. horticulturae

Article

The Effect of Harvest Date on Temporal Cannabinoid and Bio-
mass Production in the Floral Hemp (Cannabis sativa L.) Culti-
vars BaOx and Cherry Wine

Eric R. Linder !, Sierra Young 2, Xu Li*¢, Shannon Henriquez Inoa! and David H Suchoff 1*

Citation: Lastname, F.; Lastname, F.;
Lastname, F. Title. Horticulturae
2022, 8, x.
https://doi.org/10.3390/xxxxx

Academic Editor: Firstname Last-

name

Received: date
Accepted: date
Published: date

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC 27695, USA;
erlinder@ncsu.edu (E.R.L.); srkoss@ncsu.edu (S.H.I)

2 Department of Civil and Environmental Engineering, Utah State University, Logan, UT 84322, USA;
sierra.young@usu.edu

3 Plants for Human Health Institute, North Carolina State University, Kannapolis, NC 28081, USA;

sirius_li@ncsu.edu

Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC 27695, USA

Correspondence: dhsuchof@ncsu.edu

*

Abstract: The objectives of this study were to model the temporal accumulation of cannabidiol
(CBD) and tetrahydrocannabinol (THC) in field-grown floral hemp in North Carolina and establish
harvest timing recommendations to minimize non-compliant crop production. Field trials were con-
ducted in 2020 and 2021 with the-eultivars BaOx-and -Cl
Harvest events started 2-two weeks after floral initiation and occurred every two weeks for 12

BaOx and Cherry Wine cultivars.

e AL

weeks. Per-plant threshed biomass accumulation exhibited a linear plateau trendl. The ):)est fit model
for temporal accumulation of THC was a beta growth curve. As harvest date was delayed, total
THC concentrations increased until concentrations reached their maximum, then decreased as
plants approached senescence. A-ogistic regression was the best fit model for temporal accumula-
tion of CBD. CBD concentrations increased with later harvest dates. Unlike THC concentrations,
there was no decline in total CBD concentrations. To minimize risk, growers should test their crop
as early as possible within the USDA’s 30-30-day compliance window. We observed ‘BaOx’ and
‘Cherry Wine’ exceeding the compliance threshold a+50 and 41 days after flower initiation, respec-
tively.

Keywords: CBD; THC; hempb Cannabis satimﬁ biomass; cannabinoids

1. Introduction

The cultivation of Cannabis sativa L. for non-psychoactive cannabinoids has in-
creased in recent years due to changes in legislation. With the passing of The American
Agricultural Improvement Act of 2018 (2018 Farm Bill), Cannabis sativa L. plants contain-
ing less than 0.3% total tetrahydrocannabinol (THC) was classified as hemp and is feder-
ally legal to cultivate. Total THC is calculated as A9-THC + 0.877 x tetrahydrocanna-
binolic acid (THCA) and is reported on a dry weight basis. Of the approximately 125
documented cannabinoids [1], industry focus has been on cannabidiol (CBD).

Cannabis is primarily a dioecious plant and when grown for cannabinoid extrac-
tion only female plants are cultivated due to the high concentration of glandular tri-
chomes found on the female flowers. These glandular trichomes are the site of canna-
binoid biosynthesis and storage [2]. Cannabidiolic acid (CBDA), THCA, and canna-
bichromeneic acid (CBCA) are the three most abundant cannabinoids found in Canna-
bis. These acidic cannabinoids are synthesized from cannabigerolic acid (CBGA) by their
respective enzymes CBDA, THCA, and CBCA synthase [3]. Acidic cannabinoids may be
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decarboxylated in the presence of heat or light to their respective neutral counterpart’s
CBD, A9-THC, and cannabichromene (CBC) [3,4,5].

Cannabis can be classified into three major chemical types (chemotypes) based on
cannabinoid content. Inheritance of chemotype can be modelled as a monogenic trait at
one locus (B-The b locus) with two codominant alleles (BT & BD). Chemotype I plants
produce mainly THC and are classified as marijuana; these plants are homozygous with
the BT alleles. Chemotype II plants produce roughly equal amounts of THC and CBD
and are heterozygous with BT/BD alleles. Chemotype III plants are typically classified as
hemp and produce mostly CBD with very low amounts of THC; individuals of this
chemotype are homozygous with BD alleles [6].

High CBD:THC ratios are indicative of chemotype III Cannabis. Stack et al. [7] con-
ducted a study characterizing high cannabinoid hemp by screening 30 cultivars-with, the
majority being chemotype III Cannabis. Out of the purel chemotype III cultivars tested,
CBD:THC ratios ranged from 22.09:1 to 27.45:1 [7]. Chemotype III cultivars produce a
small amount of THC, which could potentially be problematic for growers since the le-
gal FHC-THC-compliant threshold is extremely low at 0.3% total THC on a dry weight
basis. Zirpel et al. [8] demonstrated that CBDA synthase (CBDAS) and THCA synthase
(THCAS) are indiscriminate and produce multiple cannabinoids as a side product dur-
ing the synthesis of their target product. Specifically, they demonstrated that CBDAS
produces-has CBDA and THCA molecules at a ratio of approximately 26:1. This enzy-
matic promiscuity poses a significant challenge to floral hemp producers seeking to
maximize profits via high CBD production while still maintaining a compliant crop
(<0.3% total THC).

There have been relatively few replicated studies exploring temporal cannabinoid
accumulation for high CBD yielding chemotype III cultivars. In general, the concentra-
tion of CBD and THC increase within the floral material after reproductive growth initi-
ates; however, temporal accumulation trends may differ by cultivar [7, 9, 10, 11]. At the
onset of the legal hemp production, lacking any evidence based recommendations, farm-
ers looked towards the marijuana industry for harvest timing recommendations. Mariju-
ana growers historically base harvest timing on trichome coloration [12]. As the plant
matures, trichrome colouration transitions from clear to opaque and then amber in color,
with harvest occurring between the opaque and amber color transition. However, this
method is highly subjective and would often result in a non-compliant crop; during the
North Carolina Hemp Pilot Program, approximately 10% of all tested fields were non-
compliant due to farmers utilizing this harvest timing method (Paul Adams, NCDA,
personal communication).

The market value of floral hemp is determined on a percent CBD by weight basis.-
For growers to maximize profit and reduce risk, it is crucial to have a harvest date that
maximizes CBD concentration while ensuring the crop remains compliant. There is a
current knowledge gap for growers regarding ideal harvest timing for floral hemp culti-
vated for CBD. The objectives of this study were to: 1) model the temporal accumulation
of CBD and THC in field-grown floral hemp in North Carolina and 2) establish harvest
timing recommendations to minimize non-compliant crop production. We hypothesize
that total THC concentration will exceed the compliance threshold before total CBD is
maximized and that the crop will need to be harvested prematurely.

2. Materials and Methods

2.1. Experimental Design

Field trials were conducted during the 2020 and 2021 growing seasons at the Cun-
ningham Research Station in Kinston, NC (CRS; 35.2973, -77.5739) on a Norfolk loamy
sand (fine-loam, kaolinitic, thermic Type Kandiudults), and at the North Carolina De-
partment of Agriculture & Consumer Services (NCDA&CS) Piedmont Research Station
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(PRS; 35.6967, -80.6227) in Salisbury, NC on a Clay Loam (Fine, kaolinitic, thermic Type 9

Rhodic Kanhapludults). 97

Asexually propagated clones of the CBD hemp cultivars BaOx and Cherry Wine 98

(Ryes Greenhouses; Broadway, NC) were used in both locations and growing seasons. 99
Field trials were arranged in a split-plot randomized complete block design with culti- 100
var as the main-plot and harvest date the split-pletsub-plot. Each location contained four 101
blocks. Transplanting occurred on 1 and 2 June of each year in Salisbury and Kinston, 102
respectively. Clones were transplanted into raised beds covered in white 1.25 mm poly- 103
ethylene plastic mulch with tape (Netafim Streamline 10 mil with 30.48 cm emitter spac- 104
ing .908 LPH) laid under the plastic. Each plot contained 20 plants with a 1.5 m in-row 105
and between-between-row spacing. 106
107
2.2. Field Management 108

Seven days before transplanting, herbicide was applied to the bare ground between 109
rows. Herbicide applications utilized Paraquat (1.55 kg ai ha-1, Gramoxone SL 3.0; Syn- 110

genta Basel, Switzerland), Napropamide (1.68 kg ai ha-1, Devrinol 2 XT; United Phos- 111
phorus, Inc., King of Prussia, PA), and Pendimethalin (0.53 kg ai/ha-1, Prowl H20; BASF 112
Ludwigshafen, Germany). 113
Season totat fertilizer application was 134.5 kg N ha-1, 67 kg P ha-1,134.5 kg Kha-1 114

and 1.12 kg B ha', Half of the nitrogen, phosphorus and all the-potassium was-were ap- 115" commented [M3]: Superscript
plied and incorporated as a pre-planting application. Calcium nitrate (Yaraliva Calcinit 116
15.5-0-0; Yara International, Oslo, Norway) and boron (Borate 21% B; Borates Plus Inc., 117
Apopka, FL) was injected biweekly through fertigation to meet the remaining nitrogen, 118
phosphorous and boron requirements. 119
120
2.3. Data Collection 121
Harvesting and data collection began when plants transitioned from vegetative to 122
reproductive growth. We determined flower initiation when at least 50% of the plants 123
showed visible pistillate inflorescence at the apical meristem as well as the lateral shoots. 124
Three plants were randomly harvested within a plot starting 2 weeks after floral initia- 125

tion and every two weeks after until 12 weeks after floral initiation (n = 6 harvest times). 126
Plants were cut at the base of the stalk approximately 5 cm ferm-from the soil line. Plants 127
were then transported to a tobacco barn, where they were dried under forced air at tem- 128

peratures less than 48.8 °C for five days. Once dry, the floral and leaf material was 129
stripped from the stalk by hand and the stalk was discarded. The weight of the floral 130
and leaf material was recorded and a representative sample was submitted for canna- 131
binoid analysis. Samples were analyzed for total CBD (CBD + 0.877 x CBDA) and total 132
THC at the North Carolina State University Environmental and Agricultural Testing 133
Services (EATS) Laboratory by using UHPLC/MS/MS analysis. The protocol for the anal- 134
ysis went as follows: 0.1 grams of dried ground plant material was added to a 15 mL 135
centrifuge tube with 5mL of extraction solution consisting of 80% HPLC grade methanol 136
and 20% HPLC grade water and was agitated for approximately 30 seconds with a vor- 137
tex mixer. Then ImL of sample extract was filtered through 0.2 uM syringe filter and 138
loaded into an auto sampler vial. Two auto sampler vials were then prepared for the 139
extract of each hemp sample, one at a dilution factor of 1:5 (df5) and the other at a dilu- 140

tion factor of 1:100 (df100). For the df5, 200 uL of sample extract and 800 uL of sample 141
dilutant solution was-were added. For the df100, 10 uL of sample extract and 990 uL of 142

sample dilutant solution was-were added. Sample dilutant solution consisted of 29% 143
HPLC water with LC/MS grade formic acid, and 71% HPLC grade acetonitrile. Before 144
the instrument analysis, a new calibration curve was made. Calibration curves were 145
made using commercially available calibration standards containing 100 pg ml-1 of 146
CBD, CBDA, CBN, CBG, THC, & THCA in methanol. After the calibration curve was 147
made a quality control check sample was completed to verify recoveries were 100% + 148

15% for each cannabinoid using commercial standards. Samples were analyzed in 149
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batches of 15 samples at their respective dilution factors, the column was washed, anda 150
quality control verification was completed between each batch of samples. Analysis was 151
completed-finished with a liquid chromatography equipped with photodiode array de- 152

tector. 153
154

2.4. Statistical Analysis 155
Data were plotted and inspected for any-euthiersand-to-determineoutliers and 156
treatment response trends. The nlme and nlraa packages in R ver. 4.1.2 [13] were utilized 157
for all analyses [14, 15]. In all instances, cultivar and days after flower initiation (DAFI) 158
were treated as fixed effects, whereas environment (unique year x location combination), 159
block nested in the environment, and block x cultivar nested in environment were 160
treated as random effects. 161
Biomass, total THC, and total CBD results showed strong nonlinear trends. Bio- 162
mass data showed an asymptotic/plateau trend, whereas total THC and CBD showed a 163
distinct sigmoid trend. In all cases, multiple models were fit to these data (Tables 2 and 164
3) and resultant corrected Akaike Information Critera (AICc) and Bayesian Information 165
Criteria (BIC) compared to select the best fitting model. Residual diagnostic plots were 166
investigated, and heteroscedasticity was observed for the biomass data. The power vari- 167
ance structure (“varPower”) ameliorated this heterogeneity and resulted in a better fit 168
model (lower AICc and BIC compared to original model). 169
A linear mixed model was employed to investigate the total THC and total CBD 170

relationship between cultivars. A similar approach was taken to compare total potential 171
THC (total THC + CBN) and total CBD. The inclusion of CBN when calculating total po- 172
tential THC provides a more appropriate estimation of total enzymatic production of 173
THC via CBDA synthase since CBN is the degradative product resulting from THC oxi- 174
dation over time [7]. Heteroskedasticity was observed in the residual diagnostic plots for 175
both analyses and ameliorated by employing an exponential variance function structure 176

(“varExp”). 177

178
3. Results and Discussion 179
3.1. Biomass Accumulation 180

Logistic, linear-plateau, quadratic-plateau, and asymptotic functions were fit to the 181
data and compared using their individual corrected Akaike Information Criteria (AICc) 182
and Bayesian Information Criteria (BIC). The linear-plateau model had the lowest AICc 183
and BIC (Table 1) and was selected as the best fit model for threshed biomass accumula- 184
tion on a per-plant basis. 185

Table 1. Goodness-of-Fit criteria for mixed nonlinear asymptotic models describing temporal pro- 186

duction of floral hemp threshed biomass. 187
Model Goodness-of-Fit Criteria®
AlCc BIC
Logistic 6,885.408 6,919.173
Linear-plateau 6,877.525 6,911.289
Quadratic-plateau 6,880.481 6,922.607
Asymptotic 6,917.306 6,946.878

2AICc = Corrected Akaike’s Information Criterion; BIC = Bayesian Infromation Criterion.

188
189
190
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192
The linear-plateau model is expressed as 193

Y = A +Bxif x<XS;

) €
Ymif x > XS

Where Y represents biomass, A is the intercept, B is the slope, XS is the threshold level of 194

x (DAFI) where the model plateaus (Ym). 195
The effect of the cultivar was not significant for the parameters estimates of A and 196
XS-; however, it was significant for the estimate of B (Table 2, Fig. 1). 197

Table 2. Parameter estimates of the linear plateau nonlinear regression for individual plant biomass 198

production over time for the floral hemp cultivars BaOx and Cherry Wine. 199
Parameter
A B XS
1ti

Cultivar (g plant) (g day™) (DAFI)

BaOx 271.2 7.4 77.3

Cherry Wine 410.5 41 64.1
P-value 0.5923 <0.0001 0.1510

2Days after floral initiation.

RMSE = 163.5

Conditional R? = 0.463 °
z i
© 1000 ' : $
Q2 ! . i
o) i Cultivar
)] = BaOx
% Cherry Wine
% 500 M
m i !

! - '

. ']
8 ' S
14 28 42 56 70 84
Days after flower initiation

217

218

Figure 1. Linear-plateau regression for per-plant biomass over time as affected by days after flower 219
initiation. Shaded area represents 95% confidence interval for the predicted model. Circles represent 220
plot-level data points. RMSE = Root Mean Square Error 221

222

The estimate of parameter B or slope of the regression for the cultivar BaOx was 7.4 223

g day-1 and 4.1 g day-1 for Cherry Wine. The effect of cultivar was netsignificantonthe- 224
parameter XS-andinsignificant on the parameter XS; both reached maximum biomass at 225
approximately 74 DAFI (Fig. 1). 226
There is a scarcity of information in the literature regarding post-anthesis temporal 227
accumulation of biomass for floral hemp. Massuela et al. [11] conducted a study in a 228
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controlled environment with chemotype III plants and found a significant effect of har-
vest time on inflorescence production._ —The general trend was an increase in inflores-
cences yield from 5 weeks post-anthesis; when harvest events started; to 11-week weeks
post-anthesis when the final harvest concluded. Interestingly, Massuela et al. [11] did
not observe a yield plateau in this study; however, the cultural practices applied in this
study most likely influenced yield outcomes. Plants in their study received a truncated
growing period; vegetative growth lasted for 28 days, which resulted in relatively small
plants. Additionally, 95% of natural light was blocked with a-shade cloth, and only arti-
ficial light was used to induce flowering and-throughouttheremainderofthroughout
the experiment. These cultural practices most likely limited yield potential and temporal
biomass accumulation for the plants used in this study.

3.2. Temporal Accumulation of Cannabinoids

Multiple sigmoid functions were-fittofit the temporal cannabinoid data and were
compared using their respective corrected Akaike Information Criteria (AICc) and
Bayesian Information Criteria (BIC; Table 3).

Table 3. Goodness-of-Fit criteria for mixed nonlinear sigmoid models describing the relationship
between floral hemp total THC and CBD concentrations over time.

Response* Model Goodness-of-Fit Criteriay
AlCc BIC
Total THC % Logistic -1,403.124 -1,365.121
Four-Parameter Logistic -1,381.136 -1,351.522
Gompertz -1,372.822 -1,343.208
Beta growth function -1,432.406 -1,394.403
Four-parameter Beta growth function -1,422.664 -1,393.051
Total CBD % Logistic 2,057.301 2,095.305
Four-Parameter Logistic 2,136.931 2,166.54
Gompertz NCx NC
Beta growth function 2,161.043 2,199.047
Four-parameter Beta growth function 2,186.523 2,216.137

“Total CBD % calculated as %CBD + 0.877 x CBDA; Total THC % calculated as A%-THC + 0.877 x THCA.
yAICc = Corrected Akaike’s Information Criterion; BIC = Bayesian Infromation Criterion.
*NC = No convergence.

The best fit model for total THC was a beta growth function which is expressed as:

Te - Te
Y =Wmax(1+ -—) () Te-mm V)

Where W.max is the maximum observed THC concentration, Te is the time point at
which W.max occurs, Tm is the time point where the maximum total THC accumulation
rate is obtained, and x is DAFIL.

The effect of the cultivar was significant on the parameters W.max, Te, and Tm (Table
4).

Table 4. Parameters estimates of the beta growth curve for floral hemp total THC concentration over
time for the floral hemp cultivars BaOx and Cherry Wine.
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Parameter
Cultivar W.max TE ™
(%) (DAFI) (DAFI)
BaOx 0.45 75.20 44.67
Cherry Wine 0.36 63.19 16.54
P-value 0.0187 <0.0001 <0.0001

*Days after floral initiation.

Maximum total THC (W.max) was highest in ‘BaOx’ (0.454%) compared to ‘Cherry
Wine’ (0.367%; Table 4, Figure 2).

RMSE = 0.0482
Conditional R? = 0.919

0.6
8
0.4 Cultivar
= = BaOx
= Cherry Wine
)
o
|_

o
[N)

0.07 ¢ .

14 28 42 56 70 84
Days after flower initiation

Figure 2. Beta growth curves nonlinear function for floral hemp total THC concentration over time
as affected by cultivar. Red dashed line at 0.3% total THC represents the legal threshold. Shaded
area represents 95% confidence interval for the predicted model. Circles represent plot-level data
points. RMSE = Root Mean Square Error.

The time required to reach W.max (Te) for ‘Cherry-Wineand-BaOx'Cherry Wine
and BaOx was 63.2 and 75.2 DAFI, respectively. A comparable trend was observed for the

effect of cultivar on the estimate of the parameter Tm or the time at which the maximum
THC accumulation rate is reached: ‘Cherry Wine’ reached its maximum accumulation rate
(16.5 DAFI) before ‘BaOx’ (44.7 DAFI). Additionally, ‘Cherry Wine’ reached the USDA
THC compliance threshold at an earlier date at approximately 41 DAFI, whereas ‘BaOx’
reached this threshold at 50 DAFI (Figure 2).

We observed a decline in total THC concentration with later harvest dates (Figure 2).
THC is susceptible to non-enzymatic oxidation by expesure-to-oxygen,-heat-andlightox-
vgen, heat, and light exposure. The products of the oxidative degradation of THCA and
A9-THC are cannabinol (CBN) and, to a lesser extent, the isomer AS-THC [4, 5, 16]. The
decline in THC concentration associated with later harvest times is likely the result of the
oxidization of THC.

Post-anthesis temporal total CBD accumulation trends are comparable to total
THC: a strong sigmoid relationship between DAFI and total CBD was observed (Fig. 3).
Unlike total THC, we did not observe a decrease in total CBD concentration at the end of

257
258
259

275
276
277
278

279
280
281
282

284
285
286
287
288
289
290
291
292

293
294
295



Horticulturae 2022, 8, x FOR PEER REVIEW 8 of 13

the trial. The best fit model for describing the relationship between DAFI and total CBD
concentration was a logistic regression (Table 3), which is expressed as:

W. max

Y = (1 + e(—scale(x—xmid)) (3)

Where Y is total CBD concentration, W.max is the maximum CBD concentration
obtained, scale is the maximum CBD accumulation rate, Xmid the time point at the max-
imum accumulation rate, and x is DAFIL.

The effect of cultivar was retsignificanton-the parameters Wom rseale(Fabl
5)-which-averagedinsignificant on the parameters W.max or scale (Table 5), averaging
13.54% and 12.4% DAFI-1 across cultivars, respectively. However, the effect of cultivar
was significant for the estimate of Xmid; ‘BaOx’ reached the maximum CBD accumula-
tion rate at 45.5 DAFI compared to 26.9 DAFI in ‘Cherry Wine’ (Table 5).

Table 5. Parameter estimates of the logistic model for floral hemp total CBD concentration over time
for the floral hemp cultivars BaOx and Cherry Wine.

Parameter
Cultivar W.max Xmid Scale
(%) (DAFI?) (% DAFI)
BaOx 15.20 455 13.0
Cherry Wine 11.88 26.9 11.8
P-value 0.9958 <0.0001 0.3925

2Days after floral initiation.

We observed a CBD concentration plateau for the cultivar ‘Cherry Wine’; however, we
did not observe a plateau for ‘BaOx” within the timeline of this study (Fig. 3).

RMSE = 1.3927
20 Conditional R? = 0.923 <
: ! !
N :
g 2 @
g5 1 |
< ]
% Cultivar
O = BaOx .
= 10 Cherry Wine
+—
o
l_
5
0]

14 28 42 56 70 84
Days after flower initiation

Figure 3. Nonlinear logistic regression for floral hemp total CBD concentration over time as affected
by cultivar. Shaded area represents 95% confidence interval for the predicted model. Circles repre-
sent plot-level data points. RMSE = Root Mean Square Error.
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Total CBD accumulation trends during reproductive growth were cultivar depend-
ent (Fig. 3, Table 5). Neither of the trends presented a post plateau decline in total CBD
concentration as observed in total THC (Fig. 2). Temporal accumulation of total CBD
and total THC for day-day-length sensitive chemotype III cultivars has been sparsely
documented. Stack et al. [7], Aizpurua-Olaizola et al. [9], and Yang et al. [17] reported
temporal accumulation of THC that generally fits a beta growth curve model. Specifi-
cally, these authors showed a strong sigmoid accumulation pattern in total THC fol-
lowed by a decline towards the end of their studies. Additionally, temperal-acewmuta-
tionof THCfor-daylengthhe temporal accumulation of THC for day-day sensitive
chemotype I cultivars exhibit a similar growth curve [10]. However, in-the literature—

thereis nsiderablevariabonintrendsforthet HHPOF ] aceumulation-oftotal CBD for

daylength-sensitive-chemotype Hl-eadtivarsthere is considerable variation in trends for

the temporal accumulation of total CBD for day-length sensitive chemotype III cultivars
in the literature. Yang et al. [17], who conducted trials in Florida, observed a decrease in
total CBD concentrations after concentrations plateaued. Aizpurua-Olaizole et al. [9] did
not observe a post-plateau decline in total CBD concentrations; but rather a continued
increase in concentrations until plants were harvested. Stack et al. [7] tested 30 hemp
cultivars and observed three separate trends in total CBD accumulation where concen-
trations either plateaued, continued to increase until harvest, or decreased after plat-
eauing. Our results, in combination with prior published work, indicate that total CBD
accumulation rates differ by genotype. Yang et al. (2020) reported a post plateau decline
in CBD concentrations for the cultivar ‘Cherry Wine’ starting at approximately 6 weeks
post-anthesis. In our study, we did not observe the same trend. Instead, we observed
CBD concentrations levelling off after they had reached a plateau. Studies have shown
that cannabinoid concentrations are primarily controlled by genotype [18] and are gen-
erally not influenced by environmental stress [19]. F-istikelythatthevariationThe varia-
tion likely found among studies for the cultivar Cherry Wine may have been due to in-
consistent genetics. Unfortunately, :

seldmany ‘Cherry Wine’ floral hemp cultivars are e sold, and not all of them come from
the same stock. This complicates research and, more importantly, can have negative im-
plications for farmers expecting one cultivar that is not true to type.

In our study, the absence of post plateau decline in total CBD may be related to
the stability of the compound. While there is a lack of literature regarding the stability of
CBD within the plant, there-have beenseveralstudiesthatseveral studies have investi-
gated the stability of cannabis oil and cannabinoids outside the plant. Yangsud et al. [20]
isolated and purified A>-THC, CBD, and CBN from seized drug type Cannabis sativa L.
and investigated each compound'’s stability against multiple sredes-of-desrada-
tiendegradation modes. When compared with THC, CBD is slightly more stable against
oxidation and thermal degradahon However PBD was-considerably lessstable than

when exposed to ac1d and alkaline
degradation, CBD was considerably less stable than THC. Additionally, CBD was
slightly less stable than THC when exposed to photo-degradation. Trofin et al. [21] ob-
served the decay of CBD and A%-THC in seized cannabis oil over-a-period-ef four years
in darkness at 4 °C and exposed to laboratory light at 22 °C. Over the four-yearperiod _
years, the decay of THC amounted to an 83.75% loss at 4 °C in darkness; and 89.58% loss
at 22 °C with light exposure. The decay of CBD amounted to a 40.81% loss at 4 °C in
darkness, and 44.85% loss at 22 °C with light exposure. The results from both studies
indicate that CBD is less susceptible than THC to degradation under normal field condi-
tions. This reduced affinity for degradation may explain why we did not observe a post
plateau decline in total CBD concentration as the plants began to senesce.

3.3. Cannabinoid Ratios
As discussed, A>-THC and THCA can be converted to CBN and A3-THC by non-
enzymatic oxidative degradation. Therefore, we determined the CBD:THC ratio by two
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different methods. First, by including total potential THC (A%-THC + 0.877xTHCA+CBN;
THCP) and second, by only including total THC (A*>-THC + 0.877xTHCA). No AS-THC
was found in any of the samples, thus not included when calculating total potential
THC. Mixed multiple linear regression was used to model the relationships between
cultivar, total CBD, total THC, and total potential THC. The linear regression describing
the CBD:THCP relationship indicated a significant interaction between THCP and culti-
var (Table 6; Fig. 4A).

S 257
X
E 201 A
3 o] -
T 51 RMSE = 1.1958
é (OF .‘/// Conditional R? = 0.947
0.0 05 10 Cultivar
Total Potential THC (%) @ BaOx
< Cherry Wine
3 ®
S 201 B 2
Q 15; ,1/)"
3 10] =
(_0 5 ] RMSE = 0.8085
o 0] ’/ Conditional R? = 0.976
'_

0.0 02 0.4 06
Total THC (%)

Figure 4. Linear regression for the effect of cultivar and total potential THC (A) and total THC (B)
on total CBD. Total potential THC concentration calculated as A°THC + 0.877xTHCA + CBN, total
THC concentration calculated as A°THC + 0.877xTHCA. Shaded area represents 95% confidence
interval for the predicted model. Circles represent plot-level data points. RMSE = Root Mean Square
Error.

Table 6. Linear regression coefficient estimates for models describing the linear relationship be-
tween floral hemp cultivars, total THC concentration, total potential THC concentration, and total
CBD concentrations.

Cultivar Intercept Slope Intercept Slope
----Total Potential THC?---- - Total THCb-----
%CBD %CBD %THCP!  %CBD %CBD %THC!
BaOx -0.196 16.2 -0.253 30.6
Cherry Wine -0.987 18.2 -0.728 315
P-value 0.0669 <0.0001 0.0340 0.0975

aTotal potential THC calculated as A°"THC + 0.877xTHCA+CBN.
bTotal THC calculated as A>-THC + 0.877xTHCA.

This interaction indicates that the relationship between THCP and CBD is cultivar
dependent. The slope-of-theregressionregression slope indicates a CBD:THCP ratio of
16.2:1 for ‘BaOx’ and 18.2:1 for ‘Cherry Wine’ (Table 6).

There was no significant interaction between total THC and cultivar on CBD for the
linear regression explaining the CBD:total THC relationship (Table 6). However, both
main effects of total THC and cultivar significantly affected total CBD. Both cultivars
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had a shared slope of 31.0 (Table 6, Fig. 4B). The mutual slopes for both cultivars indi-
cate that ‘BaOx’ and ‘Cherry Wine’ share a CBD:total THC ratio of 31:1. The two culti-
vars had slightly different y-intercepts: ‘BaOx’ had a y-intercept of -0.253% while
‘Cherry Wine” had a y-intercept of -0.728% (Table 6). The slightly higher y-intercept ob-
served with ‘BaOx’ may indicate that the cultivar is predisposed to produce more CBD.

Zirpel et al. [8] demonstrated that CBDAS produces CBCA and THCA as side prod-
ucts during the synthesis of CBD, each of these side products are produced at about 5%
of the CBDA amount. The high CBD producing cultivars used in this study are often
referred to as chemotype III cultivars. In chemotype III plants, THCA is produced pre-
dominantly as a side product through the action of CBDAS [22]. Therefore, the
CBD:THC ratio can be interpreted as a metric depicting the efficiency of the CBDAS en-
zyme for the given chemotype III cultivar. Depending on the harvest date and cultivar,
excluding CBN from the THC fraction of the CBD:THC ratio could result in an exagger-
ated ratio. Without including CBN, our CBD:THC ratio was 31:1 which is significantly
higher than the average ratio reported in Zirpel et al. [8]. This inflated ratio is likely the
result of harvest events occurring after THC concentrations plateaued and began to de-
cline (Fig. 2). After including CBN our CBD:THCP ratio was closer to 20:1 with ratios at
16.2:1, and 18.2:1 for ‘BaOx” and ‘Cherry Wine’, respectively. Excluding CBN form the
THC fraction of the CBD:THC ratio resulted in an inflated ratio which masked the inter-
action between the main effects found in the regression associated with the CBD:THCP
(Table 6). An accurate CBD:THC ratio is an essential tool for hemp breeders and growers
as it indicates the efficiency of CBDAS.

Originally, the American Agricultural Improvement Act of 2018 outlined the regu-
latory framework where growers had a 15-day window between compliance testing and
time of harvest. Recently, the USDA published a final rule which became effective on
March 22, 2021. This final rule provides revised regulations for the domestic production
of hemp. As part of this final rule, the window between compliance testing and harvest
was extended from 15 to 30 days. To minimize risk, growers should have their crop
tested as early as possible within this 30-30-day window. We observed ‘BaOx” and
‘Cherry Wine” exceeding the compliance threshold at 50 and 41 DAFI, respectively (Fig-
ure 2).— Therefore, to have a crop test below the compliance threshold and remain com-
pliant at the time of harvest, farmers growing ‘BaOx’ and ‘Cherry Wine’ should have
samples collected no later than 20 DAFL

4. Conclusions

Thepurpese-of-this-study-wasis study aimed to model the temporal accumulation
of CBD and THC in floral hemp to establish harvest timing recommendations to mini-
mize non-compliant crop production. We found that both “‘BaOx” and ‘Cherry Wine’
reached the total THC compliance threshold prior to achieving maximum biomass and
CBD concentrations. Consequently, farmers growing these two cultivars must harvest
prematurely to remain compliant. Specifically, farmers should have their crop tested no
later than 20 DAFI and harvest no later than 50 DAFI. We observed differences in total
CBD and total THC between the two cultivars. These differences may be due to in-
creased floral versus leaf production. Flowers contain significantly higher amounts of
glandular trichomes and, accordingly, higher amounts of cannabinoids. We did not sep-
arate leaf from floral material as farmers in the region thresh plants and sell both flower
and leaf combined. Further work is warranted to investigate flower and leaf production;
and their effects on total plant cannabinoid concentration.
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