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Abstract: Heavy metal contamination of agricultural soils is potentially concerning when growing
crops for human consumption. Industrial hemp (Cannabis sativa L.) has been reported to tolerate the
presence of heavy metals such as cadmium (Cd) in the soil. Therefore, the objectives of this study
were to evaluate Cd uptake and translocation in two day-length sensitive (DLS) and two day-neutral
(DN) hemp varieties grown for the medicinal market and to determine the impact of Cd exposure
on cannabinoid concentrations in flowers. A hydroponic experiment was conducted by exposing
plants to 0 mg-L~! Cd and 2.5 mg-L~! Cd in the nutrient solution. Cadmium concentrations
ranged from 16.1 to 2274.2 mg-kg~! in roots, though all four varieties accumulated significant
concentrations of Cd in aboveground tissues, with translocation factors ranging from 6.5 to 193.
Whole-plant bioconcentration factors ranged from 20 to 1051 mg-kg~!. Cannabinoid concentrations
were negatively impacted by Cd exposure in DN varieties but were unaffected in DLS varieties.
Biomass was reduced by Cd exposure demonstrating that these varieties might not be suitable for
growth on contaminated soil or for phytoremediation. There is potential for Cd accumulation in
flowers, showing the need for heavy metal testing of C. sativa consumer products.

Keywords: auto-flower; bioconcentration factor; cannabinoid; heavy metal; hemp; metal stress;
translocation factor

1. Introduction

For centuries, humans have cultivated hemp (Cannabis sativa L.) for its fiber, seed,
therapeutic, and psychoactive properties. During the domestication process, wild Cannabis
populations have been subject to selection, giving rise to the multiple varieties that exist
today [1]. The term industrial hemp is commonly used to refer to C. sativa plants [2]
with total tetrahydrocannabinol (THC) concentrations below 0.3%. Plants with total THC
concentrations above 0.3% are classified as marijuana and subject to federal prohibition
in the United States (U.S.) [3]. Current industrial hemp breeding efforts target fiber, seed,
or cannabinoid production, based on the end user. Hemp varieties with high cannabidiol
(CBD) concentrations are often selected for medicinal and therapeutic uses. There is
also a focus on developing varieties that are day-neutral (DN) or minimally sensitive to
photoperiod in order to expand production opportunities [4].

Hemp is generally considered a qualitative short-day plant that flowers in response
to decreasing photoperiods. Hemp selections that flower in response to photoperiod are
known as day length sensitive (DLS). After emergence, hemp undergoes a photoperiod-
dependent vegetative phase maintained by exposure to approximately 14-18 h or more
of light daily [5,6]. When hemp is planted during periods of short days (<13 h light), it
may flower prematurely. Premature flowering, prior to complete vegetative development,
can result in yield reductions [7,8]. In contrast, some hemp varieties exhibit DN flowering
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tendencies known colloquially as “auto-flower” hemp. These DN varieties are relatively
insensitive to photoperiod for flower induction. The DN trait is speculated to arise from
Cannabis ruderalis (C. sativa ssp. ruderalis) and may have originated from hemp located in
high latitudes where photoperiods can be long and growing seasons are typically short or
regions with relatively short and constant photoperiods [5,9,10]. Advantages of DN hemp
varieties include the ability to flower in regions that have little variation in photoperiod
throughout the year (tropics) or during times of the year when photoperiods may be
inadequate to grow DLS varieties. However, many DN types of hemp have been reported
to be particularly sensitive to environmental stressors such as high temperatures and may
have lower yields than comparable DLS varieties [11].

In addition to uses for fiber, seed, and medicinal purposes, hemp has also been
proposed as a candidate for use in phytoremediation, which utilizes plants to remove
contaminants, such as heavy metals or other chemicals from soils [12,13]. Accumulator
plant species can uptake heavy metals from soils, even at low external concentrations, and
concentrate them in plant tissues [14]. By growing accumulator plants in contaminated
soil, it is possible to realize in situ decontamination, an economically viable approach that
preserves physicochemical soil characteristics, while removing contaminants [15]. The
morphophysiological characteristics of hemp, such as high biomass production, deep roots,
and short life cycle make it a potential candidate for phytoremediation [16-20].

Heavy metal contamination of agricultural soils is a concern when growing crops for
food or medicinal purposes, due to potential harm to human and animal health [21-23].
Cadmium (Cd) contamination in the environment has been linked to anthropogenic activi-
ties, such as mining and smelting. Further, Cd can be introduced to soils via contaminated
manure, sewage sludge, and phosphate fertilizers [24]. Cadmium is known to cause health
issues when ingested in amounts greater than the provisional tolerable monthly intake
(PTMI) of 25 pg-kg~! of body weight [25]. In previous studies utilizing naturally and
artificially contaminated soil and substrate containing from 0 to up to 200 mg-kg~! Cd,
hemp varieties grown for fiber production accumulated Cd in aboveground tissues at
levels that could be harmful to human health [26-29]. For instance, the hemp fiber variety
Silistrinski grown in naturally contaminated soil containing 12.2 mg-kg~! Cd accumulated
1.22 mg-kg~! Cd in its flowers [27].

There are multiple indicators that can be used to determine the accumulation potential
of a plant species. Bioconcentration factor (BCF) is the ratio between the metal concentration
in plant tissues and the initial metal concentration in the soil or growing solution [20,30-33].
This indicator has also been used interchangeably with terms such as accumulation factor
(AF) [28], biological absorption coefficient (BAC) or index of bioaccumulation (IBA) [23].
A separate indicator of accumulation potential is the translocation factor (TF), which is
the ratio between the metal concentration in the above ground biomass and the metal
concentration in the roots [31,32]. Additionally, plant growth parameters can be assessed to
determine the tolerance index (TI), calculated as the ratio between growth in contaminated
and non-contaminated soils [20,30]. There is significant variability in BCF among plant
species and chemical elements. It has been proposed that plants with BCF >100 mg-kg !
Cd on a dry weight (DW) basis in its leaves could be referred to as hyperaccumulators [14].
Conversely, [12] suggested that true hyperaccumulators are able to accumulate higher
concentrations of metals in leaves than in roots (TF > 1).

Few studies have evaluated heavy metal accumulation in hemp flowers, with most re-
search utilizing fiber hemp varieties to determine heavy metal uptake for phytoremediation
purposes [16,17,19,34]. Due to the harmful effects of Cd and other heavy metals on human
health, the U.S. hemp industry has attempted to implement standards regarding maximum
allowable levels of metals in C. sativa consumer products, which vary by state [35]. As
hemp flowers are increasingly grown for the medicinal market, determining Cd distribution
among plant organs, as well as bioconcentration and root-to-shoot translocation factors,
are of importance. We hypothesize that there are distinctions in Cd accumulation and
distribution among plant tissues in hemp varieties with different growth and flowering
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habits. Therefore, the objectives of this study were to evaluate nutrient partitioning and Cd
uptake, translocation, and accumulation in DLS and DN hemp varieties, and to determine
the impact of Cd exposure to cannabinoids in plant flowers.

2. Materials and Methods
2.1. Experimental Setting

The experiment was conducted in a greenhouse in Watkinsville, GA, USA (lat. 33°5' N,
long. 83°3’ W) from January 2022 to April 2022. Feminized seed from two DLS hemp
varieties, T1 and Von (Sunbelt Hemp Source, Moultrie, GA, USA), and two DN varieties
Apricot Auto (Blue Forest Farms, New York, NY, USA) and Auto CBD Alpha Explorer
(Alpha Explorer) (Phylos Bioscience, Portland, OR, USA) were sown into engineered foam
cubes (3.33 cm L x 254 cm W x 3.81 cm D; Oasis Grower Solutions, Kent, OH, USA)
for germination. Foam cubes were placed in plastic trays over a germination mat set at
24 °C exposed to a mist irrigation system, which applied water twice daily for 1 min each.
Supplemental lighting (approximately 100 pmol-m~2-s~!) was used during germination.
Seedlings were maintained under these conditions for 4 weeks, after which they were
placed into plastic netted containers (4.7 cm W x 5.1 cm D) and transferred to 37.9 L
plastic containers (Rubbermaid Inc. Wooster, OH, USA) filled with 28 L of well water.
The well water was analyzed for nutrient concentrations periodically throughout the
experiment (Table 1). Four seedlings per replicate were placed equidistantly (24.3 cm apart)
in holes drilled in the container lid. Welded wire mesh frames were attached to each lid
to support plants. A 15.2 cm aquarium air stone attached to an air pump (Active Aqua;
Hydrofarm, Petaluma, CA, USA) was placed inside the container to aerate the nutrient
solution throughout the experiment. Container volume was maintained by adding well
water every 2-3 days. At transplant, a nutrient solution was added to the plastic containers
using a half-strength Hoagland’s solution [36] (Table 1).

Table 1. Mineral nutrient concentrations in the nutrient solution used in this study.

N P K Ca Mg B Cu Mo Fe Mn Zn
(mg-L—1)
Well water ND <0.01 2.7 12.1 2.1 <0.01 <0.05 <0.01 <0.1 <0.1 <0.1
Nutrient solution 105 155 117 100 24.3 0.3 0.01 0.005 0.5 0.25 0.025
Total concentration 105 15.5 119.7 1121 26.4 0.3 <0.05 <0.01 0.5 0.25 <0.1

Notes: ND = not detected. ! Nutrient solution comprised from the following compounds: Ca(NOs),-4H,0, KNOs,
KH,POy4, MgSO,4-7H,0, H3BO3, MnCl,-4H,0, ZnSO4-7H,0O, CuSO4-5H,0, HyMoO4-H, O, and Sequestrene 330.

Plants were grown for 3 weeks in the base nutrient solution after which nutrient
solutions were replaced completely and Cd treatments were added using CdSO,4-8H;0, to
achieve 0 (control) and 2.5 mg-L~! Cd. Cadmium concentrations were chosen based on the
results of previous studies [34,35], which evaluated hemp exposure to Cd in hydroponic
systems. The experimental treatments were arranged in a randomized complete block
design with four hemp varieties exposed to two levels of Cd with four replicates each.
Nutrient solutions were maintained to a constant volume by adding water every 2-3 days
and nutrients were replaced every 3 weeks for the remainder of the experiment. The
electrical conductivity (EC) and pH of the solutions were measured weekly. Solution
pH was adjusted to 5.5 when necessary (pH down; General Hydroponics, Santa Rosa,
CA, USA). Supplemental light (approximately 100 pmol-m~2-s~1) was used to provide
18/6 light/dark hours for 4 weeks of vegetative growth after transplanting seedlings into
containers. Supplemental lights were turned off to allow for flower induction in the DLS
varieties for the remaining 7 weeks of production (average day length 12 h 38 min). The
DN varieties (Apricot Auto and Auto CBD Alpha Explorer) exhibited visually detectable
flower development 1 week prior to the induction of flowering in the DLS varieties (Von
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and T1). Therefore, the DN varieties were harvested 1 week prior to the DLS varieties to
ensure that plants flowered for the same length of time.

Nutrient solutions were sampled at the beginning and end of each 3-week cycle using
20 mL scintillation vials (HDPE; Thermo-Fisher Scientific™, Waltham, MS, USA), and stored
at —4 °C until the analysis of mineral nutrient concentrations (Table S1). Temperature and
relative humidity (RH) of the greenhouse were monitored at canopy height hourly (VP4;
Meter Group Inc., Pullman WA, USA) and averaged 19.1 £ 3.1 °C and 74 + 0.1% RH for
the experiment. Photosynthetic active radiation was also monitored hourly throughout the
experiment (QSO-S; Meter Group Inc.) and plants were exposed to an average daily light
integral (DLI) average of 21.6 & 9.0 mol-m~2-d !

2.2. Mineral Analysis

Samples of fresh root, stem, leaf, and flower tissues were collected for Cd analysis at
harvest. Composite samples (50 g fresh material) were taken from each of the four plants
in a replicate (container). Roots were triple-washed with deionized water after removal.
Ten of the youngest fully expanded leaves were collected from the top one-third of each
plant (main stem and lateral branches) and rinsed with deionized water. Stem samples
were collected from the bottom two-thirds of the main stem. Flower material was sampled
from the top of the main stem and the top one-third of plants. Samples were placed in
a forced air oven set at 55 °C for 72 h until a constant weight was achieved. Dried plant
material was then ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA) and
passed through a 20-mesh screen. Samples were digested using EPA Method 3052 [37].
In brief, 0.5 g samples were placed in fluorocarbon polymer microwave vessels, 10 mL of
concentrated nitric acid were added to each vessel which was then sealed. The microwave
digester (Mars 6 Microwave; CEM Corp., Matthews, NC, USA) was heated to 200 °C for
30 min and digested (solutions) were then transferred quantitatively into volumetric flasks
and brought to 100 mL volume with deionized water prior to analysis.

Samples of the hydroponic solutions were filtered using a 0.45 pM PTFE membrane
(Thermo-Fisher Scientific™ Choice™ Polypropylene Syringe Filters) and acidified using 2%
(v/v) high purity nitric acid (HNOj3) (Certified ACS Plus, Fisher Scientific, Pittsburgh, PA,
USA) prior to analysis. Hydroponic solutions and plant tissues were analyzed for multiple
elements (P, K, S, Ca, Mg, Fe, Mn, Al, B, Cu, Zn, Ni, and Cd) following EPA Method 200.8 [38]
by Inductively Coupled Plasma—Optical Emission Spectroscopy (Spectro Arcos FHS16; Spectro
Ametek USA, Wilmington, MA, USA). The instrument parameter settings and wavelengths
used are displayed in the supplementary material (Tables S3 and S4, and Figure S1). The
instrument reporting limit for Cd was <0.005 mg-L~!. Results were expressed as mg-L~1.
Calibration standards utilized in this analysis were from a certified source (Inorganic Ventures,
Christiansburg, VA, lot number: N2-MEB667614). Independent laboratory performance
checks were also run with acceptable deviations for recoveries set at 100 = 5.0%.

The BCF was calculated by dividing the Cd concentration in plant tissues by the initial
Cd concentration in the nutrient solution [20,30-33]. The TF (%) was calculated by dividing
the sum of Cd concentration in leaves, flowers, and stems by the Cd concentration in roots,
and multiplying by 100 [31,32]. Cadmium uptake rates (umol-plant!-d ') were calculated
by the following equation (adapted from [30]):

(([Cdinitial — Cdfinarl)/number of plants)/treatment days)/root biomass) €))

2.3. Plant Growth and Biomass Yield

Plant height was determined by measuring the distance from the base of the stem to
the tip of the apically dominant flower at harvest [11].

To quantify leaf, flower, stem, and root biomass, four whole plants per replicate were
air-dried at ambient temperatures inside the greenhouse for 2 weeks and then separated into
roots, stems, and leaf and flower biomass. Dry leaf and flower materials were manually
pulled from plants following industry standards used for hemp biomass intended in
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cannabinoid extraction. Subsamples were taken from the air-dried materials and further
dried in a forced air oven set at 55 °C for 48 h until a constant weight was achieved. The dry
weights of the whole plant samples were then normalized based on subsample moisture
content [11].

2.4. Cannabinoid Analysis

Approximately 25 g of fresh flower tissue sampled from inflorescences located on
the top one-third of the plants were sampled during weeks 6 (DN varieties) and 7 (DLS
varieties) of flowering (49 and 56 days after treatment (DAT), respectively) and dried
separately from other samples as follows. Flower material was placed on a perforated
aluminum baking sheet and dried to approximately 15% moisture content in a walk-in
cooler with a temperature set point of 13 °C and 55% relative humidity for 14 days. The
appropriate relative humidity was maintained using a dehumidifier. The dried material was
hand trimmed to remove leaves, sealed in a metalized resealable food bag (Uline, Braselton,
GA, USA) and stored at —4 °C for cannabinoid analysis. The acidic and neutral forms of the
cannabinoids, THC and CBD, were determined in dried flower material by a commercial
laboratory using high-performance liquid chromatography and a diode array detector set
to 230 nm (S] Labs and Analytics, Macon, GA, USA). The limit of detection for THC and
CBD was 0.02%. Total cannabinoid concentrations were calculated by the following formula:
total cannabinoid = neutral + (acidic form x 0.877). The percentage of dry matter for all
samples was recorded and the results were reported on a dry weight basis.

2.5. Statistical Analysis

Statistical analysis was conducted using JMP® Pro 15 (SAS, Cary, NC, USA). Data were
subjected to a one-way ANOVA procedure with Student’s t-test (p < 0.05) or Tukey’s Honest
Significant Difference test (p < 0.05) conducted for mean separation when appropriate.
Tissue Cd and cannabinoid concentrations were log-transformed to ensure equal variance
prior to statistical analysis. Non-transformed data are presented.

3. Results and Discussion
3.1. Plant Height and Biomass Yield

Plant heights were significantly reduced by Cd exposure in DN varieties, Apricot
Auto and Alpha Explorer. Plants exposed to 2.5 mg-L~! Cd were shorter than plants in
the control (0 mg-L~! Cd) treatment (Figure 1). Plant heights of the two DLS varieties, Von
and T1, were not significantly affected by Cd treatment. Nevertheless, the average decline
in plant height of plants exposed to Cd was 20.4% in the DLS varieties and 35.6% in the
DN varieties. Exposure to Cd also significantly reduced flower and leaf, stem, and root
biomass in the DN varieties, Apricot Auto and Alpha Explorer (Table 2). In the DLS variety
Von, the dry weight of flower and leaf tissues significantly decreased in the 2.5 mg-L~!
Cd treatment compared to the control, while dry weights of stem and root tissues were
unaffected by Cd. The dry weights of the flower and leaf, and root tissue were significantly
reduced by exposure to Cd in the DLS variety T1. Whole plant biomass in all four varieties
was significantly reduced by Cd treatments, with an average reduction of 74.4% in the DN
varieties and 50.2% in the DLS varieties.

The DLS varieties, Von and T1, generated significantly greater root biomass relative
to the DN varieties when not exposed to Cd. In Cd-treated plants, root biomass was
significantly greater in Von compared to the two DN varieties. Root biomass in T1 was
not significantly different from any other variety when exposed to Cd. Flower and leaf
tissue yields were highest in DLS variety T1 in both control and Cd-exposed treatments.
Exposure to Cd resulted in a significant decrease in flower and leaf biomass of 75% and
78%, in Apricot Auto and Alpha Explorer DN varieties, respectively. Exposure to Cd
significantly reduced flower and leaf biomass in the DLS varieties Von and T1 by 52% and
41%, respectively. Whole-plant, stem, and root biomass was also significantly reduced to a
greater extent in DN varieties compared to the DLS varieties. This suggests that the DLS
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varieties used in the present study may be more tolerant to Cd exposure at 2.5 mg-L~! than
the DN varieties evaluated. These results agree with previous studies that have reported a
decrease in shoot biomass of hemp plants exposed to Cd [26,34,35,39].

®0mgL'Cd

1
120 ¢ 25mgL” Cd

Aa
100 . Ba Ba
Aa Aa
Ab Ab I I
I I
Von T1

Apricot Auto  Alpha Explorer

Plant Height (cm)

Hemp Variety

Figure 1. Average plant height at harvest &= SE of four hemp (Cannabis sativa L.) varieties. Values
correspond to averages of four replicates with four plants each. Bars associated with the same
uppercase letter(s) indicate no significant differences among hemp varieties at p < 0.05 according to
Tukey’s HSD test. Bars associated with the same lowercase letter indicate no significant differences
between control and treated plants for a given hemp variety at p < 0.05 according to Student’s t-test.

Table 2. Dry weight of flowers + leaves, stems, roots, and whole plant at harvest + SE of four hemp
(Cannabis sativa L.) varieties exposed to 0 (control) and 2.5 (treated) mg~L*1 Cd in a nutrient solution.

Flower + Leaf Stems Roots Whole Plant

Biomass (g-Plant-1) |

Variety Control Treated Control Treated Control Treated Control Treated
A};lrlitcoot 40.0+£23ABa 99+20Bb 177+ 12Aa 65+1.0ADb 83+03Ba 32+04Bb 66.0+32Ba 19.5+27 ABb
Eﬁ;)ll)(in 378+22Ba 82+14Bb 236+15Aa 45+ 08Ab 71+07Ba 21+04Bb 684 +33Ba 148 +24Bb
Von 462 +13ABa 222+72ABb 293+17Aa 152+56Aa 201+1.0Aa 133+29Aa 95.6+15Aa 50.7 £ 153 Ab
T1 486+24Aa 285+56Ab 277 +£65Aa 139+27Aa 29+20Aa 9.7+27ABb 992+64Aa 522+9.6 Ab

Notes: ! Values followed by the same uppercase letter(s) indicate no significant differences among hemp varieties
for each plant tissue according to Tukey’s Honest Significant Difference test (p < 0.05).Values followed by the same
lowercase letter within each individual hemp variety row indicate no significant differences between control and
Cd treated plants for each plant tissue according to Student’s f test (p < 0.05).

3.2. Cd Concentration in Hemp Tissues

Cd concentrations in hemp tissues were affected by plant variety and Cd treatment
(Table 3). In DN varieties, Apricot Auto and Alpha Explorer, and the DLS variety Von,
Cd concentrations were highest in roots. In contrast, the DLS variety, T1 had similar Cd
concentrations in roots, leaf, and stem tissue upon exposure to Cd. These results are
consistent with previous literature, which reported that roots were the preferred tissue
for Cd accumulation in hemp [27,34,35,40,41] and that Cd accumulation increased with
increasing Cd concentrations in the growing media [39]. For instance, Cd concentrations
in the roots of C. sativa fiber variety Santhica 27 exposed to 20 pM Cd (2.25 mg-L~! Cd)
for one week averaged 2687 mg-kg~! dw, while Cd concentrations in stems and leaves
averaged 1243 mg-kg~! dw and 717 mg-kg~! dw, respectively [34]. Additionally, the
C. sativa medicinal variety Purple Tiger exposed to 2.5 mg-L~! Cd for 68 days had average
Cd concentrations of 1982.6 mg-kg~! dw in roots, 13.2 mg-kg~! dw in leaves, 5.1 mg-kg !
dw in stems, and 7.6 mg-kg~! dw in flowers [35].
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Table 3. Average cadmium (Cd) concentration at harvest in plant tissues of four hemp (Cannabis
sativa L.) varieties exposed to 0 (control) and 2.5 (treated) mg-L_1 Cd in a nutrient solution on a dry
weight (dw) basis.

Flower Root Leaf Stem

Cd Concentration (mg-kg~1 dw)

Control Treated Control Treated Control Treated Control Treated
Apricot Auto 1.2Aab 381Ac 38Aa 1056.8 A a 1.0AD 449 ABc 05Ac 1163 Ab
Alpha Explorer 0.6 A ab 51.0Ad 34Aa 22742 Aa 30Aa 925Ac 03AD 176.4 A b

Von 04Aa 119Bb 1.1Aa 5124 Aa 21Aa 18.2BCb ND AbD 1.8Cc

T1 NDBa 02Cb NDBa 16.1Ba 08Aa 822Ca 0.6 Aa 26.8Ba

Notes: ! Values followed by the same uppercase letter(s) indicate no significant differences among hemp varieties
for each plant tissue according to Tukey’s Honest Significant Difference test (p < 0.05). Values followed by the
same lowercase letter(s) within a hemp variety row indicate no significant differences among plant tissues for each
treatment (control and treated) according to Tukey’s Honest Significant Difference test (p < 0.05). { ND = not detected.

All varieties had increased concentrations of Cd in all plant tissues exposed to Cd in the
nutrient solution, except in the floral tissues of T1. Cadmium-treated DN varieties, Apricot
Auto and Alpha Explorer, had increased Cd concentrations in flower and stem tissues, and
Alpha Explorer had significantly greater Cd concentrations in leaf tissue compared to the
DLS varieties. These results suggest that Cd concentration in plant tissues is negatively
correlated to biomass accumulation, as the DN varieties had a higher reduction in flower
and leaf biomass when exposed to 2.5 mg-L~! Cd, compared to the DLS varieties. It should
be noted that detectable Cd levels were observed in the control tissues. We expected all
the control tissues to be below detection and can only speculate on the source of the Cd.
It could have been slight cross contamination due to the aeration system that connected
all the tanks. Another possibility is the Cd was already in the plant tissues before the
treatments were applied. We analyzed the propagation foam cubes and found some Cd in
the material (0.25 mg-L~!), which potentially could have slightly contaminated the tanks.

Whole-plant BCF ranged from 1051.8 in Alpha Explorer to 20.9 in T1 (Table 4 and
Figure S2). In Alpha Explorer, whole-plant, root, and leaf BCF were significantly greater
than the other three varieties evaluated. The BCF in stems and flowers was significantly
higher in the DN varieties, Alpha Explorer and Apricot Auto, when compared to the DLS
varieties, Von and T1. In Alpha Explorer, Apricot Auto, and Von varieties, BCF values
were the highest in roots, while in T1 plants BCF was the highest in stems. For all varieties,
the BCF in floral tissue was significantly less than that of roots, except for T1, which
accumulated most Cd in stem tissues instead of roots. Previous studies reported that BCF
values were consistently higher in roots when compared to above-ground biomass [39,41].
Furthermore, in a review of the capacity of different varieties of C. sativa to accumulate
heavy metals, root BCF values in plants exposed to different Cd treatments ranged from
0.08 to 30.99 [17]. Most prior studies utilized contaminated soil or a soil-like substrate,
which makes it challenging to determine the exact concentration of Cd that was available to
plants. Nevertheless, our results support the previous literature demonstrating that plant
genetics play a role in the Cd tolerance and accumulation potential of hemp plants.

The TF was calculated as the ratio between Cd concentration in aboveground tissue
(stems, leaves, and flowers) and Cd concentration in roots. The variety, T1, had the
highest TF compared to the other three varieties (Table 4). Our results suggest T1 had
the highest translocation factor due to increased Cd accumulation in stems, and relatively
low accumulation in roots compared to other varieties. Therefore, this DLS variety may
favor Cd sequestration in aboveground parts of the plant while the other three varieties
accumulated more Cd in the roots. The tolerance index, which was calculated as the ratio
between biomass accumulation (whole plant) in the 2.5 mg-L~! treatment and biomass
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accumulation in the control treatment, was not significantly different among hemp varieties
(data not shown).

Table 4. Translocation factor (TF) and bioconcentration factor (BCF) in whole plants, roots, leaves,
stems, and flowers of the hemp (Cannabis sativa L.) varieties, Apricot Auto, Alpha Explorer, Von, and
T1 exposed to 2.5 mg-L_1 Cd in a nutrient solution.

BCF ! TF (%)
Whole Plant Root Leaf Stem Flower Whole Plant
Apricot Auto 5275B 446.1Ba 183BDb 47.6 ABDb 155Ab 28.5B
Alpha Explorer 1051.8 A 920.1Aa 379ADb 732ADb 206 Ab 143 B
Von 213.8 BC 2014 BCa 70BCb 07Cb 48Bb 6.5B
T1 209C 6.2Cab 34Cb 11.2BCa 0.1Bb 193.0 A

Notes: ! Values followed by the same uppercase letter(s) within a column indicate no significant differences among
hemp varieties for a plant tissue according to Tukey’s Honest Significant Difference test (p < 0.05). Values followed
by the same lowercase letter within each individual hemp variety row indicate no significant differences among
plant tissues (root, leaf, stem, and flower) according to Tukey’s Honest Significant Difference test (p < 0.05).

The cadmium uptake rate was significantly greater in Alpha Explorer compared to
the other three hemp varieties (Figure 2). Both BCF and Cd uptake rates were the highest
in Alpha Explorer, suggesting that this variety was the most efficient in taking up Cd
from the solution, accumulating it primarily in the roots but also translocating it to the
shoots. However, Alpha Explorer had significantly lower whole-plant biomass than the
DLS varieties, Von and T1, and biomass is considered a more accurate indicator of Cd
toxicity than plant height [39]. In a typical field production scenario, DN varieties would
generally have a shorter life cycle than the DLS varieties and significant differences in
growing degree-day requirements for maturity in DN and DLS hemp varieties have been
reported [11]. Although all plants in the present study were harvested at the same time,
the increased maturation rate of the DN varieties likely led to increased rates of Cd uptake.
Reduced Cd uptake rates in Von and T1 varieties could potentially allow these plants to
better cope with Cd exposure.

Hemp Variety

B

1 1 Il 1 1 1 1 J

0 02 04 06 0.8 1 1.2 1.4 1.6

Cd Uptake (umol-plant=-d-?)

Figure 2. Average Cd uptake rates & SE in four hemp (Cannabis sativa L.) varieties exposed to
2.5 mg-L~! Cd. Bars associated with the same letter(s) indicate no significant differences among
hemp varieties at p < 0.05 according to Tukey’s HSD test.

Although the TF was the highest in T1, the other three hemp varieties had significant
TF values within or above the range of approximately 2.5 to 12% that has been reported
in previous studies [39,41], suggesting that hemp may tolerate Cd stress (Table 4). Fur-
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thermore, the TF of all hemp varieties was above 1% and, therefore, these varieties could
be classified as high-efficiency plants for metal translocation from roots to above-ground
organs [42]. Although BCF was above 100 mg-kg~! DW in leaves, which is the minimal
value for hyperaccumulator plants [14], whole plant biomass was reduced by Cd exposure.
Therefore, these hemp varieties might not be candidates to be considered Cd hyperaccumu-
lators as previously indicated [34]. Nevertheless, our data suggest that hemp characteristics
related to metal uptake and distribution within plant tissues can fluctuate by variety.

3.3. Nutrient Partitioning

The concentrations of the macronutrients N, P, K, and Ca were affected by both plant
variety and Cd treatment (Table S52). However, no clear trends for any macronutrients were
observed in response to Cd or among varieties. Previous data on nutrient distribution under
metal stress is contradictory. For instance, the high-THC C. sativa variety “NB100” growing
in uncontaminated substrate supplied with a commercial fertilizer (65, 17, 90 ppm N, P, and
K, respectively) had higher N, P, and K concentrations in flower tissue, when compared to
inflorescence leaves, fan leaves, and stems (roots were not analyzed), while Ca concentration
was higher in fan leaves [43]. Conversely, there was a significant reduction in N, P, K, and
Ca content in edible parts of tomato and lettuce grown in spiked soil containing 2.5 mg-kg !
Cd, when compared to plants grown in non-contaminated soil [44]. Furthermore, chickpea
plants (Cicer arietinum L.) exposed to Cd in nutrient solution (approximately 68 mg-L~! Cd)
showed a significant decrease in root and shoot Ca concentrations when compared to plants
growing in an uncontaminated nutrient solution [45]. Nitrogen, P, and K concentrations in
the shoots of Pfaffia glomerata were reported to increase with increasing Cd concentrations
in the growing media [46]. These macronutrients are involved in the synthesis of Cd-
detoxifying chelator molecules, such as glutathione and phytochelatins, and in the increase
in activity of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidade (APX) [46,47].

3.4. Total THC and CBD in Hemp Flower

Total CBD concentrations were significantly lower in Apricot Auto and Alpha Explorer
plants exposed to 2.5 mg-L~! Cd compared to the 0 mg-L~! Cd treatment, while total CBD
concentrations in T1 and Von plants were not significantly affected by Cd exposure (Table 5).
Similarly, total THC was significantly lower (below the detection limit) in Apricot Auto and
Alpha Explorer plants exposed to 2.5 mg-L~! Cd, compared to the control. Interestingly,
THC concentrations in the DLS varieties, Von and T1, were not significantly affected by Cd
exposure. Both DN varieties exhibited a significant reduction in total THC and CBD when
exposed to Cd, while the DLS varieties did not. In addition, DN varieties had significantly
greater Cd uptake rates (Figure 2) and BCF (Figure S2) than DLS plants. Further, both
DN varieties had significantly greater Cd accumulation in the floral tissue compared to
the DLS varieties (Table 3). This suggests that the increased Cd uptake and accumulation
in the floral tissue in Apricot Auto and Alpha Explorer may have led to a decrease in
cannabinoid synthesis. A previous study [28] reported no differences in THC content in
leaves of the DLS fiber hemp variety “Fibranova” grown in substrate contaminated with
25 and 100 pg-g~! Cd. Previous results suggest that plant genetics might play a role in
cannabinoid synthesis under metal stress [28,48].

While total THC concentrations in all hemp varieties in the control treatment reached
concentrations above the legal threshold (0.3%), this is not uncommon in both DLS and
DN high CBD hemp varieties [11,49] as age, genetics, and environmental factors may
impact cannabinoid synthesis [50]. These results indicate that the impact of Cd stress on
CBD and THC synthesis is variety-dependent, and exposure to 2.5 mg-L~! Cd may affect
cannabinoid synthesis in some varieties of C. sativa.
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Table 5. Average total CBD and THC = SE in the hemp (Cannabis sativa L.) varieties Apricot Auto,
Alpha Explorer, Von, and T1 exposed to 0 (control) and 2.5 (treated) mg~L_1 Cd in a nutrient solution.

Concentration in Flowers (% dw) i

Total THC Total CBD
Control Treated Control Treated
Apricot Auto 053+ 0.05Aa NDBb 9.18 £ 0.69 A a 1.82 £ 0.86BDb
Alpha Explorer 0.36 £ 0.01 Aa NDBb 837+ 0.30Aa 1.18 £ 0.84Bb
Von 0.53+0.07Aa 043+0.04Aa 1138 £129Aa 944+131Aa
T1 043 +0.04Aa 0.36 £ 0.05A a 1019 £ 090Aa 764+104Aa

Notes: ! Values followed by the same uppercase letter(s) within a column indicate no significant differences among
hemp varieties according to Tukey’s Honest Significant Difference test (p < 0.05). Values followed by the same
lowercase letter within a hemp variety row indicate no significant differences between control and treated plants
according to Student’s t-test (p < 0.05). ND = not detected.

4. Conclusions

The impact of Cd on plant growth as well as BCF, uptake rate, and TF were affected
by variety. Whole plant biomass yield in all four varieties was significantly reduced
by the Cd treatment, suggesting that the hemps studied here may not be classified as
hyperaccumulator as they may accumulate Cd with other ions in a nutrient solution until
it becomes toxic. While Cd concentration was significantly higher in roots, all four varieties
were efficient in translocating Cd from roots to shoots, with Cd concentrations in flowers
ranging from 0.2 to 51 mg-kg_1 Cd DW in T1 and Alpha Explorer varieties, respectively.
Flower and leaf biomass were significantly reduced in all four varieties in response to Cd.
Further, the DN varieties, Alpha Explorer, and Apricot Auto, had a significant decrease in
total THC and CBD concentrations in plants exposed to Cd when compared to plants in
the control treatment, while the DLS varieties did not. Additional studies are warranted to
determine if there are different Cd tolerance mechanisms in DN compared to DLS hemp
varieties. All four hemp varieties analyzed in this study are suitable for the medicinal
market, given that heavy metal testing is conducted throughout production and on finished
consumer products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15122176/s1, Table S1: Mean concentrations of cadmium (Cd)
in nutrient solutions measured at the beginning and end of each cycle and daily uptake. Values
are averages + SE of four replications per treatment; Table S2: Average concentrations of nitrogen
(N), phosphorus (P), potassium (K), and calcium (Ca) among different tissues in the hemp (Cannabis
sativa L.) varieties, Apricot Auto, Alpha Explorer, Von, and T1 on a dry weight (dw) basis exposed
to 0 (control) and 2.5 (treated) mg-L_1 Cd in a nutrient solution; Table S3. ICP-OES parameters;
Table S4. ICP-OES wavelengths used; Figure S1. Calibration curve of cadmium on ICP-OES; Figure S2.
Bioconcentration factor (BCF) for Cd =+ SE in plant tissues of four hemp (Cannabis sativa L.) varieties
exposed to 2.5 mg-L~! Cd.
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