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Abstract. Modern Cannabis cultivars are morphologically distinguished by their leaflet
shapes (wide for “Indica” and narrow for ‘“Sativa’) by users and breeders. However,
there are no scientific bases or references for determining the shape of these leaflets. In
addition, these two categories contained mostly THC dominant (high THC) cultivars
while excluded CBD dominant (high CBD) and intermediate (intermediate level of both
THC and CBD) cultivars. This study investigated the phenotypic variation in 21
Cannabis cultivars covering three chemical phenotypes, referred to as chemotypes,
grown in a commercial greenhouse. Thirty morphological traits were measured in the
vegetative, flowering, and harvest stages on live plants and harvested inflorescences. The
collected data were subjected to correlation analysis, hierarchical clustering, principal
component analysis, and canonical correlation analysis with preassigned chemotypes.
Canonical correlation analysis assigned individual plants to their chemotypes with 92.9%
accuracy. Significant morphological differences were identified. Traits usable as pheno-
type markers for CBD dominant cultivars included light-green and narrow leaflets, a
greater number of primary and secondary serrations, loose inflorescences, dense and
resinous trichomes, and Botrytis cinerea resistance. Traits for intermediate cultivars
included deep-green and medium-wide leaflets, more primary and secondary serrations,
medium compact inflorescences, trichomes that are less dense and less resinous, and
Botrytis cinerea resistance. Traits for THC dominant cultivars included deep-green
and wide leaflets, large and compact inflorescences, dense and resinous trichomes, and
Botrytis cinerea susceptibility. The results of this study provide a comprehensive profile of
morphological traits of modern Cannabis cultivars and provides the first such profile for
CBD dominant and intermediate cultivars. Additionally, this study included the traits of
inflorescences, which have not been compared between three chemotypes in the litera-
ture. Phenotype markers identified in this study can facilitate preliminary cultivar
identification and selection on live plants before or as a supplement to chemical and
genetic analysis.

Cannabis is an annual, normally dioe-
cious, flowering plant with staminate plants
tending to be taller than pistillate plants
(Upton et al., 2014). The height can vary
from 0.2 m to 6 m, with most of the plants
reaching between 1 m to 3 m. Plant stems are
erect, hollow, and grooved. Cannabis plant is
taprooted, but taproots do not develop on
vegetatively propagated plants. Cannabis
plant has palmate leaves with 3 to 9 linear-
lanceolate leaflets with serrations. Each fe-
male flower has one ovary encapsulated by
bract and bracteoles (alternately called a
calyx), out of which projects two long stig-
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mas. Bract, bracteoles, stigmas, and small
leaves that grow out of inflorescences leaves
are densely covered by capitate stalked
trichomes, where most cannabinoids and
terpenoids are biosynthesized and stored.
Trichomes are denser in female plants and
decrease in density from inflorescences,
leaves, stems, to roots (which are devoid of
cannabinoids). Cannabis can host disease-
causing pathogens, including Botrytis cinerea,
which causes gray mold in the inflores-
cences (Clarke and Merlin, 2016; Kusari
etal., 2013; McPartland, 1991, 1996; Punja
et al., 2019).

Whether genus Cannabis is monotypic or
polytypic is still a debate. Although several
putative Cannabis species were discovered
and proposed for distinguishing Cannabis,
only two were widely accepted: C. sativa and
C. indica. Linnaeus described C. sativa L. in
Species Plantarum (Linnaeus, 1753) as hav-
ing loose inflorescences covered with sparse
trichomes and resembling a northern Euro-
pean fiber-type landrace (McPartland, 2017).
Later in 1785, de Lamarck described a sec-
ond (or sub-) species, C. indica Lam., which
was collected in India, with dense trichomes,
narrower leaflets, branching habitus, poorer
fiber quality, harder stem, and thinner cortex,
but stronger psychoactive effects (de
Lamarck, 1785). Schultes traveled to Afgha-
nistan in 1971 and described C. indica as
having broad leaflets, densely branched
with very dense inflorescences for hashish
(resin) production, which deviated from
Lamarck’s original taxonomic concept
(Schultes et al., 1974). Anderson drew il-
lustrations of C. indica and C. sativa, the
former represented as short, conical,
densely branched, with broad leaflets and
the latter as relatively tall, laxly branched,
with narrow leaflets (Anderson, 1980),
which aligned with Schultes but differed
from Lamarck. Cannabis can be assigned as
one of three chemotypes based on THC and
CBD content (Small et al., 1973). Chemo-
type I is THC dominant, with more than
0.3% THC and less than 0.5% CBD. Che-
motype II is intermediate, with high con-
tents of both CBD (more than 0.5% THC)
and THC (more than 0.3% THC). Chemo-
type III is CBD dominant with less than
0.3% THC. This quantitative approach was
further developed into a qualitative measure
using THC/CBD ratios: chemotype I has
THC/CBD > 1, chemotype II has THC ~
CBD, and chemotype III has THC/CBD < 1
(de Meijer et al., 2003; Mandolino et al.,
2003; Turner et al., 1979).

Hillig carried out genetic, chemical, and
morphological analysis on 157 accessions of
diverse geographic origin before large-scale
hybridization, classifying them into two spe-
cies, C. sativa and C. indica, and seven
putative taxa, including C. indica narrow-
leaflet drug (NLD) biotype, C. indica wide-
leaflet drug (WLD) biotype, C. indica hemp
biotype, C. indica feral biotype, C. sativa
hemp biotype, C. sativa feral biotype, and
putative ruderal populations (Hillig, 2004,
2005a, 2005b, 2005c; Hillig and Mahlberg,
2004). The NLD biotype included landraces
of Indian heritage (including varieties of the
Indian subcontinent, Africa, and other drug-
producing regions), corresponding to
Lamarck’s C. indica. The WLD biotype in-
cluded landraces from Afghanistan and Paki-
stan, corresponding with Schultes’s C.
indica. The C. indica hemp biotype included
landraces from southern and eastern Asia,
while the C. sativa hemp biotype included
landraces from Europe, Asia Minor, and
Central Asia.

By the end of 1980, nearly all drug-type
cannabis cultivated in the United States,
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Canada, and Europe are cross-bred to achieve
high THC content cultivars, called “sinse-
milla” (meaning seedless) (McPartland,
2017). Cannabis breeders and users use ver-
nacular “Sativa” to describe cultivars with
narrow leaflets and “Indica” for cultivars with
broad or wide leaflets, based on illustrations of
Anderson, which deviated from the original
botanical nomenclature (McPartland, 2017).
Even so, researchers have tried to differentiate
these two categories genetically and chemi-
cally (Lynch et al., 2016; Sawler et al., 2015;
Vergara et al., 2016). However, these vernacular
categories are unreliable for medical applica-
tions due to extensive cross-breeding and unre-
liable labeling during unrecorded hybridization
(McPartland, 2017). CBD dominant and inter-
mediate varieties were also excluded from these
studies despite getting increasing attention from
the therapeutic potential of CBD (Avraham
et al, 2011; Bloomfield et al., 2020; French
et al., 2017; McGuire et al., 2018), especially the
indication of regulatory-approved prescription
CBD (marketed as Epidiolex) to treat epilepsy
(Billakota et al., 2019; Kaplan et al., 2017;
Szaflarski et al., 2018). In addition to delimiting
“Sativa” and “Indica” plants, recent studies
tried to differentiate three chemotypes by profil-
ing secondary metabolites (Jin et al., 2020),
developing genetic markers (Borma et al., 2017;
Kojoma et al., 2006; Pacifico et al.,, 2006;
Rotherham et al., 2011; Toth et al., 2020), and
comparing sequence and copy number variation
of THC acid synthase and CBD acid
synthase (McKernan et al., 2015; Onofti et al.,
2015).

Although phenotypic differences are es-
sential for delimiting plant species, this as-
pect of the plants has been largely ignored or
limited when studying modern Cannabis
cultivars. The description of leaflet shapes,
if any, were determined visually and subjec-
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tively from sample providers without quan-
titative measures. There are no tangible
data on determining what leaves are nar-
row leaflet and what leaves are wide leaflet,
or whether an intermediate category exists
between them due to hybridization. Lastly,
plant morphology includes both qualita-
tive and quantitative traits. Qualitative
traits are ratios of two measurements, for
example, the ratio of the width and length
of a central leaflet on a node. Quantitative
traits are absolute measurements, such
as plant height and yield. Qualitative traits
are usually determined by a single ge-
netic locus, while quantitative traits usu-
ally result from interactions between
several genes and environmental variables
(Hillig, 2005b; McPartland, 2017). To
study the phenotypic variation on plants,
it is necessary to grow them in a single
location under identical conditions to con-
trol environmental variation (Small et al.,
1976).

The objectives of this study were the
following:

1. Investigate whether modern Cannabis
cultivars (including CBD dominant,
intermediate, and THC dominant cul-
tivars) can be differentiated using
morphological traits.

2. Identify qualitative phenotypic markers,
supplied with quantitative markers, that
can be leveraged to select and distinguish
chemotypes.

Materials and Methods

Plant material. In this project, 21 com-
mercially available cultivars were grown in a
commercial greenhouse (Fig. 1) under a re-
search license issued by Health Canada.
Where possible, the reported ancestry (““Sat-
iva,” “Indica,” or ‘“Sativa-dominant” and
“Indica-dominant™) was obtained from the
Leafly online database (https:/www.lea-
fly.ca/) or from the licensed producer provid-
ing the cultivar (Table 1). Each cultivar was
analyzed for chemical composition using
methods established in previous work (Jin
etal., 2020) and labeled as “THC dominant,”
“CBD dominant,” or “intermediate.” Five
cuttings per cultivar were propagated in Jiffy
7 Peat Pellets Seed Starting Plugs (Jiffy,
Pokemouche, NB, Canada) under SunBlaster
T5HO fluorescent lighting (SunBlaster Hold-
ings ULC, Langley, BC, Canada) and a
24-hour light photoperiod for 2 weeks. Eighty-
fivesuccessful rooted plants were then trans-
planted to 6-inch pots with Dark Matter Super
Soil (Destiny Grow Systems, Grand Forks, BC,
Canada) for vegetative growth. Each plant was

Fig. 1. Cannabis plants grown in a greenhouse from rooting to flowering. (A) Five clones per cultivar
rooted in Jiffy 7 plugs. (B) Vegetative traits were measured 40 d after rooting. (C) After 2 months of
vegetative growth, plants were transplanted into planters with 12 plants per planter. (D) Light regime
changed to 12 h per day and flowers began to grow. (E) After 2 months of flowering, plants were ready

for harvest.
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Table 1. Information and assignment of 21 cultivars into three chemotypes based on THC and CBD ratio.

Cultivar number Cultivar name Chemotypes Total THC” ratio (mean + sp)  Total CBD” ratio (mean + sp) ~ Clusters ~ “Sativa” or “Indica”
1 Lemon Garlic OG 1-Intermediate 29.0% + 2.4% 53.5% +2.2% Cl “Indica” dominant
2 Royal Medic 2-Intermediate 32.7% + 1.4% 50.9% + 1.0% C3 “Sativa” dominant
3 Blue Hawaiian 3-CBD 3.4% + 0.2% 77.7% + 0.8% C3 “Sativa” dominant
4 Kandy Kush 4-CBD 3.9% + 0.4% 77.5% + 1.0% C3 “Sativa” dominant
5 Special 5-CBD 33% £ 0.3% 78.6% £ 0.9% C3 Not provided
6 NN 6-CBD 3.3% + 0.2% 77.2% + 0.5% C3 Not provided
8 Treat 8-CBD 3.1% £ 0.5% 78.4% + 1.4% C3 Not provided
9 High 9-Intermediate 252% + 1.1% 55.3% + 0.7% C3 Not provided

10 CB7 10-CBD 3.3% +0.7% 79.8% + 1.2% C3 Not provided

11 33° 11-THC 79.9% + 1.0% 0.4% + 0.2% Cl Not provided

12 Banana Cake 12-THC 81.7% + 0.4% 0.4% + 0.1% Cc2 “Indica” dominant

13 Bananium 13-THC 81.7% £ 0.6% 0.3% + 0.05% C3 “Indica” dominant

14 Burmese Blueberry 14-THC 78.8% + 1.1% 0.3% + 0.02% C2 “Indica” dominant

15 Divine Banana 15-THC 81.7% + 1.1% 0.3% + 0.05% C2 “Indica” dominant

16 Granddaddy Purple 16-THC 74.1% = 0.7% 0.4% £ 0.1% C2 “Indica” dominant

18 Lemon Sorbet 18-THC 84.4% + 0.6% 0.6% + 0.3% Cl “Indica” dominant

19 MeatHead 19-THC 82.0% = 1.2% 0.2% + 0.03% C2 “Indica” dominant

20 Nanitro 20-THC 78.6% + 0.4% 0.3% +0.1% Cl “Indica” dominant

21 Platinum Jelly Punch ~ 21-THC 80.0% + 1.0% 0.4% + 0.1% Cl “Indica” dominant

22 SBSK2 (Lemon Thai)  22-THC 79.7% + 0.3% 0.4% +0.1% C3 50/50 hybrid

23 Super Sherbet 23-THC 79.6% + 1.6% 0.2% + 0.02% Cl “Indica” dominant

“Total THC = THCA x 0.877 + THC. Total CBD = CBDA x 0.877 + CBD.

Table 2. Phenotypic characteristics evaluated on each plant assigned to three chemotypes.

Code Characteristic Unit/Notes
1 HgtVeg Plant height 40 d after rooting cm
2  DiaVeg Stem diameter at base 40 d after rooting mm
3 StmClrVeg Reddish-brown coloration at base of stem of plants 40 d after rooting Visually rated: 1, absent; 2, somewhat apparent; 3, present
4 VisGrnVeg Visual determination of greenness 40 d after rooting Visually rated: 1, light-green; 2, green; 3, deep-green
5 BranchVeg Extent of branching 40 d after rooting Visually rated: 1, less branching; 2, branching; 3, heavily
branching
6 StretchVeg Extent of stretching 40 d after rooting Visually determined: 1, compact; 2, normal; 3, very
stretching
7  NodeVeg Number of nodes 40 d after rooting
8 IntLngVeg Mean internode length 40 d after rooting mm
9 LftNumVeg Mean leaflet number at node n 40 d after rooting, n = 3 to 10 (or highest
number < 10)
10 CtrLftLngVeg Mean length of central leaflet at node n 40 d after rooting, n=3to 10 (or mm
highest number < 10)
11 CtrLfiwdtVeg  Mean width of central leaflet at node n 40 d after rooting, n =3 to 10 (or ~ mm
highest number < 10)
12 LftRatioVeg Mean width/length ratio of central leaflet at node n 40 d after rooting, n=3
to 10 (or highest number < 10)
13 LftShapeVeg Mean ratio of distance from base of central leaflet to widest point/total
length at node n, 40 d after rooting,
n =3 to 10 (or highest number < 10)
14 PetLngVeg Mean petiole length at node n 40 d after rooting, n = 3 to 10 (or highest mm
number < 10)
15 PetWdtVeg Mean petiole width at node n 40 d after rooting, n = 3 to 10 (or highest mm
number < 10)
16  PetRatioVeg Mean petiole width/thickness ratio at node n 40 d after rooting, n=3to 10
(or highest number < 10)
17 PriSerVeg Mean number of primary serrations on central leaflet at node n 40 d after
rooting, n = 3 to 10 (or highest number < 10)
18 SecSerVeg Mean number of secondary serrations on central leaflet at node n 40 d after
rooting, n = 3 to 10 (or highest number < 10)
19 ChlphlVeg Mean leaf chlorophyll concentration at node n 40 d after rooting, n =3 to
10 (or highest number < 10)

20  HgtFlw Final height at the end of flowering stage cm

21 HgtRat Ratio of height 40 d after rooting over height at the end of flowering stage =~ cm

22 DiaFlw Stem diameter at base at the end of the flowering stage mm

23 StmClrFlw Reddish-brown coloration at base of stem of plants at the end of the Visually rated: 1 = absent, 2 = somewhat apparent,

flowering stage 3 = present

24 YieldFlw Flower yield per plant g

25 WeightFlw Mean weight per inflorescence averaged from at least ten inflorescencesat ~ mg

the end of flowering stage

26 OvrAprFlw Overall appearance of inflorescences at the end of flowering stage Visually rated: loose = 1, intermediate = 2, compact = 3

27 SugrLftCIrFlw ~ Color of leaves in the inflorescence at the end of flowering stage Visually rated: green = 1, mix of green and purple = 2,

purple =3

28 CalyxClIrFlw Color of calyx Visually rated: green = 1, mix of green and purple = 2,

purple =3

29  ResinFlw Whether inflorescences, on average of 5 from one plant, are resinous: Visually rated: 1. non-resin production, 2. intermediate,

sparkly, dense, sticky trichomes 3. resin production

30 SickFlw Sickness at the end of flowering stage Visually rated: Botrytis cinerea present = 1, absent = 0
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numbered, then placed adjacent to one an-
other in grids, the order of which was deter-
mined using a random-number generator.
The random placement of plants was inten-
tional to smooth out the impact of environ-
mental variations within the room on the
resultant data. Natural light was supple-
mented with artificial lighting using adjust-
able Gavita Pro 1000e DE HPS (Gavita,
Vancouver, WA). The photosynthetically
active radiation (PAR) was measured us-
ing an Apogee MQ-200 Quantum Separate
Sensor (Apogee Instrument, Logan, UT)
and was determined to be 200 =+
68 umol-m2.s7! at the canopy level, on aver-
age. The greenhouse temperature was set
constant at 22 °C. The plants were watered
with Alaska Fish Fertilizer (N-P-K Ratio
5:1:1) (Alaska, Canada) every 3—4 d when
the soil was visually dry. After 2 months’
vegetative growth, plants were transferred to
nine wooden planters, each measuring 150 cm
x 150 cm and filled with soil, with 12 plants
per planter and a 12-hour photoperiod to
induce flowering. Natural light was supple-
mented with adjustable Gavita Pro 1000e DE
HPS (Gavita). The average PAR at canopy
level, measured over 3 d, was 559 + 71
umol-m=.s" in the morning and 1159 + 198
pumol-m=.s7! at noon. The highest PAR read-
ings ranged from 1016 + 295 to 1390 =+
104 umol-m s at the canopy level for the
nine planters, and the relative standard deviation
was 11.9%, indicating a relatively even light
distribution. The greenhouse temperature was

set constant at 28 °C during this phase.
Relative humidity ranged between 35% and
60%. The plants were watered every 3—4 d
when the soil was visually dry. After 2
months of flowering, the whole plants were
harvested and hung to dry in a closed envi-
ronment. Horticultural fans were used to
maintain air circulation, and the tempera-
ture was kept under 35 °C. The plants were
dried for 7 d until the leaves and stems
became brittle. At this time, the plants’ mois-
ture content is usually below 10% to 15%
(mg/mg) (Caplan, 2018; Potter, 2009). Dried
material was stored at room temperature until
analysis.

Morphological traits evaluated. Traits on
live plants were measured using a ruler and a
digital micrometer 40 d after rooting and
again at the end of the flowering phase
(Table 2). Because it was difficult to evaluate
leaf traits with respect to nodal positions in
cuttings, mean values of traits on leaves were
averaged from node 3 to node 10 (or highest
node number if fewer than 10 nodes). Leaf
traits were measured as illustrated in Fig. 2,
referencing Anderson’s method (Anderson,
1980; Hillig, 2005c). Petiole width and thick-
ness were measured midway along the peti-
ole. Leaf chlorophyll concentrations were
measured using a MC-100 chlorophyll con-
centration meter (Apogee). After harvest
and drying, the following traits were mea-
sured: inflorescence yield, mean inflores-
cence weight averaged from at least ten
inflorescences, compactness of harvested

Leaflet width

le

a.l
L

%

Leat shape:

From the
base of
central
leaflet to
widest point

Petiole width and /

Primary
serrations

Secondary
serrations

Leat length

Petiole length

\ 4

thickness in the
midway along the
petiole

Fig. 2. Leaf traits measured on the central leaflet of fully expanded leaves while still attached to the living

plant.
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inflorescences, whether the trichomes were
dense and resinous, and incidence of Botrytis
cinerea in inflorescences. All traits in Table 2
were treated as continuously variable for
statistical analysis.

Statistical analysis. In total, 85 plants
representing 21 cultivars were included in
the following analysis. First, correlations
were calculated between individual mor-
phological traits with THC and CBD (ratios
relatively to total cannabinoids), respec-
tively. Ratios were employed because the
relative compound proportions are more
stable than absolute values, the latter chang-
ing between growth stages, plant parts, and
environmental factors (Hillig, 2005c).
Then, unsupervised (no preassigned cate-
gories as constraints) hierarchical clustering
using Ward’s minimum variance method
(Ward, 1963) and principal component
analysis (PCA) (Jolliffe, 2002) were used
to check within-cultivar variation and
between-cluster variation. Finally, the data
were subjected to supervised canonical cor-
relation analysis with preassigned chemo-
types (Table 1). Canonical correlation
analysis is a multiple discriminant analysis
that calculates the correlation between pre-
assigned clusters and the set of covariates
describing the observations (morphological
traits in this study) (Hotelling, 1936). Ca-
nonical variables are linear combination of
the covariates that maximize the multiple
correlation between the clusters, and the
covariates are uncorrelated with each other.
The analysis outputs a biplot with the first
two canonical variables that provide maxi-
mum separation among the clusters. To
identify phenotypic markers that contribute
most to each chemotype, one-way analysis
of variance (ANOVA) followed by Tukey’s
honestly significant difference (HsD) post
hoc test at the 0.05 significance level were
used to determine whether significant dif-
ferences existed between all clusters and
each pair of clusters. Statistical analysis was
performed with JMP 14.0.0 (SAS, Cary,
NO).

Results

Correlation analysis of morphological
traits with THC and CBD. Correlations of
THC and CBD with morphological traits are
plotted in Fig. 3. The ratio of THC is
positively correlated with leaf width/length
ratio (0.77), width of central leaflet (0.55),
final height at the end of flowering stage
(0.54), inflorescence yield per plant (0.46),
leaf chlorophyll concentration (0.42), sick-
ness (Botrytis cinerea incidence) (0.41),
stem diameter at base at the end of the
flowering stage (0.33), and weight per in-
florescence (0.32) in decreasing correla-
tions. The ratio of CBD is positively
correlated with the number of primary ser-
rations on the central leaflet (0.52), number
of leaflets (0.44), and length of central
leaflet averaged from each node (0.35).
The traits that were positively correlated
with THC were all negatively correlated
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Fig. 3. Correlations of morphological traits with THC and CBD.

with CBD, where the absolute values of the
correlations were similar, and vice versa.
Interestingly, the correlations of the color of
the calyx in inflorescences (green or purple)
with CBD and THC are -0.12 and 0.09,
respectively. The correlations of the color of
the leaves in inflorescences (green or pur-
ple) with CBD and THC are —0.13 and 0.12,
respectively. Neither was highly correlated
with CBD and THC production.
Unsupervised hierarchical clustering. A
hierarchical clustering dendrogram of the
85 plants is shown in Fig. 4, where most
plants of the same cultivars were clustered
together. Plants in 2-intermediate cultivar
were scattered over the dendrogram. They
seemed to experience different growth con-
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ditions, possibly related to uneven light in-
terception. The dendrogram shows two major
branches: one branch with plants from CBD
dominant cluster C1 and the other with plants
from THC dominant cluster C3. Plants from
intermediate cluster C2 were distributed over
both branches, showing phenotypic similari-
ties with both THC dominant cultivars and
CBD dominant cultivars, possibly due to
hybridization.

Unsupervised  principal ~ component
analysis. Figure 5 shows a scatterplot of
85 plants on PC1 and PC2. Plants of the
same cultivars tended to occupy the same
region on the plot, which shows small,
within-cultivar variation and relative consis-
tent morphological profiles within each culti-

var. PC1 and PC2 explained 21.7% and 13.6%
of'total variance, respectively. These numbers
are comparable to those of Hillig’s study,
where the numbers were 29.0% and 17.3%,
respectively (Hillig, 2005¢). Plants from THC
dominant cluster C3 mainly occupied the
right side the plot, while plants from CBD
dominant cluster C1 occupied the left. Plants
from intermediate cluster C2 occupied the
middle of the plot and were mixed with both
THC dominant plants and CBD dominant
plants. Although plants from the same chemo-
types tend to cluster together, the three clus-
ters overlap, which may explain why PC1 and
PC2 only explained 35.3% of the total vari-
ance. Cultivars assigned to C3 expressed a
greater range of phenotypic variation than
those assigned to C1 and C2 in the PC scatter
plot, which may be due to a long history of
selection for high THC levels for recreational
purposes (McPartland, 2017).

The loading matrix in Table 3 lists the
traits that contributed most to the separa-
tions along PC1 and PC2. Loadings with
absolute values equal to or greater than 0.4
are listed in the table. PC1 was positively
correlated with the width of central leaflet,
final height at the end of flowering stage,
leaflet width/length ratio, extent of stretch-
ing, inflorescences yield per plant, and so
on, which were traits identified as positively
correlated with THC. PC1 was negatively
correlated with the number of primary and
secondary serrations on central leaflet, which
were traits identified as positively correlated
with CBD. Traits that were positively corre-
lated with PC2 and nearly vertical with PC1
included length of the central leaflet and the
height ratio between 40 d after rooting and at
the end of flowering stage. These traits overlap
with plants from intermediate C2 in the scatter
plot. Traits positively correlated with PC2 and
positively correlated with PC1 were internode
length, plant height 40 d after rooting, and
petiole width. These traits are responsible for
the location of the THC dominant plants on the
upper right quadrant. The number of primary
serrations on the central leaflet was positively
correlated with PC2 and negatively with PC1,
which was responsible for CBD dominant
plants located on the upper left quadrant of
the plot.

Supervised canonical correlation
analysis. The canonical correlation analysis
showed good separation between the preas-
signed chemotypes (Fig. 6). Each plant was
predicted to be in its originally preassigned
clusters C1, C2, and C3 with a 92.9% (79/85)
accuracy (Table 4). Means, standard devia-
tions (£sp), ranges, Tukey HSD multiple tests
at the 0.05 significance level, and P value of
one-way ANOVA of 30 traits for each of the
three clusters were calculated (Table 5). The
largest number of significant differences was
19, which was between C1 and C3. The most
similar pair was C1 and C2, with three sig-
nificant differences. The number of signifi-
cant differences between C2 and C3 was six.
CBD dominant cultivars had more leaflets,
longer central leaflets, and more primary
and secondary serrations, which are traits
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Morphological traits evaluated on the plants

Fig. 4. Dendrogram by hierarchical clustering analysis using 30 morphological traits of 85 plants

representing 21 cultivars.

positively correlated with CBD production.
THC dominant cultivars had higher plant
height, larger stem diameter, deeper-green
color of leaves, more nodes, a wider central
leaflet, larger width/length ratio of the central
leaflet, wider petiole width, higher chloro-
phyll concentrations, higher inflorescences
yield, larger inflorescence weight, more
compact-looking inflorescence, sticky inflo-
rescences, and higher Botrytis cinerea inci-
dence. These traits were also positively
correlated with THC production. Most traits
for intermediate cultivars were at an inter-
mediate level between C1 and C3 or at the
same level with cultivars in C1 or C3. Several
traits were not significantly different between
three groups, including reddish-brown color-
ation at the base of the stem, extent of
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branching, internode length, leaf shape, pet-
iole length, petiole width/thickness ratio,
plant growth rate, color of leaves, and color
of calyx. Example leaflets for C1, C2, and C3,
green/purple leaves and calyx, inflorescences
infected with Botrytis cinerea are shown in
Fig. 7.

Discussion

In this study, 21 Cannabis cultivars be-
longing to three chemotypes (THC dominant,
intermediate, and CBD dominant) were
grown in a greenhouse. Morphological traits
were measured, and canonical correlation
analysis was used to test the goodness of fit
between chemotype labeling and phenotypic
variations. This study also identified pheno-

typic markers for each chemotype. The wide-
spread crossbreeding and introgression in
Cannabis blurred the differences between
NLD and WLD cultivars, as well as made
the distinction between their hybrids diffi-
cult (McPartland, 2017). However, useful
suites of traits were identified for differen-
tiating three chemotypes. These identified
traits were largely consistent as confirmed
by correlation analysis, PCA, and canoni-
cal correlation analysis. The ratio-based
qualitative differences may be more con-
sistent between growing environments and
therefore more useful for differentiation
when applied to conditions different from
those used in this study. THC dominant
cultivars had the largest mean width/length
ratio of 0.25 + 0.03. Hillig described two
drug types (THC dominant) before large-
scale hybridization in the 1990s: NLD with
width/length ratio ranged from 0.15 + 0.02
to 0.24 + 0.03 (measured with respect to
nodal positions), and WLD with width/
length ratio ranged from 0.22 + 0.03 to
0.39 + 0.06 (Hillig, 2005c). The THC
dominant cultivars described in this study
had width/length ratios at the high end of
the ratio for NLD cultivars and the lower
end of the ratio for WLD cultivars. This may
be attributed to hybridization between NLD
and WLD cultivars, which was performed to
obtain sinsemilla hybrids with high THC
content, low CBD content, and high inflores-
cences yield (Clarke and Merlin, 2016). This
study is the first to describe leaf traits for CBD
dominant and intermediate cultivars. CBD
dominant cultivars had narrow leaflets with
width/length ratios of 0.18 + 0.02, whereas
intermediate cultivars had intermediate width/
length ratios of 0.20 + 0.02. A complete
genome assembly of CBD dominant cultivars
revealed that these cultivars were created by
integrating hemp-type CBD acid synthase
gene clusters into a background of drug-
type Cannabis to elevate CBD production
(Kovalchuk et al., 2020). The intermediate
width/length ratio for intermediate cultivars
was likely a result of hybridization between
purebred CBD dominant cultivars and THC
dominant cultivars.

In addition to qualitative criteria, this
study provided additional quantitative and
visual phenotypic criteria that may have dif-
ferentiation power. For example, CBD domi-
nant cultivars were a lighter green, THC
dominant cultivars were a deeper green, and
intermediate cultivars had shades in between.
Because morphological traits change depend-
ing on environment variables, absolute mea-
surements, including the plant height, the
leaflet length, and the inflorescence yield,
may differ if plants are grown in a different
environment. The visual greenness of leaf
colors and chlorophyll concentrations were
positively correlated with each other. The
inflorescences of NLD/BLD hybrid cultivars
in C3 were large and compact—a clear result
of artificial selection. However, the major
horticultural drawback of these hybrids is their
susceptibility to fungal infections (Clarke and
Merlin, 2016). NLD landraces originated
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Fig. 5. PCA scatter plot (left) and loading plot (right) using 30 morphological traits of 85 plants representing 21 cultivars (A) using individual cultivar as label and

(B) using three chemotypes as label.

Table 3. Formatted loading matrix for PC1 and PC2 (only compounds with absolute loadings > 0.4 are listed).

PC1 PC2

Traits Positive loadings Traits Negative loadings Traits Positive loadings Traits Negative loadings
CtrLftWdtVeg 0.82 PriSerVeg -0.58 CtrLftLngVeg 0.77
HgtFlw 0.78 SecSerVeg —0.41 HgtRat 0.76
LftRatioVeg 0.77 IntLngVeg 0.67
StretchVeg 0.66 HgtVeg 0.60
YieldFlw 0.63 PriSerVeg 0.58
DiaFlw 0.60 PetWdtVeg 0.49
ChlphlVeg 0.60 StretchVeg 0.43
HgtVeg 0.58

IntLngVeg 0.53

PetWdtVeg 0.51

WeightFlw 0.50

OvrAprFlw 0.48

VisGmVeg 0.47

DiaVeg 0.40

BranchVeg 0.40

from regions with relatively humid condi-
tions (Colombia, India, Jamaica, Thailand,
and so forth) and evolved natural resistance
to fungal infection, whereas WLD landraces

HORTScIENCE VoL. 56(4) AprriL 2021

adapted to the arid Afghani environment
in which fungal resistance was unneces-
sary (Clarke and Merlin, 2016; McPartland,
1996). More varieties in C3 had Botrytis

cinerea infection than in C1 and C2, indi-
cating that these cultivars face additional
risk in a greenhouse environment. Alterna-
tively, this may reflect the current market in
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Table 4. CCA summary of preassigned and predicted classifications of 85 plants into three chemotypes

using 30 traits.

Preassigned Predicted

Cluster A C1-CBD C2-Intermediate C3-THC
C1-CBD 21 3 0
C2-Intermediate 1 12 0
C3-THC 0 2 46

North America: growers and users favor
large and compact inflorescences, which
are a trait of wide leaflet cultivars.

In summary, the identified suites of phe-
notypic signatures in this work can be used
to determine chemotypes on live plants be-
fore or as a supplement to chemical and
genetic analysis.

Table 5. Means (+sp) and ranges (mean-sp, mean+sp) of 30 traits for 85 plants assigned to C1-CBD dominant, C2-intermediate, and C3-THC dominant.”

C1-CBD C2-Intermediate C3-THC ANOVA
Three clusters N=24 N=13 N=48 P
Vegetative HgtVeg (cm) 19.64 £5.57b 23.47 £3.76 ab 24.05+4.79 a 0.0012
growth 14.07-25.21 19.71-27.23 19.26-28.84
(40 d after DiaVeg (mm) 326+046b 3.57 £ 0.63 ab 3.68 £0.61 a 0.013
rooted) 2.80-3.72 2.94-4.20 3.07-4.29
StmClrVeg 1.67+0.56 a 2.00+0.41a 1.92+0.64 a 0.1847
1.11-2.23 1.59-2.41 1.28-2.56
VisGrnVeg 1.71 £0.55b 2.15+0.55a 217+047 a 0.0016
1.16-2.26 1.60-2.70 1.70-2.64
BranchVeg 229+0.85a 2.46 +0.66 a 2.06+£091a 0.35
1.44-3.14 1.80-3.12 1.15-2.97
StretchVeg 2.00+042b 246 +0.52a 244 +0.61 a 0.0036
1.58-2.42 1.92-2.98 1.83-3.05
NodeVeg 8.04+133b 8.62 + 1.12 ab 933+1.77a 0.008
6.71-9.37 7.50-9.74 7.56-11.1
IntLngVeg (mm) 2432+5.10a 2746 £4.67 a 26.52£6.58 a 0.1715
19.22-29.42 22.79-32.13 19.94-33.10
LftNumVeg 492+047a 4.81 +0.52 ab 434+0.74b 0.0009
4.45-5.39 4.29-5.33 3.60-5.08
CtrLftLngVeg (mm) 95.64 +10.93 a 95.77 + 13.69 ab 84.74 £ 1624 b 0.0071
84.71-106.57 82.08-109.45 68.51-100.98
CtrLftWdtVeg (mm) 17.53 +2.39b 1931 +£2.66 b 22.65+3.51a <0.0001
15.14-19.92 16.65-21.97 19.14-26.16
LftRatioVeg 0.18+0.02 b 0.20+0.02 b 0.25+0.03a <0.0001
0.16-0.20 0.18-0.22 0.22-0.28
LftShapeVeg 0.51 +£0.04 a 0.51 £0.02 a 0.50 +£0.04 a 0.9282
0.47-0.55 0.49-0.53 0.46-0.54
PetLngVeg (mm) 40.20 £ 6.80 a 38.69+6.82a 3893 +847a 0.7756
33.40-46.99 31.87-45.51 30.46-47.41
PetWdtVeg (mm) 1.34+0.15b 1.41 £0.16 ab 1.47+021a 0.0232
1.19-1.49 1.25-1.57 1.26-1.68
PetRatioVeg 0.99 +£0.03 a 1.00 £ 0.03 a 1.01 £0.04 a 0.2934
0.96-1.02 0.97-1.03 0.97-1.05
PriSerVeg 1504 +1.74 a 1597+149a 12.75+£2.06 b <0.0001
13.30-16.78 14.48-17.46 10.69-14.81
SecSerVeg 1.14+0.87 a 099 +1.04a 034+0.12b 0.0002
0.27-2.01 0-2.03 0.22-0.46
ChlphlVeg 16.92+249b 18.33 +3.00 ab 20.39+3.38a <0.0001
14.43-19.41 15.33-21.33 17.01-23.77
At the end of HgtFlw (cm) 97.21 +£15.00 b 11554 +17.67 a 126.56 +13.42 a <0.0001
flowering 82.21-112.21 97.87-133.21 113.14-139.98
stage HgtRat 0.21 +£0.06 a 0.21 £0.05a 0.19+0.04 a 0.5352
0.15-0.27 0.16-0.26 0.15-0.23
DiaFlw (mm) 13.65+241b 15.58 +2.61 ab 16.85+295a <0.0001
11.24-16.06 12.97-18.19 13.90-19.80
StmClIrFlw 1.13+0.34a 1.31+048a 1.31+048a 0.1509
0.79-1.47 0.83-1.79 0.83-1.79
YieldFlw (g) 3643 +£26.73 b 60.40 + 30.50 ab 85.09 £38.45 a <0.0001
9.70-63.16 29.90-90.90 46.64-123.54
Inflorescences WeightFlw (mg) 355.04 £ 13040 b 411.69 + 118.04 ab 54275 +£208.40 a 0.0002
(Harvested) 224.64-485.44 293.65-529.73 334.35-751.15
OvrAprFlw 1.71 £0.55b 2.00 +£0.71 ab 2.19+0.74 a 0.0345
1.16-2.26 1.29-2.71 1.45-2.93
SugrLftClrFlw 1.50+0.51 a 1.77+ 1.0l a 1.73+0.83 a 0.4277
0.99-2.01 0.76-2.78 0.90-2.56
CalyxClIrFlw 1.50+0.59 a 1.77+1.01 a 1.77+0.97 a 0.4341
0.91-2.09 0.76-2.78 0.90-2.56
ResinFlw 2.17 £ 0.82 ab 1.77+1.01b 240+0.72 a 0.0489
1.35-2.99 0.76-2.78 1.68-3.12
SickFlw 0.04+0.20b 0.00 +0.00 b 0.40+0.49 a 0.0002
0-0.24 0.00-0.00 0-0.89

“Means for the same trait not connected by same letter are significantly different.
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Fig. 7. (A) Example leaflets for CBD dominant cultivars, (B) intermediate cultivars, and (C) THC
dominant cultivars. (D) Example mature inflorescences of cultivars with green leaves and green calyx,
(E) green leaves with purple calyx, and (F) purple leaves with purple calyx. (G) Example of compact
inflorescences, (H) loose inflorescences, and (I) inflorescences infected with Botrytis cinerea.
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