
UC Davis
UC Davis Electronic Theses and Dissertations

Title
Investigation into the Genetic Basis of Day Neutrality in Cannabis sativa L. through a 
Genome Wide Association Study

Permalink
https://escholarship.org/uc/item/1qh971px

Author
Spivak, Steven

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1qh971px
https://escholarship.org
http://www.cdlib.org/


 i 

Investigation into the Genetic Basis of Day Neutrality in Cannabis sativa L. through a Genome 
Wide Association Study  

 
By 

 
STEVEN SPIVAK 

THESIS 
 

Submitted in partial satisfaction of the requirements for the degree of 
 

MASTER OF SCIENCE 
 

in 
 

Horticulture and Agronomy 
 

in the 
 

OFFICE OF GRADUATE STUDIES 
 

of the 
 

UNIVERSITY OF CALIFORNIA 
 

DAVIS 
 

Approved: 
 

         
E. Charles Brummer, Chair 

 
         

Allen Van Deynze 
 

         
Daniel H. Putnam 

 
Committee in Charge 

 
2022 

  
 
 

 



 ii 

Acknowledgments 
 

Thanks to all the help from my lab peers who were there to help me when I needed them: 

Daniel Pap, Allison-Krill Brown, Oon Ha Shin, Scott Newell, Matt Francis, Kreingkrai “Moo” 

Nonkum, and Sheriff-Seedy Phaal. 

Thanks to the UC Davis professors and their teaching assistants whose classes and 

discussions helped me form the thoughts I have written down in this thesis: Edward Charles 

Brummer, Daniel H. Putnam, Allen Van Deynze, Patrick H. Brown, Steve Knapp, Michael 

Miller, Daniel Runcie. 

And lastly, special thanks to Jenna Bess, who was with me even at my lowest points. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Abstract 

 Hemp (Cannabis sativa L.), which can be legally grown in the U.S. since 2018, is a 

multi-use crop producing fiber, seed, oil, and/or essential oils.  A better understanding of the 

genetic basis of major traits will enable plant breeders to improve the crop more effectively. One 

trait of importance to hemp producers is crop maturity. Hemp is naturally a short-day plant, 

flowering in autumn when photoperiod declines below 12-13 hours. Day neutral types of hemp 

will flower at roughly the same time regardless of photoperiod, making this trait desirable for 

many production reasons. In this experiment, we hybridized day neutral and day sensitive hemp 

germplasm to locate the day neutral trait in the hemp genome. We conducted a multi-year, multi-

environment experiment in which we scored individual plants on a ‘0’ to ‘5’ scale based on plant 

maturity and computed the average growing degree days at which each plant scored ‘3,’ the 

beginning of flowering. We also obtained the day length at this time. In parallel, we obtained 

over 50,000 single nucleotide polymorphism (SNP) from genome sequencing data on 1507 

individual plants. We used the phenotype and genotype data to conduct a genome wide 

association study using a mixed linear model. From our analysis we identified 54 SNPs were 

associated with our two traits, which shared the five most significant SNPs on Chromosome 2. 

Within a 21Mb region of our shared significant SNP hits we identified a gene: flowering locus K 

homology domain (FLK), a known down regulator of CONSTANS. Most plants we evaluated 

derived from paired crosses between divergent germplasm, resulting in large disequilibrium 

which resulted in a broad chromosomal region in which the day neutral flowering regulatory 

gene likely lies. While more work is needed, this experiment identifies the likely region, which 

controls day neutral flowering in hemp, a first step toward developing genetic markers to 

facilitate the incorporation of this trait into other germplasm.  
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Investigation into the Genetic Basis of Day Neutrality in Cannabis Sativa L. through a 

Genome Wide Association Study  

Literature Review 

Industrial hemp (Cannabis sativa L.)., has been an agronomically important crop since 

2700 BC in China. Today, it serves a purpose in a variety of different industries, such as 

pharmaceuticals, nutraceuticals, textiles, composite materials, biofuels, foods, cosmetics, and 

hygiene products (Andre et al., 2006; Crini et al., 2020; Rupasinghe et al., 2020). Hemp is one of 

humanity’s earliest domesticated plants going back to the Neolithic times in parts of East Asia 

(Ren et al., 2021). Hemp is the non-psychoactive form of Cannabis, differentiated from 

marijuana only by having less than 0.3% tetrahydrocannabinol (THC) concentration in dry mass 

(FDA, 2019).  In 1970, the Controlled Substances Act was passed in the United States, which 

stated that all Cannabis sativa, psychoactive or not, was a Schedule 1 drug with “high abuse 

potential with no accepted medical use; medications within this schedule may not be prescribed, 

dispensed, or administered” (Gabay, 2013). The passage of the Controlled Substances Act 

forbade any individual from researching or growing Cannabis in any form, including hemp, and 

it was not until forty-eight years later with the passage of the 2018 Farm Bill (S.2667 - Hemp 

Farming Act of 2018) that researchers and growers could again study and grow hemp. With 48 

years of absence from the scientific literature, the renewed interest in hemp as a crop with high 

agronomic value has stimulated significant research activity.  

 

Abbreviations: THC, Tetrahydrocannabinol; CBD, Cannabidiol; CBC, Cannabichromene; 
CBG, Cannabigerol; THCA, Tetrahydrocannabinolic acid; CBDA, Cannabidiolic acid; 
CBCA, Cannabichromenic acid; CBGA, Cannabigerolic acid; QTL, Quantitative trait locus; 
GWAS, Genome-Wide Association Study; GDD, Growth degree days; TOF, Time of Flower 
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Taxonomy 

All Cannabis germplasm is completely interfertile, suggesting that the genus consists of a 

single species, with two subspecies (subsp. sativa (hemp) and subsp. indica (marijuana) (Small 

and Cronquist, 1976).  Through DNA analysis, evidence pointed towards C. sativa, C. indica, C. 

ruderalis populations of Cannabis as being distinct subspecies of Cannabis sativa (McPartland 

2018). Common vernacular terms, sativa and indica, have been used to describe different types 

of marijuana, causing much confusion for consumers who believe that these different forms of 

Cannabis happen to function in different ways. Generally, sativa types are plants with tall and 

slender morphology, narrow leaflets, and late maturation while indica types have shortened 

stature, broad leaflets, and early maturation (de Meijer and van Soest 1991). Whatever true 

population differences there may have been between indica and sativa types of  C. sativa subsp. 

indica  have become lost over generations of repeated hybridization events (Small 2017), 

although clearer population differentiation between hemp and marijuana still exist (Sawler et al., 

2018; Dufresnes et al., 2017) . Thus, industrial hemp is simply classified taxonomically as 

Cannabis sativa L. with low amounts of THC (Formato et al., 2020).  

Chemotypes 

One way to classify genotypes or populations of C. sativa is through their chemotypes, or 

chemical phenotypes, based on the predominant cannabinoids in the plant, in particular, 

cannabidiol (CBD), cannabigerol (CBG), and tetrahydrocannabinol (THC) (Pacifico et al., 2008; 

Aizpurua-Olaizola et al. 2016; Welling et al. 2016; Richins et al. 2018; Jin et al. 2021). C. sativa 

is divided into five different chemotypes: THC dominant, referred to as the drug-type, CBD 

dominant, referred to as fiber-type, and one which THC and CBD are present in equal 

proportion. Two other chemotypes, CBG dominant and those which contain low concentrations 
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of cannabinoids, are less frequently used in scientific literature (Richins et al. 2018).  The 

classification of C. sativa germplasm with chemotypes enables scientists to easily classify 

individuals for breeding for certain uses like pharmacology, fiber, or seed (Welling et al. 2008, 

Stack et al. 2021).  

Hemp Morphology and Life Cycle 

Cannabis sativa L. (2n=20) is a dioecious plant with individuals from the male and 

female sexes having distinct morphological differences (Clarke, 1981; Van der Werf and Van 

den Berg, 1995; Clarke and Merlin, 2016).  Male individuals are described as slenderer in stature 

than their female counterparts and have less reproductive biomass compared to a females’ dense 

inflorescence (Bócsa and Karus, 1998; Struik et al., 2000; Petit et al., 2020). Differences in 

morphology, specifically between the sexes of hemp plants, only become apparent after the 

seedling stage (Campbell et al., 2021).  The genetic basis for sex in Cannabis is determined by 

the inheritance of either an X or Y chromosome from the male parent.   

Female plants have a sticky inflorescence that captures wind-dispersed pollen from male 

plants (Clarke 1981; Clarke and Merlin 2016). Male flowers, within their hanging panicles, have 

a perianth of five sepals that surround the androecium; the anthers at maturity split lengthwise, 

releasing the pollen grains (Moliterni et al., 2004). Female flowers develop as thick clusters 

called racemes, and receive the pollen grains through insect, wind, or mechanical dispersion onto 

the pistils. In production settings, formation of seeds is undesirable if the use of hemp is the 

extraction of essential oils or the sale of the flowers themselves; consequently, most hemp 

producers prefer to grow only female individuals and avoid fertilization from male plants 

(Nackley et al., 2020).   
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Most accessions of hemp are daylength sensitive, with flowering occurring when the 

critical photoperiod threshold of between 12-14 hours occurs. In contrast, day neutral (so-called 

“autoflower”) accessions will flower regardless of day length depending on accumulated growth 

degree days (GDD) (Lisson et al., 2000; Struik, 2000; Petit et al., 2020). 

Cannabinoid Functionality within Hemp  

Grandular trichomes, a form of sessile trichomes, cover the surface of female flowering 

tissues and produce cannabinoid oils (Tannet et al., 2021). The secreted oils which burst from 

these trichome sacs coat the surface with a sticky resin, which results in flowers that are waxy in 

texture (Garrett and Hunt 1974, Mauseth 2006). Cannabinoids likely serve multiple purposes 

within the Cannabis plant, such as a defense response against herbivory from insects and the 

dissipation of heat stress in the environment. Cannabinoids are produced in substantially higher 

quantities when exposed to UV-B radiation (280-315 nm), suggesting they act as a barrier 

against the damaging effects of UV-B radiation (Bilodeau et al. 2019). The range of cannabinoid 

concentrations among hemp plants varies in response to heat stress (Toth et al., 2021) 

Cannabinoid Synthesis   

There are over 180 different cannabinoids present in C. sativa, with the primary 

cannabinoids being THC, also called Δ9-THC, CBD, and CBC (Tahi et al., 2021). These 

cannabinoids coexist along with their acid-precursors: tetrahydrocannabinolic acid (THCA), 

cannabidiolic acid (CBDA), and cannabichromenic acid (CBCA). The acid forms of these 

cannabinoids change into their decarboxylated forms primarily from the application of light- 

and/or heat onto the harvested crop, but the decarboxylated forms still exist at certain levels 

within the flowering tissue before harvesting (Formato et al., 2020). All acid forms of 
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cannabinoids come from a primary precursor phytocannabinoid called cannabigerolic acid 

(CBGA, Taura et al., 2007; Formato et al., 2020; Tahi et al., 2021). CBGA is a product of two 

metabolites, olivetolic acid and geranyl diphosphate, which are formed from the polyketide 

pathway and plastidial deoxyxylulose phosphate/methyl-erythritol phosphate pathway 

(DOXP/MEP pathway), respectively (Jin et al., 2020).  

Economic Value of Hemp 

Cannabinoids have been used as a component of human therapeutic medicine for 

thousands of years (Russo et al 2007; National Academies of Sciences 2017). Specific 

cannabinoids have been used to minimize chronic pain, improve sleep quality, and treat a wide 

variety of other ailments. C. sativa has obtained more attention over the last 30 years as a source 

of medicine in America after California passed the Compassionate Use Act of 1996, a bill which 

allowed the state to provide patients with access to medical marijuana “in the treatment of 

cancer, anorexia, AIDS, chronic pain, spasticity, glaucoma, arthritis, migraine, or any other 

illness for which marijuana provides relief” (CA GOV 1996). Since then, there has been 

increasing interest in the use of cannabinoids as a way of minimizing pain, a malady affecting 1 

in 5 Americans on a daily basis (CDC 2018). CBD is of particular interest because it can provide 

pain relief without the psychoactive effects that come with other cannabinoids like THC 

(Piomelli and Russo, 2016). The global value of CBD products is 2.8 billion dollars as of 2020 

and is expected to increase on the order of 20-23% year-to-year over the next five years (Grand 

View Research, 2021).  

In America, Cannabis was a widely grown crop for many years during the 18th and 19th 

centuries before being replaced by cotton as the predominant crop used for textiles (Hopkins, 

2014). With increased interest in the crop medically for its oils, it has also renewed interest in its 
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fiber (hurd and bast), oil, and seed (Ahmed et al., 2022). Hemp bast, the long fibers from the 

outer stem of hemp, can be used to make carpets, shoes, diapers, insulation, yarn, composite 

materials, and plastics (Johnson, 2018). The hurd, or inner core fibers of the hemp plant, can be 

used to create hempcrete, animal bedding, potting mix, and soil amendments (Ahmed et al., 

2022). With a wide variety of uses, industrial hemp fibers, as of 2019, have a current market 

value of $4.46 billion with an expected compound annual growth rate of 33% through 2027 to 

total $43.8 billion (Verified Market Research, 2020). With the value of industrial hemp between 

its fiber and CBD products currently being valued at over $7.2 billion, there is increasing interest 

in agronomic improvements for the crop.    

Hemp Production  

 Hemp is typically grown in field settings but can be grown in greenhouses when growers 

are focusing on greater pest control, year-round growth, and control of lighting regiment. In field 

settings, hemp generally is grown on well-drained soil which is high in fertility (Cherney and 

Small, 2016; Rupasinghe et al., 2020). Planting density varies among varieties and the grower’s 

intended use for the crop. Hemp grown for oil extraction requires wider spacing to promote 

branching and flower development; planting densities for the purpose of harvesting its fiber is 

typically double that of oilseed varieties, however, in general the architecture of the plant itself is 

strongly associated with the density of planting, nutritionally availability within the soil, and the 

length of day that the plant is exposed too during its life cycle (Campiglia and Radicetti and 

Mancinelli, 2017). Hemp is either planted by direct seeding or through the transplantation of 

seedlings or clones (Cherney and Small, 2016; Adesina et al., 2020; Rupasinghe et al., 2020).  

When hemp is grown for medicinal oil extraction, the field typically consists of only 

female plants. Usually this is accomplished by using “feminized” seed, which is produced from 
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female plants that have been induced to produce male gametes and seed using either chemical or 

environmental stress which results in seeds which will produce seeds which result mostly in 

female plants (Cherney and Small, 2016; Punja and Homes, 2020). This process of masculizing 

female hemp plants on an industrial scale is done through foliar applications of silver thiosulfate 

(Lubell and Brand, 2018; Kurtz et al., 2020).  The rationale for producing feminized seeds, 

outside of maintaining genetically identical inbred lines for commercial sale, is to minimize the 

production of seeds within the flowering tissue of female plants due to consumer, grower, and 

processor preferences.  

Historical Breeding Practices 

 Hemp improvement can be done through the use of phenotypic recurrent selection, aka 

mass-selection, by selecting the best individual plants based on field performance and using their 

seed for the next evaluation cycle (Salentijn et al., 2019; Barcaccia et al., 2020). Once an elite 

variety has been developed, backcrossing can be used to incorporate new traits from undesirable 

germplasm (Zargar et al. 2015). For traits such as fiber quantity and quality, with high trait 

heritability, mass-selection can work well (Hennick et al., 1994). Other breeding practices have 

been employed for the purpose of either increasing variation, specifically when crossbreeding 

individuals, or for fixing a trait through inbreeding to produce inbred lines and/or to capitalize on 

heterosis of F1 hybrid cultivars (Ranalli, 2004; Salentijn et al., 2019).  

Advances in Sequencing for Breeding Improvements    

Advances in biotechnology can accelerate the incorporation of a trait into an existing 

population with high accuracy and speed using next generation sequencing (NGS) and marker 

assisted selection (MAS). Marker assisted selection works to track the phenotype of an 
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individual plant by associating genetic polymorphisms with trait variation, enabling selection on 

seedling plants without having to grow the individual to maturity (Collard and Mackill, 2007; Xu 

and Crouch 2008; Zargar et al., 2015). Recent advances in sequencing technology, specifically 

with the development of next-generation sequencing (NGS), has reduced the price of sequencing 

whole genomes of individual plants (Gasparyan 2019; Zargar et al. 2015), making marker 

identification and use more tractable.  

Genetic Basis for Day-Neutrality in Hemp and Other Crops 

Day neutrality is a trait which is present in many agricultural crops such as soybeans, 

wheat, barley, rice, tomatoes, strawberries, and alfalfa (Polson, 1972; Mizoguchi et al., 2007; 

Rowley et al., 2011; Turner et al., 2013; Adhikari et al., 2019).  Several genes involved light 

sensing contribute to differences among genotypes in time of flower (TOF) and in day neutrality; 

the major genes appear to be conserved across species. For instance, day-neutrality is controlled 

by CONSTANS (CO), a gene which encodes a transcription factor involved in the transduction 

of light signals, promoting the expression of other genes downstream (Morris et al., 2010; 

Denoyes et al., 2020).  

The genetic basis for the change from vegetative growth to flowering within hemp 

cultivars is mostly unknown. Petit et al. (2020), identified six QTLs related to genes which 

control the perception and transduction of light and their associated transcription factors). 

However, hemp germplasm has a wide range of flowering times, affected by both genetics and 

the environment (Petit et al. 2020; Dowling et al. 2021).   



 

 9 

The objective of this experiment was to identify the genomic location of gene(s) 

associated with flowering time in hemp as a prelude to making genetic markers that could be 

routinely used to screen germplasm in a breeding program.   
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Investigation into the Genetic Basis of Day Neutrality in Cannabis Sativa L. through a 

Genome Wide Association Study  

Introduction 

Hemp, Cannabis sativa L. is a valuable medicinal, fiber, seed, and oil crop. 

Understanding and manipulating the flowering time of hemp could facilitate cultivar 

development for diverse environments and cropping systems. The time at which hemp transitions 

from vegetative growth to flowering is critical for the development and quality of the final 

harvested product. Most hemp germplasm requires short days to begin flowering and producing 

seed, oil, and cannabinoid products (Lisson et al., 2000; Jung and Müller, 2009; Salentijn et al., 

2015; Blümel et al., 2015; Petit et al., 2020; Dowling et al., 2021).  Before the transition to 

flowering can occur,  a period of vegetative growth stage controlled by the accumulation of 

thermal time in the environment is necessary (Gordon and Bootsma, 1993; Lisson et al., 2000; 

Salentijin et al., 2019; Petit et al., 2020). Vegetative growth for hemp is optimal around 30oC and 

continues to a maximum temperature about 42oC. Around 300 to 600 units of cumulated thermal 

time over 1oC must occur for the plant to be able to initiate flowering if the critical daylength is 

reached (Petit et al., 2020; Salentijin et al., 2019; Janes et al., 2017).  

While typically a short-day plant, hemp germplasm has considerable variation in TOF 

(Spitzer-Rimon, 2019). Some hemp germplasm has day-neutral flowering, which means that 

regardless of photoperiod, they will flower after a certain amount of thermal time has 

accumulated (Castro et al., 2015; Punja, 2017; Petit et al., 2020). Day-neutral Cannabis varieties 

can go from seed to flowering in a soon as four weeks, and some varieties can be harvested 

within 100 days after seeding. The trait for day-neutrality originated from the ruderalis variety of 

Cannabis sativa in parts of Southern Russia. These plants are described as being short and stalky 
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in nature, while producing small amounts of flower with low concentrations of THC (Gloss, 

2015; Ivanova, 2019). Despite its undesirable attributes, ruderalis has been used to introgress 

day neutrality (also called “autoflower”) into high yielding flower and oil varieties. The day 

neutral trait can provide significant agronomic benefits by standardizing harvest time and 

potentially enabling growers to have more harvest cycles in one year compared to those growing 

day-sensitive varieties of hemp which takes much longer to flower in most environments. 

The genetic basis for day neutrality, specifically in hemp, is currently unknown.  We 

hypothesized that at least one major locus controls day neutral flowering with multiple minor 

loci affecting the variation in time to flower within day neutral or daylength sensitive 

germplasm. To test this hypothesis, we hybridized day neutral and daylength sensitive accessions 

of hemp and evaluated the progeny for flowering time across three field trials over two years in 

order and genotyped them using next generation sequencing technology to identify genetic loci 

involved in flowering time.  

 

 

 

 

 

 

 

 



 

 12 

Materials and Methods 

Germplasm 

 Several hemp germplasms used in the UC Davis hemp breeding program were included 

in the experiment (Supplementary Table 4). Only female genotypes were used for this 

experiment, with pollen produced following treatment with silver thiosulfate. Crosses between 

day neutral (‘KG01’, ‘KG02’, ‘NUT’) and daylength sensitive genotypes were conducted in the 

greenhouse during the winters of 2019-2020 and 2020-2021. Crosses were made in a three-way 

crossing fashion, with chemical-type day neutral cultivars being crossed with chemical-type 

daylength sensititive cultivars and hybrids being crossed together or to a seed-type hemp 

cultivar. This was done in order to create segregation of our phenotypes within families.   

Seedling Preparation and Transplanting  

Hemp seeds were placed into 72-cell flats containing potting soil mix, composed of 

mostly perlite, and were then covered in vermiculite and watered daily. Seedlings were grown 

for two weeks in a greenhouse with temperatures ranging between 22-35o C following a 12-hour 

lighting regiment emitted by high-pressure sodium lightbulbs. Fertilizer, Nu-Crop (8-24-6), was 

incorporated in the irrigation water. After two weeks, seedlings were moved outside for three 

days to harden them to field conditions before transplanting. Seedlings were transplanted into the 

field at a depth of 5cm, covering the cotyledons.  

 Field Experimental Designs 

 We grew three trials, designated as “environments,” planted in July 2020, May 2021, and 

July 2021 at the UC Davis Plant Sciences Farm in Davis, CA. The 2020 trial was designed as a 

randomized complete block design with two replications. The trial contained 132 entries, with 
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three entries acting as controls, two of which were day neutral and early flowering (‘KG01’ and 

‘KG02’) and one daylength sensitive and late flowering (‘Rogue’). Each entry was represented 

by five plants in a plot. Some entries were included as additional replications within blocks. Plots 

were transplanted on July 6, 2020, at the UC Davis Plant Sciences Farm in Davis CA. Seedlings 

were transplanted into the middle of raised soil bed, with beds spaced 1.5m on center. Each plot 

was 4.5 m long within a bed with five plants per plot spaced 90 cm apart, with no additional end-

to-end space between plots. The trial plots were bordered by two rows of hemp plants on either 

side of the plot area and maize (Zea mays L.) was planted as border surrounding the entire 

perimeter of the field.    

 The May 2021 trial was designed as a randomized complete block design with four 

replicates with 64 plots per replication. The trial contained 88 entries because some entries were 

present in fewer than four replications. Entries included 14 cloned genotypes which were 

propagated from plants selected from the 2020 field, 33 families previously grown in the 2020 

trial, 38 new families, and the same three check cultivars. Seedlings were transplanted on May 

12, 2021 at the UC Davis Plant Sciences farm. The trial was planted similarly to the June 2020 

trial.  Two rows of hemp plants were transplanted to act as borders and sorghum (Sorghum 

bicolor L. Moench) surrounded the perimeter of the field.  

 The July 2021 trial was designed as a randomized complete block design with four 

replications each with 63 plots. This trial contained 69 entries, with the same three control 

entries, 34 previously grown in the May 2021 field, and 32 new families. Seedlings were 

transplanted on July 7, 2021 and each plot contained six plants grown in two rows 90 cm apart 

on 1.5m beds. Plants were spaced 120cm apart within rows and offset 60cm between rows. No 

additional space was added between plots on a bed.   
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Crop Management 

The 2020 trial site was cover cropped with wheat in the fall. Prior to transplanting, field 

crews added a total of 168 kg/ha using a mixture of Starter 8-24-6, UAN-32, and CAN-17. 

Irrigation was applied for 6 hours daily Monday through Friday providing approximately 4 cm of 

water a week to the field. Coragen and Macho insecticides were applied through the drip 

irrigation. Coragen was readministered a month into the trial due to continued presence of corn 

ear worm (Helicoverpa zea). Before planting in May 2021, 28lbs N/acre was applied to the field. 

An additional 10lbs of N/acre using the same starter fertilizer, Nu-Crop (8-24-6), was applied 2 

weeks after transplanting. UAN-32 fertilizer was applied at 28 kg/ha along with Coragen 

insecticide through the irrigation on June 30 and July 30, 2021. For the July 2021 field, fertilizer 

was applied at transplant at a rate of 200 lbs N/acre using a mixture of Starter 8-24-6, UAN-32, 

and CAN-17. Two weeks after transplanting, 10 lbs of N/acre using the same starter fertilizer (8-

24-6) was applied 2 weeks after transplanting; the irrigation scheduling was the same as the 

previous year. For all fields, seedlings were watered using a surface-drip system for a month 

before being switched to a sub-surface drip system to minimize weeds. 

Phenotyping 

Plants were scored for maturity twice a week, on Mondays and Thursdays, on a 0 to 5 scale, with 

0 = vegetative and 5 = mature cola ready for harvest (Table 1; Figure 1).  
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Table 1. The descriptive definitions of the developmental stages of Cannabis sativa L. throughout its 
lifespan from seedling to harvest ready. 

Score Developmental Stage Description 

0 • From the primordia on the nodes only vegetative growth emerges. New tissue emerging 
from the apical shoot tip meristem is distinctly different from the flowering tissue. 

1 

• The meristem at the shoot tip may begin to differentiate from the vegetative tissue. The 
emergence of few immature pistillate flowers is the first sign of pre-flowering 

• Some plants stay in this stage for long period of time depending on their underlying 
genetics 

2 • Multiple calyxes appear on the apical meristem, along with a few on the nodes. Fresh 
white, light yellow, or pink pistils, extend from these pistillates. 

3 

• The cola begins to develop as more calyx emerge on the nodes.  The internode length 
continues to decrease. Calyxes appear on most nodes on the apical meristem and on  
branches. 

• Mono and trifoliate leaves join with each set of calyxes, these are called sugar leaves 

4 
• The cola starts to fill up and the internodes become harder to see. The secretion of resin 

is high. The bracts and sugar leaves on the cola are sticky to the touch. 

• Pistils still maintain their original color. 

5 
• Half of all pistils begin to turn to a brown color. 

• Resin production has peaked at this point; plant is ready to harvest 
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Figure 1.  The scoring scale used to phenotype individuals for maturity in our field experiments.  
Descriptions of each stage are seen in Table 1.  

 
 Data were collected using the Android application, Field Book (Rife and Poland, 2014). 

For each day of data collection, the accumulated growing degree days  (AGDD) and the day 

length were recorded. AGDD was calculated using the formula: 

𝐴𝐺𝐷𝐷 =	& '
𝑇!"# − 𝑇!$%

2 + − 𝑇&
%

$'(
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where Tmax, Tmin, and Tb refer to the maximum temperature (°C), the minimum temperature (°C), 

and the base temperature, respectively (Akyüz and Ransom, 2015). AGDD data were obtained 

from the website GreenCast (Syngenta; https://www.greencastonline.com/growing-degree-

days/home), using a base temperature of 0°C. We recorded the AGDD for each individual plant 

based on the date on which they scored “3” on the maturity scale. In addition, individuals within 

families were categorized by their accumulated GDD at flowering as either early flower (EF) or 

late flower (LF) relative to the family and the trial they were in. Chi-square tests were conducted 

for all families that were present in at least two of the three trials using the EF/LF classification 

of individual genotypes to assess if the proportion of plants in each category within families was 

similar across trials. 

Genotyping of GWAS Panel 

Leaf samples were collected from 5000 individuals from all trials one month after the 

transplant date of that field. We removed a single leaflet from the top three inches of each plant 

and placed it in a 96 well plate, which was subsequently sealed and frozen in a -20oC freezer for 

at least one week before DNA was extracted. The extraction protocol follows that of Clark et al. 

(2022). Following DNA extraction, quality and concentration were checked and assessed using a 

nanodrop spectrophotometer. Reduced representation libraries were created for genotyping-by-

sequencing (GBS) following the protocol of Elshire et al. (2011), with the exception that a 

HindIII restriction enzyme was used. 1500 individuals from families which were segregating for 

day neutrality were used in our GBS. Libraries were size selected and sequenced on an ABI 

Prism® 3730 Genetic Analyzer at the UC Davis Sequencing Facility. 
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Statistical analysis 

The phenotypic data of all individuals, whether we genotyped them or not, were analyzed 

using linear mixed models (LMMs) with the R package, lme4 (Bates et al., 2015): 

Y ∼ N (Xβ + o, σ2W −1), 

where Y was the observed phenotype for a given individual, N was the dimension of the 

response vector, W was a diagonal matrix of known prior weights, β was a p-dimensional 

coefficient vector accounting for random effects of Replication, Environment, Family, and the 

Family × Environment interaction (G × E), X was an n × p model matrix, and o was a vector of 

known prior offset terms.  We also ran a separate model without family or family × environment 

interaction effects in order to adjust individual plant data for spatial and environmental variation. 

Heritability 

Variance components were computed for each trait across all environments and within each 

environment to calculate broad sense heritability (Table 5). We computed heritability as follows, 

𝐻) = 	
𝛔𝒈)

𝛔𝒈) +
𝛔𝒓) + 𝛔𝒆)

𝐫

 

Where σ2g is the family variance, σ2e is the residual variance, σ2r is the replicate variance, and r is 

the number of replicates in the field. 
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GWAS 

 We used the statistical software TASSEL 5.0 (Bradbury et al., 2007) for our GWAS. 

Raw sequence data were processed using the TASSEL GBS pipeline. We used the C. sativa 

variety ‘Purple Kush’ reference genome (Bakel et al., 2011) to align our GBS sequences and 

identify SNP marker loci. We ran a k-nearest neighbor SNP imputation method (LD-kNNi) to 

fill in missing SNP information among our taxa (Money et al., 2015). After imputation, we 

removed SNP loci that had a read depth of less than 2, a minor allele frequency across all 

genotypes of less than 0.02, and a major allele frequency greater than 0.98 (Petit, et al., 2020).  

Our GWAS was run using the mixed linear model  

𝑌 = 	𝜇 + Χ$𝛽$ + 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 + 𝐾𝑖𝑛𝑠ℎ𝑖𝑝 + 	𝜖 

where Y is the phenotypic observation on an individual plant as adjusted for spatial and 

environmental effects, 𝜇 is the population mean, Χ$𝛽$ is the fixed effect of the SNP, population 

structure as described by principle components from a principal components analysis (PCA)) of 

the marker data, kinship was assessed using a centered identity-by-state (IBS) method, and 𝜖 is 

the error. We also evaluated a second model without the kinship matrix. The GWAS was run 

using all individuals across all environments in one analysis with environment effects as random 

in our model. 

A Bonferroni-correction was applied to determine the significance threshold for p-values 

assigned to each SNP. The Bonferroni correction is considered one for the most stringent ways to 

set a threshold for significant SNPs (Kuo, 2017). The threshold is set by the -log10 of the 

quotient of the significance threshold (0.05) divided by the total number of SNPs used in the 
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GWAS (50,907), which sets a significance threshold of 6.01. For all statistical analyses, 

significance was assessed at the 5% probability level unless noted otherwise.  
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Results 
Phenotypic Trait Statistics and Model Effects 

 Across all environments,  family, environment, replicate, and family × environment 

effects were present for AGDD and Daylength at Flower (Table 2). Because of significant family 

× environment effects were present; we analyzed each environment independently (Table 3).  

Table 2: ANOVA results using all data across three fields with Family, Field, and Replicate 
terms as main effects and the Family:Field term as an interaction effect for AGDD at Flower and 
Daylength at Flower.  

 Main Effects Interactions 

Trait Family Environment Replicate Family x 
Environment 

AGDD at Flower *** *** *** *** 

Daylength at 
Flower 

*** *** *** *** 

* P < 0.05; ** = P < 0.01; *** = P< 0.001; n.s. = non-significant 
 

  Family effects were present for all trials for both traits, but block effects were only 

present in 2020, possibly because it was a larger trial. Segregating families grown in two or three 

environments were analyzed using Chi-square tests to determine if the proportions of EF/LF 

individual plants within the family changed across environments. No family tested showed a 

difference except KNR2C (Supplementary Table 1).   
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Table 3: ANOVA results using each field: July 2020, May 2021, and July 2021 as independent 
datasets. ‘Family’, and ‘Replicate’ terms were random effects in each fields individual model. 

 July 2020 

Trait Family Replicate Family x Replicate 

AGDD at Flower *** *** n.s. 

Daylength at Flower *** ** n.s. 

 May 2021 

AGDD at Flower ***                n.s. n.s. 

Daylength at Flower *** n.s. n.s. 

 July 2021 

AGDD at Flower *** n.s. *** 

Daylength at Flower ***                n.s. *** 

* P < 0.05; ** = P < 0.01; *** = P < 0.001; n.s. = non-significant; n.a. = not applicable 
 

 With the AGDD and Daylength at Flower traits, we ran a Pearson’s Product-Moment 

Correlation to see if there was any association between the measurement of the two traits. Across 

each of environments, the two traits were strongly statistically significant inversely correlated, 

with the range of the correlation being -0.92 to -0.99 (Table 4).  Further evidence of the inverse 

relation between the two traits can be seen in the histogram and boxplot distributions for the two 

traits (Supplementary Figures 1-4). 
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Table 4. Pearson correlation between our two traits, AGDD and Daylength at Flower within 
each individual environment. 

Environments Pearson’s Product-Moment Correlation 
(95% CI) 

2020  -0.99*** 

Early 2021  -0.92*** 

Late 2021  -0.99*** 

* P < 0.05; ** = P < 0.01; *** = P< 0.001; n.s. = non-significant 
 

 

Heritability  

Broad-sense heritability within fields for AGDD at Flower ranged from 0.60-0.73 and for 

Daylength at Flower, from 0.60-0.82; across all fields, AGDD and Daylength at Flower were 

0.55 and 0.44 respectively (Table 5). 

Table 5. Variance components for each trait and location combination and their heritability’s 

 Variance Components  

Trait:Field σ2g σ2e σ2r H2 

AGDD:July 2020 239.06 221.42 80.627 0.61 

AGDD:May  2021 434.67 388.561 18.751 0.81 

AGDD:July 2021 208.581 189.841 81.987 0.75 

DL:July 2020 0.3 0.29 0.1 0.60 

DL:May 2021 0.365 0.31 0.01 0.82 

DL:July 2021 0.324 0.276 0.12 0.77 

AGDD:All Fields 293.8 274.9 192.6 0.55 

DL:All Fields 0.33 0.28 0.54 0.44 

σ2g: Family; σ2e: Residual; σ2r : Replicate; H2: Broad-sense heritability 
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Genetic markers 

 We obtained a total of 129,823 sequencing reads for the 1507 plants used across all three 

fields. We then filtered the remaining reads to include those with an average read depth per 

individual of 2 and that were present in 80% of individuals. This left a set of 50,907 markers 

used for this analysis.  

Population structure 

 Within our three environments, when running a principle component analysis, we 

observed our individuals clustering into three groups (Figure 2; Figure 3). The way that our 

groupings could be described is that the day neutral individuals fall into one cluster, and day 

sensitive crosses falling into the two other clusters. Individuals which were mixed in between 

had genetics comprised that like those of the three clustered groupings. 

 

 

 

 

 

 

 

 

Figure 2. PCA plot for families included in the 2020 GWAS trial.  
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Figure 3. PCA plot for families included in both trials during the 2021 GWAS field trials. 

 

Genome Wide Association Study  

A genome wide association study was first done using a general linear model in TASSEL 

5.0 for both AGDD and Day Length at Flower. For both traits, the QQ-plot (Figure 4), showed a 

large inflation of p-values, suggesting that many of our SNP markers could be considered as 

false-positive associations with the traits. Given that our GWAS population contained well-

defined families of known relatedness, we expected that including kinship in the model would be 

necessary. Therefore, the GWAS was re-run using a mixed linear model (MLM), which 

incorporated the population structure using a Q matrix and integrated the relatedness of 

individuals with a kinship matrix. This deflated the magnitude of p-values and reduced the 

presence of false-positive results (Liu et al., 2016; Fig. 5).  
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Figure 4. QQ plot of -log10(p-values) for accumulated growth degree days to flower and 
daylength at flower using a GLM method. The solid black line is the expected distribution of 
SNPs when comparing expected p-values versus actual p-values.  

Figure 5. QQ plot of -log10(p-values) for accumulated growth degree days to flower and 
daylength at flower using a MLM method. The solid black line is the expected theoretical 
distribution of values; points which deviate further away from the expected line are significantly 
different from the expected distribution  
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The mixed linear Q+K model showed that that 54 SNP markers for both traits were 

present above the significance threshold set by a Bonferroni correction at 6.007 (Figure 6,7 and 

Supplementary Tables 2,3). These markers were mostly on Chromosome 2, although one marker 

on Chromosome 8 was also noted for AGDD.  

Figure 6. Manhattan plot for accumulated growth degrees to flower across all fields using a 
MLM method. 
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Figure 7. Manhattan plot for day length at flower across all fields using a MLM method. 

 

 

Candidate Genes for Day Neutrality 

 Fifty-four combined SNPs between AGDD and Daylength at Flower were marked as hits 

by having a p-value above the significance threshold set by a Bonferroni correction, 6.007: 

AGDD and Daylength at flower, both of which had the same top 5 SNP hits, were located on 

Chromosome 2 in the hemp genome (Supplementary Table 2,3). The GWAS shows SNPs 

associated with both traits in several regions on Chromosome 2, possibly because of the manner 

in which our families were constructed and the large linkage disequilibrium that they contained. 
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Discussion 

Phenotypic Trait Statistics and Model Effects 

 We expected families to differ for flowering time because they included both day neutral 

and daylength sensitive phenotypes. We also observed a significant family × environment 

interaction, suggesting that flowering differed across trials. This is likely to be related to the 

earlier planted May 2021 trial compared to the two July trials, given the differences in 

photoperiod. The two traits measured in our experiment had a strong and significant inverse 

correlation as expected. Due to hemp plants typically being short day plants which need to reach 

a critical photoperiod to initiate flowering, plants which need very short days would accumulate 

more AGDD; due to our planting dates in May to June, days only begin to shorten past the 

summer solstice, around June 21st, and only then, and sometimes even a few weeks after that, do 

hemp plants initiate flowering. 

Segregation of Genotypes Across Fields 

 After categorizing individuals in families within two groups, early flowering (EF) and 

late flowering (LF), we saw no significant differences (P< 0.05) in the proportion of segregants 

in each family for all except for one, KNR2C. Regarding KNR2C, the family had a larger 

proportion of earlier flowering individuals in May 2021 than July 2021, where the proportion of 

early to late flowering individuals was reversed. There was significant G×E interactions when 

observing the dataset, and in some capacity, there may be a way in which the individuals within 

KNR2C are responding to changes in the environment; specifically, because of differences 

which arise in temperature and daylength between fields planted weeks apart. The May 2021 

trial had an uneven distribution of nitrogen, with plots at the southern end of our field, showing 
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N deficiency and possibly inducing a larger proportion of KNR2C individuals to flower earlier 

compared to the same family planted in the July trial. The KNR2C family had few individuals 

and was not included in all replications, and hence the difference between fields could have been 

due to sampling. In addition, with any field trial, the individuals transplanted into the field could 

have been mislabeled or placed incorrectly.  

Heritability of Phenotypic Traits 

 With both traits, across all fields, broad sense heritability ranged between 0.60-0.82  

(Table 5). This falls just out of line with similar conclusions from Petit et al., 2020 which found 

broad sense heritability of flowering time in hemp to be 0.94 - 0.95 for beginning and full 

flowering, respectively. Broad sense heritability of a specific trait “is the proportion of 

phenotypic variation attributable to genetics” (Wang et al., 2013). The heritability of both traits 

was markedly lower in the July 2020 trial in which we had two replications vs. four for the 2021 

trials. The moderate heritability of both traits in 2020 indicates that while variation for flowering 

time has a large genetic component, it can still be influenced by the environment, particularly if 

the experimental design is not robust.  Across all three environments, heritability of AGDD was 

0.55 and of Daylength at Flower, 0.44.   

Genome Wide Association Study 

 Our parental germplasm was quite diverse, including different sources of high 

cannabinoid material as well as grain types with desirable architecture. Therefore, we controlled 

for both population structure and kinship in our association study. We identified numerous SNP 

located on Chromosome 2 for  both traits. The QQ-plot for our model, while better than a general 

linear model that excluded population structure and kinship, still suggested that some of these 
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associations could be false positives, as seen for SNPs trending above the line between the 

expected and actual statistical significance (Figure 4).  

  Using mixed linear models to find associations between traits and SNPs have been used 

extensively, not just in plants in general, but when looking at flowering traits specifically. Papers 

identifying SNPs for flowering timing have been found for hemp (Petit et al., 2021), alfalfa 

(Adhikari et al., 2019), and cowpea (Paudel et al., 2021).  

Candidate Genes for Day Neutrality 

When a GWAS was run with all trials, we observed that the five most significant SNPs 

were shared between the two phenotypic traits (Supplementary Table 2,3). We looked at the C. 

sativa L. variety ‘Purple Kush’ on the GenBank website (Benson 2013) and tried to identify if 

there were any candidate genes which might have been within, or just downstream of our 

significant hits. We investigated a 31 Mb region of Chromosome 2 between our two most and 

distal SNPs in order to see if we could identify genes which were linked to day-neutrality much 

like CONSTANS (CO). What we have found was one gene, flowering locus K homology 

domain (FLK), which was located on position 28,634,491 of chromosome 2, 7Mb away from 

two significant hits shared between both traits. In Arabidopsis, the flowering locus K is a 

regulator of other flowering time genes. Arabidopsis plants with mutations to FLK were shown 

to effect relative expression levels of CONSTANS in the individual plants (Mockler, 2004). 

With this, it might be possible that FLK works in the same way protein DAY NEUTRAL 

FLOWERING (DNF) acts in Arabidopsis. DNF works in the same pathway as CO and works to 

maintain low levels of CO in short day settings (Morris, 2010). DNF when mutated, shows to 

initiate earlier flowering in individuals overexpressing the protein, and also in instances in 

mutant dnf individuals. 
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Other significant SNPs which weren’t as near to the gene might still be connected 

through linkage disequilibrium (LD). However, it is just as likely that due to low sequencing 

depth, there is an artificial inflation of certain SNPs which may also have no association to any 

particular trait and are purely artifactual. To see if some of these peaks are true hits, perhaps 

rerunning the sequencing data for more stricter filtering can serve to increase the resolution of 

our most significant hits. 
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Conclusion 
 

 From our GWAS analysis of 1507 individual plants across two years and three different 

environments, we looked at over 50,000 SNPs and identified 54 total significant  SNPs, of which 

the top five most significant were shared between our two phenotypic traits, AGDD and 

Daylength at Flower. We searched the SNP sequences against the reference genome C. sativa L. 

‘Purple Kush’ in GenBank and found a proteins that were within a 21Mb region of our shared 

significant SNP hits: flowering locus K homology domain (FLK), a known down regulator of 

CONSTANS. It is also possible that associated SNPs which were not close to the gene locus 

might still be associated due to linkage disequilibrium. To see if this is the case, deeper 

sequencing is needed to resolve our significant hits and remove any other SNPs falsely 

associated with day neutrality. 
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Appendix 

 

Supplementary Figure 1: Distribution of AGDD at Flower for all plants across all fields 

Supplementary Figure 2: Distribution of Daylength at Flower for all plants across all fields 
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Supplementary Figure 3: The accumulated growth degree days at flower for July 2020 field 
(J20), May 2021 field (M21),  and the July 2021 field (J21). The white region of the boxplot, 
known as the interquartile range (IQR), highlights the 25th (Q1) and 75th (Q3) percentile of the 
data, while the solid black line is the median of the data. The lines drawn outside of the IQR are 
the (Q1 – 1.5 * IQR) and (Q3 +1.5 * IQR) values of the data. Circles outside of the boxplot are 
outlier values 
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Supplementary Figure 4: The day length at flower for July 2020 field (J20), July 2021 field 
(J21), and May 2021 field (M21). The white region of the boxplot, known as the interquartile 
range (IQR), highlights the 25th (Q1) and 75th (Q3) percentile of the data, while the solid black 
line is the median of the data. The lines drawn outside of the IQR are the (Q1 – 1.5 * IQR) and 
(Q3 +1.5 * IQR) values of the data. Circles outside of the boxplot are outlier values 
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Supplementary Table 1. Chi-square scores and p-values for flowering phenotypes which 
families were present in at least two of the three experimental trials. Families were divided into 
two groups, early flower (EF) and later flower (LF).  

Family Chi Square Score P-Value 
ANFFW-01-04 1.14 0.28 

Canadian 0.196 0.65 
Chinese 0.1628 0.687 
K1C1 2.59 0.107 
K1C2 3.0952 0.0785 
K2C 0.1939 0.659 

KG01 2.5264 0.2827 
KG02 3.0047 0.222 

KKNO-07 0.9023 0.34 
KNFFW-01-11 0.4532 0.5 

KNO-06-07 0.0007 0.979 
KNO-07 2.6729 0.102 

KNO-07-SP 1.7943 0.18 
KNO-12 3.1586 0.07553 
KNO-14 5.1605 0.0758 
KNO-15 3.9408 0.1394 

KNO-15-07 0.0974 0.75494 
KNR-01-01-SP 0.1309 0.7175 

KNR-02 0.6332 0.7286 
KNR-03 0.1757 0.675082 
KNR-04 0.5397 0.462 
KNR1C 0.8187 0.3656 
KNR2C 5.1089 0.02384* 
KNR3C 1.0004 0.3172 
KNR81C 0.7917 0.373 
KNR83C 0.0075 0.9311 

NFFW-1-01 0.1206 0.7284 
NFFW-1-04 0.4158 0.519 
NFFW-2-01 0.65 0.42 
NFFW-2-03 0.3635 0.546 

NFFW-2-03-SP 0.009 0.924 
NFFW-2-04 4.0457 0.1323 
NFFW-2-05 0.0297 0.863 
NFFW-2-06 4.9608 0.08371 
NFFW-3-02 4.603 0.100109 
NFFW-3-04 1.2228 0.2688 
NFFW-3-05 0.0767 0.782 
NFFW-4-01 0.9637 0.617 
NFFW-4-04 0.2205 0.64 
NFFW-4-09 2.1407 0.3429 
NFFW-5-02 3.915 0.1411 
NFFW-5-04 0.001 0.974 
NFFW-5-08 3.546 0.1698 
NFFW-5-09 0.0638 0.968 
NFFW-5-13 0.9423 0.331 
NFFW-7-01 1.2416 0.5375 
NFFW-7-03 0.3048 0.581 
NFFW-7-07 0.808 0.3867 

NFFWKNO-207-14 0.1902 0.6627 
NFFWKNO-505-14 0.588 0.443 

Nut SP 0.0794 0.778 
Rogue 0.7962 0.671 
W209C 1.329 0.249 

* P < 0.05; ** = P < 0.01; *** = P< 0.001 
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Supplementary Table 2. Top SNP hits for AGDD to flower, calculated from the MLM, with 
their associated location in the hemp chromosome, minor allele frequency (MAF), and their 
effect size. 

Supplementary Table 3. Top SNP hits for day length at flower, calculated from the MLM, with 
their associated location in the hemp chromosome, minor allele frequency (MAF), and their 
effect size. 

Marker Chromosome Position F-Score P-Value 
Additive 

Effect 

SNC_044371.1_19585509 2 19585509 24.40511 4.02E-11 -1.48E-01 

SNC_044371.1_20770861 2 20770861 22.68173 2.11E-10 0.13916 

SNC_044371.1_20770895 2 20770895 22.68173 2.11E-10 0.13916 

SNC_044371.1_21521079 2 21521079 22.14955 3.54E-10 -1.37E-01 

SNC_044371.1_13444061 2 13444061 16.334 9.96E-08 -5.64E-02 

SNC_044371.1_43735521 2 43735521 15.98973 1.39E-07 -4.37E-02 

SNC_044371.1_86154459 2 86154459 15.57956 2.07E-07 0.07901 

SNC_044371.1_86595207 2 86595207 14.94694 3.84E-07 0.12836 

SNC_044371.1_13523517 2 13523517 14.92582 3.94E-07 0.07761 

SNC_044371.1_84200442 2 84200442 14.69129 4.96E-07 0.05059 

Marker Chromosome Position F-Score P-Value 
Additive 

Effect 

SNC_044371.1_19585509 2 19585509 32.13409 2.48E-14 163.38397 

SNC_044371.1_20770861 2 20770861 30.18504 1.58E-13 -1.45E+02 

SNC_044371.1_20770895 2 20770895 30.18504 1.58E-13 -1.45E+02 

SNC_044371.1_21521079 2 21521079 26.74198 4.27E-12 140.83962 

SNC_044371.1_13444061 2 13444061 25.11266 2.04E-11 64.44883 

SNC_044371.1_43735521 2 43735521 23.64122 8.35E-11 55.08206 

SNC_044371.1_5943154 2 5943154 20.58576 1.60E-09 149.84704 

SNC_044371.1_5943179 2 5943179 19.81641 3.36E-09 -1.47E+02 

SNC_044371.1_12734992 2 12734992 19.67701 3.88E-09 -1.11E+02 

SNC_044371.1_76126443 2 76126443 18.96636 7.74E-09 -1.12E+02 
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Supplementary Table 4. Crosses made and used in the 2020/2021 Hemp field trials along with 
the number of individuals submitted in our GBS panel for DNA sequencing. 

Family Cross Type 2020 
GBS 

May 2021 
GBS 

July 2021 
GBS 

NFFW-1-03 NFF-01.07 X NFF-01.23 
 

8 
  

NFFW-1-04 NFF-01.08 X NFF-01.23 
 

18 13 
 

NFFW-1-10 NFF-01.29 X NFF-01.23 
 

7 
  

NFFW-2-01 NFF-02.02 X NFF-02.03 
 

9 17 
 

NFFW-2-02 NFF-02.04 X NFF-02.03 
 

9 
  

NFFW-2-03 NFF-02.05 X NFF-02.03 
 

18 15 
 

NFFW-2-04 NFF-02.06 X NFF-02.03 
 

15 16 14 
NFFW-2-06 NFF-02.08 X NFF-02.03 

 
40 12 18 

NFFW-2-07 NFF-02.21 X NFF-02.03 
 

10 
  

NFFW-2-08 NFF-02.22 X NFF-02.03 
 

7 
  

NFFW-2-09 NFF-02.23 X NFF-02.03 
 

9 
  

NFFW-2-11 NFF-02.25 X NFF-02.03 
 

10 
  

NFFW-3-02 NFF-03.02 X NFF-03.28 
 

17 20 8 
NFFW-3-04 NFF-03.05 X NFF-03.28 

 
10 19 

 

NFFW-3-05 NFF-03.06 X NFF-03.28 
 

17 15 
 

NFFW-3-08 NFF-03.10 X NFF-03.28 
 

16 
  

NFFW-4-01 NFF-04.03 X NFF-04.02 
 

15 12 12 
NFFW-4-04 NFF-04.07 X NFF-04.02 

 
17 18 

 

NFFW-4-09 NFF-04.26 X NFF-04.02 
 

14 14 14 
NFFW-4-10 NFF-04.27 X NFF-04.02 

 
18 17 

 

NFFW-5-02 NFF-05.02 X NFF-05.26 
 

18 17 19 
NFFW-5-04 NFF-05.04 X NFF-05.26 

 
15 16 

 

NFFW-5-08 NFF-05.09 X NFF-05.26 
 

20 21 2 
NFFW-5-09 NFF-05.21 X NFF-05.26 

 
40 20 13 

NFFW-5-13 NFF-05.51 X NFF-05.26 
 

20 15 
 

NFFW-5-14 NFF-05.52 X NFF-05.26 
 

10 
  

NFFW-6-03 NFF-06.02 X NFF-06.04 
 

10 
  

NFFW-6-15 NFF-06.24 X NFF-06.04 
 

10 
  

NFFW-6-17 NFF-06.25 X NFF-06.04 
 

10 
  

NFFW-6-35 NFF-06.×× X NFF-06.04 
 

10 
  

NFFW-7-01 NFF-07.01 X NFF-07.07 
 

19 20 7 
NFFW-7-03 NFF-07.03 X NFF-07.07 

 
18 19 

 

NFFW-7-04 NFF-07.06 X NFF-07.07 
 

10 
  

NFFW-7-07 NFF-07.11 X NFF-07.07 
 

20 18 
 

NFFW-7-15 NFF-07.31 X NFF-07.07 
 

17 
  

KNO-05 KG-9201.05 X NFF-05.26 
 

9 
  



 

 40 

KNO-07 KG-9201.44 X NFF-03.28 
 

20 19 
 

KNO-08 KG-9201.45 X NFF-07.12 
 

9 
  

KNO-09 KG-9202.01 X NFF-03.28 
 

9 
  

KNO-12 NF-9201.01 X NFF-04.29 
 

10 17 
 

KNO-13 NF-9201.01 X NFF-03.28 
 

8 
  

KNO-14 NF-9201.01 X NFF-05.26 
 

18 14 
 

KNO-17 NF-9201.28 X NFF-05.26 
 

10 
  

KNO-20 NF-9201.46 X NFF-05.26 
 

20 20 
 

KNR-01 KG-9201.01 X NF-9201.26 
 

10 
  

KNR-02 KG-9201.61 X NF-9201.26 
 

40 
  

KNR-03 KG-9201.62 X NF-9201.26 
 

20 13 
 

KNR-08 KG-9202.61 X NF-9201.04 
 

9 
  

NFF-01-23 NF.17 X C307.005 Parent 1 
  

NFF-02-03 NF.17 X CW.023 Parent 1 
  

NFF-03-28 NF.21 X CW.023 Parent 1 
  

NFF-04-02 NF.33 X BB.025 Parent 1 
  

NFF-04-29 NF.33 X BB.025 Parent 1 
  

NFF-05-26 NF.33 X C307.005 Parent 1 
  

NFF-06-04 NF.33 X CW.023 Parent 1 
  

NFF-06-21 NF.33 X CW.023 Parent 1 
  

NFF-07-07 NF.33 X CW.025 Parent 1 
  

NFF-07-12 NF.33 X CW.025 Parent 1 
  

NF9201-04 KG-9201-bulk X (NF.8 or NF.20) Parent 1 
  

NF9201-26 KG-9201-bulk X (NF.8 or NF.20) Parent 1 
  

NUT Original seed X Check 8 
  

ROGUE 
 

Check 5 
  

CBG#1 
 

Check 5 
  

KG01 
 

Check 5 
  

KG02 
 

Check 5 
  

KNR-02 KG-9201.61 X NF-9201.26 
  

11 22 
KKNO-07 KNO-07_GH01 X KG02_GH33 

  
19 21 

KNFFW-01-11 NFFW-01-11_GH01 X 
KG02_GH33 

  
11 11 

KNO-06-07 KNO-06_GH03 X KNO-07_GH02 
  

12 9 
KNO-W-07 KNO-07_GH03 X KNO-07_GH02 

  
17 7 

NFFWKNO-207-
14 

NFFW-2-07_GH02 X KNO-
14_GH04 

  
18 9 

K1202 KNO-12_F20-1 X KNR-02_#8 
   

13 
W110A-TS NFFW-1-10_L34-4 X NFFW-1-

10_L34-4 

   
10 

W204A NFFW-2-04_#2 X NFFW-2-04_#4 
   

13 
W206B NFFW-2-06_#3 X NFFW-2-06_#1 

   
15 
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WKNR1 KNR-01_#1 X KNR-01_#7 
   

5 
WKNR3 KNR-03_#5 X KNR-03_#6 

   
11 

KNR23 KNR-02_#5 X KNR-03_#6 
   

12 
K20214 NFFW-2-02_I17-1 X KNO-14_#2 

   
19 

K1217 KNO-12_F20-1 X KNO-17_K03-4 
   

7 
K1214 KNO-12_F20-1 X KNO-14_#2 

   
7 

K1811 KNO-18_B41-2 X KNFFW-1-
11_#2 

   
13 

Abacus 
 

Parent 
  

5 
Honolulu Haze 

 
Future 
Parent 

  
5 

CBG#1 
 

Parent 
  

5 
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