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14 Abstract 
15 Hemp (Cannabis sativa L.) is a high-value multi-purpose crop with applications ranging 

16 from the medicinal use of its secondary metabolites to carbon-sequestering building 

17 materials. To fully capitalise on the potential of hemp as a crop for more sustainable 

18 agriculture, detailed phenotypic and genotypic characterizations are required in order 

19 to inform targeted breeding programmes.

20 Here, we present a detailed morphological and genomic analysis of 10 hemp cultivars. 

21 We found high variability in agronomically important traits such as flowering time, plant 

22 height, and biomass in most of the hemp cultivars tested. Additionally, genotyping by 

23 sequencing demonstrates that genetic differences are pervasive, both between hemp 

24 cultivars as well as between individuals of a single cultivar. The significant genetic and 

25 phenotypic variability we observe in hemp contrasts with other crops, where cultivars 

26 are often phenotypically and genetically relatively uniform. We argue that the variability 

27 of hemp is an asset for breeding and increases the potential for further improvement 

28 of the crop but is also a challenge for today’s highly automated agriculture that relies 

29 on phenotypic uniformity. 
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30 Author summary

31 Hemp (Cannabis sativa L.) stands as one of the earliest domesticated crops. This 

32 remarkable plant is a sustainable crop with high carbon sequestration capacity which 

33 can be cultivated for soil remediation. Furthermore, hemp oil and fibre are used for 

34 many applications ranging from cooking to manufacturing bioplastics, textiles, or 

35 building materials of superb characteristics, and its secondary metabolites are 

36 sought after because of their medicinal properties. However, in contrast to many 

37 modern crops, hemp exhibits extensive variability in key agricultural traits, such as 

38 plant height and flowering time. This variability presents a challenge for both farmers 

39 and processors. To unravel the fundamentals of hemp diversity we conducted a 

40 comprehensive study of phenotypic and genetic characterisation of ten diverse hemp 

41 cultivars. We present findings confirming substantial variability not only among 

42 individuals of different cultivars but also within the same cultivar. Additionally, we 

43 explore heterozygosity in the context of other hemp studies and other crops. 

44 Understanding this variability in the context of a single hemp cultivar and across 

45 multiple cultivars is paramount for breeding novel, more uniform hemp varieties 

46 which will allow us to unlock the full potential of hemp as a crop of the future. 
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47 Introduction

48 Hemp is possibly one of the oldest crops utilised by humans and was likely initially 

49 domesticated in the early Neolithic period in East Asia, in what is modern-day China 

50 (1). Its fibre was, and still is, used to make textiles, ropes, fishnets, and paper. 

51 Meanwhile, the oil extracted from its seeds has served various purposes, including 

52 cooking and industrial applications. Additionally, the plant held significance for 

53 medicinal and ritual practices (2). Today, the range of utilisation and importance of 

54 hemp as a crop constantly increases; indeed within the last two decades, hemp has 

55 gained traction as a biomass and fibre crop, as well as for its medicinal uses (3–7). 

56 Because of hemp’s rapid biomass accumulation with low inputs in both conventional 

57 and organic farming (8), it has a high carbon sequestration capacity (3) and can be 

58 grown as an environmentally beneficial crop. Hemp is also suitable for 

59 phytoremediation (9,10), as a defence against erosion (11), and the waste biomass 

60 can be processed into biochar which can be used for soil amendment (12). From hemp 

61 biomass, it is also possible to produce bioethanol or biogas, and biodiesel from oil 

62 extracted from seeds (3,10,13,14). Hemp fibre is used for manufacturing textiles, 

63 paper, bioplastics, and biocomposites, as well as construction materials, such as 

64 hemp wool used for insulation, hemp clay bricks, or hempcrete (3,5,7–11,13,15,16). 

65 Waste products, such as hurd, are used as animal bedding (6,7,11,15,16). 

66 Nevertheless, the highest value hemp products are cannabinoids, terpenes, and 

67 flavonoids extracted from the hemp biomass, primarily from the female inflorescence, 

68 and also from other parts of the plant. Cannabinoids and other secondary metabolites 

69 are predominantly used for medicinal and recreational purposes (3–5,15,16), but can 

70 also be used as bio-pesticides (6), or for other applications. Hemp oil extracted from 
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71 seeds is sought-after not only in the cosmetic industry (7,11,13), but because of the 

72 ratio of ω-6 to ω-3 fatty acids and protein content (17,18) also as an addition to human 

73 and animal diets (4,7,11,16) either in a form of oil or food supplements (3,5). 

74 Additionally, besides hemp protein, hemp sprouts and microgreens rich in 

75 macronutrients, micronutrients, polyphenols, and antioxidants (4,19) can become a 

76 valuable source of nutrients in the human diet. 

77 Meanwhile, novel applications are still emerging, such as functional textiles (10,15) 

78 and surgical devices thanks to the antibacterial properties of hemp (15), batteries from 

79 carbon nanosheets made of hemp pulp (5), non-petroleum hemp-based ink for 

80 tattooing, and hemp filaments for 3D-printing, or oil absorbent materials (5). 

81 Though the plethora of purposes hemp can be utilised for and the importance of this 

82 crop is indisputable, hemp research lags behind other major crops. Because of the 

83 legal status of hemp (20) in the previous decades little research has been done to 

84 maximise the potential of use of this versatile crop. For the implementation of findings 

85 in practical applications, including breeding, more relevant hemp variability data must 

86 be collected and analysed. Previous studies have begun to explore population 

87 genomics and trait variability in order to get a better understanding of the genetics of 

88 hemp and to ultimately unlock the potential of this genetically diverse and variable crop 

89 (21,22). 

90 While in nature genetic diversity is common among plant species and the basis of 

91 evolutionary change (23), in agriculture crops generally exhibit genetic uniformity in 

92 their main agronomic traits and this uniformity is favoured by farmers, processors, and 

93 consumers (24). Genetic diversity is the sum of the genetic characteristics of a 

94 species. In crops, genetic diversity can confer the ability to survive under diverse 

95 environmental conditions and in changing climates, as well as provide a genetic 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.11.01.565084doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?broken=rnDG50
https://www.zotero.org/google-docs/?broken=eLJe9E
https://www.zotero.org/google-docs/?broken=ZBT1rQ
https://www.zotero.org/google-docs/?broken=wzvKAH
https://www.zotero.org/google-docs/?broken=UzHFsu
https://www.zotero.org/google-docs/?broken=LqfhaD
https://www.zotero.org/google-docs/?broken=PCGlPd
https://www.zotero.org/google-docs/?broken=VvyeCV
https://www.zotero.org/google-docs/?broken=PdG9A5
https://www.zotero.org/google-docs/?broken=LRza5r
https://www.zotero.org/google-docs/?broken=XSBIGp
https://www.zotero.org/google-docs/?broken=HEa3QE
https://www.zotero.org/google-docs/?broken=7pkqqT
https://doi.org/10.1101/2023.11.01.565084
http://creativecommons.org/licenses/by/4.0/


6

96 reserve of resistance to various biotic and abiotic stressors. It also harbours a 

97 collection of genetic variability that is a prerequisite for breeding novel cultivars with 

98 improved morphological and agronomical traits (25). Whereas genetic diversity 

99 encompasses the distinction of the whole genotypes within the species, variability 

100 refers to one or a few different traits of the organism. Genetic variability is observable 

101 as distinct phenotypes resulting from contrasting alleles of a gene in individuals of the 

102 species or population. Utilising this variability allows breeders to target specific 

103 breeding targets.

104 A strong association of homozygous allelic variations with key agronomic traits has 

105 been found in many important crops, such as rice (26), cotton (27), and tomato (28). 

106 Among these crops, tomato (29) and certain rice cultivars, particularly its introgression 

107 lines (30), have relatively low levels of heterozygosity, while others, like cotton (31), 

108 are highly heterozygous. Additionally, other crops like cassava (32,33), mango (34) 

109 and grapevine (35,36) were found to be highly heterozygous. Another crop that was 

110 found to have high heterozygosity is hemp (Cannabis sativa) (21,22).

111 Here, we assess the phenotypic and genotypic variability of individual plants from ten 

112 different hemp cultivars and landraces. Besides intervarietal variability, we find a 

113 considerable amount of intravarietal variability, concerning phenotypic as well as 

114 genetic traits of the analysed plants. Our results confirm the potential of hemp genetic 

115 variability for breeding but caution that at the present individuals of a specific hemp 

116 cultivar can differ greatly in one or multiple traits. 
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117 Results

118 Hemp has been reported to display large phenotypic variability (21,37,38). To explore 

119 this variability, ten different hemp cultivars and landraces that varied in flowering time, 

120 sex determination, and primary agricultural purpose were cultivated in the greenhouse 

121 (Table 1): five monoecious French fibre cultivars that included early flowering ‘Fedora 

122 17’, medium-late flowering ‘Santhica 27’ and ‘Felina 32’, ‘Futura’, and very late 

123 flowering ‘Futura 75’ (8,39,40), two accessions of the dioecious hungarian fibre cultivar 

124 ‘Kompolti’ (39) with different average flowering time, dioecious oilseed cultivar ‘Finola’, 

125 formerly ‘FIN-314’, a cross of two northern Russian landraces (41) that grows well in 

126 the arable regions of subarctic Canada and northern Europe (42), a dioecious landrace 

127 ‘Georgien’ from the Caucasus region in Georgia, and a dioecious landrace ‘Korea’ 

128 from Korea that is genetically more distinct to European and West Asian cultivars (8) 

129 (Fig 1a, S1 Fig).

130

131 Table 1. Key traits of ten hemp cultivars grown under greenhouse conditions.

132

133

134 Fig 1. Inter- and intravarietal differences in hemp plant height. The tallest (top) 

135 and smallest (bottom) plant per cultivar are depicted (a), scale bars 20 cm. Hemp plant 

136 height is represented as box plots measured on days 7, 13, 18, 21, 25, 32, 39, 45, 51, 

137 58, and 74 after sowing. Each panel represents one hemp cultivar (b).

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.11.01.565084doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?broken=TMQrxi
https://www.zotero.org/google-docs/?broken=PN1uXX
https://www.zotero.org/google-docs/?broken=NKkNFM
https://en.wikipedia.org/wiki/Landrace
https://www.zotero.org/google-docs/?broken=ZugLov
https://www.zotero.org/google-docs/?broken=zfEXRF
https://www.zotero.org/google-docs/?broken=UK8Sxl
https://doi.org/10.1101/2023.11.01.565084
http://creativecommons.org/licenses/by/4.0/


8

138

139 Hemp cultivars show high variability in biomass and fibre-related 
140 traits

141 Hemp plant height is a good indicator of fibre and biomass yield. Plants grew rapidly 

142 over the course of 130 days (Fig 1b). On average, plant height was 163.3 cm over all 

143 cultivars. The hemp plants showed high variability in plant height with the tallest 

144 individual being four times taller than the shortest individual on day 130 after sowing 

145 (Fig 1a). Plant height differences were high, with an average difference between the 

146 shortest and the tallest plant within cultivar of 97.2 cm (Fig 2a, S1 Table). On average, 

147 the standard deviation of plant height was 36.9 cm, with standard deviations up to 65.1 

148 cm for ‘Kompolti (CAN 70)’, reflecting the variability found in this trait. In some cultivars, 

149 such as ‘Santhica 27’ or ‘Futura’, the tallest plant was more than three times taller than 

150 the shortest plant observed. Other cultivars, such as ‘Finola’, were more consistent in 

151 their height with the smallest individual being 110 cm tall and the tallest being 132 cm 

152 tall, and a mean of 122.8 cm (Table 1, S1 Table). Because of large variability within 

153 cultivars, significant differences in height between cultivars were only observed 

154 between ‘Fedora17’ and ‘Finola’ (Tukey’s HSD, p = 0.039, Fig 2a).

155

156 Fig 2. Hemp plant architectural traits and flowering times vary within and 

157 between cultivars. Hemp plants were phenotyped for plant height at day 130 after 

158 sowing (a), fresh biomass yield (b), and length of the longest side branch (c). Flowering 

159 time was observed as the number of days between sowing and the onset of flowering 

160 per hemp cultivar (d). Significance levels are indicated with letters (p < 0.05). 

161
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162 Hemp biomass is an important factor for multiple applications, including secondary 

163 metabolites extraction (43,44), phytoremediation, and bioethanol production (45), as 

164 well as for calculating the carbon sequestration capacity (46). In the hemp plants 

165 cultivated, aboveground fresh biomass yield varied almost ten-fold between 

166 individuals of the same cultivar, with a mean of 230 g over all cultivars (Fig 2b, Table 

167 1, S1 Table). Large intravarietal and intervarietal differences were observed. No 

168 significant differences were observed between cultivars.

169 Nodes, zones of emerging axillary buds that give rise to side branches, can disrupt the 

170 production of hemp fibres, affecting their length negatively (47). The number of nodes 

171 per metre determines the quality and length of hemp primary bast fibres and is 

172 therefore an important parameter when growing hemp for textile fibre production (47). 

173 Between all plants, the number of nodes ranged from four to ten per metre (S2a Fig). 

174 Within some cultivars, such as ‘Kompolti (CAN 70)’ or ‘Futura’, the highest number of 

175 nodes per metre was twice as high as the lowest number of nodes per metre (S2a Fig, 

176 S1 Table) showing the extensive intravarietal variability of this parameter.

177 Stem area is a good indicator of fibre yield if sowing density is optimised (48–50). The 

178 stem area 5 cm above ground ranged from 0.38 to 2.99 cm2, with a mean of 1.94 cm2 

179 (S2b Fig, Table 1, S1 Table). The mean stem area of the landrace ‘Korea’ of 2.24 cm2 

180 was more than twice as large as the stem area of ‘Finola’ of 0.81 cm2 (Table 1, S1 

181 Table).

182 Plant architecture within the Cannabis genus is highly variable. To approximate plant 

183 architecture, the length of the longest side branch was measured. We observed that 

184 some individuals were slender while others were considerably wider (S1 Fig), with the 

185 longest side branches ranging from 10 to 80 cm (Fig 2c, S1 Table). The highest 
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186 intravarietal differences in the length of the longest side branch were measured in 

187 ‘Felina 32’ with an average difference of 55 cm between individuals (Fig 2c, S1 Table).

188

189 Hemp cultivars show high variability in flowering-related traits

190 All studied cultivars, with the exception of ‘Finola’ which is a photoperiod-insensitive 

191 cultivar, are short-day plants. Besides day length, hemp flowering time is affected by 

192 environmental conditions. Hemp cultivars grown in warmer climates with a higher 

193 number of cumulative sunlight hours tend to flower earlier and over a longer period 

194 than when grown in colder climates (51). Moreover, male individuals flower and 

195 senescence earlier than female individuals (52,53). ‘Finola’ male plants took 19 days 

196 or less to flower. In female ‘Finola’ plants, flowering time varied between 24 and 33 

197 days after germination. For all other hemp cultivars, flowering time varied between 50 

198 and 130 days (Fig 2d, Table 1, S1 Table). Late-flowering cultivars, namely ‘Futura 75’ 

199 and ‘Kompolti CAN 56’, and ‘Korea’ landrace were the latest flowering hemp cultivars. 

200 Some individual plants of the monoecious cultivars ‘Futura 75’ and ‘Santhica 27’ did 

201 not flower at all prior to the harvest on day 130, underlining a vast intravarietal 

202 variability within flowering time. 

203 Inflorescence density is a good predictor of future seed and potential cannabinoids, 

204 terpenes, flavonoids, and sterols yield (54,55). The variability of flower density was 

205 higher in monoecious cultivars, such as ‘Felina 32’, ‘Futura’, ‘Futura 75’, and ‘Santhica 

206 27’ (S3 Fig). The highest flower density was observed in female individuals of the 

207 cultivar ‘Finola’, which is grown for flowers and seeds. 

208 Hemp is a naturally dioecious plant with male and female flowers located on separate 

209 plants (56). Monoecious cultivars with male and female flowers on the same plant that 
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210 originated from breeding are also available and favoured for some applications 

211 (57,58). Large sexual dimorphism affects phenotypic traits and plant morphology. In 

212 three out of five monoecious cultivars, ‘Fedora 17’, ‘Felina 32’, and ‘Futura’, only 

213 female flowers and no male flowers were observed in single individuals (S4 Fig). 

214

215 Individual hemp plants are genetically variable

216 We detected substantial inter- and intravarietal phenotypic variation for every trait 

217 analysed. Therefore, we aimed to understand whether this phenotypic variation is 

218 mirrored at the genetic level. We employed genotyping-by-sequencing of 22 selected 

219 plants (S2 Table) to investigate single nucleotide variants (SNVs) within and between 

220 cultivars.

221 The number of SNVs per individual varied between 407,799 and 485,430 SNVs (Fig 

222 3a, S2 Table). The number of SNVs per chromosome was significantly different 

223 between individuals (Chi-square, p-value < 2.2e-16 for all individuals). Visualisation of 

224 the density of SNVs showed that SNVs are overall unevenly distributed on all 

225 chromosomes of individual hemp plants (Figs 3b and 3c, S5 Fig). In general, density 

226 of SNVs was higher at putative subtelomeric regions and low in putative centromeric 

227 regions (59). 

228

229 Fig 3. Short nucleotide variants (SNVs) of ten hemp cultivars. The number of 

230 filtered SNVs generated by genotyping-by-sequencing per hemp cultivar and of hemp 

231 cultivars previously published (21) were visualised as boxplots (a). The mean density 

232 of SNVs of all cultivars was visualised as barplots with SD per chromosome (b). The 

233 distribution of SNVs for each individual plant was visualised as a circos plot 
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234 (CircosVCF, 79) (c). The density of SNVs (b) and their distribution (c) are represented 

235 per 100,000 bp using the C. sativa reference genome (93).

236

237 The genetic variability of the studied plants was further examined by calculating their 

238 individual heterozygosity based on the ratio of heterozygous to homozygous SNVs 

239 (Fig 4a, S3 Table). The heterozygosity on average was 0.269, ranging from 0.189 in 

240 one of the ‘Santhica 27’ individuals to 0.338 in one of the ‘Kompolti CAN 70’ 

241 individuals. This is similar to previously published data (Fig 4b, S3 Table) (21,22). 

242 ‘Santhica 27’ displayed the lowest average heterozygosity (0.216). Conversely, the 

243 ‘Futura’ hemp cultivar exhibited the highest average heterozygosity (0.313). To 

244 contextualise this finding, we compared the observed heterozygosity in hemp to SNV 

245 data of thousands of accessions of 10 other crop species (S6 Fig). Crops with an 

246 average heterozygosity higher than collated hemp data (mean: 0.269, median: 0.267) 

247 were Brassica napus (mean: 0.543, median: 0.490), Cucurbita pepo (mean: 0.458, 

248 median: 0.439), and Cucumis sativus (mean: 0.376, median: 0.286). A number of 

249 cultivars from other species had a considerably lower heterozygosity than hemp 

250 cultivars, including watermelon (Citrullus lantanus), soybean (Glycine max), cotton 

251 (Gossypium hirsutum), and common bean (Phaseolus vulgaris). Also, some improved 

252 or inbred lines from maize (Zea mays) and wheat (Triticum aestivum) had very low 

253 levels of heterozygosity. 

254

255 Fig 4. Hemp genomes have a high degree of heterozygosity. Variability in 

256 heterozygosity of ten hemp cultivars was calculated as a ratio of heterozygous to 

257 homozygous alternative alleles for ten hemp cultivars (a) and other publicly available 

258 hemp data (21,22) (b). Each VCF file from Sawler et al. (2015) (21) data and Lynch et 
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259 al. (2016) (22) data was intersected with a VCF file generated with FreeBayes (79,80) 

260 from our collection merged in the output to a single file using VCF-VCFintersect (83) 

261 to use limit analysis to sites present in GBS data. The resulting VCF files contained 

262 only sites identical to those found in our data.

263

264

265 Individuals from the same hemp cultivar differ significantly 

266 genetically

267 Observed phenotypic differences and differences in the number of SNVs and 

268 heterozygosity levels between hemp plants of the same cultivar were in many cases 

269 as high as between cultivars. Therefore, we analysed whether hemp plants can be 

270 associated with a specific cultivar based on the SNV genotyping. A principal 

271 component analysis (PCA) analysing SNV profiles of individual hemp plants based on 

272 the variance-standardised relationship matrix showed a strong trend of clustering for 

273 individuals belonging to the same variety (Fig 5a, S7 Fig). Individuals from the two 

274 accessions of ‘Kompolti’ (CAN 56 and CAN 70) created one cluster, similarly 

275 individuals of ‘Futura’ and ‘Futura 75’ clustered together. A large cluster was created 

276 by plants belonging to monoecious French hemp cultivars ‘Fedora 17’, ‘Felina 32’, and 

277 ‘Santhica 27’, and dioecious cultivar ‘Finola’ (Fig 5a). Dendrograms visualising results 

278 of different types of clustering, specifically based on pairwise dissimilarity (Fig 5b), 

279 pairwise identity-by-state (S8 Fig), and hierarchical hclust clustering (S8 Fig), 

280 confirmed results of the PCA and close genetic relationship of hemp plants belonging 

281 to the same cultivar.

282

283 Fig 5. Individual hemp plants from the same cultivar show a high degree of 
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284 similarity. A principal component analysis (PC1 and PC2) shows a clustering of 

285 individuals of the same hemp cultivar (a). For PC1 and PC3, and PC2 and PC3 see 

286 S7 Fig. 

287 A hierarchical cluster dendrogram based on pairwise dissimilarity demonstrates 

288 clustering of individuals from the same cultivar (b). Relative amounts of alternative 

289 SNV positions overlap between individuals show an increased similarity between 

290 individuals from the same cultivar (c). The percentage of shared SNVs is expressed 

291 as a ratio of shared SNVs to all SNVs of both individuals combined in percentage; i.e. 

292 if individuals share 100% of positions the value is 100, if they share 50% of positions 

293 the value is 33.3.

294

295 The large amount of differences in the number of SNVs and heterozygosity of 

296 individuals prompted us to investigate whether individuals differed in their SNV 

297 positions. The chromosomal positions of SNVs (hetero- and homozygous) in each 

298 sequenced individual were compared to SNV positions of all other individuals. The 

299 number of shared SNVs was then expressed as a ratio to all SNVs of the two 

300 individuals as percentage (Fig 5c). Individuals of the same cultivar showed an overlap, 

301 but not a full congruence of SNV positions (Fig 5c). For example, between two ‘Felina 

302 32’ individuals, only 32.09% of SNV positions were identical. However, the percentage 

303 of SNV positions identity between individuals of the same cultivar was overall higher 

304 than between individuals of different cultivars. European cultivars had a higher 

305 percentage of shared SNVs (Fig 5c) than the landraces ‘Korea’ or ‘Georgien’ which is 

306 in line with the results of the PCA and clustering (Fig 5a).
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307 Discussion

308 In this study, we conducted a comprehensive phenotypic analysis involving more than 

309 80 individuals representing ten distinct hemp cultivars. To unravel the genetic 

310 variability of these cultivars we genotyped 22 of these individuals using genotyping-

311 by-sequencing. 

312 Our data show that individuals within a given cultivar exhibited a higher degree of 

313 genetic similarity to one another when compared to individuals from different cultivars. 

314 The relationships constructed on the basis of our sequencing data align closely with 

315 documented breeding histories, for instance, the close relationships of French fibre 

316 cultivars.

317

318 Hemp phenotypic traits are diverse, both between as well as within 

319 cultivars

320 Hemp is a fast-growing crop which accumulates biomass rapidly (Figs 1 and 2a). 

321 Therefore, hemp has a huge potential as a carbon-sequestering crop, with a multitude 

322 of industrial applications (3). Its short growth cycle makes it particularly interesting as 

323 a break crop since it has soil-remediating properties (9,53). 

324 While hemp cultivars are firmly established and used in both agriculture and industry, 

325 we found that specific cultivars often do not significantly differ in agronomically 

326 important traits, including plant height and biomass yield, plant architecture, and 

327 flowering time (Fig 2). In fact, for most traits we investigated, the variability among 

328 individuals within the same cultivar was so pronounced that significant differences 

329 between cultivars could not be detected (Fig 2, S2 Fig). Consequently, while certain 
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330 general trends can be observed among hemp cultivars, the extensive intravarietal 

331 variability in all the observed phenotypic traits often makes it impossible to classify an 

332 individual plant based on our data as belonging to a specific cultivar. It is worth noting 

333 that other traits not addressed in this study, such as cannabinoid content or fibre 

334 quality, may or may not exhibit similar levels of variability (13,32). 

335

336 Hemp genomes display a high degree of heterozygosity

337 We hypothesise that the substantial phenotypic differences among individuals are, to 

338 a significant extent, genetically determined. Our SNV genotyping reveals a relatively 

339 high degree of individual heterozygosity. This heterozygosity implies that offspring will 

340 exhibit variability in genetically determined traits controlled by genes that are 

341 heterozygous in the parental plants. While a certain degree of heterozygosity offers 

342 advantages for plant populations (24,61), homogeneity is desirable in agricultural and 

343 industrial contexts. In the case of drug-type C. sativa (marijuana), the industry 

344 standard involves working with clonal propagation of mother plants that exhibit the 

345 desired phenotype, rather than relying on seed propagation. This approach is 

346 generally impractical for field-grown, high-volume crops like fibre hemp cultivars of C. 

347 sativa. Reducing the heterozygosity of hemp cultivars through breeding efforts 

348 introduces a potential avenue to increase the profitability of the entire value chain by 

349 improving harvesting and processing steps.

350 Conversely, selfed populations characterised by low heterozygosity can suffer from 

351 inbreeding depression (62), manifested in reduced yields compared to cross-pollinated 

352 progeny (63). Hence, a certain level of heterozygosity may be desirable. However, 

353 achieving this balance requires the development of low heterozygosity parental lines 
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354 and the optimisation of the subsequent seed production in the context of hemp 

355 cultivation. 

356 C. sativa is primarily a dioecious plant, although monoecious populations exist as well 

357 (64). In monoecious cultivars, lower hemp heterogeneity resulting from autogamy (65) 

358 allows the harvest of both seeds and stems for fibre (54). Self-pollination has proven 

359 effective as a method for determining the presence and levels of cannabinoids in 

360 autogamous populations. It also serves as a breeding technique to create starting 

361 material with stable absence or presence of these compounds (66). Interestingly, in 

362 our study, both dioecious and monoecious cultivars exhibited comparable levels of 

363 heterozygosity (Fig 4a).

364 We compared the SNV positions among sequenced individuals. Our findings revealed 

365 that similarities were most pronounced among individuals of the same cultivar, 

366 followed by individuals of closely related cultivars. The lowest number of SNV positions 

367 overlapping were detected between individuals of dissimilar cultivars (Fig 5c). The 

368 relationships derived from our sequencing data (Fig 5b) corroborate known breeding 

369 histories. For instance, French fibre cultivars such as ‘Felina 32’, ‘Santhica’, and 

370 ‘Futura’ (39) are more closely related to each other than to landraces ‘Korea’ and 

371 ‘Georgien’. The higher density of SNVs in distal parts of the chromosomes and lower 

372 density in centromeric regions (Fig 3c) is in consensus with a high recombination rate 

373 at chromosome ends and reduced rates in the putative centromeric regions (67). 

374 High heterozygosity levels are similar to other highly heterozygous crops such as 

375 cucumber and Brassicaceae (S6 Fig). The heterozygosity in hemp is however higher 

376 than that of many crops, including maize and soybean, where even landraces do not 

377 possess heterozygosity levels as high as observed in hemp. Numerous studies have 

378 previously described high rates of heterozygosity, especially in Brassicaceae and 
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379 Cucurbitaceae species, and linked them to diverse phenotypes between cultivars of 

380 the respective crop species (68–71). In Brassicaceae, the high level of heterozygosity 

381 in commercial cultivars stems from the generation of F1 hybrids (71). High 

382 heterozygosity as a sign of heterosis effects is one strategy for crop improvement in 

383 these crops, while in other cases, high heterozygosity might be counterproductive (72).

384

385 Genetic and phenotypic variability presents both opportunities and 

386 challenges in hemp breeding

387 The extensive range of phenotypic trait values and the underlying genetic 

388 heterogeneity makes farming more challenging. To illustrate, variations in flowering 

389 times among individuals of the same cultivar (Fig 2d) inevitably impact the timing of 

390 harvest and processing for inflorescences and seeds. Therefore, achieving uniformity 

391 in traits related to hemp inflorescences, such as flowering time, inflorescence density, 

392 and consistent sex expression in monoecious cultivars, should be a central focus of 

393 breeding efforts. Furthermore, for research and genetic analyses, sequences from 

394 inbred individuals can be utilised to improve the current genomic assemblies (38) that 

395 are prone to misassembly due to heterozygosity (73). 

396 We observed significant variability not only among individuals from different cultivars 

397 but also among individuals of the same cultivar. Consequently, when conducting 

398 comparative studies involving different hemp cultivars, as well as cultivars of other 

399 highly heterozygous crops, relying on a single plant (21,22,74) or just a few individuals 

400 (16,66) as representative samples is insufficient.

401 To expand the C. sativa gene pool, a comprehensive genomics-based assessment of 

402 the C. sativa germplasm is essential to define the available diversity (73). This 
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403 approach would facilitate the identification of superior alleles contributing to hybrid 

404 vigour and the development of elite cultivars, much like what has been achieved in 

405 rice (4). Our research highlights the substantial diversity within hemp genomes, 

406 offering valuable resources for both breeding and research. This genetic wealth can 

407 be leveraged to develop novel cultivars that exhibit high-value characteristics and 

408 uniformity in traits crucial to various applications. Hemp’s notable phenotypic plasticity 

409 positions it favourably for successful cultivation across diverse climates and 

410 environmental conditions.
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411 Materials and methods

412

413 Plant growth 

414 Ten cultivars of hemp (C. sativa) were grown in a greenhouse between May and 

415 September 2019. Seeds of ‘Futura’ (CAN 69), ‘Georgien’ (CAN 22), ‘Korea’(CAN 23), 

416 and both accessions of ‘Kompolti’ (CAN 56 and CAN 70) cultivars were obtained from 

417 IPK Gatersleben, and seeds of ‘Fedora 17’, ‘Finola’, ‘Futura 75’, ‘Felina 32’, and 

418 ‘Santhica 27’ cultivars were obtained commercially. Plants were grown in 2L pots with 

419 a custom soil mix of 1:1:1 John Innes No. 2:Vermiculite:Perlite and fertilised once a 

420 week with water-soluble fertiliser (NPK 24-8-16, Water Soluble All Purpose Plant 

421 Food, Scotts Miracle-Gro Products, Inc.). The position of plants was randomised and 

422 plants were rotated multiple times during the trial to avoid bias associated with their 

423 position in the greenhouse. 

424

425 Phenotypic measurements and records

426 Plant height was measured at several time intervals during the plants’ growth on 7 

427 days, 13 days, 18 days, 21 days, 25 days, 32 days, 39 days, 45 days, 51 days, 58 

428 days, 74 days, and at harvest. Plant height was measured from the base of the plant 

429 to the top of the main stem. Flowering was defined as the presence of a female flower 

430 with visible stigmata or a male flower bulb with a length of at least 3 mm. The day 

431 when flowers were first observed was recorded as flowering time for each plant 

432 expressed as a number of days after sowing. After day 67, flowering was observed on 

433 day 74, day 102 and day 130, hence observed flowering times are upper estimates.
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434 Each plant was sexed and recorded as dioecious if being either male or female, or 

435 monoecious if both, male and female flowers, were observed on the same plant. Data 

436 related to other phenotypic parameters, such as flower density, number of nodes per 

437 one metre, longest side branch length, stem area, and above-ground biomass were 

438 collected at the time of the harvest. Flower density was subjectively categorised using 

439 the ‘low’, ‘medium-low’, ‘medium’, ‘medium-high’, and ‘high’ density scale. The number 

440 of nodes per one metre was taken from the bottom of the stem. Stem surface was 

441 calculated using ImageJ from aerial photos of plant stems cut ~5 cm above the soil 

442 line.

443

444 Tissue harvesting and DNA extraction 

445 After about eight weeks, tissue samples were harvested from the young leaves. 

446 Samples were snap-frozen in liquid nitrogen and stored at -80°C before DNA 

447 extraction. DNA was extracted from each sample using a DNeasy Plant Mini Kit 

448 (Qiagen, Germany). DNA was quality-controlled using gel electrophoresis and 

449 photospectrometry. 

450

451 Sequencing and data acquisition 

452 Sequencing data were obtained using genotyping by sequencing (GBS) method 

453 essentially as previously described (74), but DNA was digested with MseI and the 

454 sequencing platform used was Illumina HiSeq. Paired-end 150 bp sequencing was 

455 performed (CD Genomics, USA). The raw sequence has been deposited in the NIH 

456 Sequence Read Archive (SRA), under BioProject PRJNA1023932. Publicly available 

457 genotyping by sequencing (GBS) data (21) and whole-genome shotgun sequencing 
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458 (WGS) data (22) for hemp were obtained from the NCBI. SNV data for other crops 

459 were retrieved from the Plant Imputation database (75).

460

461 Mapping and variant calling

462 A collection of trimmed sequences was aligned to cs10 C. sativa reference genome 

463 assembly GCF_900626175.2 using the Burrows-Wheeler Alignment (BWA-MEM) tool 

464 (76–78). Variants were called with FreeBayes (79,80) on each file individually for 

465 calculating heterozygosity and SNV densities, and on all files together for PCA, 

466 dendrograms, and SNVs positions comparison. All analyses were performed using the 

467 platforms UseGalaxy.org and UseGalaxy.eu (81).

468

469 Heterozygosity analysis

470 For calculating heterozygosity, variants were filtered for quality > 30 and read depth > 

471 5 or 9 for GBS and WGS respectively using bcftools annotate (82) and VCFfilter (83). 

472 Out of all types of called variants, only SNVs were kept using bcftools annotate (82). 

473 Homozygous reference sites were removed using the bcftools filter (82). Each VCF 

474 file from Sawler et al. (2015) (21) data and Lynch et al. (2016) (22) data was 

475 intersected with a VCF file generated with FreeBayes (79,80) from our collection 

476 merged in the output to a single file using VCF-VCFintersect (83) to use limit analysis 

477 to sites present in GBS data. The resulting VCF files contained only sites identical to 

478 those found in our data. The heterozygosity of each plant was calculated as a ratio 

479 between the number of genotyped heterozygous SNVs and the number of non-

480 reference homozygous SNVs using HetHomAlleles (83). The same tool was used to 

481 calculate individual heterozygosity from SNV data obtained from the Plant Imputation 

482 database (75).
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483

484 PCA and clustering

485 Firstly, variants were filtered for quality > 30 and read depth > 2 using bcftools annotate 

486 (82) and VCFfilter (83). Further filtering was performed in PLINK 1.9 (84–86) after 

487 which data included only SNVs with minor allele frequency >= 2.5% and 80% 

488 genotyping rate. Principal components analysis (PCA) based on the variance-

489 standardised relationship matrix was performed in PLINK 1.9 (84–86) and generated 

490 eigenvectors and eigenvalues were visualised in RStudio v2021.9.0.351 (87) using 

491 the tidyverse package (88). 

492 Dendrograms visualising clustering results from identity-by-state matrix and 

493 dissimilarity matrices were created in RStudio v2021.9.0.351 (87). Dendrogram 

494 visualising hierarchical clustering performed in RStudio was visualised using FigTree 

495 v1.4.4 (89). 

496

497 Density and position of single nucleotide variants

498 The density of SNVs per 100,000 bp, filtered the same way as above, was visualised 

499 with CircosVCF (90) with each circle representing an individual plant. The mean 

500 density of SNVs per 100,000 bp of the length of each chromosome of the C. sativa 

501 reference genome (93) was visualised using the RStudio v2021.9.0.351 (87) and 

502 tidyverse package (88). Chi-square statistics for the number of SNVs per chromosome 

503 between samples were calculated in RStudio v2021.9.0.351 (87) using the tidyverse 

504 package (88). Overlaps in positions of SNVs between individual samples were 

505 calculated using the VCF Toolz (91).
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793 Supporting information captions

794
795 S1 Fig. Imaging of hemp plants used for this study. All hemp plants used for this 

796 study were imaged on day 130 after sowing. Individual plants are grouped by cultivar. 

797

798 S2 Fig. Hemp plant architectural traits vary within and between cultivars. The ten 

799 hemp cultivars showed differences in morphology and agriculturally important traits. 

800 Variability was observed for the number of nodes measured or calculated per 1-metre 

801 length (a) and the area of the stem cut ~5 cm above the soil line at the end of the trial 

802 (b). The number of nodes indicates the number of side branches. Significance levels 

803 are indicated with letters (p < 0.05).

804

805 S3 Fig. Flower density varies within and between cultivars. Flower density of 

806 female and monoecious hemp plants was recorded at the end of the cultivation period. 

807 The size of points increases with the number of individuals with a given flower density. 

808

809 S4 Fig. Sex expression of monoecious hemp is not uniform. Flower sex 

810 expression of monoecious hemp cultivars at the end of the cultivation period is plotted 

811 as a stacked bar graph, indicating individuals with male and female flowers (dotted), 

812 female only flowers (crosshatched) and non-flowering individuals (blank).

813

814 S5 Fig. SNV density plotted for individual cultivars. The distribution of SNVs 

815 plotted on a circos plot (CircosVCF, 79) using the C. sativa reference genome (93): 

816 ‘Fedora 17’ (a), ‘Felina 32’ (b), ‘Finola’ (c), ‘Futura’ (d), ‘Futura 75’ (e), ‘Georgien’ (f), 

817 ‘Kompolti CAN 56’ (g), ‘Kompolti CAN 70’ (h), ‘Korea’ (i), ‘Santhica 27’ (j). Density of 
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818 filtered SNVs is represented per 100,000 bp.

819

820 S6 Fig. Heterozygosity found in C. sativa and other crops. The heterozygosity of 

821 C. sativa sativa (this study, 21, 22) in comparison to an accession of a diverse panel 

822 of different crops including cultivars and landraces (Plant Imputation database, (75)). 

823 The comparability of hemp data is limited because the amount of individuals of other 

824 crops was nearly thousandfold higher.

825

826 S7 Fig. Principal component analysis based on SNVs for factors PC2 and PC3. 

827 Principal components from the PCA show clustering of individuals that belong to the 

828 same hemp cultivar. PC1 and PC3 (a), PC2 and PC3 (b). For PC1 vs PC2 see Figure 

829 5a.

830

831 S8 Fig. Hierarchical clustering of individual hemp plants based on SNVs. 

832 Hierarchical cluster dendrogram based on pairwise identity-by-state (IBS) values (a) 

833 and a dendrogram based on hierarchical hclust clustering values (b) from SNV data 

834 of all sequenced individuals show a clustering of individuals that belong to the same 

835 hemp cultivar.

836

837 S1 Table. Detailed phenotypic and developmental traits of ten hemp cultivars 

838 grown under greenhouse conditions.

839

840 S2 Table. The number of SNVs per individual hemp plants.

841

842 S3 Table. Heterozygosity of hemp cultivars calculated as a ratio of heterozygous 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.11.01.565084doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?broken=Wwo0Dj
https://doi.org/10.1101/2023.11.01.565084
http://creativecommons.org/licenses/by/4.0/


33

843 to homozygous alternative alleles for hemp cultivars published here, in Sawler 

844 et al. (2015) (21) and Lynch et al. (2016) (22).
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