. coli
or Salmonella spp. presence/absence) were modeled
using a Partial Least Squares (PLS) algorithm to simulta-
neously analyze all variations. The regression coefficients
from PLS were used to estimate the effects of each factor
on the response, identifying the influential parameters
at high or low levels. Logistic regression (Christensen
2006). was employed within the DoE method to ana-
lyze the binary responses of E. coli and Salmonella spp..
Together, these statistical tools offer a methodology to
identify optimal combinations of factors within a set of
experiments, aiming to maximize classification accuracy
(Lopez et al., 2008).
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The correlation between microbial contaminants and
phytocannabinoid content was assessed using the Spear-
man coefficient, which is based on ranks. This robust
measure does not rely on the assumption of a normal dis-
tribution of data.

Measures were reported as mean valuest+standard
deviation. The statistical analyses were performed using
IBM SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA)
and Design Expert v12 (Stat-Ease, Inc., Minneapolis,
MN, USA).

Results

A 3-year survey was conducted on microbial populations
of C. sativa threshing residues obtained after seed col-
lection from 7 hemp varieties cultivated at two different
sites in North and South Insular Italy. Samples consisted
of a mixture of inflorescences, floral bracts, leaves, and
empty seeds remaining after seed selection. A total of 84
samples were collected and analyzed to assess the load of
total aerobic microbes, yeast and molds and the presence
of the most recurrent bacterial contaminants that pose
a risk to human health (i.e., BTGNB, E. coli, and Salmo-
nella spp.), as requested for herbal products by the Euro-
pean Pharmacopoeia.

All the samples analyzed presented microbial contami-
nation of mesophilic aerobes (TAMC), with a mean value
of 6.0+£1.5 Log,;, CFU/g for the whole dataset. Sporadic
differences in microbial load between the varieties were
observed during the 3 production seasons and in different
production areas (Supplementary Fig. 1a, 1b). However,
considering all samples per variety (Fig. 1), the observed
average values were at most two-tier (p <0.05), with Car-
magnola and Eletta Campana having the most divergent
values (6.4+ 1.6 and 5.8+1.6 Log,, CFU/g, respectively).
Significant differences (»<0.01) were observed between
the three harvest seasons, with the highest load measured
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Fig. 1 Total aerobic microbial count (TAMC) observed in the 7 hemp varieties cultivated in a) Catania and b) Rovigo during 3 years survey. The
data were aggregated for variety, year, and location. Boxes indicate the median and 25th and 75th percentiles; whiskers indicate 10th and 90th
percentiles Years legend: light yellow, 2019; dark yellow, 2020; orange, 2021. Common letters, symbols, or capital letters are used to indicate
equivalent means among hemp varieties, cultivation years, and geographical sites, respectively



Spampinato et al. Journal of Cannabis Research (2024) 6:31

in 2020 (7.2+12 Log,, CFU/g), followed by 2021
(5.8+0.6 Log;, CFU/g), and 2019 (5.0+ 1.5 Log;, CFU/g).
TAMC was significantly affected by the production area
as well, with samples from Rovigo showing higher con-
tamination compared to the Catania ones (6.6 +1.6 and
54+1.1 Log;, CFU/g, respectively). The DoE analysis
enabled the assessment of how various factors inter-
acted influencing microbiological parameters. Regarding
TAMC, all second-order interactions were found to be
significant. Notably, a distinct interaction was observed
between the site and year of cultivation (Supplementary
Fig. 1c). In the samples from Catania, TAMC values were
significantly lower in 2019 compared to 2020 and 2021.
Conversely, Rovigo exhibited generally higher TAMC
values in 2020 and lower values in 2021. Additionally,
there was a substantial disparity between the two culti-
vation sites in 2019, with Rovigo displaying significantly
higher TAMC values than Catania. This variation may be
attributed to the higher rainfall experienced at the north-
ern site, particularly noteworthy in 2019.

Yeasts and molds were ubiquitous in C. sativa thresh-
ing residues, occurring at concentrations ranging from
2.1 to 6.5 Log,, CFU/g, with an average value of 3.7 £1.0
Log,, CFU/g. Similarly to TAMC, total yeast and mold
count (TYMC) presented erratic values among varieties,
in samples collected from Catania and Rovigo over three
years (Supplementary Fig. 2a, 2b). The highest contami-
nations level was observed in Bernabeo and Carmale-
onte reaching up to 4.0+1.2 Log,, CFU/g; Fig. 2). The
years of cultivation affected the load of yeasts and molds,
although only 2019 showed a lower value (3.1+1.0
Log,, CFU/g) compared to 2020 and 2021 (4.1+£0.9 and
4.0+1.0 Log,, CFU/g, respectively). A notable differ-
ence in the average TYMC was registered among the
production areas, with Catania characterized by a value
1.5 orders of magnitude lower than Rovigo (3.0+0.6 and

Page 6 of 11

4.5+0.8 Log,, CFU/g, respectively). For TYMC, a signifi-
cant interaction year vs variety was observed, with the
factor site being significant just as main effect. In fact,
Rovigo systematically shows higher TYMC values than
Catania, regardless of year or variety (Supplementary
Fig. 2¢).

The microbial population in C. sativa inflorescences
was generally marked by the presence of BTGNB,
which were found in the vast majority of analyzed sam-
ples (Table 3). Plant material from Rovigo consistently
showed loads greater than 10° CFU/g, independent of
the year (p>0.05). Overall, production from Catania
presented a lower BTGNB count compared to Rovigo
(»<0.01), although it was clearly affected by the harvest-
ing season: the lower median value was observed in 2019
(<10* and < 10 CFU/g), followed by 2021 (< 10° and < 10*
CFU/g), with only samples above 10> CFU/g in 2020. No
differences were observed between varieties (p>0.05).
Significant interactions were also observed for BTGNB.
When comparing cultivation sites, differences were
evident for the years 2019 and 2021, but not for 2020
(Supplementary Fig. 3). Additionally, a significant vari-
ation between the three years in Catania was observed,
whereas Rovigo consistently maintained a BTGNB
value <103 CFU/g irrespective of the cultivation year.

Half of the samples with BTGNB were also positive
for E. coli (Table 3). The presence of this opportunis-
tic pathogen was not linked to the geographical area of
production (p<0.05) and was highly recurrent in 2021
compared to 2019 and 2020 (p<0.01). Salmonella was
observed sporadically (Table 3), with 15% of samples
testing positive and a significantly higher recurrence in
2020 (p<0.01), which was the only harvest season char-
acterized by the presence of this pathogen. No significant
interactions among parameters were observed for Salmo-
nella and E. coli contamination.
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Fig. 2 Total yeast and mould (TYMC) count observed in the 7 hemp varieties cultivated in a) Catania and b) Rovigo during 3 years survey. The

data were aggregated for variety, year, and location. Boxes indicate the median and 25th and 75th percentiles; whiskers indicate 10th and 90th
percentiles. Years legend: light green, 2019; green, 2020; dark green, 2021. Common letters, symbols, or capital letters are used to indicate equivalent
means among hemp varieties, cultivation years, and geographical sites, respectively
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Table 3 Semi-quantitative assessment of Bile Tolerant Gram-Negative Bacteria (BTGNB) and evaluation of absence of E. coli and
Salmonellain 1 and 25 g of plant biomass, respectively

BTGNB Catania*

2019* 2020*
Bernabeo <10?and< 10 >10°
Carmagnola <10?and< 10 >103
Carmaleonte <10 >10°
Codimono <10 >10%
cs <10%and< 10 >10°
Eletta Campana <10%and<10 >10°
Fibranova <10%and< 10 >10%
E. coli Catania

2019 2020
Bernabeo - +
Carmagnola + -
Carmaleonte - -
Codimono - -
Cs* + +
Eletta Campana + -
Fibranova - -
Salmonella Catania

2019 2020*
Bernabeo - -
Carmagnola - -
Carmaleonte - +
Codimono - -
(@) - +

Eletta Campana - -

Fibranova - -

Rovigo*
2021* 2019 2020 2021
<10%and<10? >10° > 103 >10°
<10%and<10° >103 >10° >10°
<10*and<10? >10° > 103 > 103
>103 > 103 >10° >10°
<10®and<10? >10° >10° >10°
<10%and<10° >10° >103 >10°
>10° >10° >10° >10°
Rovigo
2021% 2019 2020 2021*
- - + +
+ + - +
+ - - +
+ - - +
+ + + +
- - +
+ - - +
Rovigo
2021 2019 2020* 2021
B B 4 B
B : B}
Bl B 4 B
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The HPLC-DAD analysis of the collected samples
showed a wide variation in the total phytocannabinoids
content, ranging from 0.62% to 5.85% w/w depend-
ing on the variety of hemp (Fig. 3a). As expected, CBD
was found to be the most abundant cannabinoid, with
a mean concentration of 1.75% w/w, followed by CBG
(0.35% w/w). THC was detected in concentrations lower
than 0.3% w/w and was negligible in most samples of the
Bernabeo variety. Considering these mean values, and
the yield of dried threshing residues of 350—450 kg ha™
obtained in Catania, and 1200—1400 kg ha in Rovigo, we
can estimate a CBD vyield of 6—24 kg ha™!, and for CBG
1—4.9 kg ha™™,

The Spearman correlation coefficient was calculated to
determine the relationship between the content of phy-
tocannabinoids (total, CBD, CBG, and THC) and the
levels of microbial contamination. A moderate but signif-
icant negative correlation (-0.58; p<0.01) was observed
between the content of total phytocannabinoids and
TYMC (Fig. 3b). Also BTGNB were negatively correlated

with the total phytocannabinoids content (-0.61, p <0.01).
Similar correlations were observed between CBD and
both TYMC and BTGNB (-0.50 and -0.43, respectively).
THC was found to inversely correlate only with TYMC
(-0.42, p>0.05). No significant correlation (p>0.05) was
observed between E. coli, Salmonella spp., and phytocan-
nabinoid content.

Discussion
The use of the floral part of industrial varieties of Can-
nabis sativa L. has gained increasing interest for cosme-
ceutical, nutraceutical, and medicinal purposes (Nadar
et al.,, 2022; Zheng et al.,, 2022; Fortin et al., 2022). The
phytocannabinoid profile of these inflorescences is usu-
ally characterized by the abundant presence of bioactive
molecules such as CBD and cannabigerol (CBG) with a
low or negligible amount of the psychotropic THC.

The utilization of plants or parts of them that are not
produced in controlled environments poses the risk of
microbial contamination, which can be transferred from
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the raw vegetal material to the final products, such as
extracts, ointments, macerates, infusions, or the inflo-
rescences themselves. C. sativa-associated microbes
may be epiphytes or endophytes, residing on the sur-
face or inside the plant tissues, respectively. Most endo-
phytes originate from the rhizosphere, access plants via
roots, and subsequently translocate through the xylem.
Typically, they provide benefits for plant growth or are

neutral (Reinhold-Hurek et al., 2011). Conversely, epi-
phytic microbes originate from several sources, such as
dust, rain, irrigation water, or animal or human contact.
Depending on their origin, they may present a concrete
risk of infectious illness for humans (Brennan et al. 2022).
To ensure a high level of microbiological quality, strict
regulations have been introduced in many countries,
including the European Pharmacopoeia (Ph. Eur.), which
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has set the acceptable count of total microbes (TAMC)
at 50,000 colony forming units (CFU) per gram of herbal
medicinal product and at 500 CFU/g for yeasts and
molds (TYMC) (Ph. Eur. 5.1.8.C, 2023).

Ph. Eur. limits are very low compared to the counts
observed in the samples of this study that reached a
mean value of TAMC equal to 6.0+ 1.5 Log;, CFU/g and
a maximum charge higher than 8.0 Log;, CFU/g. Only a
few samples harvested in Catania during the 2019 season
met the quality criterion. Similarly, yeasts and moulds
contamination exceeded the Ph. Eur. limits in most of the
samples, with counts up to 6.0 Log;, CFU/g. These data
are in accordance with previous information reported
in the literature that deals with C. sativa varieties for
medicinal use (Montoya et al. 2020), reporting that many
species belonging to the genus Penicillium, Aspergillus,
and Fusarium have been identified as endophyte coloniz-
ers. Such contamination poses a real threat in terms of
fungal infection, as described for immunocompromised
individuals (Ruchlemer et al. 2015), and exposure to car-
cinogenic mycotoxins (Lopez-Ruiz et al. 2022). Although
reports of bacterial infections caused by contaminated
C. sativa are currently rare, the bacterial load observed
in some samples, which was three orders of magnitude
higher than the Ph. Eur. limit, raises significant concerns
regarding the use of these threshing residues. Further-
more, bile-tolerant gram-negative bacteria were com-
monly detected in the analyzed samples, with sporadic
detections of E. coli and Salmonella spp. These concerns
are particularly relevant for industrial-scale cultivations,
where preventing external contamination from animals,
birds, and operators is challenging.The Ph. Eur. requires a
count of BTGNB lower than 10> CFU/g and the absence
of E. coli and Salmonella spp. in 1 and 25 g of material,
respectively. However, most of the analyzed samples did
not meet these mandatory microbiological standards.
Salmonellosis associated with marijuana consumption
has been previously reported in the literature (Taylor
et al. 1982), and the presence of Salmonella spp. in sam-
ples from both Catania and Rovigo, harvested in 2020,
suggests that the recreational utilization of inflorescence
from this year may have constituted a possible cause of
infection by this pathogen. These concerns also extend
to other cultivated hemp varieties harvested from differ-
ent environments, where additional contaminations may
occur, compromising the safety and quality of the result-
ing products and by-products.

Significantly different microbial contaminations were
observed among both harvesting seasons and sites of
production, which can be attributed to diverse agro-
climatic conditions affecting microbial load and com-
position. Specifically, the number of rainy days, total
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precipitation, and mean temperature at the time of
harvesting seemed to be important factors in microbial
growth. A higher load of microbes (both TAMC and
TYMC) was generally observed in Rovigo samples com-
pared to Catania ones, and in 2020 compared to 2019
and 2021. During the three-year survey, Rovigo site was
characterized by higher humidity (up to 51 rainfall days
during cultivation) and lower temperatures at the har-
vesting (ranging from 12 to 20 °C) in respect to Cata-
nia site. These conditions may both have affected both
the yield of threshing residues and the development
of microbes on plants during cultivation and favored
microbial growth during drying in greenhouses.

The presence of potentially pathogenic bacteria
such as BTGNB, E. coli, and Salmonella spp., mainly
ascribed to epiphyte microbiota, appeared to be less
associated with seasonal climate variability and more
likely affected by less predictable sporadic contamina-
tions from external sources.

The antimicrobial effects of C. sativa essential oils
or extracts have been extensively studied and reported
(Nissen et al., 2010; Karas et al. 2020). Metabolic fin-
gerprinting has revealed the presence of more than 480
compounds, including numerous terpenes and nearly 180
phytocannabinoids (Fischedick et al., 2010). Although
the growth inhibitory effect is likely due to synergism
between several compounds, isolated phytocannabinoids
have been found to exhibit potent antimicrobial activity.
For example, they have been shown to be effective against
Gram-positive pathogens, such as Staphylococcus aureus,
Streptococcus pneumoniae, and Clostridioides difficile,
as well as a subset of Gram-negative bacteria, including
Neisseria gonorrhoeae (Appendino et al. 2008; Blaskovich
et al. 2021). On the other hand, recent studies suggest
that phytocannabinoids concentration can be stimulated
in the plant through symbiotic and/or mutualistic rela-
tionships with endophytes (Taghinasab et al., 2020).

In the analyzed samples, it was observed that the
amounts of phytocannabinoids did not appear to have
a correlation with the overall microbial load. However,
a negative moderate correlation was found between
the total phytocannabinoid content and the level of
contamination by both BTGNB and yeast/molds. Spe-
cifically, the concentration of CBD exhibited a negative
correlation with BTGNB and TYMC levels, whereas
THC only showed a negative correlation with TYMC.
Samples with lower CBD content, such as Carmaleonte
and Bernabeo, were much more contaminated than
those with higher CBD levels, such as Eletta Campana
and CS. These findings suggest a possible protective
effect of this phytochemical, but further investigation is
needed to confirm this hypothesis.
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Conclusions

The cultivation of Cannabis sativa L. under sterile con-
ditions is not a practical solution for industrial hemp
production. Our study is the first to report the moni-
toring of microbial contaminants in industrial hemp
accessions over three consecutive harvesting seasons.
The vast majority of threshing residues (comprising
inflorescences, floral bracts, and leaves) failed to meet
the standards outlined in the European Pharmacopoeia
(Ph. Eur.), highlighting a significant microbiological
risk. This result can reasonably be extended to other
industrial-scale outdoor cultivations. Direct consump-
tion for recreational purposes or manipulation prior to
solvent treatments in processing facilities potentially
exposes consumers and operators to contaminants,
leading to asthma, allergies, and infections. These haz-
ards are exacerbated in instances where cultivation and
production do not occur under controlled conditions,
a common scenario for hemp. Attention must be paid
to crop wholesomeness, particularly in humid areas or
seasons, as well as to the exsiccation procedure. The
cultivation of varieties with high CBD content might
reduce microbial contamination levels, likely due to its
antimicrobial activity and a protective role in the plant.
While post-harvesting sterilization methods, such
as ultraviolet irradiation or autoclaving, may reduce
microbiological risks, they may also degrade the bio-
active phytochemicals which are sensitive to heat and
light (Jerushalmi et al. 2020). Therefore, the most prom-
ising strategy is to implement best agronomic practices
to maintain healthy and uncontaminated cultures. Nev-
ertheless, rigorous monitoring and quality certification
protocols are essential to mitigate the microbiological
risk associated with the consumption of hemp-derived
products.

Abbreviations

BTGNB Bile-tolerant Gram-negative Bacteria
CBD cannabidiol

CBDA Cannabidiolic acid

CBG Cannabigerol

CBGA Cannabigerolic acid

CFU Colony-forming units

CSBDB Casein soya-bean-digest broth

cT Catania

EU European Union

HIV Human immunodeficiency virus
HPLC-DAD  High Performance Liquid Chromatography-Diode Array Detector
1D. Internal Diameter

LOD Limit of detection

LOQ Limit of quantification

RO Rovigo

spp. Species

TAMC Total aerobic microbes

THC A’Tetrahydrocannabidiol

THCA Tetrahydrocannabinolic acid

TYMC Total combined yeasts/moulds
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