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ABSTRACT

The sex expression is a major concern for the gemmeprovement of
hemp. Although naturally dioecious and bearing tfoet@rphic sex
chromosomes, the species displays a highly variablaial phenotype. The
monoecious cultivars allow the mechanical harvdsbath stem and seed;
however, their seed production requires a stricttrob of the sex expression.
This thesis investigated the genetic determinism sek expression in
monoecious hemp and established its relationship flewering phenology and
stem and seed yields.

The existence of genotypic variability for the sexpression in
monoecious hemp was evidenced despite the higlmoemeental sensitivity of
the trait. Sex expression and earliness varied lynastnsistently among
cultivars. Higher seed yields were associated witlid-) early feminised
cultivars. Monoecious hemp was demonstrated to X&achromosomes, which
showed homologies with both the X and Y ones o&dious hemp. Three F1
segregating populations were created, and genefps were constructed. The
distribution of male and female flowers in monoesiglants was modelled. A
relatively high number of genomic regions (QTLspwkd variation associated
with the model parameters. Some of them were likelated on the sex
chromosomes. Closely linked QTLs for sex expressearliness and yields
were found. Their putative implications for breeglimere discussed.

In conclusion, the present quantitative approaattessfully provided
fundamental insights to improve our understandifithe genetic determinism
of sex expression in monoecious hemp and supportultivation for a dual
production.
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INTRODUCTION

Hemp (Cannabis sativa L.) was domesticated at &880 years ago
(Schultes 1970 cited by van der Werf et al. 1996)Europe, the species has
been cultivated over a period of many centuriesrag material for the
production of rope, canvas, textiles, paper andomiducts (Bocsa and Karus
1998). After a heyday during the golden age ofregiships in the 17 century,
the cultivation of hemp progressively declinedstfiy as a result of the
increasing concurrence of the cotton fibre. Howgsgrce about the last twenty
years, there has been a renewed interest for h&mp.recent comeback of
hemp in the European fields can be explained bytisdogical characteristics of
its cultivation and the diversity and propertiesrehewable resources that it
produces (van der Werf et al. 1996; Bocsa and Ka8®8; Struik et al. 2000;
Ranalli and Venturi 2004). At the local level, treation of the ASBL ‘Chanvre
Wallon’ in 2006 formalised the increasing interést hemp from scientific,
industrial and political actors in the Region wale in Belgium (Chanvre
Wallon 2013). The present thesis started in thigteed considering that hemp
might constitute an interesting alternative cropféomers.

From an agronomic point of view, the productionheimp is greatly
affected by two major features of its flowering teys: its sensitivity to the
photoperiod and reproductive morphology (Struilele2000). Firstly, hemp is a
gquantitative short-day plant. By modulating theatming time, the photoperiod
has a key influence on the stem yield since theirmax stem vyield is reached
shortly after flowering (Lisson et al. 2000b). Sedly, hemp is a naturally
dioecious plant with highly variable sexual phepety Both dioecious and
monoecious cultivars exist. However, in dioecioudtivars, the male plants
flower and senesce earlier than the female oneghwhakes the mechanical
harvest of the seed difficult (Bocsa and Karus )9®8®noecious cultivars have
been bred from plants bearing flowers of both seredioecious stands (de
Meijer 1995; Ranalli 2004; Moliterni et al. 2004Jompared to the dioecious
ones, the monoecious cultivars display higher sgietdls and allow the
mechanical harvest of both stems and seeds die ®ythchronized maturity of
the plants (Mandolino and Carboni 2004). Nevertgldreeding monoecious
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cultivars is not an easy task. Firstly, the muitiplion of monoecious cultivars
requires the manual elimination of the residualen@ants before flowering in
order to avoid the reversion to the dioecious f@@®herec 2000). Secondly, the
sex expression, defined as the ratio between thaléeand male flowers, varies
among plants from the predominantly male to predamtly female extreme
phenotypes. The strongly masculinised plants meselbminated during the
process of seed production of monoecious cultivagsause they are less
fruiting and more prone to develop fungal infectigBeherec 2000). From these
considerations, it results that the use of monagcigultivars might be
advantageous to reduce the crop heterogeneity@pdotiuce both stems and
seeds simultaneously, while the sex expressiohefrionoecious hemp plants
constitutes a major concern for breeders.

The production of stem and fibre in hemp has bemmstigated in
several studies (de Meijer and Keizer 1994; Medfeal. 1995; van der Werf et
al. 1995a, 1995b, 1995c, 1996; Sankari and Mela881%ruik et al. 2000;
Lisson and Mendham 2000; Mediavilla et al. 2001; aéloncci et al. 2008c).
Stem yields can be improved by breeding late-flamgecultivars (van der Werf
et al. 1994; Meijer et al. 1995). The duration fremergence to flowering has
been modelled in response to temperature and peadolp(Lisson et al. 2000b;
Amaducci et al. 2008a). Although the harvest ofhbstems and seeds
constitutes a common practice in different coustilike France (Bocsa and
Karus 1998; Bouloc 2006) and Canada (Vera and Ha6k4), studies related
to the simultaneous production of stems and seelsrp are scarce.

The mechanism of sex determination in hemp has baesidered to be
probably the most complicated among dioecious spefiVestergaard 1958).
Hemp is a diploid species that displays sexual damem and includes sex
chromosomes (Hirata 1924). In dioecious hemp, tflerescences consist in
drooping axillary panicles in the male plants armlvdled racemes in the female
ones (Mohan Ram and Nath 1964). The chromosomesr¥Xound in female
plants, and XY in male plants. The sex determinigonld be based on an X-to-
autosomes equilibrium and not on a Y-active medmnijWestergaard 1958;
Ainsworth 2000). In monoecious hemp, the infloremes are similar to those of
dioecious female plants with both male and fembdedrs (Bocsa and Karus
1998). However, the determinism of their sex exgoEs remains widely
unknown. Though presumably XX (Menzel 1964), thenposition in sex
chromosomes in monoecious hemp has never beer gtdendolino et al.
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2002; Moliterni et al. 2004). In addition, the sexpression in hemp, both
dioecious and monoecious, shows a high plastiéiternal factors such as
photoperiod, nitrogen status or hormonal treatmé@ratseman et al. 1980), are
able to induce the production of flowers of the agife sex on dioecious hemp
plants and modify the sex expression of monoecpasts (Schaffner 1921;
Borthwick and Scully 1954; Arnoux 1966a, b; Fourrdad Beherec 2006).

Recent molecular studies on the sex expressionemphled to the
identification of DNA markers associated with thalenphenotype (Sakamoto et
al. 1995; Mandolino et al. 1999; Flachowsky e2&01; Mandolino et al. 2002;
Torjek et al. 2002; Sakamoto et al. 2005) and DNé#rkers located on the X
and/or Y chromosomes (Peil et al. 2003; Rode et2@05). These studies
provided insights on the structure of the Y chroome of hemp — higher size
compared to the X chromosome, presence of retspcmon-like sequences and
existence of a pseudoautosomal region, in particutfowever, the sex
expression in monoecious hemp has been little figaged. The absence of
male-associated DNA markers has been observed pla2fis of monoecious
cultivars (Mandolino et al. 1999; Torjek et al. 2p)0OMoreover, these studies
including monoecious cultivars considered the moimes state as a qualitative
trait.






OBJECTIVES

The present thesis focuses on the study of the esgxession in
monoecious hemp. However, on the one hand, hemgh®rt-day plant and, on
the other hand, the use of monoecious cultivarsshiasficant implications on
both hemp breeding and cultivation. Therefore, twmain objectives were
addressed: (i) investigating the genetic determinif the sex expression in
monoecious hemp and (ii) establishing the relatigpssbetween sex expression,
flowering phenology and yields in stem and seednonoecious hemp. With
respect to the first main objective, the originaliff the present thesis relied in
the quantitative approach of the sex expressiomging from strongly
masculinised to strongly feminised phenotypes. &loee, we assumed that the
genetic determinism of the sex expression in mapaschemp could be
investigated through the identification of quariia trait loci (QTLS).

Five specific objectives were defined in order thiave the main
objectives:

1. Assessing the genotypic variability of the sex egpion in monoecious
hemp;

2. Establishing the relationships between sex exmessilowering
phenologyand stem and seed yields in monoecious hemp;

3. Establishing the composition in sex chromosomesaioecious hemp;
4. Constructing linkage maps of the sex expressidremp;

5. Identifying QTLs involved in the determinism of tlsex expression,
earliness and yields in stem and seed in hemp.

The specific objectives were addressed by theVatig experimental
designs.
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() Assessing the genotypic variability of the sex exgssion in
monoecious hemp (Chapters IV & V)

The genotypic variability of the sex expression regsped as a
guantitative trait was assessed among five monosdiemp cultivars in the
field (Chapter IV) and in controlled conditions @ter V). The cultivars
covered a range of earliness varying from veryye@dso 31"), early (‘Fedora
17’), mid-early (‘Santhica 27’ and ‘Felina 32") tlate (‘Epsilon 68’). In the
field, environmental variation was created by tleéedtion of two contrasting
sites in Belgium, five sowing dates ranging betw&éd-April and Mid-July
and the completion of two trial years. In contrdligonditions, three trials were
performed under distinct photoperiodic conditiolmbe sex expression of the
monoecious plants was assessed by recordindetipeee of monoecwn ordinal
scale established by Sengbush (1952) that cles#ifeemonoecious hemp forms
according to their ratio between female and matavdks. In controlled
conditions, the scale of Sengbusch (1952) was meadiby including seven
levels instead of five. In the field, the monoe®grke was determined at the
plot level, while in controlled conditions, it wastermined for each plant node.
The observation of the sex expression was repéatede.

(2) Establishing the relationships between sex expressi,
flowering phenology and yields in both stem and sdan
monoecious hemp (Chapters IV & V)

The relationship between sex expression and floaggphenology was
assessed among five monoecious hemp cultivarstmftedd (Chapter V) and
controlled conditions (Chapter V), while the retaiships between stem and
seed yields, flowering phenology and sex expressias determined in the field
only (Chapter IV). The experimental designs usedthis purpose were
described for the first specific objective. In theld, the flowering phenology
was determined by seven floral developmental sthgeed on the phenological
scale of Mediavilla et al. (1998). In controlled nditions, the flowering
phenology was determined by the time of first flonappearance and the
duration of flowering only. In the field, the pladénsity was measured, and the
dry matter yields in stem and seed were determifibd.relationships between
sex expression, flowering phenology and yields wediseussed with an eye
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towards supporting the crop management and thugietas in hemp cultivated
for the simultaneous production of stem and seed.

3) Establishing the composition in sex chromosomes of
monoecious hemp (Chapter VI)

The composition in sex chromosomes of monoeciousphavas
assessed by flow cytometry and a male-associatel idétker. The use of flow
cytometry relied on the presence of size differenbetween the X and Y
chromosomes of hemp (Yamada 1943 cited by Sakaetab 1995; Sakamoto
et al. 1998) and the ability of the technique tgphlight very small genome-size
differences (Costich et al. 1991; Vagera et al.413polezel and Gohde 1995)
and analyze large populations of cells (Dolezel Bados 2005). According to
Mandolino et al. (2002), the male-associated DNArkaa MADC2 is
completely associated to the male phenotype analdhioerefore be located on
the Y chromosome in a region excluded from recoatimn during meiosis.
The amplification of this marker by monoecious péamvould indicate the
presence of a male-specific region in monoeciouapherhe cytometric and
molecular analyses were performed through the atialu of 55 and 115 plants,
respectively, belonging to five monoecious hemjpivaids.

4) Constructing linkage maps of the sex expression memp
(Chapter VII)

Three linkage maps were constructed in order teigeoa framework
to perform QTL analyses. To this purpose, threeségregating populations
were used: two derived from a cross between madkfamale plants of the
dioecious cultivar ‘Carmagnola’, and one from assrbetween two monoecious
cultivars, ‘Uso 31" and ‘Fedora 17'. The creatioh dioecious populations
aimed at the identification of markers linked te #ex and thus located on the
sex chromosomes, while the creation of a monoegapsilation aimed at the
segregation of the sex expression in the offsprirgo dioecious populations
instead of one were used because of the relativelynumber of seeds obtained
from the ‘Carmagnola’ crosses. DNA polymorphism wmaevided by AFLP
molecular markers. The selection of the AFLP teghairelied on its ease of
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implementation, its ability to amplify many loci ¢¢ et al. 1995; Mueller and
Wolfenbarger 1999; Meudt and Clarke 2007) and thailability of AFLP
primer pairs providing sex-linked markers in hera¢howsky et al. 2001).

(5) Identifying QTLs involved in the determinism of the sex
expression, earliness and yields in stem and seechiemp
(Chapters VIII and 1X)

The sex expression, flowering time, stem and séddsywere recorded
in the three F segregating populations as described for the Hoapecific
objective. The sex expression of both dioecious rmwhoecious plants was
recorded at distinct times, while all of the renragnthree traits were recorded
once. In addition, the sex expression of the moiwoeglants was noted at each
plant node. Due to the large number of data pgietsplant, distinct variables
were constructed in order to summarise the sexesgjmm of the monoecious
plants. A method based on the modelling of theribigtion of the male and
female flowers as a function of the plant node gltihve stem was established for
characterizing the sex expression of the monoeqgitaists. The development
and discussion of this approach were reported ap@h VIII.

The QTL analysis was conducted in each segreggiogulation
independently by expressing each phenotypic variabkerms of QTLs in the
structure of a mixed model (Chapter IX). The linkagnaps that were
constructed according to the fourth specific oliyecprovided the framework
for the location of QTLs. The use of a mixed moftegl QTL mapping (van
Eeuwijk et al. 2010) allowed to consider the existe of genetic correlations
between the observations of the sex expression madsach plant at distinct
times.

10



THESIS OUTLINES

The present thesis is structured in three parts.

Part |1 provides the context of the present research. firbe three
chapters address the questionky, ‘what and ‘how, respectively: why hemp
is an interesting crop today (Chapter I), what fegg are significant for the
genetic improvement of the species (Chapter Iy Bow to investigate the
genetic determinism of a quantitative trait (Chajiig

Part Il presents the experimentations and results ascassion of five
chapters, either published or prepared for subomsgd peer review journals
(Chapters IV to 1X). Each chapter can be easilyeusidod independently;
however, | would like to apologize for the discomfthat the redundancies
among chapters may provide during a complete antimmus reading of the
present document.

Part Il discusses the main advances of the present warlprvides
perspectives for further studies aiming to imprawe understanding of the
genetic determinism of the sex expression in maonaschemp and/or support
the production of stem and seed in monoecious hemp.

11
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CHAPTER |

HEMP, AN ANCIENT CROP WITH HIGH
INNOVATIVE POTENTIAL

Hemp refers to cultivars @annabis sativd.. grown for the production
of fibre, straw, cannabinoids or seed and charaetiby low levels of\*-tetra-
hydrocannabinol (van der Werf et al. 1996; Lissbale2000a). It is one of the
oldest cultivated crops: the species was domesticat least 6000 years ago
(Schultes 1970 cited by van der Werf et al. 1996) perhaps 8500 years ago
(Schultes and Hofmann 1973 cited by Small and Quimngl976). Hemp
originates from Central Asia but has been cultdai®m the Equator to the
Polar Circle (Vavilov 1926 cited by van der Werfabt 1996; Bocsa and Karus
1998).

From the 18 to the 18 century, hemp and flaxtinum usitatissimum
L.) were the major fibre crops in Russia, Europd &lorth America. Hemp
fibres has been used in the textile, sail and peygistries (Ranalli and Venturi
2004). However, the large-scale cultivation of @oitjute and other tropical
fibres, the development of new technologies to gsecwood into paper pulp,
and the presence of psychoactive components in nesgtted in the decline of
its cultivation in the 19 century. The hemp production declined furtherha t
20" century due to the advent of synthetic fibres (ganWerf 2004). From the
second world war until the 1980’s, hemp has bedargely forgotten crop,
although the breeding work continued in Eastern @edtral Europe and in
France (de Meijer 1995; van der Werf et al. 19%®). about the last twenty
years, there has been a renewed interest for hempsaurce of cellulose fibre
and seed oil in Western European countries, Ausiride US and Canada (de
Meijer 1995; van der Werf et al. 1996; Schumanraletl999; Lisson et al.
2000a; Struik et al. 2000; Ranalli and Venturi 20@esides, legal measures
against the use @annabisdrug in Western countries can no more discourage
the cultivation and transformation of hemp (de Meif{995). The recent revival
of interest for hemp can be explained by featufdmth its cultivation and uses.

15
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(1) Hemp is an annual crop that has the right profile o fit into a
sustainable agricultural system in a temperate clirate.

Hemp is able to provide high yields under a widage of agro-
ecological conditions (Struik et al. 2000). As aim@aal crop, it does not require
a long-term commitment in land use and can beyesdégrated in the rotation
(Ranalli 2004). While harvesting hemp straw anddseequires suitable
equipment (Chanvre Wallon 2013), the managemeath&fmp crop is similar to
other conventional crops.

The cultivation of hemp has little pesticide anddest fertilizer needs
and provides several advantages in the crop raotalie capacity to grow fast
constitutes an opportunity for weed control. Thanpldevelops a long tap root
and thereby has an improving effect on the soilcstre (van der Werf et al.
1996; Ranalli and Venturi 2004; Piotrowski and Gaf011). Hemp could
increase the yield of the succeeding crop in thation cycle up to 10-15%
(Ranalli and Venturi 2004). According to van dert\a al. (1996), hemp is an
excellent candidate to fill the niche of an anrarab in a temperate climate.

Compared to other crops such as potato or sugar emp is a low-
input crop with low environmental impacts (van &éerf 2004). The low-input
trait of hemp refers to the low use of fertilizeM®K (75-38-113, 170-80-293
and 220-101-180 kg Haof N-P,Os-K,O for hemp, potato and sugar beet,
respectively, in France), pesticides (0, 5.5 afickg.ha' of active ingredient for
each crop, respectively) and diesel (65, 165 andkiBha', respectively) (van
der Werf 2004). Hemp is characterized by low emvinental impacts in terms
of eutrophication (20.5, 23.8, 24.1 and 24.4 kg ok PQi-equivalents with
hemp, potato, sugarbeet and pea, respectivelyssemi of greenhouse gases
(2300, 4120 and 4900 kg haof CO-equivalents with hemp, potato and
sugarbeet, respectively) and acidifying pollut&h8( 22.4 and 240.5 kg haf
SO,-equivalents with hemp, potato and sugarbeet, otispy) (van der Werf
2004). According to Ranalli and Venturi (2004), ieemwould be a suitable crop
for both conventional and organic farming systeraBle to provide high
biomass production with low inputs. Forapani et @001) attributed the
renewed interest for hemp to its comparatively lahemical fertilizer
requirements and its exceptional disease resistam@ldition to an increased
public perception of the value of natural fibresnpared with synthetic ones
(Montford and Small 1999).
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(2) Hemp is a multi-purpose crop able to provide renewlale raw
materials and endproducts with valuable properties.

Hemp is grown for a multitude of end products dedifrom the seed,
fibre, wooden core and cannabinoids (Struik et28l00). In the European
Union, hemp fibres are mainly intended for the pap® automotive industries
(Karus and Vogt 2004). They are used as biocomgméitr thermoplastic and
thermoset press-moulded parts in the vehicles.client use of hemp fibres in
the textile industry would be limited in EU (Karaad Vogt 2004). However, a
project aiming at the development of a competitieenp fibre production chain
for textile destination has been conducted in I{&snaducci 2003). The hurds,
or wooden core of the stems, are used for aninddlibhg and in the insulation
sector. Most hemp seeds are sold for animal feeginlynfor birds. The
remaining markets for hemp seed include the cosnaetil human food sectors
(Karus and Vogt 2004). In addition, hemp produegpdnophenolic substances
known as cannabinoids, which accumulate mainihéglandular trichomes of
the plant and are unique to the species (de Meljesl. 2003). At least 66
different cannabinoids were identified in hemp (fex et al. 2008). The
therapeutical potential of these substances hasibeestigated, an@annabis
based medicines have been developed (Pertwee &i0#;and Guy 2004).
According to Struik et al. (2000), the multi-purpogeature of hemp uses
distinguishes it from other non-food crops, whicually produce only one type
of material, and makes it an interesting model cfmpthe development of
multi-output systems.

In addition, valuable properties have been receghfsr specific hemp
products. Correia et al. (2001) showed that hetme fallows the production of
paper pulp at lower energy cost than traditionabevgulp species. In the
automotive industry, hemp fibre reinforced plassbsw favourable mechanical
properties such as rigidity and strength in comimmawith low density (Haufe
and Karus 2011). Lime—hemp composites are innoxdtivlding materials with
hygrothermal properties such that they can sigmifily improve the indoor
comfort (Evrard and De Herde 2009). The potentfathe hempseed oil in
human nutrition has been pointed out: the hempsdedresents an optimal
omega-6 to omega-3 ratio for human health andiishasource of two essential
fatty acids (linoleic and alpha-linolenic acids)a{faway 2004). Essential oils
can be produced from the inflorescences of fibmagelants. They present an
interesting composition in terpenes with legal aaté cannabinoid content and
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therefore could be used as natural flavour anddrage additives (Bertoli et al.
2010).

Furthermore, hemp can contribute to the sustaitabdf distinct
industries by providing substitutes with lower eoaimental impact. The use of
hemp fibre for textile constitutes an alternatieette high-input cotton fibre
(van der Werf 2004). The use of hemp in the papgustry allows to relieve the
pressure on forest reserves (Lisson et al. 200@balR and Venturi 2004). In
the automotive industry, the replacement of foeeiérgy-based composites by
hemp fibre reinforced materials results in consie savings in greenhouse
gases emissions, which are further decreased wisestdérage of carbon in the
hemp-based materials is considered (Haufe and Ka@ld). However, as
biomass species for the production of biofuels,ittterest of hemp is limited
compared to fibre corn or miscanthus (Godin e2@1.3).

The total area of hemp cultivation in EU was cltesé2 000 ha in 2011
(GC lin et chanvre 2010). Two thirds of the EU protibn originate from
France. In 2004, the largest European hemp prosluatier France were
Germany, United Kingdom, Czech republic, Romaniagsdta and Ukraine, with
a hemp surface larger than 1000 ha each (Bouloé)2®fowever, the total
hemp cultivation area in EU was higher during tkeqa ranging from 1997 to
2003, with an average hemp area close to 15 O@Bidlason and Karus 2008).
This situation could be explained by two main reas(EIHA 2011). Firstly,
hemp is suffering from the absence of commercippstt, such as subsidies or
tax incentives, resulting in an under investmeaolirfrthe private sectors in bio-
based materials. This situation contrasts with filase, which benefits from aids
for processing long fibres (Hobson and Karus 2088condly, hemp fibre has
to compete with imported exotic fibres like jutegniaf or sisal, which are,
according to EIHA (2011), produced under low socad environmental
standards. In addition, the investment in altewgattrops such as hemp is
affected by the cereal prices (Hobson and Karu8R®Ghich remain relatively
high since 2007 (Index Mundi 2013).

In Wallonia, the hemp surface is limited and highériable from one
year to another. There were 135 ha in 2010, onlyn2Z011 and 80 in 2012
(Chanvre Wallon 2012). Four actors of productiod &nansformation of hemp
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have been identifiedChanvrEco hurds producer for the construction sector and
animal and horticultural beddin§ur Chanvre producer of organic hempseed
oil, Belchanvre agricultural cooperative aiming the developmdrd defibering
line, and IsoHemp producer of hemp blocks for the construction @ect
(Chanvre Wallon 2013). According to Hobson and Isg2008), the production
of hemp has a relatively high regional added véleeause storage, processing
and, in most cases, further steps of the procesin tdike place close to the field,
resulting in a higher employment rate per hectdreeonp compared to wheat
used as reference crop.

In conclusion, hemp is an interesting crop fromhbagronomical and
environmental points of view, and its productiom canhance the regional
development (Hobson and Karus 2008). Besides, gtgenteresting technical
properties (Evrard and De Herde 2010; Hobson andika008; Haufe and
Carus 2011), hemp can play an important role inptegluction of innovative
biomaterials -e.g, natural fibres reinforced plastics, insulatiom @onstruction
materials —, while the demand for natural fibresnfrbio-based plastics and
insulation industries is rising (EIHA 2011). Howeyvehe evolution of the
European hemp production appears highly dependettieosupport of both its
cultivation and transformation by the EU (Hobsord ddarus 2008). The
European Industrial Hemp Association (EIHA) is claig for a sustainability
certification for all natural fibres to guaranted¢a&r competition (EIHA 2011).
Last but not least, the Common Agricultural Pol{AP) is currently being
deeply reformed. In this context, the consideratibinemp in the list of crops
available for the ‘greening’ of the first CAP pillaould offer an opportunity for
the hemp production.
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CHAPTER I

PHENOTYPIC PLASTICITY AND GENOTYPIC
VARIABILITY IN HEMP

2.1.CANNABISSATIVA L. IS A HIGHLY VARIABLE SPECIES

2.1.1. Taxonomy

Cannabis and Humulus constitute the only two genera of the
Cannabaceagamily (Lambinon et al. 2004), which belongs te fRosales order
(APGIII 2009). However, there is no general agresnen the infra-generic
taxonomic classification oCannabis (Meijer and Keizer 1996). All strains
within the genugannabisintercross readily and present a continuous vanat
pattern for all observed morphological and agromairtraits, suggesting that all
plants ofCannabisbelongs to one single speci€s, sativa(Small et al. 2008).
According to Small and Cronquist (1976), sativaincludes two subspecies,
sativaandindica (Lam.) Small & Crong, each of these comprising twatanical
varieties:C. sativalL. subsp.sativavar. sativaand var.spontaneaon the one
hand, andC. sativalL. subsp.indica var. indica and var.kafiristanicg on the
other hand. The discrimination between both subspeand varieties has been
based on their psychoactivity and domesticatiotustaespectively (Small and
Cronquist 1976). On the opposite, other taxonomietognize three species
within the genusCannabis C. sativa L., C. indica Lam. andC. ruderalis
Janischevsky (Schultes et al. 1974 cited by de évledind Keizer 1996;
Emboden 1974). This classification relies on thanplmorphology (height,
degree of branching and achene morphology andneaphology) rather than
on the psychoactivity. However, the classificatioh Small and Cronquist
(1976) seems to be the most accepted today (deeMBEH95; Forapani et al.
2001; Alghanim and Almirall 2003; van Bakel et &011). The currently
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cultivated varieties of hemp were domesticated frthra botanical variety
Cannabis sativad.. subspsativavar.sativa(Small and Cronquist 1976).

Fig. 2.1 Inflorescences in the genuBannabis (a) drug strain (Barney's farm
2014) and (b) hemp cultivar.

2.1.2. Botanical description

Hemp is an annual species. It is naturally dioesiand characterized
by sexual dimorphism (Fig. 2.2a, b). The male [gdrdve a shorter life cycle,
are generally taller and have thinner stalks than female ones, which are
shorter but thicker (Bocsa and Karus 1998; Schunedral. 1999; Struik et al.
2000). In addition to the dioecious hemp, monoexiforms of hemp exist.
Monoecious cultivars have been developed from pléetring hermaphrodite
flowers or bisexual inflorescences (Moliterni et2004).
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0] Vegetative system

Hemp has a well developed primary root, which each a depth of 2-
2.5 meters depending on the soil properties (BacshKarus 1998). The stem
length varies from 0.75 to 3 m or more dependingherdaylength, cultivar, soil
and available nutrients, water supply, spacindefflants and sex (Mohan Ram
and Nath 1964; Bocsa and Karus 1998; Ranalli 2004).

The stalk is constituted of the bark and the woodere, which are
found outside and inside the vascular cambium,e@ggely. The bark fraction
accounts for 30-40% of the stem dry matter yieldn(xder Werf et al. 1996;
Ranalli 2004). It contains primary bast fibres 84#mm long) and may also
contain secondary bast fibres (about 2 mm long)mdty fibres run
longitudinally along the stem from bottom to topdasen reach almost the full
length of the plants (Van Dam and Gorshkova 208&ddby Westerhuis et al.
2009b). Secondary fibres derive from tangentiaisitim of cambium cells when
a stem part has reached its maximum length (Westegt al. 2009b). Much
more shorter fibres (0.5-0.6 mm long) are founthimcore fraction (Lisson and
Mendham 2000; Mediavilla et al. 2001).

The single fibre cells are organised in bundlesbimgding substances
that consist mainly of pectins. The most importaninponent of the fibre is
cellulose (55% in weight). In addition, the fibrés@ contains hemicellulose
(16%), pectins (18%) and lignins (4%) (Bocsa andukdl998; Chabbert et al.
2006). The cellulose is less easily decomposedhbyptocess of stalk retting
than the other fibre components, so that the wopdst of the stems and
cellulose-filled fibre bundles survive to rettinfhese can be separated from
each other by mechanical breaking and scutchings(&¥euis et al. 2009a).

Hemp has palmately compound leaves which are stggpby 3 to 15
cm-long petioles. The number of leaflets incredses one for the first true
leaves to a number varying between 3 and 13 aaffasted by the variety, age
of the plant and position on the stalk (Bocsa anduK 1998). The phyllotaxis is
opposite in young plants and changes to alterndienwilowering begins.
However, alternate leaves have been observed idlowaring plants (van der
Werf et al. 1994).
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The aerial epidermal surface of hemp is coverediyerous glandular
and non-glandular trichomes (Bocsa and Karus 1P88& 1994). The glandular
trichomes are concentrated on the young, usuaflyilee leaves located in the
inflorescence and on the bract that envelops tlie(8mall and Cronquist 1976;
Pate 1994; Pacifico et al. 2006). They secretesm rinat contains terpenoid
chemicals called the cannabinoids. Mietetra-hydrocannabinoh{-THC) and
cannabinol (CBD) are the most common among thexicant and non-
intoxicant cannabinoids, respectively (Small andorQuist 1976). The
maximum THC level currently admitted in EU for heydtivars is 0.2% of the
dry matter (Beherec 2000; Pacifico et al. 2006).

(i) Reproductive system

Hemp flowers are unisexual. They arise in infloegges that are
terminal at an early stage, and terminal or latata later stage (Moliterni et al.
2004). The male inflorescence consists of droopaxglary panicles with
generally few or no leaves (Mohan Ram and Nath ;1B&yl 2.2a). The female
inflorescences are more compact than the male (Bediset al. 2003; Fig. 2.2b).
They consist of crowded racemes with leafy brautd tlevelop at the apex of
the plant or at the axils of leaves or lateral bres (Moliterni et al. 2004).
Monoecious hemp plants bear inflorescences simdathat of female plants
with both male and female flowers arising in valgadamounts (Fig. 2.3).

The male flower has five stamens with short filateeand large and
longitudinally dehiscing anthers (Fig. 2.2c). Pollgrains are copiously
produced and mostly wind dispersed (Mohan Ram aaith N964; Small and
Cronquist 1976). The female flower has a very saxgitucture (Fig. 2.2d). Its
perianth consists of a single, green, spathe-likeetire that is covered over by
short brownish glands. It encloses an uniloculaargy which includes an
anatropous ovule and is surmounted by a reducdsl @iy a bifid stigma. The
fruit is bivalved and consists of a single seedhéae), which is greyish, smooth
and enclosed in the persistent perianth (Mohan &asiriNath 1964; Moliterni et
al. 2004). The hempseed typically contains over 8@%nd about 25% protein,
with considerable amounts of dietary fibre, vitasniand minerals (Callaway
2004).
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Fig. 2.2 Sexual dimorphism in dioecious hemp: male (a) amdnale (b)
inflorescences, and male (c) and female (d) flowers.
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Fig. 2.3 Inflorescences of monoecious hemp displaying distidegrees of
monoecy: masculinised (a), feminised (b) and styorigminised (c)
phenotypes.

2.1.3. Growth and development

The life cycle of a hemp plant has been divided fiour main stages:
germination and emergence, vegetative stage, flogg@nd seed formation, and
senescence (Mediavilla et al. 1998). The periodnfrthe first leaf pair
appearance to the first flower buds at the lea$ @xcludes a phase of slow
growth, until the fifth pair of leaves, followed layphase of rapid growth (Bocsa
and Karus 1998). As a short-day plant (Fleishma@88Icited by de Meijer and
Keizer 1994; Borthwick and Scully 1954), flowerimghemp is affected by the
photoperiod. The stem elongation is affected bytithe of flowering since the
stem growth decreases after flowering. Therefdre,duration from sowing to
flowering and therefore the photoperiod is a factbparamount importance in
the stem yield determination (Lisson et al. 200&tmn der Werf et al. 1994).

In addition, the phenological development is affecby the sex of the
plant. In a dioecious hemp cultivar, male plantsvér and senesce generally
earlier than the female ones (Struik et al. 200®)e phenological scale of
Mediavilla et al. (1998) distinguishes the floravelopment (stage 3) of male,
female and monoecious plants, with developmentafjest specific to each
flower sex in monoecious hemp (Table 2.1).
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Table 2.1 Definitions and codes of growth stages @&nnabis satival. plants
(Mediavilla et al. 1998)

Code Definition Remarks

GERMINATION AND EMERGENCE
0000 Dry seed

0001 Radicle apparent

0002 Emergence of hypocotyl
0003 Cotyledons unfolded

VEGETATIVE STAGE refers to main stem. Leaves are considered asdetfalhen leaflets are
at least one cm long.

1002 1st leaf pair 1 leaflet

1004 2nd leaf pair 3 leaflets
1006 3rd leaf pair 5 leaflets
1008 4th leaf pair 7 leaflets

1010 5th leaf pair

10xx nth leaf pair xx = 2(nth leaf pair)

FLOWERING AND SEED formation refers to the main stem including brasgch
2000 GV point Change of phyllotaxis on the main stemmfro

opposite to alternate. Distance between petioles
of alternate leaves at least 0.5 cm

2001 Flower primordia Sex nearly indistinguishable
Dioecious male plant

2100 Flower formation First closed staminate flowers

2101 Beginning of flowering First opened staminate flosve

2102 Flowering 50% opened staminate flowers

2103 End of flowering 95% of staminate flowers open dthered
Dioecious female plant

2200 Flower formation First pistillate flowers. Bracttwino styles.

2201 Beginning of flowering Styles of first female flovee

2202 Flowering 50% of bracts formed

2203 Beginning of seed maturity First seeds hard

2204 Seed maturity 50% of seeds hard

2205 End of seed maturity 95% of seeds hard or shattered
Monoecious plant

2300 Female flower formation First pistillate flowerseriyonal bract with no pistils.

2301 Beginning of female flowering  First pistils visible

2302 Female flowering 50% of bracts formed

2303 Male flower formation First closed staminate flower

2304 Male flowering Most staminate flowers open

2305 Beginning of seed maturity First seeds hard

2306 Seed maturity 50% of seeds hard

2307 End of seed maturity 95% of seeds hard or shattered
SENESCENCE

3001 Leaf desiccation Leaves dry

3002 Stem desiccation Leaves dropped

3003 Stem decomposition Bast fibres free
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2.1.4. Current hemp cultivars

The great majority of the current hemp cultivarasists of populations,
obligately outbred in the case of dioecious hemp @produced by open-field
pollination (Bocsa and Karus 1998; Forapani eR@01; Fournier and Beherec
2006). Some inbred monoecious lines are developettréed monoecious
cultivars (de Meijer 1995). The current hemp cualts/ can be characterized
according to their sexual type and earliness.

0] Sexual type

Three sexual types (dioecious, ‘unisexual’ and negious) closely
linked to the breeding strategy can be distingulqjde Meijer 1995).

Dioecious cultivars

The dioecious cultivars derive directly from diaaes landracese(g,
the Iltalian ‘Carmagnola’) or from crosses betwedstintt dioecious strains
(e.g, the ltalian ‘Fibranova’) (de Meijer 1995). Comedrto the monoecious
cultivars, the dioecious cultivars allow the apafion of the method of
Bredemann (1924 cited by Ranalli 2004) to increthee fibre content. This
strategy consists in determining vivo the fibre content of the male plants
before flowering and restricting the pollination toe best male plants. Its
application resulted in an increase of the fibreteot from approximately 15 to
25% in thirty years (Bocsa and Karus 1998). Howetee use of dioecious
hemp cultivars is limited by the seed productiomdeled, waiting for seed
maturity implies the dead of the male plants asesult of their earlier
senescence compared to the female ones, and thenpeeof such dead plants
makes the mechanical harvest of the seed not feg@lbcsa and Karus 1998;
Fournier and Beherec 2006).

‘Unisexual’ hybrids

The ‘unisexual’ type derives from a cross betweemdle plants of a
dioecious cultivar and a monoecious cultivar, aralnfy contains female and
monoecious plants (Bocsa and Karus 1998). Breeslirgjegies including the
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creation of such ‘unisexual’;have been developed to solve the seed production
shortage that occurs with dioecious cultivars.

‘Uniko-B’, ‘Kompolti Hybrid TC' and the ‘dioeciousnonoecious
hybrid’ cultivars (next section) are examples dtfiears derived from unisexual
hybrids. ‘Uniko-B’ results from the intercross o &, derived from a cross
between a dioecious cultivar and a monoecious dhis. i, mostly contains
female and monoecious plants, while the commefgidhas ca. 30% of male
plants (de Meijer et al. 1995; Bocsa and Karus L98®mpolti Hybrid TC' is a
dioecious cultivar obtained from a three-way crimgsuding an unisexual 1F
This cultivar is known for its high stalk yield tdsng from heterosis (de Meijer
1995; Bocsa and Karus 1998).

Monoecious cultivars

The monoecious type includes the ‘truly’ monoeciansl ‘dioecious-
monoecious hybrid’ cultivars. The truly monoeciausdtivars €.g, ‘Fibrimon’)
derive from crosses including monoecious inbre@dinThe monoecious trait
was first bred from material from Central RussiaGnjsko (Ranalli 2004). The
dioecious-monoecious hybrid cultivaesd, the French ‘Fedora 17, ‘Felina 32’
and ‘Epsilon 68") are created following a scheméwio steps. A first cross is
performed between female plants of a dioeciousivaultand a monoecious
cultivar. The Fk unisexual hybrid is then backcrossed with the negious
cultivar. The i accounts for the commercial seeds (Fournier artige 2006).

The production of truly and hybrid monoecious eais is highly
demanding in manpower because it requires the rhaglimination of the
sporadically occurring male plants before theimwioing in order to avoid the
reversion to the dioecious form. In the case ofrigylzultivars, this means
eliminating approximately 50% of the; KFournier and Beherec 2006). In
addition, the sexual phenotype is highly variablenonoecious hemp. It ranges
from the strongly masculinised to strongly femidisxtreme phenotypes, and,
besides, is sensitive to environmental factors,rgnehich the photoperiod and
nitrogen status (Freeman et al. 1980; Fournier Belderec 2006; Truta et al.
2007). The strongly masculinised plants are leagtifg and more prone to
develop fungal infections fromBotrytis cinereaand are therefore eliminated
during the seed production process of the dioeaioaisoecious hybrid cultivars
in addition to the male plants. As a result of sledection processes, the ‘truly’
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monoecious cultivars contrast from the dioecioustogzious hybrids by a
higher variability of sexual phenotype and lowezdgields. Therefore, they are
little used (Fournier and Beherec 2006). The dmesimonoecious hybrid
cultivars are usually referred to as monoeciouhauit distinction from the

‘truly’ monoecious cultivars.

Compared to the dioecious ones, the monoeciousvangt display
higher seed yields and crop homogeneity, and theie synchronised maturity
makes the mechanical harvest of both stem andsessible (Bocsa and Karus
1998; Mandolino and Carboni 2004; Fournier and Bath2006).

(i) Earliness

The earliness of hemp cultivars is commonly defigsdthe time at
which 50% of the plants have visible flowers (Lissgt al. 2000b; Amaducci et
al. 2008a). According to de Meijer and Keizer (1934e earliness of a given
accession is primarily determined by its latitudeodgin: lower latitude of
origin is associated with later flowering in theoging conditions of our
latitudes.

de Meijer and Keizer (1994) stated that the easlings a highly
heritable trait that varies widely among hemp asices, the heritability being
expressed at its broad sense, assessed from tiabiNigr over years of the
flowering time of a wide range of hemp accessidre( 30 to 90 depending on
the trial year). The existing variability in eadiss is exploited by breeders to
provide varieties covering a large range of easkn@eherec 2000).

The currently available fibre hemp cultivars haeet distributed along
three groups according to their origin: the cenRalssian ecotypes (Russia,
Ukraine, Poland), the Southern European ecotypesiriSitaly, Balkan region,
Hungary, Romania), and the Far East Asian ecot{pbhma, Japan, Korea) (de
Meijer 1995; Bocsa and Karus 1998). The vast migjoof the Southern
varieties are dioecious. The central Russian tyges mostly monoecious.
Ukrainian varieties and most of the French vargetiere developed by crosses
between the southern and central Russian typesy Mfathese are monoecious
or dioecious-monoecious hybrid populations (Boasa igarus 1998). From the
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analysis of breeding histories, de Meijer (1995)ataded to the presence of a
considerable genetic relatedness among the modewop&an and West Asian

cultivars. On the opposite, the Far Eastern Asemghincludes landraces rather
than cultivated varieties, and would be somewhtierdint from the European

and West Asian cultivars (de Meijer 1995; Bocsa ldadis 1998).

2.1.5. Genetic diversity inCannabis

Recent molecular characterizations of the geneétiersity revealed the
presence of a high degree of polymorphism in helragtf et al. 1996; Forapani
et al. 2001). Four fibre hemp cultivars — three edious and one truly
monoecious — and two drug strains — one dioeciadsoae female inbred line —
were studied by Forapani et al. (2001). The strecti the diversity in similar
amounts of within- and among-cultivar variation gegted the existence of a
single and widely shared gene pool with the proportof among-cultivar
variance strongly depending upon the compared vanti and has been
described as typical of dioecious, outbreedingisgg&orapani et al. 2001).

The genetic diversity among six fibre hemp vargtand nine drug
strains has been analysed from five STR loci inalgda total of 79 distinct
alleles (Gilmore et al. 2003). Significant genetaciation among accessions was
found, with an average of 25% genetic differendiatiwhile only 6% of the
variation was attributable to the chemotype. Theeefthe authors concluded to
the absence of clear split between the drug anddnag materials (Gilmore et
al. 2003).

The structures of the genetic diversity observethengenuCannabis
by Forapani et al. (2001) and Gilmore et al. (20@fee with the conclusion of
Small and Cronquist (1976) who assumed tbahnabisis characterized by a
massively panmictic situation, as a result of ildemsive ability to form
spontaneous populations throughout the world, ii@dwpollination that
facilitates long-distance genetic interchange d&edabsence of sterility barriers
observed between dllannabisstrains.

Recently, the sequencing of th@annabis genome revealed that
genomic analyses might provide insights to elueidtite still controversial
taxonomic treatment of the genus. A draft genont teamscriptome sequence
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of the Cannabisdrug strain ‘Purple Kush’ has been compared witsé of the
hemp cultivars ‘Finola’ and ‘Uso 31’ (van Bakel &t 2011). An analysis of
single-nucleotide variants allowed the distinctiof two distinct groups
including the marijuana and hemp forms, respegtivel addition, a comparison
of gene expression in fematgannabisflowers of ‘Purple Kush’ and ‘Finola’
revealed similar overall tanscript profiles, whiltee entire cannabinoid pathway
is expressed at higher levels in ‘Purple Kush’ tiratFinola’ (van Bakel et al.
2011). According to van Bakel et al. (2011), thee udf sequence-based
genotyping might be promising to trace the relatfops inCannabis including
wild germoplasm, landraces, cultivars and drugrstra

Among the hemp cultivars, the level of heterozygos lower in the
monoecious cultivar than in the dioecious onestdues ability to self-pollinate
and the strong selective pressure needed to mailitei monoecious trait
(Forapani et al. 2001; Mandolino and Carboni 2004).

2.1.6. Implications for hemp cultivation

Hemp can be grown for a large diversity of end potsl (Struik et al.
2000; Ranalli and Venturi 2004) and under a widegeaof agro-ecological
conditions (Sankari and Mela 1998; Struik et al0@0Cosentino et al. 2012,
2013). Given that most current hemp products defriom the stem, fibre or
seed (Chapter 1), we distinguished three produgborposes: maximizing the
stem, fibre or seed yield. However, a successfiilvation requires a special
attention in the selection of a cultivar that ispidd to the production purpose
and environmental cropping conditions. As previgudéscribed, the cultivar
can be characterized by its sexual type and easliigection 2.1.4), and the
photoperiod appears to be a significant environaldattor in hemp cultivation
since it affects both the flowering time and sexplénotype (section 2.1.3).
The three following sections review the literatorethe genetic determinism of
the sex expression, flowering response to the pleoknd and yield formation,
respectively, in hemp.
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2.2.HEMP DISPLAYS A HIGHLY VARIABLE SEXUAL PHENOTYPE

Most flowering plants are hermaphrodites, and approximately 4
and 7% of them are strictly dioecious and monoesioespectively (Dellaporta
and Calderon-Urrea 1993). In addition, the assiociatof dioecy with
chromosomal heteromorphism is extremely rare (Paake Clarke 1991): the
presence of sex chromosomes in dioecious angiospeasionly been reported
in a limited number of genera, includiRymexCannabis HumulusandSilene

2.2.1. Sex chromosomes of hemp

Hemp is diploid with 2n = 20 including sex chromoses (Hirata 1924;
Fig. 2.4). The chromosomes XX are found in femdéng, and XY in male
plants, with the Y chromosome larger than the X anéd autosomes (Yamada
1943 cited by Sakamoto et al. 1995). The size mdiffee between the X and Y
chromosomes has been attributed to the large lamgo& the Y chromosome
and could be responsible for the larger genome afzdiploid male plants
compared to female ones (97.2% of the genome $im@ale plants) (Sakamoto
et al. 1998).

The X chromosome irCannabisis submetacentric and has a short
satellite at the end of its short arm. The Y chreamoe is subtelocentric. It bears
the largest long arm and is also characterized ¢gtellite at the extremity of its
short arm (Sakamoto et al. 1998). Pairing of thearXl Y chromosomes at
meiotic prophase | of pollen mother cells has baleserved at the short arm of
the Y chromosome, but not at the end of the Y lamg (Sakamoto et al. 2000).
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Fig. 2.4 Karyotype of female (A) and male (B) plants @&nnabis sativaat the
pro-metaphase stage. Bars indicajerd From Sakamoto et al. (1998).

Several RAPD markers closely linked to the malenpitype have been
identified. All these markers, referred to as MADG:; male-associated DNA
sequence irC. sativa showed similarities with retrotransposon-like seaces.
The sequence of MADC1 (Sakamoto et al. 1995) asadflénking regions
includes a region coding for a reverse transcrépthat is strongly homologous
to those of long interspersed element-like (LINEgJi retrotransposons from
various organisms (Sakamoto et al. 2000). This LIIK& retrotransposon found
in C. sativahas been named LINE-CS. MADC3 and MADC4 includegion
homologous to open reading frames that encode diypmteins ofcopialike
retrotransposons (Sakamoto et al. 2005). The highesiologies found for
MADCS5 and MADC6 (50-60%) were observed with plaatjsences belonging
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to repetitive genome regions or retrotransposamdiquences of different plant
species (Mandolino et al. 1999; Torjek et al. 2002

The LINE-CS retrotransposons — which include theDMX sequence
— are present in high concentration at the ternmiegion of the long arm of the
Y chromosome, where no pairing with the X chromosdmas been observed
(Sakamoto et al. 2000). Such fragments are fountthenX chromosome and
autosomes too; however, their accumulation at atremmity of the Y
chromosome is particularly high. The insertion utls sequences might be one
cause of the larger size of the Y chromosome (Sakaet al. 1998, 2000).

However, in addition to their male-specific portiail of the MADC
sequences include fragments that are not foundigixely in the male plants.
Hybridization of DNA from male and female plants Isputhern blotting
analysis revealed either the absence of no segdiplolymorphism (Mandolino
et al. 1999), either multiple bands among whichydiew are male-specific
(Sakamoto et al. 2000; Torjek et al. 2002; Sakansptal. 2005). Similarly, the
in situ hybridization of chromosomes with the MADC3 and BPIB4 sequences
produced signals dispersed on all chromosomestargirot specific of the Y
chromosome. Thus multiple sequences encoding ratisgosable elements
should exist ubiquitously in the genome ©f sativa(Sakamoto et al. 2005).
This appears in agreement with the view of Clar&lef1993), who observed no
major difference in the distribution of repeated ANequences between X, Y
and autosomes iRumex acetosaa dioecious species with heteromorphic sex
chromosomes. According to Charlesworth (2002), gabendances in repeated
DNA in plants bearing sex chromosomes would be madhilar on both sex
chromosomes and autosomes.

The genetic structure of the sex chromosomes opheas investigated
by linkage analysis between AFLP markers showingtirdit types of
segregating patterns with the male phenotype,refdp as ‘sex’ marker (Peil et
al. 2003). The sex chromosomes of hemp includeeaduautosomal region
(PAR),i.e. a region which is assumed to be homologous betweand Y (Peil
et al. 2003). This region has been defined by tWwoADfragments that were
mapped on the Y chromosome but recombined withsthelocus —.e., the
locus at which the phenotypic marker ‘sex’ was nepp so that they were
transferred to the X of the male parent and thevedne present in a significant
number of female progenies. The presence of pdrtiaiology between the X
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and Y chromosomes of hemp has also been indicatedankers detected on
both one X of the female parent and the Y of thdenmarent. In addition,
polymorphism was observed between different X clusomes (Peil et al.
2003; Rode et al. 2005). Very few recombinationsen@bserved among all of
the sex-linked markers, suggesting that the seansbsomes of hemp present
typical sex behaviour (Peil et al. 2003). AccordiogMandolino et al. (2002),
the complete linkage of markers to the male phgreosupports their location in
a region of the Y chromosome excluded from recoatimn during meiosis.
This region could belong to the extra-portion oé tif chromosome, which
accounts for 2.8% of the male genome size, thohgtpossibility of a location
very close to male-determining loci cannot be ruwdetd However, the position
of male-determining loci in the sex chromosomekesfip is unknown.

2.2.2. Evolution of sex chromosomes

The presence of heteromorphic sex chromosomes amtsplmay
represent relatively advanced forms of dioecy. Stlotomosomes would have
occurred through a process of degeneration of trdhrémosome (Dellaporta
and Calderon-Urrea 1993; Charlesworth et al. 200H)e restriction of
recombination between male and female fertility/des would be the first step
in establishing heteromorphic sex chromosomes. Thaore extensive
restrictions of recombination between the sex clmsmmes would have evolved
by selective advantage if sex-linked alleles happosite effects on the fithess
in the two sexes. This would result in the accutimutaof deleterious mutations
linked to sex determination factors on the Y chreome because of the absence
of opportunity for such mutations to be eliminateg recombination. The
accumulation of such mutations would lead to thgederacy of the Y
chromosome (Dellaporta and Calderon-Urrea 1993).

The evolution of sex chromosomes has been chaimedeby six
successive stages, each of them being representeglant species (Ming et al.
2011; Fig. 2.5). In stage Fi@agaria virginiang, homologous chromosomes
carry sex-determining loci for male and female iktgron proto-Y (W) and
proto-X (Z) chromosomes, respectively, and recomtimn between the sex-
determining loci is allowed. In stage Rgparagus officinalis recombination is
suppressed between both sex-determining loci agid ithmediate neighboring
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region, while the YY genotype is still viable. Tlhtage 3 Carica papaya is
characterized by the extension of the suppressibrreoombination and
formation of a small male-specific region of thecfromosome (MSY). This
region would expand through the accumulation ofroteinsposons and
translocation and duplication of genomic fragmeftse YY genotype is no
more viable, while the X and Y chromosomes havestmme size. In stage 4
(Silene latifolig, the MSY spreads to the majority of the Y chrooms.
Heteromorphic sex chromosomes result from the aafatian of transposable
elements and duplications in the Y chromosome.stage 5 Cycas revolutgis
characterized by the loss of non-functioning Y chogsome sequences, which
can result in a shrinking of the Y chromosome. Nleipairing is allowed in a
small portion of the sex chromosomes. At stage & suppression of
recombination is spread to the entire Y chromosdeaing to the loss of the
pseudoautosomal region and, finally, the loss ef Yh chromosomeRumex
acetosd. A new sex determination system based on X-tosmrhe ratio
evolves, whereas a new Y chromosome could be fobmeglays no role in sex
determination (Ming et al. 2011).
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Fig. 2.5 The six stages of sex chromosomes evolution (framghdt al. 2011).

The increased length of the Y chromosome in hemamada 1943
cited by Sakamoto et al. 1995) suggests some sityilavith the sex
chromosomes ofilene latifolia(Sakamoto et al. 1998; Fig. 2.5). In this latter
species, males have XY and females XX sex chromesofDellaporta and
Calderon-Urrea 1993). The structure of the Y chreanee is characterized by a
non-pairing region including sex-determining locinda a pairing,
pseudoautosomal, region which undergoes recombimativith the X
chromosome during meiosis. The non-pairing regiérthe Y chromosome
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contains female suppressing, male promoting ande nialtility regions
(Westergaard 1953 cited by Di Stilio et al. 1998alesworth 2002). The sex
determinism inSileneis based on an Y-active system, with dominant male
factors and female suppressing factors mapping hi® Y chromosome
(Dellaporta and Calderon-Urrea 1993). In contraist, hemp, the sex
determinism is based on a X-to-autosomes systeaxdition, the genetic basis
of sex determinism irsileneis strong and shows little evidence for lability o
environmental effects (Ainsworth 2000), while hedipplays a high plasticity
of sexual phenotype. Thus, despite the presencehadéromorphic sex
chromosomes similarly t&ilene major differences betweegileneand hemp
are observed in the sex determinism, and the stdgsex-chromosomes
evolution in hemp is unclear. The genetic detersnmof the sex expression in
hemp is described in the next section.

2.2.3. Genetic determinism of the sex expression

In the present study, theex expressionf a hemp plant was defined as
the ratio between the female and male flowers. Seheefers to as the binary
characterization of the sex expression in dioeclmrap, the plants being male
or female.

The sex determinism in dioecious hemp would be dbasean X-to-
autosomes equilibrium and not on a Y-active medmniWestergaard 1958;
Ainsworth 2000). This assumption agrees with thpeeences carried out on
polyploid hemp individuals (Warmke and Davidson 494

The X-to-autosomes system of sex determinatioraget on the ratio
of the number of X chromosomes to the ploidy levdlis system can explain
why hemp polyploid individuals with XXY and XXXY fonulae are female or
female-hermaphrodite, and XY, XXYY and XYY individls are male
(Warmke and Davidson 1944). An example of specigh X-to-autosomes
system of sex determination Bumexacetosa Females are XX, and males
XY1Y2 (2n = 14 and 2n = 15, respectively). Both Y chrsomes are shorter
than the X one (85 and 75% in length, respectivéPgrker and Clark 1991).
Diploid plants with XXY and XXYY, genotypes are fertile females. In
polyploids, plants with an X-to-autosome ratio obrlhigher are female, plants
with a ratio of 0.5 or lower are male, and plantthva ratio between 0.5 and 1
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bear both female and male flowers or are hermajierothe Y chromosomes
are required for pollen fertility but do not seem lie required for stamen
development. Conversely, their presence does hdtiirthe development of the
female gynoecium (Dellaporta and Calderon-Urrea3).99

Unlike in dioecious hemp, the genetic determinishnwnoecious
forms of hemp remains widely unknown. Out of thesp8cies that Westergaard
(1958) listed as having well-differentiated sex athosomes(Westergaard
1958), the ability to exhibit sex change and/or piwduce hermaphrodite
offspring is known in only three specigdumex hastatuly$iumulus japonicus
and hemp (Freeman et al. 1980). Both the Northi@roace ofR. hastatulus
andH. japonicusare characterized by XX and XY, sex chromosomes. In the
former species, XX plants are strictly female whieo 10% of the XYY,
plants exhibit varying degrees of pistillate depalent (Smith 1963), and the
sex determinism has elements of both Y-active arm-2utosomes systems
(Parker and Clark 1991). K. japonicus both male and female plants are able
to produce flowers of the opposite sex (Schaffré23). The sex is determined
by an X-to-autosomes system (Jacobsen 1957). Tlwr¥mosomes are not
necessary for the production of male flowers; havethe pollen cannot mature
in the absence of Y chromosome (Parker and Clagi)1According to Neve
(1961 cited by Shephard et al. 1999), the sex ssme inHumulusmay be
governed by genes located on the autosomes and r¥mobBomes. In
monoecious hemp, although Hoffman (1961 cited hytd et al. 2007) assumed
the existence of XX, XY and YY forms, Menzel (1963)served presumably
XX chromosomes, and male-associated DNA markers Imat been detected.
However, Mandolino et al. (2002) and Moliterni €t(@004) stated that there is
no specific report on the chromosome set in momosdnemp.

Furthermore, the sex expression in hemp is stroraifgcted by
environmental factors, such as the photoperiodht ligtensity and nitrogen
status. These factors are able to induce the ptioguaf flowers of the opposite
sex on dioecious hemp plants (Schaffner 1921; Bocthand Scully 1954).

Photoperiod

On the one hand, a masculinising effect of longsday reported
(Heslop-Harrison 1957, 1972 cited by Freeman etl8B0). Arnoux (19664, b)
observed that long days increase the proportiamarfoecious to female plants
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that were obtained from a cross between a dioeciemmle parent and a
monoecious plant, both in the field and controliedditions. On the other hand,
Borthwick and Scully (1954) noted that the transbérplants from a long
photoperiod (18h) to appreciably shorter ones (81dbh) resulted in the
production of male flowers on a greater percentaégemale plants than when
they were transferred to photoperiods only slighghorter than the critical
photoperiod for flowering (14h).

Light intensity

According to Borthwick and Scully (1954), a higght intensity would
induce the production of male flowers on a greptacentage of hemp female
plants. In constrast to hemp, a feminising effédtigh light intensity on the sex
expression of many other dioecious species has tleserved (Freeman et al.
1980).

Nitrogen status

The effect of nitrogen on the sex expression in fhésnnot clear. No
significant difference in the production of malevilers by hemp female plants
was observed between low and high nitrogen treasnby Borthwick and
Scully (1954). According to Arnoux (1966a, b), richirogenous nutrition has a
masculinising effect on hemp plants. On the oppos#n der Werf and van der
Berg (1995) observed a higher ratio of female tdenmdants under increased
nitrogen fertilization during one of two trial ysafThis observation agreed with
the feminising effect of nitrogen that was reportedhemp and many other
dioecious species (Freeman et al. 1980). Howeliershift of sex-ratio under
high nitrogen fertilization was observed only withia sub-population of
relatively short plants, suggesting that it migigult from the effect of nitrogen
fertilization on size variability. The absence dragen effect on the sex ratio
during the second trial year remained unexplainech der Werf and van der
Berg 1995).

According to Freeman et al. (1980), long day coodg and low
nitrogen status could be considered as stressréactohemp that are able to
reduce the ratio of female to male plants. In g@sse, it is possible that the
transfer of plants from long to short photoperiods mentioned above
(Borthwick and Scully 1954) acted as a stress facgsulting in the production
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of male flowers by a higher number of female plarits contrast to the
photoperiod, it appears that the effects of lighemsity and nitrogen status on
the sex expression of hemp have been little destriand remain widely
unclear.

In addition to environmental factors, effects obg&nous hormones on
the sex expression in hemp have been widely rego@bberellin induces
predominantly male plants, while auxin, cytokinahscisic acid and ethylene
induce the feminisation of the plants (Heslop-Hzmi 1956; Mohan Ram and
Jaiswal 1972; Chailakyan and Khryanin 1978, 19T8efan et al. 1980).

The ability to undergo sexual reversion might haveenetic base.
Borthwick and Scully (1954) noted a variable termjeto form male flowers
among different dioecious female lines and condutleat the occurrence of
monoecy in dioecious hemp is, to some extent, litargd Similarly, differences
in the resistance to sex reversion treatments weted between two dioecious
hemp cultivars (Grassi, de Meijer, pers. commdciig Moliterni et al. 2004).

The diversity of intersexual forms, the bipotency sexually
predetermined plants and the occurrence of fartdée flowers on female plants
of dioecious hemp suggested that the sex in hempdwze determined by the
activity of genes that are located not only onghg chromosomes but also on
the autosomes (Grisko 1937 cited by Truta et 8072 Sengbusch, 1952 cited
by Westergaard, 1958; Rath, 1968 cited by Trutd.eP007; Migail, 1986 cited
by Mandolino and Ranalli, 2002). Gkb (1937 cited by Truta et al. 2007)
considers that the determinants of phenotype abndettof sexualisation are
independent since female plants are able to prothate flowers under given
environmental conditions. The ability to reversee tlsex determination
mechanism by hormonal treatment suggested thadetexmination genes could
regulate alternative programs of sexuality throughsignal transduction
mechanism that modifies endogenous hormonal leV@sllaporta and
Calderon-Urrea 1993).
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2.2.4. Sexual differentiation

The male and female flowers of hemp differ radicalh general
morphology and size, and show no evidence of th&sing sex: the female
flowers result from the direct formation of carjmtials from perianth initials,
they never form any vestiges of stamen initials lilsito Ram and Nath 1964).

According to Galoch (1980), the transition to tHege of generative
development in hemp is associated with increasedenb of an ABA-like
inhibitor in both female and male individuals. Féenalants exhibit higher ABA
and auxin endogenous levels than male plants, wdoolversely have a higher
gibberellin level. The formation of male generatwgans may be associated
with an increased demand of the differentiatingaflaneristem for gibberellin,
and that of the female organs for auxins (Galo@0)9

A morphological and molecular characterization picas at the leaf
axil in male and female hemp plants was conductetbliterni et al. (2004).
Gene expression was analysed on apices that wéhe atrliest step of sexual
commitment, when floral buds were not yet visitde,that differences between
both sexes could be related to the onset of apewakalifferentiation. An
amount of 900 cDNA-AFLP fragments out of 4800 wadymorphic between
the male and female plants. The sexual polymorphién22 of them was
confirmed by northern hybridization, and five fragmis, all more expressed in
female apices, were sequenced. This higher expressi female apices
suggested that, at this development stage, somebuoiiet processes are more
active in the females than in males, either du¢h&r specific activation in
females, or to their repression in males (Molitexnial. 2004). Four of the five
fragments presented a high degree of similarityhwihown sequences. A
similarity was found with a Rac-GPT binding protewhich plays a signalling
role in auxin-regulated gene expressioiabidpopsis
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2.3. THE FLOWERING TIME IS MODULATED BY THE
PHOTOPERIOD

Hemp is a quantitative short-day plant (SDP) witlwering delayed by
photoperiods greater than approximately 14 houwsttBvick and Scully 1954;
Lisson et al. 2000b; Amaducci et al. 2008a). Predithat the supply of energy,
nutrients and water for growth is sufficient, tteger of development of a crop
towards flowering is controlled by temperature aaglength. The temperature
affects the development in two ways: firstly, asganeral promoter of
development through activation of enzymatic proessssecondly, as a
preconditioner of photoperiodism (Horie 1994). Theation from emergence to
flowering in hemp has been modelled in responsdheo temperature and
photoperiod according to three distinct approacfliasson et al. 2000b;
Amaducci et al. 2008a; Cosentino et al. 2012).

The first approach (Major 1980) divides the dumafimm emergence to
flowering into a vegetative phase of developmeritictv lasts from emergence
to floral initiation, and a flower development pagBDP), from floral initiation
to first flower appearance (Lisson et al. 2000ly. [2.6). The vegetative phase
of development itself is split into a temperatuependent basic vegetative
phase BVP) and a daylength-dependent photoperiod inducedepfdP). The
duration of thePIP is assumed to be null under photoperiods shdngm the
critical photoperiod for floweringR;). Lisson et al. (2000b) observed that hemp
plants flowered in a minimum and constant thernuahtion under photoperiods
shorter than approximately 14h. On the oppositdeuphotoperiods longer than
P, the duration of th®IP increases linearly as a function of the photogkrio
and genotypic sensitivity to the photoperid@S(for photoperiod sensitivity).
The PSis expressed in units of thermal time delay peurhof increase in
daylength (Lisson et al. 2000b). According to Sumirake et al. (1991) and
Yan and Wallace (1998), the genes conferring tretqueriod sensitivity act as
inhibitors of the plant development to flowering., they can delay but not
promote flowering, and their activity occurs onkyder photoperiods that delay
flowering (P > P, for SDP). Hemp flowering under 24-h daylength bagn
reported after significant delays by Schaffner @92uggesting the absence of
plateau for the flowering response of hemp to thetgperiod. Similarly to the
BVP duration, the duration of th&DP did not appear affected by the
photoperiod (Lisson et al. 2000b). This was alse tfor the duration from
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flowering to harvest, which did not show any clessponse to the photoperiod
(Lisson et al. 2000b).

Duration from
emergence to floral initiatiof
(°Cd)

PIP

BVP

=) Photoperiod (h)

Fig. 2.6 Flowering response of hemp to the photoperiod. thft®n of the model
described by Major (1980) and applied in hemp kgsan et al. (2000b),
whereP. is the critical photoperiod for flowerin@®@VP andPIP account
for the basic vegetative and photoperiod inducessph of development,
respectively, an®Sis the photoperiod sensitivity, expressed in °Cd h

The model of Amaducci et al. (2008a) was implemgntsing the
framework of the model of Lisson et al. (20008, the division of the duration
from emergence to floral initiation in three sustes phasesBVP, PIP and
FDP). However, their modelling approach was based ata ¢tom field trials
and integrated the cumulative effect of hourly &aons of the temperature and
daily variations of the photoperiod. Non-linear depmental responses to the
temperature and photoperiod were used. The largability observed in the
thermal duration of th€’IP supported the significant modulating role of the
photoperiod in the duration of this phase. Besittes,differences in flowering
time among cultivars were mainly related to differes in the duration of the
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PIP, indicating that a substantial part of the genigtyariation in flowering
time is due to the sensitivity to sub-optimal plp@Ewods (Amaducci et al.
2008a). The cardinal temperatures found for henifivation by Lisson et al.
(2000c) and Amaducci et al. (2008a) were consistemind 1.9°C for the base
temperature for th&VP, 29 and 26.4°C for the optimum temperature and 41
and 40°C for the ceiling temperature, respectively.

A third model predicting the time of 50% flowerihgs been proposed
by Cosentino et al. (2012). Their approach diffefredn both previous ones by
the assumption that the effect of the temperatsirthe highest under optimal
photoperiods for flowering and decreases under Isjthrter and longer
photoperiods than the optimal ones. In additioe, duration from sunrise to
sunset plus the civil twilight rather than the dmgth was used to account for
the effect of the photoperiod. The obtained optidaily light length was 14.7 h
regardless of the cultivar.

The flowering duration, computed as the duratiamfithe first to the
last flower appearance, and flowering dynamics wierestigated in both
dioecious and monoecious hemp cultivars (Amaducel.e2008b). The plants
flowered earlier and their flowering duration wasoger in the late sown
treatments, which experienced shorter daylengthingluheir photoperiod-
induced phase of development. The similarity of fregterns of flowering
duration and flowering time in response to sowilmget suggested that a same
underlying mechanism controls both parameters. Jdreentage of flowering
plants was described as a function of time by Bdjstic curve. This indicated
the presence of two underlying processes, correipgro the successive male
and female flowerings in the dioecious cultivareeTgoodness of the bilogistic
curve for fitting the flowering dynamics in monoegs hemp suggested the
presence of two groups with distinct flowering @weristics. Amaducci et al.
(2008b) assumed that early plants in monoeciouspheutivars would bring
male, protandric characteristics.
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2.4.INCREASING THE YIELD IN STEM , FIBRE OR SEED

Monteith (1972, 1977) defined the efficiency of @ production in
thermodynamic terms,i.e, as the ratio between the energy output
(carbohydrates) and input (radiation). The dry eraticcumulated by a non-
stressed crop varies linearly as a function ofahmunt of photosynthetically
active radiation (PAR) intercepted by the canopgd ahe slope of this
relationship determines the radiation-use efficje(RUE). Greater yields rise
from increasing the proportion of dry matter cotisis of the harvested organs
of the plant (van Dobben 1962). This proportion,ichhaccounts for the
economic part of the accumulated biomass, has befenred to the harvest
index (HI) (Donald 1962). Considering the abovee ttrop physiological
characteristics of hemp were described by van denf @t al. (1996) as follows:

Y = PARinterceptedX RUE X HI (21)

where Y is the yield in harvested dry matter ofrapcthat achieves its full
potential,i.e., growing in non-limiting conditions of water andtrients supply

and in the absence of pest, disease attack andthey stress. The factors
affecting the amount of intercepted PAR, RUE ang matter partitioning are
reviewed here with the aim of increasing the yialdtem, fibre and/or seed.

2.4.1. Light interception

The amount of PAR intercepted by a crop dependgsoamergence
date, the rate of canopy establishment, the prigmodf light intercepted by the
fully established canopy, the date of onset of pgraenescence and the rate at
which the light interception decreases during #ieescence. These factors can
be affected by environmental parameters, includergperature, radiation and
daylength, and by management decisions (van def &vat. 1996).
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Assuming that the canopy is a homogenous envirohnvéh leaves
uniformly distributed over the land, the transnossof the light in the canopy
can be described on the basis of Beer’s law:

F=1-gkA (2.2)

whereF is the fraction of PAR intercepted by the candp4| is the leaf area
index andk is the coefficient of light extinction in the cgno The value ok is
commonly 0.7 — 1.0 in a canopy with horizontal lemand 0.3 — 0.5 in a canopy
with vertically inclined leaves (Monsi and Saeki5B9cited by Hirose 2005).
The high extinction coefficient estimated for he@®6) was attributed to the
planophile character of its canopy (Meijer et &9%).

A base temperature of 2.5°C was estimated for uHec&nopy closure
(90% of light intercepted), and this stage washedcat 340°Cd (base 2.5°C) or
465°Cd (base 0°C) after emergence at 64 plantsTire course of proportional
light interception by the canopy from plant emergeto full canopy closure has
been described as a logistic function of thermaldetiaccumulation (Spitters
1990):

~ 1
F = —
1+ ((U/ Nfy) —1e™

(2.3)

whereFis a daily value of, R, the initial relative leaf area growth raté the

plant density,fy the initial fraction of light intercepted per ptaandt the
temperature sum calculated with the appropriate bemperature (Meijer et al.
1995). Cumulative light interception until canoplpsure has been calculated
using daily values off andPAR (Meijer et al. 1995; van der Werf et al. 1995a,
1995b). The decrease Bfduring senescence has been described by a straight
line (van der Werf et al. 1995b).
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2.4.2. Radiation-use efficiency

The RUE of a non-stressed crop species depend§ieomrop gross
photosynthesis, the respiration for maintenance gnowvth (Charles-Edwards
1982) and dry matter losses during the growing@gashich may induce an
apparent decrease in RUE (van der Werf et al. 1986hemp, Meijer et al.
(1995) found an average RUE of 1.94 g'Mier the entire growing season and
RUE values of 2.1 and 1.2 g MJor the periods prior and posterior to
flowering, respectively. These values were higtmantthose found ifrestuca
arundinacea(from 1.2 to 1.8 g M3 depending on the growing season; Belanger
et al. 1994) andactylis glomerata(1.2 g MJ; Mills et al. 2009). In contrast,
the pre-flowering RUE of hemp was relatively lowtbian the pre-flowering
RUEs of 2.2 to 2.9 g MJreported for other £species such as sunflower, rice,
wheat and potato (Kiniry et al. 1989; Haverkorakt1992). The relatively low
RUE in hemp compared to these latter species has &eplained by several
factors (Meijer et al. 1995). Firstly, the photothgsis rate of the hemp canopy
is negatively affected by the high extinction caméint of the hemp canopy
during most of the growing season. Indeed, at sh#dll horizontal foliage k ~
0.9) intercepts more light than erect foliade ~ 0.3), which enhances the
canopy photosynthesis rate. However, at high LAVhkich is the case during
most of the growing season —, a high extinctiorffament reduces the canopy
photosynthesis (Trenbath and Angus 1975; Monté#tvL. According to Meijer
et al. (1995), an extinction coefficient of 0.75stiead of 0.96 would have
increased the RUE and above-ground dry matter ptamfuby approximately
2.75%. Secondly, the cost for converting primarsiragates in lignin is higher
than that associated with the synthesis of stardeltulose (Penning de Vries et
al. 1974 cited by Meijer et al. 1995). The hemprsie relatively rich in lignin
compared to the storage organs of carbohydrateupnag crops like wheat and
sugarbeet. Therefore the growth respiration dubdcsynthesis of lignin would
be relatively larger in hemp than in wheat or sugget. The synthesis of lignin
in the stems would account for a decrease of 6-7%e above-ground dry
matter production and RUE (Meijer et al. 1995).rdilyi, dry matter losses as a
result of leaf senescence or self-thinning were aaisidered in the total dry
matter production and could have reduced the meddotal above-ground dry
matter by 2.5 t H resulting in an underestimation of the RUE (Mei¢ al.
1995; van der Werf et al. 1996).
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(i) Radiation-use efficiency and flowering

According to van der Werf et al. (1994, 1996), calyinor part of the
decrease of the RUE of hemp following the flowerimguld be due to larger
losses in dry matter (shed leaves and dead plartd) increased growth
respiration due to oil and protein synthesis. Ratthe low post-flowering RUE
would be primarily due to a significant decreaserimp photosynthesis likely as
a result of the senescence of leaves. This exjdenatose from field trials in
which two daylength treatments — ambient daylemgith 24-h long daylength —
were applied before plants started to flower (van\Werf et al. 1994). The total
dry matter production and the allocation of dry tmato the leaves and stem
were higher while the allocation of dry matter ke tinflorescence was lower
under long days than under ambient daylength. Hewekie high energy costs
for oil and protein synthesis in the seed and dss lof leaves under ambient
daylength were estimated to account for only a mpat of the difference in
total dry matter production between both treatmedtsthe opposite, the LAI of
plants at final harvest was strongly lower undebi@mt daylength than under
long days, while the PAR intercepted by the candiplynot significantly differ
from one treatment to the other. The low RUE founder ambient daylength
would therefore likely be due to a lower rate afi@ay photosynthesis after than
before flowering (van der Werf et al. 1994).

(i) Radiation-use efficiency and plant density

Lower RUE values were obtained in high dense hempsc(270 plants
m?) although both the living and dead dry matters ewércluded in the
computation of the RUE (van der Werf et al. 199%iilar amounts of PAR
were intercepted by the canopy between plant dessif 30, 90 and 270 plants
m2, while the LAl was higher at 270(4.8) than at 90 and 30 plant&f#.16
and 3.63, respectively). In contrast, the crop ghonate was lower at 270 plants
m? (120.7, 125.8 and 90.8 kg ha™ at 30, 90 and 270 plants¥n This
observation has been attributed to small RUE, ilked a result of higher self-
thinning at high plant density considering that d¢ing weight of the dead plants
was underestimated because of dry matter decorigpogitan der Werf et al.
1995b, 1996). In addition, according to Whaley kt(2000) in wheat, it is
possible that the lower plant densities (30 anco@dits nf) allowed a more
even distribution of the light in the canopy, subht more leaves, lower in the
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canopy, could photosynthesise at a high rate, @&stmg thereby the
photosynthesis capacity of the canopy.

2.4.3. Seed yield formation

The formation of the seed yield has been littleestigated in hemp.
The present paragraph provides general informaiiorthe constitution of the
seed vyield in grain crops in response to enviroaleand genetic factors. It is
based on a chapter book and a review of Egli (120a@4).

In grain crops, the seed yield is the weight ofisgaroduced per unit of
area. Though the compensatory effects can be swathnb relation can be
observed between the yield at the crop and seets|ew better understanding of
the processes affecting the seed yield formationbeaachieved by studying the
growth of a single seed. The weight of a singlelseeletermined by its rate and
duration of dry matter accumulation.

Genetic variation and environmental changes cacathe availability
of assimilates or other growth factors to the smedi thereby induce differences
in the seed growth rate or seed-fill duration. Ehekanges occur through
mechanisms that can operate at two levels: thet plathe seed. Seed growth
requires a photosynthetically active plant to pdeviaw materials. Therefore,
the progressions of leaf senescence and seedsfifitidn tend to change in
concert: a slow decline in canopy photosynthesispeated with delayed plant
senescence, can result in an increased seed-fdtidn and seed size. On the
opposite, having a source of raw materials is nguarantee that seed growth
continues: the seed itself can limit the accumarfatof dry matter and the
increase in seed size, so that the terminatioeed growth can occur before the
completion of senescence and death of the vegetalént.

Genetic differences in the seed growth rate and-Bkeluration were
observed in soybearG{ycine maxL.) (Egli 1994). The seed growth rate was
positively related to the number of cells in théytedons. The seed-fill duration
can be affected by the timing of anthesis: assurthiagthe maturation of seeds
on a plant is usually more uniform than the begignbf seed filling of
individual seeds, late appearing flowers resukhorter seed-fill durations. The
seed-fill duration linearly decreases with tempmed below 30°C in many
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crops including maize, wheat, sunflower, lentil aat. However, the negative
effect of short seed-fill duration at high temparat may be reduced by an
increased seed growth rate, though differences gnepecies would be

important. Water stress during the seed developstemtens the filling period,

probably primarily because of accelerated leaf segrece, and reduces vyield in
many crop species (Egli 2004). In soybean, a daytspecies, the duration of
flowering includes a photoperiod-sensitive phase @& longer under long

photoperiods (Asumadu et al. 1998), and a poséifect of long days on the

seed-fill duration has been reported (Kantolic &hafer 2001). However, the
seed-fill duration in soybean was not sensitivehi® planting date in the field

(Egli et al. 1987), suggesting that the photopenamiild not have a significant
effect on the seed-fill duration in production digl(Egli 2004).

In hemp, positive correlations were observed betvwke seed yield, on
the one hand, and plant dry weight and height,henother hand. The highest
seed yields were obtained with the earliest flomgerand ripening varieties;
however, relatively high seed yields were also ioeth with late-flowering
accessions (Schumann et al. 1999). According tauRi¢2006), higher seed
yields are obtained with early sowings and low sepdrates. However,
excessively early sowing must be avoided becawsedte associated with long
flowering duration, which increases the probabildy heterogeneous seed
maturity, and thereby the number of green seetaraest (Picault 2006).

2.4.4. Dry matter partitioning

() Total dry matter yield and stemyvs. inflorescence partitioning

Delaying flowering can efficiently increase thealohbove-ground dry
matter yield (van der Werf et al. 1994). Indeedventing flowering by long
days decreased the proportion of the inflorescencthe above-ground dry
matter and conversely increased the proportionterhswhich resulted in a
higher total above-ground dry matter yield (van Weerf et al. 1994). This
effect was more significant in a monoecious culttiven in a dioecious cultivar
which was characterized by a smaller allocation doy matter to the
inflorescence, likely as a result of its late floimg and the presence of
approximately 50% of male plants with smaller inflecence fraction compared
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to the female plants (van der Werf et al. 1996)er&fore, the use of late
flowering and dioeciousultivars can positively affect the proportion of stem in
the above-ground dry matter.

Postponing thesowing time decreases the plant weight at harvest and
stem dry matter yield, while postponing tmervest time increases both of them
(Westerhuis et al. 2009b). According to van der Véerl. (1996), delaying the
harvest date — from 15/08 to 15/09 or 15/10 at [l Retherlands — could
improve the crop yield by increasing the amourihtédrcepted PAR.

The plant density can positively affect the total dry matter prodaoict
of a hemp crop only within a certain range. The benof hemp living plants
decreases during the growing season, and this aterns higher in densely
sown crops as a result of higher inter-plant coitipet (Meijer et al. 1995;
Lisson and Mendham 2000). Stem and total dry mgtedds respond similarly
to the plant density (van der Werf et al. 1995kssbn and Mendham 2000). In
hemp, the highest dry matter yields were obsertqiamt densities comprised
between 80 and 120 plantsznﬁvan der Werf et al. 1995b; Cromack 1998;
Lisson and Mendham 2000; Amaducci et al. 2008c)rtheamore, the
proportion of stem in the total dry matter increasath the plant density. This
higher proportion of stem in dense crops was astmti with a delayed
flowering and consequent decline in dry weighthaf tnflorescence, and to an
increased initial stem growth caused by higherriptant competition (van der
Werf et al. 1995b). The plants are slender (in@éawmtio height/weight) and
shorter at final harvest in dense populations (@@fts ni).

Nitrogen fertilization increases the final total dry matter production
and stem dry matter yield of hemp. Indeed, hightemsyields have been
observed at 200 than at 80 kg N'tthroughout the entire growing season (van
der Werf et al. 1995c). However, higher self-thignirate and lower plant
slenderness were obtained at high N level. Accgrdanvan der Werf et al.
(1995c), this was due to the higher LAl and PAReiicgption at high N level,
resulting in an enhanced competition for light. Tgreportion of stem in the
total dry matter yield was barely affected by théeNilization (van der Werf et
al. 1995c).
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(ii) Fibre yield and content

Within the stem, a high proportion of bark is getigrsought because
of its higher economic value compared to the stene ¢van der Werf et al.
1996). For long fibre usesg.g, textiles), high bark yield with high primary bast
fibre content and low secondary bast fibre conseatadvantageous (Mediavilla
et al. 2001; Westerhuis et al. 2009a). In dioeclwrsp, peaks of stem, bark and
fibre yield would be reached at the peak of fenflmeering and end of male
flowering, which was described as the time of ‘t@ichl maturity’ (Mediavilla
et al. 2001). With respect to the stem quality,tposing the harvest after the
time of technical maturity results in a decreasebark quality due to an
increased production of secondary fibres (Mediawell al. 2001).

According to Westerhuis et al. (2009a, b), theltétae weight per
stem would be mostly determined by the stem weighitjivar and position on
the stem. The total fibre weight per stem is pesiji correlated with thetem
weight, while the fibre content in the stem is negativadyrelated with the stem
weight (Westerhuis et al. 2009b). This observatippears in agreement with
that of van der Werf et al. (1994), who noted aatieg correlation between
stem dry weight and bark content in the stem: arese in stem dry weight by
postponing the harvest was associated with a deziadark content.

With respect to th@osition on the stem the fibre content is higher in
the middle part of the stem and lower towards latttom and top (Westerhuis
et al. 2009a).

The fibre content in the stem is significantly affed by thecultivar
(van der Werf et al. 1995b; Cromack 1998; Sank@002 Amaducci et al.
2008c; Westerhuis et al. 2009b). The applicationth&f Bredemann method
(1924 cited by Ranalli 2004) and the high narrowsseheritability of the fibre
content (Hennink 1994) led to a considerable imenognt of the trait (Ranalli
2004).

In addition, the bark content in the stem wouldobsitively affected by
theplant density, and thus by the plant slenderness, until a celgaiel of plant
density (van der Werf et al. 1995b). Finer fibred &ess secondary growth were
obtained at high plant densities (Amaducci et @08). However, at a certain
plant density, the percentage of bark in the stealdvbe lower as a result of
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the elimination of particularly slender plants witiatively higher bark content
by self-thinning (van der Werf et al. 1995b). Aatiog to Westerhuis et al.
(2009a), the plant density would affect the fiboatent through its effect on the
stem weight only.

Lower bark content was observed under higinogen fertilization .
This effect likely resulted from a difference inapt density between both
nitrogen treatments, difference which had ariseraagsult of self-thinning
under high nitrogen (van der Werf et al. 1995c)cdrding to Westerhuis et al.
(2009a), it is possible that, similarly to the gladensity, the effect of the
nitrogen fertilization on the bark content occunsotigh an effect on the stem
weight.

2.4.5. Yield as affected by the crop management

Increasing the dry matter yield in stem, seedlmefcan be achieved by
acting on distinct factors. The effects of cultivaowing date, seeding rate, N
fertilization and harvest date on the stem, filmd aeed yields are summarised
here.

() Cultivar selection

Late flowering cultivars increase the total produttof dry matter by
delaying the flowering and associated reductioradfation-use efficiency (van
der Werf et al. 1994). This increase in total dratter production has been
linked to higher stem yields and a lower allocatadrassimilates to the floral
parts. On the opposite, highest seed yields werair@d in the earliest
flowering accessions but earlier accessions noayswhad higher seed yields
(Schumann et al. 1999).

(i) Sowing date
Advancing the sowing date — from 15/04 to 31/03.6/03 at De Bilt,
Netherlands — can be effective to get an earliappg closure and thus higher
total amount of intercepted PAR, but must be badnagainst the increased

probability of frost damage (van der Werf et al9491996). Besides, sowing
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before April in France must be avoided becausadtides a long flowering
duration and, thereby, a high heterogeneity of seatlirity and quality (Picault
2006).

(iii) Seeding rate

A high seeding rate accelerates the canopy closiglays flowering,
increases the proportion of stem in the total datter and the proportion of
bark content in the stem and, to a certain extapttotal dry matter production
(van der Werf et al. 1995b, 1996). Maximizing tbéat dry matter production
by increasing the seeding rate can be achievedr uhééiighest possible plant
density not causing self-thinning (van der WerdletL996).

According to Picault (2006), a seeding rate of B0hia’ would allow
achieving 95 and 90% of the potential seed and siefds of a hemp crop,
respectively. However, the height of the stemsdases while their slenderness
decreases with plant density (van der Werf et@95b), so that, at low seeding
rate, the stems are more difficult to harvest (Hic2006). Seeding rates
comprised between 50 and 60 kg*hwould be recommended for fibre
production. At such rates, the seed yield woulatheapproximately 90% of its
potential (Picault 2006).

(iv) Nitrogen fertilization

N fertilization of 200 rather than 80 kg N hincreases both total and
stem dry matter yields (van der Werf et al. 1993tje N fertilization does not
seem to affect the proportion of stem in the tatgl matter yield. On the
opposite, a negative effect on the bark contentbeas reported (van der Werf
et al. 1995c). According to Picault (2006), a Idtéertilization would positively
affect the seed yield in hemp, similarly to wheztgn and Spiertz 1980).

(v) Harvest date

Delaying the harvest date can increase the stemghivand stem dry
matter yield (Westerhuis et al. 2009b). Howeveis thakes the field drying of
hemp stems more difficult. Moreover, increased stieyrweights are related to
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decreased fibre contents in the stem (Westerhuml.2009a). Furthermore,
postponing the harvest after the peak of flowegffgcts the fibre quality since
it increases the amount of secondary fibres insteen (Mediavilla et al. 2001).
Thus, when harvesting the seed in addition to ti swaiting for seed maturity
can negatively affect the fibre yield and quality.

The existence of a market for hemp seed led toaifeptation of
monoecious fibre cultivars for the simultaneousdpiadion of fibre and seed
(Fournier and Beherec 2006). These cultivars aegacierized by a relatively
early flowering in order to reach the seed matukitgwever, as reported in the
present section, sowing date, seeding rate ances$tadate may have opposite
effects on the yields in stem and seed. Therefm&)aging a dual-purpose
hemp crop will rely on compromises for most agroiwfactors.
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2.5.SYNOPSIS

This chapter firstly presented the variability éxig in the species
Cannabis sativa(section 2.1) before reviewing the literature & tgenetic
determinism of the sex expression (section 2.2)wdking response to the
photoperiod (section 2.3) and yield formation (gecf.4) in hemp. Considering
this literature review, the present section aimshighlight the sources of
variation that may affect each of the four traitedstigated in the present work:
the sex expression, flowering phenology, and yiéidstem and seed. To this
purpose, we used the model of the quantitative tgetieeory, which describes
the phenotypeR) as a function of the genotyp€)( environmentE) and their
interaction (Lynch and Walsh 1998). The situatianthe present study is as

follows (Fig. 2.7).

P = G + E + GxE
T T |
Sex expression Cultivar I Edapho-climatic conditions
Flowering phenology Temperature
. Rainfall
Stem yield — Sexual type . -
o Air humidity
Seed yield Dioecious Liaht intensit
Male ight in e.nS| y
Photoperiod
Female . .
Soil characteristics
Monoecious
| Earliness L Crop manégement decisions
Sowing date
Seeding rate
Nitrogen fertilization
Harvest date
Fig. 2.7 The four traits investigated in the present théses expression, flowering

phenology and yields in stem and seed) and theengial sources of
variation expressed on the basis of the model efgtantitative genetic
theory. P, G and E account for phenotype, genotypk emvironment,
respectively. The experimental factors that wertetes this work are in

bold face.
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P is the observed trait valueg. the sex expression, expressed as the
ratio between the female and male flowers, the dlawg phenology, expressed
as the duration of a given phenophase, and thesyielstem and seed.

G accounts for the mean phenotypic value observedafayiven
genotype. The ability of a genotype to produce imist phenotypes when
exposed to different environments is referred tothees phenotypic plasticity
(Pigliucci 2005). The genotype depends on the \ardti which can be
characterized by its sexual type and earlinesgi¢se2.1.4). The sexual type is
either dioecious or monoecious. The genotype oéaaus hemp plants varies
with sex given the presence of heteromorphic segmsbsomes (section 2.2.1).
However, the sex chromosomes of monoecious hemp haw been stated to
date (Mandolino et al. 2002; Moliterni et al. 200H) the present work, the four
studied traits were characterized in five monoegioultivars covering a range
of earliness. An additional dioecious cultivar weed to investigate the genetic
determinism of the sex expression in hemp.

E is the deviation due to the growing conditions. Téfect of the
environment can be explained by the edapho-climatiaditions —e.g,
temperature, rainfall, air humidity, light intensit photoperiod, soil
characteristics — and the crop managemestgs sowing date, seeding rate,
nitrogen fertilization, harvest date. In the prasstady, trials were carried out in
both field and controlled conditions. In the fieloyo trial locations were
investigated, each of them being characterized tbyown edapho-climatic
conditions. In addition, due to its effect on bdkle sex expression (section
2.2.3) and the flowering time (section 2.3), thetpberiod was selected as an
experimental factor to create environmental vaatin the field, the effect of
distinct photoperiodic conditions was included hme t'sowing date’ factor,
while, in controlled conditions, distinct photopmtic treatments were applied.

Non-parallelism of the phenotypic responses oft @kgenotypes to the
environment refers to & x E interaction. The occurrence of these interactions
affects plant breeding strategies when the phemosgperiority of genotypes
changes in relation to the environment (Malosettle2004).

Before addressing the experimental part, the neapter investigates
the dissection of the genotypic effect on the valfiguantitative traits by the
use of genetic molecular markers and approprisatisstal methods. This
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technical presentation aims to support the undwilgig of chapters VIl and 1X,

which are dedicated to the construction of linkaggps of the sex expression
and investigation of its genetic determinism by #earch of quantitative trait
loci linked to the sexual phenotype, respectively.
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CHAPTER I

I NVESTIGATING THE GENETIC DETERMINISM
OF A QUANTITATIVE TRAIT

Most traits in nature and of importance to agrimt €.g, yield,
quality, drought resistance) are quantitativelytridisited. Their expression is
regulated by the cumulative action of many gened, am most cases, is
influenced by environmental factors (Lynch and Wal®98). These traits are
called quantitative, polygenic or complex traitshil& monogenic traits follow
patterns of simple Mendelian inheritance, polygérads typically vary along a
continuous gradient of phenotypes. Quantitativéstreomplicate the works of
breeders because performance only partially refldee genetic values of the
individuals (Semagn et al. 2010).

A quantitative trait locus (QTL)s a region of the genome that is
associated with variation in a quantitative trdiinderest. Conceptually, a QTL
can be a single gene or a cluster of linked gematsaffect the trait directly (a
gene coding for a structural enzyme) or indire@ygene coding for regulators
of the expression of other genes). It may alsodreaoding regions that affect
gene expression (Vinod 2006).

A QTL analysisis a statistical method that links two types of
information — phenotypic data (trait measuremeats) genotypic data (usually
molecular markers) — in an attempt to explain teaggic basis of variation in
complex traits (Miles and Wayne 2008). In particulperforming a QTL
analysis is relevant in three areas. Firstly, dvjifes an efficient tool to dissect
the genetic architecture of complex traits by itigeding the following
questions (Vinod 2006):

(1) How many regions of the genome affect the traibtdrest? Where
these regions are located?
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(2) What is the effect of the QTL?

- How much variation of the trait is caused by a #jmec
region?

- What is the gene action associated with the QTHitae,
dominance effect?

- Which allele is associated with the favorable dffec

Secondly, the QTL methodology can be associated aifunctional
analysis by the identification of candidate genehjch connect QTLs to
proteins and regulatory elements of known functighsins 2002; Cooper et al.
2009). Thirdly, the markers that have been idesdifas associated with major
genes or QTL can be employed to practical planedirg purposes (Vinod
2006).

Basically, conducting a QTL analysis requires,tlfzstwo strains of
individuals that differ genetically with regard the trait of interest and,
secondly, genetic markers that distinguish betwtbese parental lines (Miles
and Wayne 2008). The localization of the quantieatrait loci is carried out by
using agenetic mapwhich shows the ordering of markers along a clasome
and the relative distances between them (Lynchvdaldh 1998).

So far, two non-saturated molecular maps have pablished in hemp
(Mandolino and Ranalli 2002; Peil et al. 2001 cilsdMandolino and Carboni
2004), while no QTL analysis has been reportedh@ gpecies under study.
However, no segregating population and associdé&dde map are currently
available in hemp. Therefore, the investigatiothef genetic determinism of the
sex expression by QTL analysis requires the creati@ segregating population
and construction of a linkage map. Both of thespstwere carried out in the
present work. Fsegregating populations were created, and AFLKkemawere
generated in order to construct linkage maps. Tee of k segregating
populations relied on the relatively high degredetierozygosity pointed out in
the species (Forapani et al. 2001), while the ARePhnique was selected
because of its advantages in terms of ease of mmgl&ation and ability to
amplify many loci (Vos et al. 1995; Mueller and \Wolbarger 1999; Meudt and
Clarke 2007) and the availability of AFLP primeripgaproviding sex-linked
markers in hemp (Flachowsky et al. 2001). The preskapter aims to present
the basic principles of linkage and QTL mappingtstg from the generation of
molecular genetic markers. The specificities okdige and QTL mapping i, F
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segregating populations by using dominant markerslaveloped because such
populations and markers were used in the preseaay.st

3.1.DETECTING THE GENETIC VARIABILITY

3.1.1. Molecular markers

A molecular genetic marker corresponds to a DNAusage derived
from a specific location in the genome. The molacigenetic markers provide
therefore a direct access to the genetic variaimsent at a given locus.
Generally, they do not represent the target gdreagelves but act as ‘signs’ or
‘flags’ that allow differentiating individuals froneach other (Collard et al.
2005). Since they are inherited, their transmisgiom one generation to the
next one can be followed. Besides, the assay ehatg marker is not affected
by environmental factors. The ideal genetic maskir be highly variable, or
polymorphic, so that the polymorphism revealed gy marker can be used to
study the genetic variation at a specific locusntty and Walsh 1998; Wu et al.
2007).

A wide variety of techniques exists to detect DN&iation. A set of
techniqgues commonly used in genetic mapping radieshe hybridisation of
denatured single-strand DNA fragments by a DNA prav primer. These
techniqgues generate molecular markers that differ number, type of
polymorphism €.g, fragment length, number of simple repeated sempsgrand
ability to differentiate the homozygous stateA| from the heterozygous one
(A@), in particular. This latter characteristic resulin the distinction of
codominantfrom dominantmarkers and is of primary importance in genetic
mapping since the ability to distinguish the hetggmus and homozygous states
positively affects the probability of detectingkage between pairs of markers
(Maliepaard et al. 1997).

The codominant markers are generated by DNA prirtteas score a
single-marker locus. The distinct DNA fragmentspaarkers, amplified by such
primer consist of distinct alleles present at thebpd marker locus. Thus the
codominant markers atemologousi.e., they derive from the same location in
the genome, and the heterozygous individuals cadistenguished from the
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homozygous ones. Examples of codominant markers tlaee RFLP and
microsatellite markers.

Unlike the codominant markers, the dominant markeoside a multi-
locus fingerprinting (Meudt and Clarke 2007). Eaxfhthe amplified markers
accounts for an allele derived from a distinct BcAt each locus, the
individuals differ from each other by the presenceabsence of amplification,
and the heterozygous individualsa] can thus not be distinguished from the
homozygous dominant one#\A). Examples of dominants markers are the
RAPD and AFLP markers (Lynch and Walsh 1998). Th&_ R technique was
used in the present study and is further descitilesalv.

3.1.2. The AFLP technique

AFLP markers (Vos et al. 1995) are generated bypbeta restriction
endonuclease digestion of total genomic DNA, fokdwby selective PCR
amplification and electrophoresis of a subset @f ftagments, resulting in a
unique, reproducible fingerprint (or profile) foaeh individual. The generation
of AFLP markers is performed in four steps (Fid.)3.

Step | — Restriction. Genomic DNA is digested with a pair of
restriction endonucleases,g, Hindlll and Msel used as rare and frequent
cutters, respectively Each of them cut the DNA atsgecific sequence
(restriction sitg into restriction fragments.

Step Il — Ligation. Adaptersare ligated to each end of the restriction
fragments. The adapters are double-stranded DNAes®egs consisting of a
core sequence and an enzyme-specific sequencallhats the ligation to the
restriction fragments. The sequence of the adapidrrestriction sites will be
used as target sites for primer annealing durimyRIER amplification of the
restriction fragments (steps Ill and V).
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Genomic DNA
5 TTAA AAGCTT -----------—- 3
3 AATT. TTCGAA —-----—--—- 5
(1) Hindill / Msel digestion
Msel Hindlll
5 - T TAA---—-mmmmemmemeee A AGCTT---------=-- 3
3 - AAT Tommmmm e TTCGA A-----meee- 5
(2) Ligation of adapters
Msel adapter HindIll adapter
5 GACGATGAGTCCTGAGTAA--------mmmmmmmeae AAGCTGGTACGCAGTCTAC 3’

3’ TACTCAGGACTCATT TTCGACCATGCGTCAGATGCTC 5’

(3) Pre-selective PCR amplification Hindlll + A primer

e ATTCGACCATGCGTCAGA
5’ GACGATGAGTCCTGAGTAA--------=-=-=--=- TAAGCTGGTACGCAGTCTAC 3’
3’ TACTCAGGACTCATT T--=-=-=-========= TTTCGACCATGCGTCAGATGCTC S’
GACGATGAGTCCTGAGTAAA------------- >
Msel + A primer
(4) Selective PCR amplification Hindlll + AGA primer
L Fluorescent
e AGATTCGACCATGCGTCAGA® «—  gve
5 GACGATGAGTCCTGAGTAA-------------- TCTAAGCTGGTACGCAGTCTAC 3’
3’ TACTCAGGACTCATTTTG---=-=-=-====-~ TTTCGACCATGCGTCAGATGCTC 5’
GACGATGAGTCCTGAGTAAAAC----------- >

/

Msel + AAC primer

Fig. 3.1 Schematic representation of the AFLP technique Witdlll and Msd
restriction enzymes. Adapted from Vos et al. (19960 aMeudt and
Clarke (2007).
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Step Il — Pre-selective amplification.A subset of all restricted-ligated
fragments is amplified using primers that are canm@ntary to the adapter with
an additional nucleotides(g, ‘A’) at the 3’ end of the primer. These primers
will only prime the DNA synthesis of fragments flaad by a nucleotide that is
complementary to the selective nucleotide of eadmgy. The amount of
amplified fragments is thus ~1/16 of the initial@mt.

Step IV — Selective amplification. A second round of PCR is
performed, in which the primers have two additiofi@hking nucleotides. The
number of amplified fragments is thus further restijdoeing now ~1/163 of the
initial amount. TheHindlll+3 nucleotides primer is labelled with a fluoredcen
dye so that all strands synthesized from this priane fluorescently labelled. A
range of primers combinations with different selectnucleotides is used in
order to amplify alternative subsets of loci.

In the present study, the amplified AFLP fragmentse revealed by
capillary electrophoresis of fluorescently labell&d-LP fragments. This
technique was preferred to gel-based systems becdiits high throughput and
the high data quality it provides. The capillanstmument detects fragments
present in the spectrum of the fluorophore, praaya@n electronic profile of
relative fluorescence unitss. fragment size (Fig. 3.2). Polymorphisms, which
are observed as peaks present in some samplebsent & others, are caused
by the gain or loss of a restriction site, a chaingie selective primer binding
site or a length difference between restrictioessifMeudt and Clarke 2007).
Each AFLP fragment is characterized by its size aminers used for
amplification. The number of fragments revealedpbiyner combination varies
generally between 50 and 100 (Vos et al. 1995).prbéle of each individual is
then described according to the presence (1) oenalks(0) of each peak,
producing a binary data matrix (individuals x AFhRarkers).
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Fig. 3.2 Fluorescently labelled AFLP fragments revealed bwpilary
electrophoresis. Thex-axis indicates the molecular weight of the
fragments in base pairs, and tlyeaxis, their intensity. Each line
corresponds to a single individual.

3.1.3. Advantages and limitations of the AFLP techgue

The AFLP technique is highly reliable (Vos et a®9%; Mueller and
Wolfenbarger 1999; Meudt and Clarke 2007). Thisabglity relies on the
combination of the reproducibility of restrictiomagment analysis and the
amplification of DNA fragments under stringent PCBnditions,i.e., under
high annealing temperatures. In addition, similaity other techniques of
multilocus fingerprinting, the amplification of AFLproducts can be performed
on organisms for which there is rao priori sequence information available
(Meudt and Clarke 2007). However, the use of a itoaolis fingerprinting
method raises the question of the homology of thplification products: does
each same-sized DNA fragment originate from onelsirocation in the
genome? According to Vos et al. (1995), most AFt&yments correspond to
unique positions on the genome and can therefoen lexploited for the
construction of linkage maps. Rouppe van der Vebsl. (1997) compared the
sequence of co-migrating bands and concluded trathomology of AFLP
products is nearly always valid. However, the lespscificity of AFLP markers
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is limited to populations within species or to vetgsely related species (Qi et
al. 1998).

The main disadvantage of the AFLP technique igithrainant nature of
the generated markers, which makes the methodusstil for studies that
require precise assignment of allelic states sushheterozygosity analysis
(Mueller and Wolfenbarger 1999). The dominant markgstems generate
numerous, genome-wide loci that are individuallssleinformative than
codominant marker sytems. However, they deriver thiitistical power from
their high number. Both systems — codominant anchidant markers — are
commonly used for linkage analysis (Meudt and @&dR07).

In conclusion, the AFLP technique can be ideal wtteare is noa
priori sequence information and no suitable establishetkar® for intra-
specific studies, when it is necessary to amplifgngnloci to ascertain an
accurate measure of the genetic diversity — whsclthe case in outcrossing
species such as hemp —, for the rapid generatidatafand when the revelation
of amplified fragments by capillary electrophoressspossible (Meudt and
Clarke 2007). The AFLP technique has found apptioatin a wide range of
genetic studies, including linkage mapping, popoagenetics or phylogenetic
studies. Genetic mapping with AFLP markers has heemormed in potato
(Rouppe van der Voort et al. 1997), barley (Qi amdihout 1997; Waugh et al.
1997; Qi et al. 1998), rice (Nandi et al. 1997)jzegVuylsteke et al. 1999) and
sugarcane (Hoarau et al. 2001), among others.
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3.2.CONSTRUCTION OF A LINKAGE MAP

3.2.1. Principles of linkage analysis and map comsiction

Linkage is the tendency for genes to be inherioggther because they
are located close to each other on the same chome§WVu et al. 2007). The
construction of a linkage map relies on the prilcipf linkage and
recombination between molecular markers (Fig. 31®rkers that are located
close to each other on a same chromosang M, andM3) are more likely to
be transmitted together to the next generation tmankers that are located
further apart€.g, M; andM,).

A pair of homologous chromosomes Crossing-over The four resulting gametes
| — I
centro-
mere
Locus 1 M1 M1 miQ aml M1 M1 mil oml M1 M1 ml ml
Locus 2 M2 IM2 m2{ [jmz MZI m2 | M2 sz M2 m2 M2 m2
Locus 3 M3i M3 m3H Hm3 M3I m3 | M3 Hm3 M3Q m3 M3 m3
Chiasma Par Rec Rec Par
Fig. 3.3 Diagram for crossing-over between two paired homolegiuomosomes

at an early stage (prophase ) during meidgism;, M>-m, and Ms-m

account for alleles present at three successive riegpectively.Par and
Recindicate the parental and recombined gametesecésply. Adapted
from Wu et al. (2007).

In Fig. 3.3, the existence of linkage between tired loci means that
there will be more gametes of the parental tié,Ms and mymymg than
recombined gametes liké;mms and mM,M3. These two latter gametes are
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calledrecombinantgor loci 1 and 2 (as well as for loci 1 and 3)€Tproportion
of recombinant gametes between two lociremombination fractionis denoted
r. Thus the proportion of parental, or non recombirgametes, i§-r. From the
process of meiosis, it follows that a recombinafii@ction of 0.5 between two
markers indicates that they segregate independémtlyare located either on
distinct chromosomes, either on the same chromodarheelatively far away
from each other (Wu et al. 2007).

The linkage analysis consists of estimating thelialctecombination
fraction,r, on the basis of the expected number of recomtsnara segregating
progeny. Letf denote the estimated recombination fraction betwkeem. The
test of linkage between the two loci consists efiig the null hypothesis gHr
= 0.5 (markers are unlinked) against the altereatiypothesis H r <0.5
(markers are linked). The test statistic used tis thurpose is the LOD
(logarithm of the odds) score, wherés the likelihood function:

L(r=r)

LOD =log,, ——~
910 L(r = 05)

(3.1)

Two markers are considered to be linked and thegr@ed to a same
co-segregation group if the LOD score is highemtlgathreshold value. A
threshold value of 3.0 is commonly used (Morton 89Risch 1992 cited by
Maliepaard et al. 1997).

Markers assigned to a same co-segregation grouthemeordered. The
methods for linearly ordering the molecular markegly on minimizing the
recombination between pairs of markers. However,réftombination fractions
are not additive because they are probabilities &edause of genetic
interference. Therefore, they are translated ietoegic distance by using a map
function (Doerge 2002). Two map functions are cominaised: the Haldane
function, which assumes that recombinations ocodependently from each
other, and the Kosambi function, which integratbe potential effect of
interferences between loci (Wu et al. 2007; Doengg Zeng 2011). The unit for
expressing the genetic distance between markers& @mromosome is the
Morgan (or, more usually, the centiMorgan, cM), amdefined as the distance
along which one recombination event is expecteddour per gamete per
generation (Doerge 2002). Finally, thenetic mapprovides a representation of
the chromosomes on which the markers and QTL r¢Biderge 2002).

70



Chapter Il — Investigating the genetic determinisha quantitative trait

Considering the above, the development of a linkagaysis critically
relies on the estimation of the recombination foactbetween markers. The
accuracy of the recombination fraction estimatopetwls on the number of
recombination events that occurred in the parentsthe ability with which
these events can be detected. The first comporserdeiermined by the
recombination fraction itself and the size of theogeny, and the latter
component, by the configuration of the markers glthve parental chromosomes
(Maliepaard et al. 1997). Thus the type of segiaggbopulation and marker
system used for mapping will strongly affect thevpo of the linkage analysis in
addition to the size of the population. This iseleped in the next two sections.

3.2.2. Classicalss. F; segregating populations

Consider two diploid parental lines denotedPandQ, each containing
two homologous chromosomes. Thkage phase designs the allelic
configuration at a pair of loci on these homologahsomosomes in a single
parent (Maliepaard et al. 1997).

Classical experimental designs used for linkage@nhd mapping, such
as kb or backcross populations, derive from an initiabss between two
complementary inbred lines (Fig. 3.4a). In suchyatons, only two alleles
segregate at each locus, and the parental linkhgsep are known since the
parents are homozygous. The distinction of recoari;iand non-recombinants
in the progeny and the linkage analysis are thrmigitforward (Wu et al.
2002a).
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a. Inbred lines b. Outbred lines
P Q P Q
M k M k N k N k
Mlk Mlk le N]|.< (A ) 1 2 X 1 2
M 1k+1 M1k+1 | le+1 N1k+1 YoM 1k+1 M ;ﬂ leﬂ N;ﬂ
‘ F " MS || M y NS [ NS
2
) 1 ) M1k+1 M ;+1 N;ﬂ N1k+1
M, N, k k K k
M NS A My || M X Ny || N
o 3 M k+1] M k+1 N k+1] N k+1
‘ | selfing 2 ! ! 2
. ny ME[[ME N[N
Tompllve T e
Fl

Fig. 3.4 Cross between (a) two diploid inbred lines and (b) twmtbred linesP

and Q, characterized by two marker loéi,and k+1. |\/|1k, I\/IIZ(, le
and NX are alleles found at locus and M **, MX*t N and

N'z”l, alleles found at locuk+1l. The segregating populations are

indicated in boxes (BC = backcross). In a crossveeh two diploid
outbred lines, four assignments can be distingdishe the two parents
depending on the allelic configuration at the tworkea loci. For each
line, the two vertical bars stand for two homologahisomosomes. The
notation is based on Lin et al. (2003).
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However, a large group of plant species is recaltitto genomic
research because of their high genetic heterozygossulting from outcrossing
and long generation times (Wu et al. 2002a). Irs¢hgpecies, inbred lines are
generally not available. Linkage analyses and QEppmng can be carried out
directly from full-sib family derived from a crogsetween two outbred parents,
here referred to as;Fsegregating populations. The efficiency of linkage
mapping in such populations is proportional to tlerel of genetic
heterozygosity in the species under study and #metic divergence between
the individuals crossed (Grattapaglia and Seder8®4). However, the use of
an kR segregating population makes the constructiom&hge map much more
challenging than the use of segregating populatt®g/ed from inbred lines.
Indeed, in an Fsegregating population, both the number of allskgregating
at each locus and parental linkage phases are wnknand the number of
segregating alleles can vary from one locus toteraofMaliepaard et al. 1997,
Wu et al. 2002a). Up to four alleles can segregatach locus. For each pair of
loci in each parent, two linkage phases can béndisished, resulting in a total

of four distinct assignments of alleles (Fig. 3.4Ib) parentP, the aIIeIelek

and Ml"+l are linked incoupling phase in the assignments 1 and 2 and in
repulsionphase in the assignments 3 and 4.

3.2.3. Segregation of AFLP markers

Classification of all possible cross types betwega diploid outbred parents
for a single marker locus

As stated in the previous section, up to four eflemay segregate for
each marker in a population derived from two digloutbred parents. Let b,
¢ andd denote four distinct alleles, ande the null allelei,e., nota, notb, not-
¢ and/or notd. The allelesa, b, ¢ andd are codominant with respect to each
other, but dominant with respect to the null aligey, the genotypeaa andao
can not be distinguished from each other). In tdtaldistinct cross types can be
distinguished for a single marker locus dependimghe allelic configuration in
each parent (Maliepaard et al. 1997; Wu et al. 2DQR classification of these
cross types was proposed by Wu et al. (2002a) €T24)).
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Table 3.1  Classification of the 18 cross types that may lsnduished for a single
marker locus in an;Fsegregating population derived from two diploid
lines. The alelles, b, c andd are codominant with respect to each other
and dominant with respect to the null allete, Adapted from Wu et al.

(2002a)
Parents Offspring
Cross typé Genotvpes Pheno- Distinct Segregating  Nb. of
yp types? phenotype$?® pattern  pheno-types

A 1 ab x cd ab x cd ac, ad, bc, bd 1:1:1:1 4
2 ab x ac ab x ac a, ac, ba, bc 1:1:1:1 4

3 ab x co ab x cd ac, a, bc, b 1:1:1:1 4

4 ao x bo axb ab,a, b, 0 1:1:1:1 4

B Bl 4 ab x ao abxa ab,a, b 1.2:1 3
B2 6 aoxab axab ab,a, b 1.2:1 3
B3 7 ab x ab ab x ab a,ab, b 1:2:1 3

C 8 ao x ao axa a, o 3:1 2
D D1 9 ab x cc abxc ac, bc 1:1 2
10 ab x aa abxa a, ab 1:1 2

11 ab x 00 abxo a, b 1:1 2

12 bo x aa bxa ab, a 1:1 2

13 ao X 00 axo a, o0 1:1 2

D2 14 ccxab cxab ac, bc 1:1 2

15 aaxab axab a, ab 1:1 2

16 oo xab oxab a, b 1:1 2

17 bo x aa axb ab, a 1:1 2

18 00 X ao oxa a, o0 1:1 2

! The reciprocal cross types (B$B2, D1 vs D2) are presented in two distinct grobpsause
they supply different information for the charactation of linkage phase when paired (Wu et
al. 2002a).

2 The phenotype accounts for the observed pattebarmds.
3 For each cross type, the distinct phenotypescédmabe identified in the offspring are given.
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Cross type A Markers heterozygous in both parents and sednegiat
a 1:1:1:1 ratio.

Cross type B Markers heterozygous in both parents and sednegist
a 1:2:1 ratio. Three groups are distinguished aliogrto the presence of a null
allele in one (B1), the other (B2, which is theipeacal of B1) or none of both
parents (B3).

Cross type C Markers heterozygous in both parents and sednegiat
a 3:1 ratio.

Cross type D Markers heterozygous in one parent and homozygous
the other one (testcross configuration) and segjregan a 1:1 ratio. Two
reciprocal groups (D1 and D2) are distinguishededdmg on which of both
parents is heterozygous.

In addition, the cross types A, B, C and D showedént degrees of
informativeness with respect to the differentiatioh the genotypes in the
offspring. For a given marker, regardless of itssertype, a cross between two
diploid parents results in four possible pairindgarental chromosomes. The
markers of cross type A allow the distinction ofifgpphenotypes, each of them
corresponding to one given pairing of parental stosomes, and thus are fully
informative (Table 3.1). In contrast, the markersross types B, C and D allow
the distinction of 2 or 3 phenotypes and thus afg partially informative.

Cross types revealed by AFLP markers

The AFLP technique reveals a polymorphism of pres&bsence of
amplification — which is specific to dominant marlsystems. According to Wu
et al. (2002a), each AFLP marker may receive orthreke distinct cross types:
C.8 @o x ag), D1.13 @0 x 00) or D2.18 6o x ao), the allelesa and o
corresponding to the presence and absence of aapbh, respectively, and
their location being interchangeable between bothdiogous chromosomes in
each parent (Table 3.1). The C.8 markers are Imigoos in both parents and
segregate 3:1 in the offspring, while the D1.13 &b#&.18 markers are
heterozygous in only one parent, reciprocally, segregate 1:1 in the offpring.
Because the C and D cross types allow the distinaf only two phenotypes in
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the offspring (Table 3.1), the AFLP markers onlytiadly characterize the
polymorphism found between individuals of ansEgregating population.

3.2.4. Linkage mapping in an kr segregating population with AFLP
markers

As stated in the section 3.2.2, when mapping inFarsegregation
population, not only the recombination fractionsween pairs of markers but
also the linkage phases in the parents are unknblarefore, distinct statistical
strategies have been developed for estimating #éhengal linkage phases and
recombination fraction in;Fsegregating populations.

The traditional construction of genetic maps with $egregating
populations is performed by using dominant markeith 1:1 segregating
pattern (D1.13 and D2.18 cross types; Table 3.hjs $trategy results in two
independent linkage maps, each map having markgregating in one parent
but fixed in the other, as performed by the sofevitapMaker (Lander et al.
1987; Grattapaglia and Sederoff 1994). It has laggalied to construct linkage
maps in hemp by Mandolino et al. (2002) (see se@i@.5). The integration of
both parental maps in an unique one requires thetimarkers segregating in
both parents, with a 3:1 segregating pattern (€o8sctype). This integration
was performed by the first version of the softwdoenMap using weighted least
squares for the estimation of map distances (S&88)1

Maliepaard et al. (1997) presented the equationseftimating the
recombination fraction between pairs of markerspldigng distinct allelic
configurations and the respective LOD score by gisinmaximum likelihood
approach rather than least-square approximatiamtit®i from this work, Wu et
al. (2002a) developed a methodology based on anmemilikelihood approach
to construct genetic maps by simultaneously esingathe parental linkage
phases and recombination fraction between markeis set of markers with
various cross types. Their methodology has beefemmgnted in the R package
OneMap (Margarido et al. 2007), which was useddiestruct genetic maps in
the present study. The anchoring algorithm of trethmdology of Wu et al.
(2002a) for estimating the recombination fractiord gparental linkage phases
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between two markers — or two-point analysis — irFasegregating population
is presented here.

Two-point analysis in an jFsegregating population according to Wu et al.
(2002a)

Consider two diploid outbred parents denoted Pasand Q, each

containing two homologous chromosomes. For a gimarker locug, Mlk and

M denote the two alleles found in paréytand N; and N, those found in
parentQ (Fig. 3.4b). The cross & andQ results in four possible genotypes in
the offspring at locuk: M/N;, M N MXN* and MSNX. Similarly, at
locusk+1, M, MX** N/ and NJ** are alleles found in parerfesandQ,

respectively, andM [N, M NS MEENS and M STNS? are the

four possible genotypes. Four assignments arendisshed depending on the
allelic configuration, or linkage phase, in eachep& (Fig. 3.4Db).

Letr — assumed to be the same in both parents — bre¢bebination
fraction between the marker ldciandk+1, A, be the assignment of the alleles
at the second marker locustl, given a fixed allelic configuration at locls

andM = (M, m“Y" be the data for the two marker loci.

The conditional probability of having one of theifgpossible genotypes
in a given individual of the offspring at locks1 given the genotype at locks
is referred to as the transition probability ofgehination between lodi and
k+1. The transition probabilities under a given assignt of alleles at lodi and
k+1 (Fig. 3.4b) can be expressed in a (4 x 4) malrable 3.2).
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Table 3.2  Transition probabilities of recombination between twarker loci,k and

Ay

As

Ay

k+1, under four assignments of alleles in ansEgregating population
derived from two diploid outbred line®®? and Q (Fig. 3.4b). The

allelesM; and M, derive from paren®P, and N, and N,, from

parentQ. r is the recombination fraction between the two maitker.
From Wu et al. (2002a)

k+1 g K+ k+1 g K+ k+1 g K+l k+1 g K+l
- M N, M{N; M2"N; M2"N; -

M 1k le (2 -r)? r(1-r) r(1-r) r2

M 1k le( r(1-r) (2 -r)? r r(1-r)

M ; le r(1-r) r2 (2 -r)? r(1-r)

M ; le( L r r(1-r) r(1-r) @-r2z ]
M 1k le r(1-r) (A -r)2 r2 r(1-r)

M 1k N; (1 -r)2 r(1-r) r(1-r) r2

M ; le r2 r(1-r) r(1-r) (1 -r)2
MSN; L r(d-n r2 (1 -r)2 ra-r) |
M 1k le r(1-r) r2 (2 -r)? r(1-r)

M 1k N; r2 r(1-r) r(1-r) (1 -r)2

M ; le (A -r)2 r(1-r) r(1-r) r2

Mlz(le( L r(d-n (1 -r)2 r2 ra-ry |
M 1k le r r(1-r) r(1-r) 2 -r)2
MlkN; r(1-r) r2 (2 -r)? r(1-r)

M ; le r(1-r) (2 -r)? r r(1-r)

M ; le( L (@-ry r(1-r) r(1-r) r2 ]
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According to Bayes’s theorem, the posterior proligiof A, given M
is expressed as:

P(A,)P(M P(M
p(a vy = _PAIPOIA) _PoMIA,) 62

D P(A,)PM[A,) D PM|A,)
w=1 w=1

whereP(A,) is the unconditional or prior probability 8, and is assumed to be
uniform, andP(M|A,) is the likelihood ofM given A, Assuming that the
marker data are independent amdhigdividuals in the population, we have:

N
P(M|A) = [ P(m|A)
i1=1
(3.3)
(MN),,)

N B P
= I] zz P(mk‘(MN) jl)P((MN) j2|(|\/|N) jl)P(mk+l

171 j,=L

wherep, andp, are the numbers of distinct phenotypes observékiffspring
(MN), ) are the
indicator variables describing thgh phenotype at locusandj;th phenotype at
locus k+1, respectively, for individuai, and P((MN)J-2|(MN)J,1) is the

at loci k andk+1, respectively, P(mk‘(MN)h) and P(m*

transition probability of having thgth phenotype at locukt+1 given thejith
phenotype at locus The indicator variables take a value of 1 oe @, at locus

k, the indicator variable is one if the phenotype inflividual i (mk) is

consistent with the(MN)j1 phenotype, zero otherwise. In the present stuny, t
use of AFLP markers, which are characterized bg<itgpes C and D (Table
3.1), results in two possible distinct phenotypesach marker locus, and thus
P1=pP2= 2.

For a given assignment at locks1l, the recombination fraction
between locik and k+1 is estimated by maximizing the log-likelihood of
equation (3.3) for and solving the following equation:

SIn(P(MJA,)) _

0 3.
5 (34)

79



CONTEXT

The computation of the maximum likelihood estimatdbr is performed
by an iterative procedure based on expectation ity maximization (M)
algorithms (Dempster 1977). At eachl step, the E step calculates the
expected number of recombination events betdeandM*** for individuali
under assignmem, based on the estimate, while the M step calculatés.
These iterative procedures are repeated umtinverges to a stable value. This
value represents the maximum likelihood estimatbrtiee recombination
fraction between the marker lokiand k+1 under assignmem,. The most
likely parental linkage phases betwedh andM*** are inferred by calculating
the posterior probabilities of the four distincsigmmentsA, based on equation
(3.2).

Two-point analysis in an{Fsegregating population with AFLP markers

As a result of the presence of three distinct ctggss (C.8, D1.13 and
D2.18), the linkage of two AFLP markers involves gossible combinations of
cross types: C.8-C.8, C.8-D1.13, C.8-D2.18, D1.131B, D2.18-D2.18 and
D1.13-D2.18 (Table 3.3).

However, the use of C.8, D1.13 and D2.18 crossstype mapping in
F, segregating populations implies some uncertaintyhe estimation of the
parental linkage phases and recombination fractioetween markers
(Maliepaard et al. 1997; Wu et al. 2002a).

None of the present six cross-types combinatiolesvalthe distinction
of the four possible assignments of alleles (Figb3Table 3.3). For example,
assignments Aand A between two C.8 markers provide the same posterior
probabilities (Wu et al. 2002a). Similarly, assigamts A and A, on the one
hand, and Aand A, on the other hand, are not distinguishable ferlithkage
analysis involving D1.13 markers. The same holde for assignments ;Aand
Az, on the one hand, and And A;, on the other hand, with D2.18 markers.

The power, or probability, of detecting linkagevegén two dominant
markers has been characterized as a function ofrthes type and population
size by Maliepaard et al. (1997) (Fig. 3.5).

The least informative combination is found betw&hl13 and D2.18
markers, for which no recombinant can be identifiedble 3.3). Therefore, the
linkage between D1.13 and D2.18 markers is estaaligshrough C.8 markers
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(Maliepaard et al. 1997; Wu et al. 2002a). Theezafthe power of detecting
linkage is the lowest with C.8-C.8 markers in cauplphase in parer® and
repulsion phase in pare@t(C x R), or conversely in R x C linkage phasesnth
with C.8-C.8 markers in R x R linkage phases, Ci813 (or C.8-D2.18)
markers and C.8-C.8 markers in coupling phase ¢h @arent, and the highest
with D1.13-D1.13 (or D2.18- D2.18) markers, for wlnieight recombinants can
be detected in the offspring (Fig. 3.5; Table 3.3).

In addition, the power of detecting linkage is piosly correlated with
the population size: the maximum detectable recoailnn fraction is
approximately 0.2, 0.25 and 0.35 with populatioresiof 50, 100 and 200,
respectively (Maliepaard et al. 1997; Fig. 3.5).
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Table 3.3 Linkage analysis between two marker Idciandk+1, characterized by a dominant marker system inase§regating populatiofthis
table is split into two parts; the second one il next page)

: 25
Marker Cross Parent$ Offspring
type | Genotypes| LB | Assign- o Recombination in Recombination in Rececombination in both
locus | 1 2 | No recombination
p ) ment parentQ parentP parents
k C8 |alloalloj¢ ¢ A, alla allo o]la o]|ola]la allo o||la o||o| alla allo o|/a o]loja|la a]lo o]la of|lo
k+1 C8 | alloa]lo alla ajJo o]la o]|ola]|o a]la o]jo of|lajo]la o]|o a]la a|lojo]lo o]la a]|lo a]|a
k C.8 a||oa||oC R As alla allo o]la oflolalla a]lo o|la of|o|a]la al]jo ofla o]|o|alla al||o o]la oflo
k+1 C8 | ajJoo]a allo alla o]lo o]laja]la a]Jo o|]Ja o]|ojo]Jo o]la a]lo al]lajo]la o]lo a]la a]|o
k Cc.8 a||oa||oR c As alla alJo o|la o||o|a]la a|]lo o|]|]a o||o|a]la a||lo o|]|alo||o|a|la a|]|lo of]|a o]0
k+1 C8 | o]laa]llo o|la o]lo a|la a]|lo/o]lo o]la al]lo a]lala]la al]lo o|]la o]loja]lo a]la o]jo o]la
k Cc.8 a||oa||oR R As alla allo o|la o||o|a]la a|]|]o o|]|]a o||o|alla a|]|lo o|]|a of||o|a|la a|]|lo of]|a oo
k+1 C8 | o]lao]la olJo ofja allo allajo]la o]lo a]la al]lojal]lo al]la o|]Jo oflajal]la al]jlo o]|la o]|lo

! Cross types at two marker lokiandk+1, respectively. Notation according to Wu et al.q28) (Table 3.1).

2By analogy with Table 3.1, the alleles at lkeindk+1 were symbolised by the same lettéws, a ando for presence/absence of amplification, respectively
2The alleles at lodk andk+1 were symbolised by the same lettégs, a ando for presence/absence of amplification, respectively

4 No. of assignment depending on the allelic arrarege in the parents. The nos. of assignment casresf those in Fig. 3.4b.

5 Genotypes of the offspring. The detectable recoattis are in grey.
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Table 3.3

(continued)

Marker
locus

Cross
type
1

Parenté

Genotypes
P Q

Assign-

ment*

L Recombination in
No recombination

Recombination in

Rececombination in both

k
k+1

C.8
D1.13

alloallo
allo o]lo

A or
A;

ollo
ollo

ollo
allo

ollo
allo

k
k+1

C.8
D1.13

alloallo

ol]la o]lo

Az or
Ay

ofla

allo

oflo
oflo

oflo
oflo

k
k+1

D1.13
D1.13

allo o]lo
allo o]lo

A or
A;

ollo
oflo

ollo
allo

ollo
allo

k
k+1

D1.13
D1.13

allo oo

ol]la oo

Az or
Ay

oflo

allo

oflo
oflo

oflo
oflo

k
k+1

D1.13
D2.18

allo o]lo
oflo a]lo

ollo
ofla

ollo
oflo

ollo
ofla

! Cross types at two marker lokiandk+1, respectively. Notation according to Wu et al.q28) (Table 3.1). The C.8-D2.18 and D2.18-D2.18kioations

(not shown) are reciprocals of the C.8-D1.13 andlBD1.13 combinations, respectively.
2The alleles at lodk andk+1 were symbolised by the same lettérs, a ando for presence/absence of amplification, respectively

® Linkage phases (LP) between the alleled locik andk+1 in parent$ andQ, respectively. C and R account for coupling anuiision, respectively (the
allelesa at locik andk+1 are located on the same chromosome or on digtimomosomes in a given parent, respectively)tards for undefined LP (locks
or k+1 is homozygous).

* No. of assignment depending on the allelic arramee in the parents. The nos. of assignment casresto those in Fig. 3.4b.

® Genotypes of the offspring. The detectable recoanits are in grey.
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Fig. 3.5

0.1 0.2 0.2 0.4 0.5 0.0
Recombination fraction

01 0.2 0.3
Recombination fraction

Power of detecting linkage between two markers with B1dt D2.18)
and C.8 cross types (Table 3.1). The power accdantie fraction of 20
000 simulation runs for which a recombination fraotassociated with a
LOD score > 3.0 was obtained. Four population sizeg tested (n = 50,
100, 200 and 1000). The configuration 1 refers tie tross-types

combination D1.13-D1.13, the

configuration 2, C.8-131.1and the

configuration 3, C.8-C.8iInCx C, C xR (or R x @R x R parental
linkage phases, where C and R account for couplidg@pulsion phases,
respectively (from Maliepaard et al. 1997). Seel@&b3 for the complete
linkage analysis between two markers displaying tlesent three cross

types.
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From two-point to multi-point analysis

The two-point analysis can be extended to make |&meous
inferences concerning multi-locus recombinationcticms. If the markers
provide all genetic information, the two-point estites of recombination
fraction are identical to the multipoint estimatgan Ooijen 2011). However,
this is rarely the case, because of the presenoaissing data or the use of a
dominant marker system. A general algorithm was tierived to calculate the
multipoint recombination fractions in presence désing data in populations
derived from two inbred lines (Jiang and Zeng 199hjs method uses Markov
chains to link multiple intervals. Wu et al. (2002¢eveloped a three-point
analysis to combine all markers of a linkage grand perform a multi-locus
linkage phase inference. The R package OneMap hwirs used in the present
study, merges the methodology of Wu et al. (20G2&) the computation of
multipoint likelihoods through Hidden Markov modé¢lsang and Zeng 1997) to
construct linkage maps in outcrossing species (&tadg et al. 2007). OneMap
was successfully applied for linkage mapping inbean (Garcia et al. 2006;
Pastina et al. 2012) amhssiflora(Oliveira et al. 2008).

3.2.5. Linkage maps in hemp

The first linkage map that has been developed mpheas based on an
F:1 progeny of 40 individuals derived from a crossamsn a monoecious plant
and a female plant of a dioecious cultivar (Mamumland Ranalli 2002). Two
maps were created, one for each parent. The mateamincluded 66 RAPD
markers segregating 1:1 distributed on 11 co-sedi@y groups, and the
paternal one, 43 markers on 9 co-segregation grolpe female and
monoecious individuals segregated in a 1:1 raticthie F, suggesting the
existence of a monoecious trait inherited by moiwollysm. However, no locus
responsible for the monoecy was mapped. The savapdwas obtained from a
cross between a male plant and a female one obecidus accession, thus
including the Y chromosome. This map included 1Z2R markers distributed
along 10 linkage groups (Peil et al. 2001 citedvlandolino and Carboni 2004).
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3.3.IDENTIFICATION OF QUANTITATIVE TRAITLOCI  (QTLYS)

3.3.1. Statistical methods

The simplest method of associating markers witmtjtaive variation
is to test the segregation of a phenotype witheespo a marker genotype
(Soller and Brody 1976). Thgngle-marker (SM) analysis can be performed
using at-test, analysis of variance or regression analgbiswultiple markers.
The progenies are classified according to their keragenotype, and the
phenotypic means are compared between classesgificant difference
indicates the presence of a QTL linked to the nrankeder investigation
(Doerge 2002).

The single-marker (SM) analyses are useful to stieaexistence of a
genetic control. In addition, they do not requirgemetic map. However, these
analyses fail to provide an accurate estimate ®QMiL location since the QTL
effect and location are unable to be estimated ragglg. A significant
difference in phenotypic means between the markaptypes can be due to a
tight linkage between the marker and QTL with sreffict or to a loose linkage
and large QTL effect (Doerge 2002; Wu et al. 2007).

While single-marker analyses investigate individuaharkers
independently, without reference to their posititme interval-mapping (IM)
approach (Lander and Botstein 1989) uses an estimgenetic map as
framework for the location of QTLs. The intervatat are defined by a pair of
consecutive markers are searched in increments (L or 2 cM). Statistical
methods are then used to test whether a QTL idylitee be present at each
incremental position across the ordered markettieéngenome. The results of
the tests are expressed as LOD (logarithm of osicis)es, which compare the
evaluation of the likelihood function under thelrfutpothesis (there is no QTL
at the position under study) with the alternatiypdthesis (there is a QTL). The
LOD score values obtained for each increment aem thlotted against the
linkage map positions, expressed in cM. The madbaole position of the QTL
is given by the position of the highest LOD scomeemding a pre-defined
critical threshold (Zeng 1994; Doerge 2002).
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Compared to the SM analysis, the IM method allay&é inference of
the probable position of a QTL between marker lacd (ii) the improved
estimates of QTL effects (Lander and Botstein 1Z8%g 1994). However, IM
is limited by both the model that defines it asrayle QTL method, and by the
one-dimensional search that does not allow intemastbetween multiple QTLs
to be considered (Doerge 2002). Indeed, even ifetie no QTL at a given
position, the LOD score can still exceed the thoslllue to the presence of a
QTL at some nearby region on the chromosome. tetieonly one QTL on a
chromosome, this effect does not matter since tbst ttikely QTL location is
given at the position with maximum significant likeod profile. However, the
number of QTLs on a chromosome is unknown, anthefe is more than one
QTL on a chromosome, the test statistic at thetiposunder study will be
affected by those other QTLs (Zeng 1994). Thereftire IM method can lead
to biased estimates when multiple QTLs occur orstitae chromosome (Knott
and Haleyt 1992; Haley and Knott 1992; Martinez &wnow 1992; Jansen
1993; Zeng 1994; Jansen and Stam 1994).

Faced with this issue, thecomposite-interval-mapping (CIM)
combines multiple linear regression methods wite tonventional interval
mapping: additional markers — beyond those flankhgyinterval of interest —
are used as covariates in a multiple regressiarrder to absorb the effect of
other QTLs (Jansen 1993; Zeng 1994). By conditignine test on linked
markers, the sensitivity of the test statistichte position of individual QTLs is
increased, resulting in an improved precision ofLQmapping. Besides,
unlinked markers can be added to the analysis,cregiithe residual genetic
variation and further increasing the power of QTapping (Zeng 1994).

While the CIM confines the QTL analysis to one oggat a time, the
multiple-interval-mapping  (MIM) uses multiple marker intervals
simultaneously to fit multiple putative QTLs dirctn the model for mapping
QTL (Kao et al. 1999). The MIM allows thereby thell festimation of the
genetic architecture of a quantitative trait inrierof the number of underlying
QTLs, their genetic effects, pleiotropic effectsidaepistatic network among
different QTLs (Wu et al. 2007).
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3.3.2. Interval mapping in classical populationss. F; segregating
populations

Suppose the presence of a QTL in two parental idipiloes denoted as
P andQ. In populations derived from inbred lines, onlyotalleles segregate at
the QTL locus,P; and Q; derived from parent® and Q, respectively. In a
backcross population (Fig. 3.6a), the segregatiothe QTL in the progenies
results in two possible QTL genotyp&sP; andP,Q.

H Pl X Pl Q1 ’ HPv HQl

k+1] k+1 k+1 k+1
M 1 M 1 M 1 Nl

Fig. 3.6 Backcross of thd-; resulting from a cross between two diploid inbred
lines, P andQ, with the parental lin® (Fig. 3.4a). The parental lines are
characterized by two marker lodi, and k+1, and a QTL. Two QTL
genotypes are present in the backcross populateR; and P,Q;.
Adapted from Lin et al. (2003) and Pastina et 01@).

The traditional approach for QTL mapping involvebngar regression
of phenotype on genotype. In a backcross populatibe phenotype and
genotype of individual at a given locus are assumed to be related by the
following equation:

Yi=Hgg *a Qg +& (3.5)

wherey; is the phenotypic value of individual Hpr is the mean phenotypic

value of individuals with genotyp®@,P,, g; is an indicator variable whose value
depends on the genotype of individiyal is the additive effect of a single allelic
substitution (effect of havin@; instead ofP,), andg; is a random variable with
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mean 0 and variance? (Lander and Botstein 1989). At the positions
corresponding to a marker locus along the genetig, ghtakes the value of O or
1 depending on the observed genotyp#; andP;Q,, respectively. However,
at any other position, the genotype of individualnd thus the value af are
unknown. Therefore, probabilities are used: thebabdity of having a given
QTL genotype is inferred from the genotypes of flaeking markers and the
relative genetic distances between these markershanputative QTL (Doerge
and Zeng 2011). Statistically, the linear modeb)Y®ecomes a mixture model
since probability distributions replace the unknowrdependent variables
(genotypes) (Lander and Botstein 1989; Zeng 1994k linear regression

solutions (,&Fipl, G, 0%) are maximum likelihood estimateise., the values

that maximize the probability, or likelihood furmtiL, that the observed data
would have occurred:

Lo @09 =M [R(g, =OL O +R(g, =DLM] @

where P (g, =0) is the probability that the QTL genotype of indivali, g, is
P,P; conditional on the genotypes and positions of taeking markers, and
L; Q) = Zy, — U, 0?) is the likelihood function for individual assuming
thatg; = 0 and withz denoting the normal distribution with mean 0 aadance
2. Similarly, P (g, =1) is the conditional probability that the QTL genatypf

individuali is P1Qy, and L; (D) = Z(y, — Hpg —a,0?), the likelihood function

assuming that; = 1 (Lander and Botstein 1989). The test statistithe LOD
score, constructed using a likelihood ratio:

L(ipp ,Q,02
LOD =log,, :(” i ) (3.7)
L(Upp .0 =0,02)

whereL is the likelihood function (3.6){15 , @ and 42 are the maximum

likelihood estimates oflp, , a ando® under the alternative hypothesis: bl # 0

(there is a QTL), ancﬁFiF,1 and g2 are the respective estimates obtained under

the null hypothesis §1 a = 0 (there is no QTL) (Lander and Botstein 1989;
Doerge and Zeng 2011).
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The application of the interval-mapping methodolagybackcross, F
and k segregating populations differs from each other(ipythe number of
distinct genotypes that can be found at each laods(ii) the number of distinct
QTL effects that can be estimated.

(i) Number of distinct genotypes at each locus

In a backcross design, there are two possible gpestat each locus.
Thus, one can distinguish two possible QTL genaypP:P; andP;Q; — and
four possible combinations of genotype for the twarkers flanking the QTL,
or marker classesThe likelihood function (3.6) is constructed bynsidering
eight distinct conditional probabilities, each dfein corresponding to the
probability of having one of both possible QTL games given one of the four
marker classes (Wu et al. 2007).

In a k, design, three possible genotypes are possibladt cus —
these aréP,P,, P,Q; andQ,Q; at the QTL —, and thus the likelihood function
includes 27 conditional probabilities, each of thexorresponding to the
probability of having one of the three possible Qjdnotypes given one of the
nine marker classes.

In an K segregating population, the presence of four plesgenotypes
at each locus — these dgQ,, P1Q,, P,Q; andP,Q, at the QTL — generates a
total of 64 distinct conditional probabilities, &aof them accounting for a
distinct marker-QTL-marker genotypic combinationoviever, under a fixed
allelic configuration at marker lo& andk+1, the allelic configurations between
the QTL and flanking markers on a single chromosamga priori unknown.
Four assignments of the QTL alleles relative tottie flanking markers can be
distinguished (Fig. 3.7), each of them generatimtiséinct set of 64 conditional
probabilities (Lin et al. 2003). The foundation thfe statistical framework
developed by Lin et al. (2003) for QTL mapping insEgregating populations is
presented here.
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(A)

(A2)

(Ag)

(A)

Fig. 3.7
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Q —_— P2Q2| I:)2Q11 I:;.QZ' a 1

Cross between two diploid outbred lin€sand Q, characterized by two
marker loci,k andk+1, and a QTL. Under a fixed allelic configuration at
marker locik andk+1, four assignments of the QTL alleles relative ® th
flanking markers can be distinghuished. Each assigit generates the
same four QTL genotypes; however, the conditionabaldity of a given
QTL genotype upon the genotypes at marker loci ¢eyending on the
assignment (Table 3.4). From Lin et al. (2003).
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Let r, r; andr, denote the recombination fraction between kaind
k+1, between locuk and the QTL and between the QTL and loéud,
respectively, withr =r; +r, —2r1r,. Each parent generates eil}/ﬂ‘t—QTL—Mk+1
haploid gametes with the gametic probability dejresdn the assignment (Fig.
3.7). Under assignment;Athe gamete probabilities are calculated as:

+ + 1
0111 = P(M{P, M{*") = P(NfQ, Nf*) =5 A-n)-ry),

+ 4+ 1
01120 = P(Mlkpl M; N = P(leQl Ng Y =E(1—f1)|’2,

4+ 4+ 1
0101 = P(Mlkpz Mlk Y= P(leQlek Y =§r1r21

+ +: 1
G122 = P(MyP, M5™) = P(NY'Q,N§™) =Er1(1—fz),
3.8).

+ +: 1
0211 = P(MZP MI™) = PINZQNS™) = - p),

+ + 1
0212 = P(M2P Mz™) = P(N2Q NZ™) = 2,

+ + 1
U201 = P(M 3P, M{™) = P(N5Q,Nf™) =5 A=,

+ + 1
U222 = P(M5P, M5™) = P(NSQ,N§™ =5 A-n)a-ry)

The combination of the eight distinct gametes fresch parent? and
Q, generates a total of 64 zygotic gentotypes. Dl probabilities of the 64
genotypes for the two markers and the QTL are &led on the basis of thgs
probabilities (3.8) under each of the four assigmisieof QTL alleles and
flanking markers (Table 3.4). Under a fixed all@anfiguration at marker lo&
and k+1, the conditional probability of each QTL genotyppon the marker
interval genotypes is obtained from - QTL-M joint probabilities (Table
3.4) andM*~M*** joint probabilities calculated from Table 3.2 byphing
Bayes'’s theorem (Lin et al. 2003).

According to Lin et al. (2003), the correct chaesization of the
linkage phases between QTL and markers in arsdgregating population
allows a more accurate estimation of the QTL effemrtd location. However,
their statistical framework seems to have bede Etpplied to date.
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Table 3.4  Joint probabilities of 64 zygotic genotypes derifezn a cross between
two diploid outbred lines characterized by two marlmmi, k and k+1,

and a QTL. The marker alleld®l;, and M, derived from parer®, and

N, and N,, from parenQ. B, , P,, Q and Q, are the alleles of

the QTL. The 64 probabilities are generated by thehkination of 16
marker classes and 4 QTL genotypes. These prolibiliary according
to the assignment (Ass.) of the QTL alleles relativethe flanking
markers (Fig. 3.7). From Lin et al. (2003)

QTL
Ass. Genotypes

A1 PlQl I:>1Q2 P2Q1 Pz Qz
Az Ple I:>1Q1 P2Q2 P2Q1

Marker As PzQ1 PzQz I:)1Q1 Ple
No Genotypes A P2Q2 Ple |::'1Q2 P1Q1
1 M lk Nill.( M lk+1N]|.(+1 glzll 91119121 nglglll gl221
2 M{NMTING™ 09> 91192 G202 Y1101
3 M{NSMEENS™ 011912 G291 91200111 Gi2aOize
4 M lk Nill.( M §+1N;+1 gl212 91129122 91229112 gl222
5 M{NIM TN 019211 G11%201 91219211 G12n¥on
6 M lk N; M lk+1N;+1 91119212 91119222 91219212 91219222
7 M lk Nill.( M §+1le+1 91129211 91129221 91229211 91229221
g M{NIMINS™ 0129212 91129220 91209212 91229220
o MINMTINS o FOPYo PPN o POVt o o IO o PR o OO o 100
10 M ; Nill.( M lk+1N;+1 nglgllZ nglngZ gZZlgllZ 92219122
11 M ; Nill.( M §+1le+1 92129111 92129121 92229111 92229121
12 MZNSM NG U291 92129120 92020112 9220120
13 MZNZMTINS 021 920921 9o0oi O
14 M ; N; M lk+1N;+1 92119212 92119222 92219212 92219222
15 M ; N; M §+1le+1 92119212 92129221 92229211 92219222
16 MyNZM NS 920 92129222 9229212 Un
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(i) Number of QTL effects

A search for QTLs by interval mapping in a backsrdssign allows the
estimation of only one additive QTL effect due tsigle allelic substitution, as
illustrated by the linear regression (3.1). In,g&pulation, two QTL effects can
be estimated, one additive (effect of having thd.@€notypeQ,Q; instead of
P,P;) and one dominance effect, which results fromrarailocus interaction
between the additive effects in each parent (eféédtaving P,;Q, instead of
P,P; or Q:Q1). In an K segregating population, two additive effects, éore
each parent, and one dominance effect can be ¢stimehe additive effect due
to parentP is the effect of having,Q; or P,Q, instead ofP,Q; or P,Q,, while
the dominance effect is the effect havirg), or P,Q, instead ofP;Q, or P,Q,
(Lin et al. 2003; Wu et al. 2007).

QTL mapping in I segregating populations by using the mixture model
has been implemented in the software MapQTL® (vaije@ 2009).

3.3.3. QTL mapping by regression analysis

An approximation of the linear regression modeb)3vas proposed by
Martinez and Curnow (1992) and Haley and Knott @)9®stead of treating;
as missing data and using a mixture model via maxintikelihood for the
analysis, the Haley-Knott approximation uses thebability p; of having a
given QTL genotype conditional on the marker dataatly as known variable
in the model. For the backcross example, the m@i&) becomes:

Yi= Hpg TA P & (3.8)

wherep; = P(g; ::Ijm K m* 6) , with 8 accounting for the position of the QTL

relatively to the flanking marker lokiandk+1.

The equation (3.8) is a simple regression modeti tre statistical
analysis is therefore straightforward (Doerge aaddgZ2011). It has been shown
that this procedure gives a very good approximatibithe likelihood profile
(Haley and Knott 1992; Rebai et al. 1995). One tthl advantage of this
method is that the analysis can be performed usimg general statistical
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package (Haley and Knott 1992). Moreover, the fdation of QTL mapping as

a regression problem allows a great flexibility focorporating environmental
co-variables into the analysis and adequately niingethe residual genetic
variation (Malosetti et al. 2004; Boer et al. 200alosetti et al. 2007). A
variety of mixed models is currently used for QTlapping (Xu and Yi 2000;
Gilmour 2007; Cooper et al. 2009; van Eeuwijk et 2005, 2010). These
models usegenetic predictorsas explanatory variables, which consist of a
function of the conditional probabilities of the QTenotype given flanking
marker information and represent the number angiroparent/ founder) of
QTL alleles (Lynch and Walsh 1998; van Eeuwijkle2810).

The regression model was used for QTL mapping ifrasegregating
population in sugarcane (Pastina et al. 2012). dsaof its flexibility for
incorporating additional factors and the possipitif implementation in general
statistical softwares, the QTL analysis performadthe present study was
conducted using a regression model in a way sirdl&astina et al. (2012).
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CHAPTER |V

THE RELATIONSHIP OF STEM AND SEED
YIELDS TO FLOWERING PHENOLOGY AND SEX
EXPRESSION IN MONOECIOUS HEMP

The present chapter is a modified version of aarebepaper entitled:

A.-M. Faux? X. Draye®, R. Lamberf, R. d’Andrimont®, P. Raulief, P.
Bertin® (2013). The relationship of stem and seed yied®tvering phenology
and sex expression in monoecious he@annhabis sativd..). Eur J Agron
47:11-22.

& Earth and Life Institute, Université catholiqueldrivain, Louvain-la-Neuve

® Centre de Michamps, Bastogne
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ABSTRACT

Flowering phenology and sexual dimorphism are twajomfeatures
that affect stem and seed production in hef@gnfabis sativd..), a short-day
naturally dioecious plant. The sowing time is of@ary importance because it
affects flowering time and thereby influences stgimld. In spite of their
unstable sexual phenotype, monoecious cultivarditéae the harvest of both
stems and seeds by reducing crop heterogeneity.nTdie objective of this
paper was to determine the stem and seed yield§vi®rmonoecious hemp
cultivars in relation to their flowering phenologgd sex expression.

Sowing was carried out on five distinct dates dy2®07 and 2008 at
two sites in Belgium. The duration from sowing kavwfering in days, both stem
and seed yields and the seed harvest index dedremksen sowing was
postponed from mid-April to the end of June. Tresand seed yields from the
mid-April sowing (approximately 12.5 and 1.9 t'haespectively) were within
the ranges that were reported for fibre and bdthefiand seeds production,
respectively, in monoecious hemp. No interactiors waserved between the
sowing date and cultivar for both yields. Sex espien varied among cultivars,
indicating that it might be selected, and was pditiked to earliness. Stem
yields were lowest in the earliest cultivar (Usg ahd highest in the latest one
(Epsilon 68) while seed yields were lowest in thestrmasculinised and earliest
cultivar (Uso 31) and highest in the most feminised early (Fedora 17) or
mid-early (Felina 32) ones. Both stem and seedlyiebrrelated best with the
duration from sowing to full female flowering oofn sowing to the end of male
flowering.

According to our results, harvesting the seedslititeon to the stems in
monoecious hemp requires early sowing and the tgateof feminised early or
mid-early cultivars, earliness depending on thematic conditions in the
cultivation area. Therefore, it might be agricudtily valuable to take sex
expression into account in addition to earlinessnguthe selection of cultivars
that are adapted to a dual purpose.

Keywords: Hemp Cannabis sativd..) - Flowering - Sex - Photoperiod - Stem
yield - Seed yield.
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4.1.INTRODUCTION

Increasing attention is being devoted to new cropsause biobased
products could play a key role in the search foergy independence and
provide new opportunities for farmers (Janick antipiey 2007). A recently
renewed interest in hempZannabis sativalL., has been triggered by its
agronomic characteristics and by the diversity exfewable resources that it
produces. Hemp is a relatively high yielding crojihwgreat agro-ecological
plasticity, low or no pesticide requirement and estddemands for fertilizer
(van der Werf et al. 1996; Struik et al. 2000).r&riime-hemp concretes in the
home insulation sector (Evrard 2006) to hempsekith dood (Callaway 2004),
a wide variety of products is derived from hempdibvoody core, cannabinoids
or seeds (Struik et al. 2000). In this contextyvhsting the seeds in addition to
the stems can improve the profitability of the farghoperation if the seed yield
and market price are sufficiently high (Bocsa anarus 1998). This paper
focuses on the cultivation of hemp for a dual pag@ practice that is found in
countries like France (Bocsa and Karus 1998; Bok®@6; Beherec 2000) and
Canada (Vera and Hanks 2004).

The control of flowering is essential for the gematmprovement and
cultivation of hemp because its yields are affedigdwo major features of the
flowering system: dioecys. monoecy and photoperiodism. Firstly, hemp is a
naturally dioecious plant with sexual dimorphismio&xious hemp cultivars
provide relatively high stem vyields; however, tharlier flowering and
senescence of male plants in comparison to femads make the harvest of
both the stems and the seeds difficult in thestéveant (Bocsa and Karus 1998).
Monoecious hemp cultivars facilitate the simultameproduction of stems and
seeds by reducing crop heterogeneity, but they hh&edisadvantage of an
unstable sexual phenotype (Bocsa and Karus 198@)nionoecious state varies
from predominantly male to predominantly femalerexie phenotypes, and
dioecious male plants occur at ever-increasingsréatem one generation to
another. The seed production of monoecious cuttitherefore requires the
elimination of male dioecious plants prior to flawmg and the control of the
monoecious state at each generation (Beherec 28@@jtionally, hemp sex
expression is known to be widely influenced by exdé factors such as
hormonal treatments, photoperiod or nitrogen stgfteeman et al. 1980).
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Secondly, hemp is a quantitative short-day planith va critical
photoperiod of approximately 14 hours (Amaduccale2008a; Borthwick and
Scully 1954; Lisson et al. 2000b). By modulatinge tiflowering time,
photoperiodic conditions can have a key influence avop yield because
radiation-use efficiency (RUE) is lower after floivey than before flowering
(van der Werf et al. 1994). The link between staéetdyand flowering in fibre
hemp has been reported in several studies. Steldsyian be improved by
breeding late-flowering cultivars (van der Werfakt 1994; Meijer et al. 1995;
Lisson and Mendham 2000), and maximum stem and fiiglds are obtained
when the harvest is carried out at the peak ofdlivg (Mediavilla et al. 2001;
Amaducci et al. 2008c). On the other hand, stumBésted to the simultaneous
production of stems and seeds are scarce. To awl&dge, the sex expression
and flowering phenology in monoecious hemp in retato both stem and seed
production have never been investigated. This stodyd establish new criteria
for the development of cultivars that are adaptedafdual purpose and support
the crop management and thus the yields of duglgserhemp.

Morphologically speaking, the inflorescences of merious hemp are
similar to those of dioecious female plants (Boesal Karus 1998), with
flowers arising in crowded racemes with leafy sa@lohan Ram and Nath
1964). A five-point scale established by Sengbudd®52) classifies
monoecious hemp forms according to their ratio efatiemale flowers. As the
number of flowering plants progressively increaafier the appearance of the
first flower, several floral developmental stagas de found simultaneously in
the hemp crop (Bocsa and Karus 1998). The durditan emergence to 50%
flowering has been modelled in response to temperabnd photoperiod
(Lisson et al. 2000b; Amaducci et al. 2008a). Flomge dynamics (% of
flowering plantsvs. time) were modelled with a bi-logistic curve, wic
indicated the presence of two processes correspgridi successive male and
female flowerings in dioecious cultivars (Amaduetial. 2008b). Two scales
describing the phenology of monoecious hemp haen baentified. The first
one, which is used by the Fédération Nationale Rieslucteurs de Chanvre
(FNPC, France), assigns seven stages without atingudar the sex of the plant
(1-emergence, 2-canopy closure, 3-active growthktast- of flowering, 5-full
flowering, 6-end of flowering, 7-seed maturity) ¢Rilt 2006). The second one
(Mediavilla et al. 1998) divides the life cycle fe plant into four main stages
(1-germination and emergence, 2-vegetative stagBow@ring and seed
formation, 4-senescence) and distinguishes the aradefemale flowers (stage
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3) in monoecious plants. The second scale was demsl to be more
appropriate for this study to characterize bothghenology and sex expression
in monoecious hemp.

The main objective of this research was to detegrttie stem and seed
yields in monoecious hemp cultivars in relationtheir flowering phenology
and sex expression. Environmental variation waaterkby the selection of two
contrasting trial sites with a range of sowing dateéinally, the relationships
between floral development and yields are discussid an eye towards
improving crop management for hemp that is culddafior both stem and seed
production.

4.2.MATERIALS AND METHODS

4.2.1. Genetic material

Seeds were imported from the Fédération Natione¢eRtoducteurs de
Chanvre (FNPC), which is located in Le Mans (Franok set of five
monoecious hemp cultivars was selected to covdda mnge of earliness: Uso
31 (very early), Fedora 17 (early), Santhica 27 Baliha 32 (mid-early), and
Epsilon 68 (late). Cultivar use varied accordinghe latitude because the time
of anthesis is primarily daylength-dependent (ddjéfiend Keizer 1994). At
our latitude (approximately 50° N), the Uso 31, é®d17 and Santhica 27
cultivars werea priori considered for the production of both stems andisee
and Felina 32 and Epsilon 68 were considered &n gtroduction only.

4.2.2. Trials

The trials were carried out during 2007 and 2008vai sites in
Belgium with distinct edapho-climatic conditionsoi@y-le-Grand (50°40°'N,
4°38’E, 110 m a.s.l.) in the loamy region and Mitlps (50°02'N, 5°48’E, 500
m a.s.l.) in the Ardennes, which are characterlzg@ stony soil with slightly
developed shale substrate and a silty loam teXi/&© 2006). Both soils were
characterized by a volumetric water contéi)tqf approximately 40% between
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the field capacity (pF = B, ~ 45%) and the permanent wilting point (pF = 4.2;
~ 5%). On average, the temperature is 3°C loweltlam@nnual rainfall 200 mm

higher in the Ardennes than in the loamy regionMIR010). The daylength

pattern is identical for both locations as they l@ated roughly at the same
latitude.

In each of the four combinations of year and $ite,trial was arranged
in a split-plot design that included three blockbe main plots in each block
were occupied by five sowing dates and the subpigtdhe five cultivars,
generating a total of 300 plots (2 years x 2 sit8sblocks x 5 sowing dates x 5
cultivars). The sowing dates ranged from mid-Apoilmid-July. In 2007, the
plot size was relatively high (7 x 6 m?) to preverdp heterogeneity. In 2008, it
was reduced to 6 x 3 and 6 x 4 m? in Corroy-le-@ramd Michamps,
respectively. The effect of the plot size reductmm plot heterogeneity was
assessed by testing the model (4.1) on the plansitgeby considering a
decreasing number of randomly selected plant dens#tasurements per plot in
the analysis. We verified that the interpretatidntte effect of experimental
factors on plant density was not modified aftee@duction of on average 45% of
the number of measurements per plot that were riaeg) into the analysis, and
concluded that such a plot size reduction shoutdrmevease the heterogeneity.
This result was confirmed by the a posteriori daeteation of the mean
variation coefficient of plant density within eaplot, which was similar in both
years (CV = 0.28 and 0.25 in Corroy-le-Grand arg#ft@nd 0.32 in Michamps
in 2007 and 2008, respectively). The row width wda<m. In 2007, the seeding
rate was 55 kg hafor a priori mixed cultivars Uso 31, Fedora 17 and Santhica
27 and 65 kg hafor a priori stem cultivars Felina 32 and Epsilon 68. The
seeding rate was fixed to 60 kg her all cultivars during 2008 for the sake of
convenience. Tillage consisted of ploughing in Zaypufollowed by two
passages with a rotary harrow in Corroy-le-Grand ane passage with an
extirpator and one with a spring-tooth harrow ircMamps. The second passage
was performed just before sowing at both sites. filewious crops were spelt
and winter barley in Corroy-le-Grand and spelt gnalss in Michamps during
2007 and 2008, respectively. N was supplied acogrdd hemp cultivation
references in France (Desanlis 2006), whil®sPand KO were supplied
according to the results of soil analysis. N waswadly applied just after each
sowing (as NENO; 27%) and there was a basal application beforaggllfor
the BOs (as superphosphate) angX(as KCI 40%) for ratios of 120-0-160 and
120-0-165 kg hain Corroy-le-Grand and 120-100-190 and 120-1204g8a’
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in Michamps in 2007 and 2008, respectively. No ipel was applied and no
weeding was performed.

4.2.3. Data collection

Climatic data

Hourly measurements of the temperature (°C) andfathil(mm) were
provided by the agro-meteorological sensors fromegional network with
locations at both sites (PAMESEB 2008).

Phenology and sex expression

The time of full canopy closure and seven floralelepmental stages
(three male and four female, Table 4.1) was recbrdée five-point scale by
Sengbusch (1952) was used to characterize sex ssipme or degree of
monoecy, in the hemp crops (Table 4.2). Approxitga®® to 30 plants were
randomly taken at each observation time to detegrttie plot's developmental
stage and monoecy degree. During 2007, observadiothe first, third and fifth
‘sowing date’ treatments were restricted to threlso( 31, Santhica 27 and
Epsilon 68) and two (Santhica 27 and Epsilon 68jweus in Corroy-le-Grand
and Michamps, respectively. Records of the flowgeriphenology and sex
expression were made throughout the growing sedsam, mid-June (start of
flowering in the mid-April sowings) to mid-Septenml{gefore the first harvest)
once every 10 days on average in 2007 and eveny$ id 2008. Full canopy
closure was considered to be reached when sowmes livere no longer
distinguishable, and floral developmental stagesevgaid to be achieved when
observed in about 50% of the plants. The mediaga tiras used when the same
stage was observed at distinct consecutive timabaut 50% of the plants. The
duration of a phenophase was defined as the dorhgtween two consecutive
developmental stages.
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Table 4.1

Developmental stages used
monoecious hemp

to describe the floweringngogy in

Code of
Developmental stage Mediavilla et al. Description
(1998)*
2 Start of flowering (SMF) 2303 Presence of closederflawers, easily
o visible.
2 Full flowering (FMF) 2304 Male flowers are open alidperse pollen.
2 Huge quantities of pollen are usually
3 produced.
g End of flowering (EMF) - Most male flowers are withering. Petals
turn brown and fall.
o Start of flowering (SFF) 2301 Presence of white styles at leaf axils.
2 .
% Full flowering (FFF) 2302 Coexistence of pollinated flowers (with a
S swelling basis) and unpollinated flowers
5 (white styles). The leaves of the top of the
L) stem are flattening and form a plateau.
g End of flowering (EFF) 2305 Presence of seeds,gsten. White styles
P are scarce.
Fruit set (FS) 2306 Fruit ripening. Seeds are hange Bracts

are tight.

! The phenological scale of Mediavilla et al. (1988presented in Table 2.1.

Table 4.2 Sex expression scale in monoecious hemp basedmyb@sch (1952)
Monoecy .
degree Sex ratio
1 80 - 100% off flowers (strongly masculinised plot)
2 60 - 80% ofd flowers (masculinised plot)
3 40 - 60% of? and? flowers
4 60 - 80% ofy flowers (feminised plot)
5 80 - 100% of? flowers (strongly feminised plot)
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Plant density and yields

The plant density was evaluated at approximateld®@ after sowing
by counting the number of plants in 12 1 m-longéirfor each plot. The mean
plant density across the four year*site combinatiomas 19.7+ 6.5, i.e,
approximately 167 plants fn However, we chose not to present the
observations of plant density because no signifieéfact of the plant density on
yields was observed: (= 0.05). This was tested for each year*site comtinn
independently by adding a continuous fixed ‘plamingity’ effect and its
interactions in the model (4.1).

The plots corresponding to the same sowing date Wwarvested at the
same date once the seed maturity — or senesceaheesiéed production was null
or not significant — had been reached. Three sampk¥e harvested per plot,
each having a surface of 1 m2. For each samplefréise weight of the stems
was recorded and a sub-sample of the stems asasdlie entire quantity of
seeds were dried at 70°C for 72 hours to compuytenditter yields.

4.2.4. Statistical analyses

Statistical analyses were performed to assesdfeof the year, site,
cultivar and sowing date on the duration of phemagpls, monoecy degree, stem
and seed yields and seed harvest index. The phasegphduration was
expressed in days and degree-days when the rdevefopment was correlated
to the temperature. In this latter case, a baspdeature [,) was determined by
the variation coefficient method and the thermahtian of the phenophase was
calculated as the time integral @f{, + Tmay*0.5 - Ty, With Tiinand Thax being
the minimum and maximum daily temperatures. Asree tgeries, the monoecy
data were split into sub-datasets according todéneelopmental stage of the
plants at the time of observation, and each sulséatwas independently
analyzed. The flowering phenology and yields wemalyed by using the
MIXED procedure in the SAS statistical package whthe monoecy degree,
which was a discrete variable with five levels eponse, was analyzed by
using the GLIMMIX procedure with multinomial digbution for the response
variable (DIST = MULTI) and cumulative logit linkuhction (LINK =
CUMLOGIT) (SAS Institute Inc. 2010).
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The ‘year’, ‘site’ and ‘cultivar’ (cvar) factors we considered to be
discrete and fixed because the trial only coveread years and the sites and
cultivars were chosen for thear priori contrasting characteristics. The ‘block’
was considered to be discrete and random and thwirlg date’ (SD) was
continuous and fixed. Because the early limit ahpesowing in the region of
study was unknown, the sowing date was countetieagdlay in days after the
earliest sowing date of the trial (April 16 was fltet sowing date in Corroy-le-
Grand in 2007). On the basis of our data, the respof the observed variables
to the sowing date was considered to be linearinfial model that included all
possible interactions was tested first. The noniB@ant interactionso = 0.05)
were removed as far as the interpretation of thennedfects and their
interactions was not modified (‘year*cvar’, ‘yeamtts‘cvar, ‘year*cvar*SD’,
‘year*site*cvar*SD’). The following model was used:

Yikm = H+a; + B + Y +(@B)y +(BY) i +

[6+(@0), +(80), +(0), +(apa), +(By0) ] DS, + (4.1)

random effects + ey,
whereyiim was the response of tith cultivar sown at thgh site during thékth
year at thanth sowing datep was the general mean responggp; andy, were
the main effects of thigh cultivar,jth site andkth year; ¢;) and fy); were the
effects of the interactions between itte cultivar andjth site and between the
jth site andckth year, respectivelyj wasthe mean effect of delaying the sowing
by one day andu);, (69);, (y9)«, (aBd); and Byd)y, were its deviations for every
fixed factor; SD,, was the delay in days of the sowing date after April 16.
According to the split-plot design, the random effein the model (4.1)
included a ‘block’ effect that was nested into gfear and site and, with the
MIXED procedure only, its interaction with the sogidate which was the main
plot effect. The LSMEANS estimates of phenophasestin and yields were
computed for significant fixed discrete effeais90.05) and compared with the
PDIFF method while the CONTRAST statement was usedexamine
significant interactions including the ‘sowing dat®ntinuous effectFor the
monoecy degree, the MEANS procedure and the CONTIR#t&tement from
the GLIMMIX procedure were used to compute meansl grairwise
comparisons, respectively, because LSMEANS compuatatare not supported
by the GLIMMIX procedure for multinomial models (SAnstitute Inc. 2010).
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4.3.RESULTS

4.3.1. Daylength, climatic conditions and culture griods

The daylength increased from 13.9 hours on Apri] & earliest
sowing date, to 16.5 hours around June 21 at sursotgtice before decreasing
to 16.1 hours on July 16, the latest sowing dateheftrials (Fig. 4.1). The
intermediate sowing dates (from mid-May to mid-Juhed the longest days
during the first 30 days after sowing (Fig. 4.24jith the exception of lower
temperatures in April of 2008, the air temperatooaditions were similar for
both years during the trial periods (Fig. 4.1). Baene temperature pattern was
observed for both sites with temperatures on aeefad°C lower in Michamps.
During both years, the temperature sum that wasuledéd from the sowing
time showed increasing differences between sowaigsdfrom approximately
20 days after sowing, with lower temperature sumn foid-April-sown
treatments, and between sites from approximatelgd®@ after sowing, with
lower temperature sum in Michamps (Fig. 4.2b-c).e Timaximum daily
temperatures were 30.7 and 31.1°C in Corroy-le-Gramd 28.8 and 28.5°C in
Michamps in July 2007 and 2008, respectively. Lodeily temperatures were
observed during spring or autumn depending on oeng date, with 2.7 and
3.6°C in mid-April of 2007 and 2008 in Corroy-le#®d, respectively, 4.6 and
0.3°C around May 30, 2008 in Corroy-le-Grand and&hdmps, respectively,
and -0.6 and -2°C in late October in Corroy-le-@g8007) and Michamps
(both years). Negative temperatures were registaited October 15 during the
trial periods, once in Corroy-le-Grand in 2003%. five and three times in
Michamps in 2007 and 2008, respectively. With tkeeption of unusually dry
and warm weather in April of 2007 (IRM 2010), theegpitation was
distributed throughout the whole growing season w&ad higher in Michamps
(575.5 and 621.4 mm in Corroy-le-Grand and 690.d &%9.9 mm in
Michamps, from April to November in 2007 and 208&5pectively). The mean
relative air humidity followed the same pattern tfwan average of 81.8 and
83.8% in Corroy-le-Grand and Michamps, respectively
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Fig. 4.2 Daylength and temperature conditions experiencetdmp plants sown

at distinct dates ranging from Mid-April to Mid-Jufgolour) in two sites
(line type) in Belgium. (a) Cumulative sum of photoiods above 14 h,
i.e., the critical photoperiod for hemp (Amaducci et2008a; Borthwick
and Scully 1954; Lisson et al. 2000b). (b-c) Curtivda sum of

temperatures above 0°C in 2007 (b) and 2008 (c).

Because of the climatic conditions, sowing was debegd earlier in
Corroy-le-Grand than in Michamps (Table 4.3). Thierdweather in April of
2007 was responsible for the larger interval betwibe first two sowing dates.
In Michamps, the low temperatures caused a delahenfirst sowing during
2008 and precipitation caused a delay in the astrgy for both years. Harvest
times varied from September 25 to November 12 ddipgron the sowing date.
September and October of 2008 were relatively raimy the harvest had to be
postponed in Michamps. Both stems and seeds wereedted from all
treatments in Corroy-le-Grand. In Michamps, thenstevere harvested from the
four (2007)and three (2008) first ‘sowing date’ treatments aeeds were
harvested from the first three alone in 2007. Radiirgind high relative humidity
(which was higher than 93% on average in Michamp®dtober and November
of 2008) postponed the harvest and caused stemgéatingnification, lodging)
and significant seed losses as a consequence aheety maturity. This damage
was too large to provide reliable results in treatments from which stems or
seeds were not harvested.
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Table 4.3 Dates of sowing and harvest, delay of the sowing detes April 16 and
duration of the crop cycles in days for trials @drout at two sites in
Belgium, Corroy-le-Grand and Michamps, in 2007 af@&

Corroy-le-Grand Michamps
Delay of Duration Delay of Duration
Sowing Harvest SD a fter of crop Sowing  Harvest SD a fter of crop
April 16 April 16 b
a cycle a cycle
April 16  Sep. 25 0 162 April 23 Oct. 3 7 163
~ Mayl15 Oct.9 29 147 May 12  Oct. 10 26 151
§ May 29 Oct. 16 43 140 May 30  Oct. 31 44 154
June 11 Oct. 30 56 141 June 12 Nov. 12 57 153
June 27 Nov. 5 72 131 July 16 - 91 -
April 17 Sep. 25 2 161 May 9 Oct. 28 24 172
o May6 Sep.26 21 143 May 23 Nov. 7 38 168
S May21l Oct 2 36 134  June9  Nov.7 55 151
June 2 Oct. 3 48 123 June 18 - 64 -
June 18 Oct. 9 64 113 July 14 - 90 -

3The delay of SD after April 16 (in days) accourtsthe ‘sowing date’ effect in the statistical
analysis. It was increased by one day in 2008, whias a leap year.

P | ast sown treatments were not harvested due todtigp damage resulting from
unfavourable climatic conditions.
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4.3.2. Phenology

The duration from sowing to full canopy closure {(Gigcreased from
32 to 23 days when the sowing date was postpowed rinid-April to mid-July
regardless of the site and cultivat £ 0.790,P <0.001, Tables 4.4 and 4.5). A
base temperature of 4.7°C was computed by usingvdni@tion coefficient
method (CV min = 0.056 + 0.026). The mean thermahtions from sowing to
CC were longer in Corroy-le-Grand (299°Cd) thanMichamps (247°Cd)
(Table 4.4). Although the effect was lower, thduefice of sowing date on the
duration from sowing to CC remained significanbath sites despite the use of
degree-daysR <0.01 in Corroy-le-Grand anB <0.001 in Michamps, Table
4.5).

Table 4.4 Date of canopy closure (CC) and duration from sowinganopy closure
in days and degree-days (base 4.7°C) accordintetsdwing date in two
sites in Belgium, Corroy-le-Grand and Michamps, 002

Corroy-le-Grand Michamps

Cano Duration Cano Duration
Sowing Py sowing - CC Sowing Py sowing - CC

closure — closure ———

days °Cd days °Cd

April 16 May 18 32 306.8 April 23 May 24 31 270.65
May 15 June 10 26 296.9 May 12 June 8 27  251.7
May 29 June 22 24 315.05 May 30 June 23 24 2744
June 11 July 5 24  286.7 June 12 July 6 24 225.25
June 27 July 21 24  299.6 July 16 August 8 23 236.05

The male and female developmental stages occutmsg ¢ogether,
with the start of male flowering happening slightlgrlier than the female one.
Thus, only the development of female flowers issitated here.
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Table 4.5 P-values of fixed effects (SD = sowing date, cvaiuttivar) for the phenology (duration of phenop®s sex expression (monoecy
degree at six developmental stages), yields in steinseed and seed harvest index
Year Site Cvar Yegr X Cv._ar X SD SD x SIZ_) X SDx SDx _Year X SD x _Cvar X
Site Site Year Site Cvar Site Site
Sowing - ce® days 0.92 0.633 0.822 <0.001 0.84 0.933 0.84
Sowing - SMF 0.113 0.559 <0.001 0.612 0.129 <0.0010.639 0.405 <0.001 0.228 0.591
Sowing - SFF 0.618 0.599 <0.001 0.33 0.037 <0.000.671 0.45 0.004 0.195 0.842
% SMF - FMF 0.276 0.363 <0.001 0.955 0.17 0.009 ®.04 0.827 0.007 0.393 0.139
% SFF - FFF 0.926 0.001 0.042 0.967 0.41 0.026 119
é FMF - EMF 0.863 0.593 0.178 0.024 0.59 0.527 B.77 0.307 0.085
o FFF-EFF 0.636 0.611 0.692 0.242 0.284 0.329 99.8 0.894 0.335
Sowing - CC b °Ccq <0.001 0.999 1 <0.001 0.002 0.269 0.766
Sowing - SMF 0.099 <0.001 <0.001 0.879 0.259 0.0030.298 0.655 <0.001 0.884 0.507
Sowing - SFF 0.273 <0.001 <0.001 0.718 0.208 .01 0.531 0.588 0.001 0.751 0.972
ES SMF 0.858 0.001 0.05 0.001 0.85 0.144 60.2
g SFF 0.321 0.002 0.153 0.011 0.714 0.289 0.399
95’_ FMF 0.201 0.038 0.139 0.065 0.297 0.244 0.445
& FFF 0.939 0.196 0.927 0.119 0.968 0.588 0.872
& EMF 0.179 0.718 0.874 0.108 0.918 0.637
@ EFF 0.405 0.892 0.512 0.295 0.511 0.659 A7
=, Stemyield 0.023 0.992 <0.001 0.003 <0.001 <0.0010.028 0.121 0.254
% Seed yield <0.001 0.002 <0.001 0.056 0.158
> Seed harvest index 0.006 0.037 <0.001 0.03 0.194

@ For abbreviations of floral developmental stagesEable 4.1. CC = full canopy closure.

b Statistical analysis of time to canopy closure pegormed on the data of 2007 and statisticabgfexpression, on the data of 2008.
¢ Durations in °Cd were computed for phenophasesehate of development was linked to temperatuasg(ld.4 °C for CC and 10.2 °C for SMF and SFF).

4 Statistical analysis of yields was performed andata from both sites in 2007 and from Corroy-tes@ only in 2008 for stem yields and on the degenforroy-
le-Grand only in both years for seed yields andl $egvest index.
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The calendar dates for all floral developmentafjetafrom the start of
flowering to fruit set were delayed during both ngeand at both sites for all
cultivars when the sowing date was postponed froia-April to mid-July
(Table 4.6). The delay in calendar dates of devatygal stages was however
less than the delay in sowing dates, so the nuwfb@ays from sowing to each
developmental stage decreased when sowing wasopestp The last sowing
date of each trial year (mid-July), which occurady in Michamps, was not
integrated in the following statistical analysis chese it modified the
interpretation of fixed effects. The year, site aheir interactions with the
sowing date had no significant effect on the doratof phenophases as
expressed in days (Fig. 4.3, Table 4.5). The dumdtiom sowing to the start of
male flowering (SMF) and from sowing to the stdrfeonale flowering (SFF) in
days decreased significantly with the sowing datalli cultivars P <0.001), but
the intensity of the response varied with the eatltias follows: Uso 31 was
significantly less sensitive to the sowing datentFradora 17K <0.05), Santhica
27, Epsilon 68 and Felina 32 (<0.01), the latter four of which showed no
significant difference between them. All the cudiis flowered relatively early
when sown in mid-July (not shown)e., under the shortest photoperiods under
evaluation (Fig. 4.2a).

Table 4.6 Dates of female developmental stages for two hemiivard, ‘Uso 31’
and Epsilon 68a priori very early and late, respectively, in two sites in
Belgium in 2008 ifjote the present table was published as supplementary
data, available on the web only)

Start of flowering Full flowering  End of floweig Fruit set
Uso31 Eps.68 Uso3l Eps.68so031 Eps.68 Uso 31 Eps.68
April 17 26/06*  30/07 18/07 06/08 26/07 16/08 11/08 28/08
May 6 13/07 02/08 26/07 09/08 04/08 24/08  25/08
May 21  20/07 09/08 02/08 20/08 18/08 27/08  06/09
June 2 28/07 19/08 11/08 29/08 23/08 06/09
June 18  09/08 27108 20/08 01/09 30/08
May 9 16/07 02/08 31/07 12/08 12/08 22/08 27/08 092/
May 23 27/07 05/08 09/08 19/08 22/08 28/08 02/09 /096
June 9 04/08 15/08 17/08 27/08 29/08 06/09  09/09
June 18  14/08 25/08 25/08 03/09 06/09  10/09
July 14 03/09 06/09

& Mean date of the three observations (one per blomkesponding to the same
‘year*site*SD*cvar’ treatment.

Corroy-le-
Grand

Michamps

115



Uso 31 Fedora 17 Santhica 27 Felina 32 Epsilon 68

y=7095-0.28x - y=8437-041x A1 y=9252-048x 1 y=9558-0.53x - y=99.66 — 0.5 x
= 0.677 *** rr=0.893 *** 2= 0.843 *** r”=0.918 *** ° = 0.855 ***

120

Sowing-SFF (days)
0

- °
3 1 o
o
® o | y=17.47-01x | y=13.08-0.04x | y=854+0.06x | y=897+0.03x | y=7.75+0.06 x
z ~ 2= 0191 * r2=0.059 r2=0.128 2= 0.039 = 0.112
Z o | ] ] |
w w
[T
Lg- ' ' ] ]
T :
o 2 eOof o g=—==JL° ebg- -, o tbp-—o -5 Y VR
» o ] y=1284-0.02x | y=10.15+0.02x | y=10.02+0.01x | y=10.31+0.01x | y =10.69 - 0.04 x
_§‘ ~ r2=0.017 r2=0.015 r2=0.005 r2=0.002 r2=0.062
L 81 - - - -
e
w o | i j 4 4
| ®
& Y o O e~ — ° o, A
r 27e ° ——P vt = = O = 1% - i
0 30 60 90 0 30 60 9 0 30 60 9 0 30 60 9 0 30 60 90

Delay of sowing date after April 16 (days)

Fig. 4.3 Effect of delaying the sowing date on the duraiiorays of three female phenophases for five mapaschemp cultivars at two
sites in Belgium in 2007 and 2008 (SFF = starteshdle flowering; FFF = full female flowering; EFFend of female flowering).
The length of the axis represents the same time interval (60 daggrdless of the phenophase. The equationr?aofdthe overall
regression (not shown) are given. One point reptssthe observation of a single plot (‘year*sitestit*SD*cvar’ treatment).o
2007 Corroy-le-Grand) --- 2007 Michampse — 2008 Corroy-le-GrandA --- 2008 Michamps.
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A base temperature of 10.2°C was found for bothatiloms from

sowing to SMF and from sowing to SFF by the vamiatcoefficient method

(CV min = 0.069 £+ 0.023 and 0.068 + 0.021, respety) (Fig. 4.4a). This base
temperature was close to the values found by rsigigshe rate of development
on temperature in each site independently and astigjmthe base temperature
by extrapolating the relationship to its interceyith the temperature axis (Ong
1983; Villalobos and Ritchie 1992; van der Werfakt1995a) (Fig. 4.4b). The

“site” effect on the relation between developmeaterand mean temperature
resulted from similar durations sowing — start lofvfering in days but distinct
temperatures between sites.

0.12 0.16 0.2

Variation coefficient

0.08

Fig. 4.4

(a)

1

— Start of male flowering ,’
1
1

Start of female flowering

0.008 0.014 0.02

® Corroy-le-Grand, Tb =10.7, r*= 0.76
© Michamps, Tb = 10.3, r* = 0.57

0

Rate of development toward SFF (day‘1)

é é é 1I2 1I5 1I8 1'4 1I5 1I6 1I7 1I8

Base temperature (°C) Mean temperature (°C)
(a) Mean variation coefficient of the durationsnfresowing to start of
male/female flowering expressed in degree-days mtfan of the base
temperature. Variation coefficients were computed ieach
‘year*site*cultivar*block’ treatment so that thewimg date was the only
controlled source of time variation. (b) Rate of/elepment toward the
start of female flowering (SFF) as a function of méamperature for the
mid-early cultivar Santhica 27. Base temperaturarare given in each
trial site
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Fig. 4.5 Effect of delaying the sowing date on the durafiodegree-days (base 10.2°C) from sowing to thet sftdemale flowering for five

monoecious hemp cultivars at two sites in Belgimn2007 and 2008. The regression equationramde given at each site for both
years together. One point represents the obsenvafi@ single plot (‘year*site*block*SD*cvar’ trement). o — 2007 Corroy-le-
Grand,A --- 2007 Michampse — 2008 Corroy-le-GrandA --- 2008 Michamps.
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The effect of experimental factors on the thermaktons from sowing
to the start of flowering was tested by using timedr model (4.1) after
verifying that the quadratic effect of the sowiregeland its interactions with the
site, year and cultivar were not significant. Thakrdurations from sowing to
SMF and from sowing to SFF were higher in CorrofEland than in
Michamps P <0.001) as a result of higher temperatures in @ele-Grand that
were associated with similar durations from sowimdhe start of flowering in
days between sites (Fig. 4.5, Table 4.5). The eftéahe sowing date was
reduced with time as expressed in thermal unitsh wignificant effects in
Santhica 27R <0.05), Felina 32 <0.01) and Epsilon 68°(<0.001) only.
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Table 4.7 (a) Duration of phenophases for five monoeciouseunitivars in 2008 (LSMEANS estimates + SE). (b)r&tion from emergence
to flowering for five hemp cultivars as estimatedni Amaducci et al. (2008a) in base 10.2°C andegmtesl for earliness comparison
(a) Uso 31 Fedora 17 Santhica 27 Felina 32 Ep&ito
Sowing - SMF days 59.84 + 0.71a 67.19+ 0.71b 7300.78 ¢ 7403+ 1.04c 78.91+ 0.82d
Sowing - SFF 61.78 £ 0.64 a 68.47+ 0.64b 727D.7cC 74.03+ 094 c 78.86 + 0.69d
SMF - FMF 13.94 + 0.68 a 1144+ 0.68 b 9.29.72@¢ 10.12 + 0.88 bc 10.2 + 0.76 bc
SFF - FFF 1365+ 0.71a 11.07+ 0.7b 10.60.45 b 109+ 094b 10.74+ 0.75b
FMF - EMF 11.44 + 0.64 10.26 + 0.67 10.86 + 0.69 9.75 %+ 0.67 9.4+ 0.68
FFF - EFF 12.06 + 0.74 11.03+ 0.78 10.99 + 0.82 10.68 + 0.81 9.29+ 0.81
EFF - FS 1691+ 1.43 1755+ 1.88 11.33+ 2.53
Sowing - SMP’ °Cd 341+5a 394+5b 439+6¢ 452+8¢ 486 +6d
Sowing-SFI’-b 354+5a 401 +5b 445+ 6 C 452 +8 c 485+6d
(b) Felina 34 Futura 77 Tiborszallasi Fibranova Carmégn
Emergence —
Flowering, °cd 604 (329 — 1136) 1158 (451 —1471) 1484 (43913) 1485 (504 — 1787) 1535 (505 — 1743)

mean (min — max)

For abbreviations of floral developmental stagesTsble 4.1.

Data on the same line and followed by a differettet are significantly differenP(<0.05).

@ The duration from EFF to FS was not included mgtatistical analysis (Table 4.5) because the $atiwas recorded for the first three (Uso 31),
first two (Fedora 17 and Santhica 27) or first if@B2 and Epsilon 68) sowing dates only.

® Durations in °Cd were computed for phenophasesehate of development was linked to the tempezahase 10.2°C).

¢ The values reported here represent the sum afutaions in degree-days for the BVP, PIP and Fd@af, minimum and maximum, respectively)
given by Amaducci et al. (2008a) in their Tablefteraconversion from base temperatures of 1.9, 4hdB11.3°C, respectively, into a base

temperature of 10.2°C by using the respective imatn days.
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All cultivars had distinct floral responses exc8pinthica 27 and Felina
32, which were not significantly different from ooéher (Table 4.7a). Uso 31
was the earliest cultivar. It was followed by Feddi7 (early), Santhica 27 and
Felina 32 (mid-early) and Epsilon 68 (late). Thizley remained consistent
across the different sowing dates despite the figgnt ‘SD*cvar’ interaction
and agreed with the result from the FNPC. The stamale flowering preceded
the female one only in the earliest cultivars (bglad/s in Uso 31 and 1 day in
Fedora 17).

With the exception of Uso 31, for which the duratioom the start of
flowering to full flowering decreased with the sogidate P <0.01), no sowing
date effect was observed on the duration of phessgshfollowing the start of
flowering (Fig. 4.3). The duration from start tdlfflowering, male and female,
was longer in Uso 31 (on average 13.8 days) thdatém cultivars (on average
10.5 days) P <0.01; Table 4.7a) and the duration from full fenmg to the end
of flowering was 10.5 days on average, regardléskseocultivar. Nevertheless,
the order of cultivars according to earliness thas observed at the start of
flowering was maintained at later developmentajesan spite of differences in
phenophases durations. No base temperature wadatatt for completion of
phenophases following the start of flowering asrélation between the rate of
development and temperature was mostly insignitican
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Table 4.8 Monoecy degree (Table 4.2) at seven developmetatges for five hemp cultivars in 2008 (mean + s&ddleviation)

Stage Uso 31 Fedora 17 Santhica 27 Felina 32 Epsdo
Start of male flowering 1.72+£0.79a 2.46+0.76b2.24+0.72ab 264+ 0.7c 2.78+0.67c
Start of female flowering 1.85+0.77 a 25+069 2.27+0.72ab 2.68+069b 2.82+0.72b

Full male flowering 248 +0.64 a 3.04+0.61c 2#053ab 3+0.69abc 2.84+0.62bc
Full female flowering 2.56 +0.65 3.04 £0.62 24#70.53 3+0.71 2.96 +0.55
End of male flowering 3.52 +0.59 3.52+ 0.6 3139.61 3.7+0.66 3.84 +0.76
End of female flowering 3.6+0.76 3.64 +0.73 3476.83 41+ 0.7 4.05+0.76
Fruit set 4.6 +0.51 4.67 +0.49 4.6 +0.52 4. R44 4.8+0.45

Data on the same line followed by a different lettes significantly differentR <0.05).
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4.3.3. Sex expression

The degree of monoecy of the plants (Table 4.2)vedofrom the start
of flowering to fruit set in both years and sitdalfle 4.8 in 2008). At the start
of flowering, the first flowers were generally m#leith a degree of monoecy of
on average 2.4, depending on the cultivar). Aftedsathe newly emerging
flowers were mostly female, leading to a monoeayrele of on average 2.8 at
full flowering and 4.7 at fruit set. The witherirend eventual fall of male
flowers at fruit set could influence the perceiaablution of sex expression at
this stage, but it was not the main cause of fegation.

The GLIMMIX procedure converged when the analysas westricted
to the 2008 data, in which the monoecy degree wasrged in all treatments.
The analysis results were supported by the 200&, datwhich the degree of
monoecy was observed in only three cultivars. Thasacy degree did not vary
with the site but rather with the cultivar at thersof male and female flowering
(P <0.01) and at full male floweringP( <0.05) (Table 4.5). At these
developmental stages, Uso 31, which was the etadigdtivar, was the most
masculinised one with a monoecy degree ranging ffiormto 2.5. It was
followed by Santhica 27 (from 2.2 to 2.7) and th&dora 17, Felina 32 and
Epsilon 68 (from 2.5 to 3), which were the mostif@sed cultivars (Table 4.8).

Plants tended to be more feminised in the last rsgsviat the start of
male P <0.01) and femaleP(<0.05) flowering. This trend was observed in the
Uso 31 and Santhica 27 cultivars in particularhalgh the ‘SD*cvar’
interaction was not significant. In 2008, the manoe&egree at the start of
flowering, male or female, increased from 1 (sowifgApril 17 in Corroy-le-
Grand and May 9 in Michamps) to 2.3 (sowing of JaBein Corroy-le-Grand
and July 16 in Michamps) for Uso 31 on averagefam 1.5 (sowing of April
17) to 2.5 (sowing of June 18) in Corroy-le-Gramdl &rom 2 (sowing of May
9) to 3 (sowing of July 16) in Michamps for Santhi27. The same observation
was made in 2007 with the Uso 31 and Santhica Rivas.
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Table 4.9

Stem and seed dry matter yields (fhand seed harvest index (%) for five hemp culvirom two sites in Belgium (Corroy-le-

Grand and Michamps) in 2007 and 2008 (LSMEANS estii® + SE)

Year Site Uso 31 Fedora 17 Santhica 27 Felina 32 Epsilon 68
Stem yield 2007 Co. 8.06+026a 8.22+026ab 9.48+026d 7&0.26bc 9.05+0.26 cd
Mi. 7.69+0.34a 874+034b 8.33+0.34ab &MM34ab 10.49+0.34c
2008 Co. 8.13+0.33a 9.04+0.33b 10.39+0.33c 192.33b 10.76 +0.33¢
Mi. 7.03+1.83 7.21+1.86 8.72 +1.83 7.77+183 98187
Seed yield 2007 Co. 093+005a 1.03+0.05a 098+005a *QD5b 0.92+0.05a
Mi. ° 0.14 +0.12 0.29 +0.12 0.19+0.12 0.26+0.12 4#€0.12
2008 Co. 1.49+0.09a 1.75+0.09b 156+0.09ab 5:0.09b 1.61+0.09 ab
Seed harvest 2007 10.71 +0.52
index Co. 9.81 +0.52 ab bc 8.61+0.52ad 11.31+053c 8.28+0.52d
Mi. 1.37 £0.77 2.47 £ 0.77 2.23+0.77 24+077 12977
2008 Co. 15.03+0.76a 16.05+0.75a 12.72+0.755.74+0.75a 12.49+0.75b

Data on the same line followed by a different lettes significantly differentR <0.05).

@ Seed yields were not available for Michamps in860e to high crop damage resulting from unfavoleratimatic conditions.
® Contrasts were not performed on 2008 stem yields2807 seed yields from Michamps because of $bgmif losses attributed to hail

and birds, respectively.
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4.3.4. Stem and seed yields

There was a decrease in the stem and seed dry migtds as well as
the seed harvest index when the sowing date wapgud from mid-April to
the end of June for all year*site combinations. ldeer, the 2008 stem yields
and the 2007 seed vyields from Michamps (Table w&Xe not included in the
statistical analysis because of significant stematge attributed to hail in May
and June of 2008 and seed losses due to birdgctesdy.

The ‘SD*cvar’ interaction had no significant effeoh stem yields,
indicating that the cultivars had a similar respoitws the sowing date (Fig. 4.6,
Table 4.5). Significant ‘yearR <0.05) and ‘SD*year’ R <0.001) effects were
observed in the stem yields as a result of thdivelg high stem yields that
were obtained with Santhica 27, Felina 32 and Bp$i8 in late May and early
June 2008 sowings in Corroy-le-Grand. Intercepts eerage 13.2 and 12.3 t
ha', respectively, for a mid-April sowing) as well slspes (on average -0.111
and -0.082 t hawith a one-day delay in the sowing date, respelglivef the
regressions for stem yields on the sowing datedrrdy-le-Grand were higher
in absolute value in 2007 than in 2008. No ‘sitfeet was observed on the
regression intercepts, but it was present on #giejres P <0.05) and was higher
in absolute value in Michamps (on average -0.184'twith a one-day delay in
the sowing date) than in Corroy-le-Grand in 200@véttheless, the variation in
stem vyields with the sowing date appeared to bgroemt between both years
and sites (Fig. 4.6). The ‘cvar*site’ effe@ €0.01) was found in Santhica 27 in
2007, with relatively low stem yields in Michampsn(average 8.3 t Hy in
comparison to Corroy-le-Grand (on average 9.5 lf&able 4.9). As a result,
the stem vyields over both years and sites increfisedUso 31 (on average 8.0
t ha'), which was the earliest cultivar, followed by Beal 17, Felina 32 and
Santhica 27, to Epsilon 68 (on average 10.1Y hahich was the latest cultivar.
The yields in the three intermediate cultivars weog significantly different
from one other over both years and sites.
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Uso 31 Fedora 17 Santhica 27 Felina 32 Epsilon 68

y =11.493 - 0.097 x y=12.382-0.103 x y =12.893 - 0.095 x y =13.067 - 0.117 x A y=14119-0.112x
= 0773 r2= 0.819 ™ 2= 0.63 *** 2= 0782 "™ @ 2= 0.733 ***

15
o

4 - [} -
y =2.255-0.023 x y =1.992 - 0.02 x ° y =2.497 - 0.027 x
2= 0.61""* r2= 0.586 *** 2= 0.678 ***

Seed DM yield (t ha™') Stem DM yield (t ha™")

90 0

9 0
Delay of sowing date after April 16 (days)

Fig. 4.6 Effect of delaying the sowing date on the stem yap@and seed (below) dry matter yields for five mecious hemp cultivars at two
sites in Belgium in 2007 and 2008. The equation @naf the overall regression (not shown) are givene @oint represents the
observation of a single plot (‘year*site*block*SD#ar’ treatment).oc — 2007 Corroy-le-GrandA --- 2007 Michampse — 2008
Corroy-le-Grand A --- 2008 Michamps.
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The seed yields had a similar response to the gpuate regardless of
the cultivar and year (Fig. 4.6, Table 4.5), desirggaby 0.023 t Hawith a one-
day delay in the sowing date, on average. They tvgteer in 2008 than in 2007
(on average 2.3 and 2.0 thaespectively, for a mid-April sowing in Corroy-le
Grand). The seed yields over both years were loinddso 31 (on average 1.2 t
ha') and highest in Fedora 17 and Felina 32 (on aeefiad and 1.5 t ha
respectively), the latter two of which showed ngnfficant difference between
them. The seed yields in Epsilon 68 and Santhicav@® not significantly
higher than Uso 31 and only significantly lowerrilizelina 32 (Table 4.9).

The seed harvest index was lower in 2007 than Z6080.05) (on
average 13.9 and 16.4% in 2007 and 2008, resphgtiee a mid-April sowing
in Corroy-le-Grand), and its decrease with the sgwdate was higher in
absolute value in 2007 than in 2008 €0.05) (on average -0.106 and -0.06%
with a one-day delay in the sowing date in 2007 20@8, respectively). The
seed harvest index varied with the cultiiarQ.05). It was lowest in Epsilon 68
and Santhica 27, followed by Uso 31, and highedtddora 17 and Felina 32
(Table 4.9).
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Table 4.10 R-squared valueg?) of the relations between dry matter yields imseand seeds and the durations from sowing to iffiereht

floral developmental stages in days from two siteBelgium during 2007 and 2008

. . Corroy-le-Grand 2007 Michamps 2007 Corroy-le-Granas
Duration from sowing to
n® Stem yield Seed yield Stem yield Stem yield edSgeld

Start of male flowering 31 0.347 0.138" 17 0.206 63 0.408 0.2377
Start of female flowering 19 0.622 0.362" 10 0.416 68 0.482™ 0.28™
Full male flowering 31 0.618 0.521™ 17 0.492" 69 0.481" 0.308™
Full female flowering 18 0.685 0.681"" 14 0.676" 65 0.542™ 0.334™
End of male flowering 20 0.523 0.343" 14 0.401 61 0.646" 0.485™
End of female flowering 20 0.481 0.274 18 0.572" 63 0.532" 0.389™

@ Number of "block*SD*cvar" treatments included hetcomputation of2.
Significance levels: P <0.05,” P <0.01 and™ P <0.001.
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4.3.5. Stem and seed yields in relation to flowergphenology

The stem and seed dry matter yields were relatéietduration of each
phenophase as expressed in days. Correlations catrglated by considering
each ‘block*SD*cvar’ treatment individually for eacyear*site combination.
No relation was observed between yields and dursitiof phenophases
following the start of floweringife., durations from the start of flowering to full
flowering and from full flowering to the end of fiering). On the other hand,
both stem and seed yields were positively corrdlatéh the duration from
sowing to the start of flowering, from sowing tdlfilowering and from sowing
to the end of flowering. Indeed, the earliest sguiates (mid-April and early
May) were associated with relatively long duratioinem sowing to each
developmental stage and high stem and seed yialliscanversely, the latest
ones (from mid-June) had relatively short durati@ml low yields. In all
year*site combinations, the lowest r-squared vabfdbe relationships between
yields, in stems and seeds, and durations fromreptai a given developmental
stage were observed in the duration from sowint¢ostart of male flowering,
which was the earliest floral developmental stagable 4.10). In Corroy-le-
Grand in 2008, the highestvalues were observed in the duration from sowing
to the end of male flowering, followed by the dioatfrom sowing to full
female flowering or end of female flowering. TheDZOresults were based on a
lower number of observations but showed a siméadéncy, with highese
values observed with the duration from sowing tbfeamale flowering.
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EXPERIMENTATIONS AND RESULTS

4.4.DISCUSSION

4.4.1. Phenology

Although it was shorter, the mean duration from isgvto full canopy
closure that was found in this study (273°Cd inebds/°C or 330°Cd in base
2.5°C) was in the same range as the duration mgbdoy van der Werf et al.
(1996), with 56°Cd (base 3°C) from sowing to emamgeand 340°C (base
2.5°C) from emergence to 90% intercepted radiatibhe difference was
attributed to the lower density of plants in vam @éerf et al. (1996) (64 plants
m?).

A longer thermal duration from sowing to canopystie was found in
Corroy-le-Grand compared to Michamps (Table 4.4y). the first sowing date,
it is possible that the canopy establishment wathéu limited by the dry
weather of April 2007 in Corroy-le-Grand. Indeed, minfall occurred between
April 5 and May 7 in Corroy-le-Grand, and betweearlh 31 and April 29 in
Michamps. This latter rainfall has likely positiyehffected the development of
the hemp plants sown on April 23. However, diffees in thermal duration
from sowing to canopy closure between sites wes® abserved for the
remaining sowing dates. Three of these sowings wertormed at very close
dates (between May 12 June 12), making the assomptian effect of distinct
radiation intensities unlikely. On the oppositejsitpossible that the use of a
more objective criterion for the assessment oftitme of canopy closure, such
as the time of 90% intercepted light (van der Warfl. 1995a), would have
allowed a more accurate comparison of the durdtiom sowing to canopy
closure between sites.

The use of the median time between consecutivereditiens improved
the observational accuracy of flowering phenologle developmental stage
time errors were estimated to be £ 5 and 3 dayddv and 2008, respectively.
For this reason, we concluded that the observatipmwided reasonable
developmental stage times for the purpose of thesgmt study,.e. the
characterization of the flowering phenology as acfion of cultivar and
environmental variation.

130



Chapter IV — The relationship of stem and seety@Eflowering phenology and sex expression ingoimois hemp

The sowing date and cultivar were the major factordetermining the
flowering phenology as expressed in days (Fig. #iable 4.5). The congruence
of the phenological development as expressed irs dayer years can be
attributed to the primacy of the photoperiod in thegermination of flowering
time (de Meijer and Keizer 1994), in addition te tsimilar temperature pattern
from both years (Fig. 4.1). The absence of a dgnit ‘site’ effect on the
duration from sowing to the start of flowering iayd may be explained by low
temperature sum variations between sites duringéhied corresponding to the
temperature-dependent basic vegetative phase (BV&velopment [max. 30
days after sowing in our conditior@s estimated according to Lisson et al.
(2000b) and Amaducci et al. (2008a)] in combinatmwith the identical
daylength pattern at both sites (Figs. 4.1 and. 4rifjeed, once the BVP is
complete, development is mainly determined by pbetiod sensitivity (Lisson
et al. 2000b; Amaducci et al. 2008a) so it wouldebahave been affected by
increasing differences in temperature sum betweesites (Fig. 4.2 b, c).

The use of degree-days revealed that the flowerggponse was
determined by both temperature and photoperioditians among sowing dates
in combination with the cultivar (Fig. 4.5, Tablé} The long duration in days
from sowing to the start of flowering that was atvse in mid-April sowings
was attributed to the relatively lower temperaturgbich resulted in a longer
BVP that stretched into the time of year when thetpperiod is long and not
favourable for flowering. Later sowings experiendedher temperatures and,
for treatments sown after early June, decreasimgopkriods, inducing shorter
BVP and photoperiod-induced phase (PIP) of devetoyinrespectively.

The base temperature for the duration from sowmghe start of
flowering (10.2°C) was close to the value of 11.3Mat was identified by
Amaducci et al. (2008a) for both PIP and floweralepment phase (FDP) in
hemp. Thermal requirements for the completion o#véiring that was reported
by Amaducci et al. (2008a) from field trials in Bgha were converted into a
base of 10.2°C for comparison with those obtaimethis study (Table 4.7b).
The monoecious cultivar Felina 34, which was thdiest from those tested by
Amaducci et al. (2008a), was the closest to théveum tested in this study in
terms of earliness. According to Picault (2006}hieelina 32 and Felina 34 are
mid-early cultivars. In this case, the shorter tlorato flowering in days that
was observed for Felina 34 by Amaducci et al. (200®n average 49 days
from emergence) would result from the shorter ppetiod in Bologna (from 0
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to 1 h 20 minutes shorter between March 21 and 2tpand from the effect of
very early (March) or very late (August) sowingaema{Amaducci et al. 2008a),
while the longer thermal duration to flowering (T@b4.7b) would be a
consequence of the higher temperatures in Bologmayerage from 5.5 to 8°C
higher between April and August). The disparity tirermal durations to
flowering between both studies still demonstraté® tprimacy of the
photoperiod in determining hemp flowering time. #amly, Amaducci et al.
(2008a) noted a limited sensitivity to the baseperature for the PIP and FDP
in their model predicting flowering time in respenso temperature and
photoperiod.

With the exception of very early cultivar Uso 3fietvariations in both
temperature and photoperiod during the phenophflesving the start of
flowering (.e., from the start of flowering to full flowering anftom full
flowering to the end of flowering) were likely tdow to imply a differential
response to the sowing date. Lisson et al. (208Bio) did not observe any clear
response to a range of photoperiods from 10 todlBshfor the duration from
flowering to harvest in cultivars Futura 77 and Kmti under controlled
conditions.

4.4.2. Sex expression

Plants from the five cultivars were progressivedyninised from the
start of flowering to fruit set. The start of mdlewering preceded the female
one in the earliest cultivars (Table 4.7a). Thatied earliness of male flowers
suggests that protandry, which is well known inedious hemp (Bocsa and
Karus 1998), may also be found in monoecious hémis. finding confirms the
hypothesis by Amaducci et al. (2008b) that earBntd in monoecious hemp
cultivars have male characteristics.

The sex expression varied significantly accordimghie cultivar at the
start of flowering — male and female — and at fodlle flowering. This finding
suggests that sex expression in monoecious hemp asetic basis and that
the sexual phenotype of monoecious hemp could leeted. Borthwick and
Scully (1954) noted a variable tendency to formerffdwers among different
dioecious female lines and concluded that the oenge of monoecy in
dioecious hemp is, to some extent, hereditary. b\ag the order of cultivars
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according to sex expression, ranging from the muas$culinised one Uso 31,
followed by Santhica 27, to the three most femuhisees Fedora 17, Felina 32
and Epsilon 68, was partly consistent with thedesraccording to earliness,
ranging from the earliest one Uso 31, followed legléra 17 and then Santhica
27 and Felina 32, to the latest one Epsilon 68s Bhservation suggests that the
activity of genes that regulate flowering time mag involved in the
determinism of the sex expression of monoeciousphartivars.

Plants were more feminised at the start of flongeiimthe last sowings,
i.e, under relatively shorter photoperiods. Borthwiekd Scully (1954)
attributed the excess of male over female plands tere observed in long
photoperiods in a dioecious hemp cultivar to thet fhat flowering is less
delayed by long photoperiods in male plants thafiemale plants. According to
Freeman et al. (1980), long day conditions can disidered a stress factor
which is able to induce sex change by inclining $le& ratio toward males in
hemp. They showed that this system of labile seagpiession that reduced the
proportion of females in times of stress has aigarvalue for species in which
the cost (in either increased mortality or decrdasempetitive ability) of
reproducing as a female significantly exceeds dtfiaeproducing as a male. In
addition, the ability to change sex expression witwing date, and thus with
photoperiod, appeared to be linked to the expressib maleness, as the
feminisation of plants at the start of floweringden shorter photoperiods was
observed in the most masculinised cultivars, UsoaBl Santhica 27 in
particular. Further studies are clearly necessargxplore the genetic basis of
sex expression in monoecious hemp.

4.4.3. Stem and seed yields and their relation téofvering phenology
and sex expression

Stem yields in treatments that were sown beforee Zumm Corroy-le-
Grand and before May 12 in Michamps (Fig. 4.6) weiithin the ranges
reported by Lisson and Mendham (2000) for monoecautivars and by Struik
et al. (2000) with the monoecious Fedora 19 anth&e4, all of which were
cultivated for fibre only. The observation of thaglthest stem yields in early
sowings may be explained by a larger amount ofdefeed radiation, resulting
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in a higher availability in carbon and accumulatioh dry matter. This
explanation is argued as follows.

In the earliest sown treatments, the canopy closa® reached around
Mid-May, while the onset of senescence occurrethfemarly to Mid-August
depending on the cultivar (Table 4.4; time of efida@wering in Table 4.6). In
the later sowings, both the canopy closure andtmfsenescence occured later
in terms of calendar dates. However, the duratiomfcanopy closure to the
onset of senescence decreased with sowing eatei decreased from 80 to 60
days between the first and third sowing dates inr@yde-Grand). Besides, in
the present area of cultivation, the intensityh@ tncident radiation is highest
between May and July (data not shown). Theref@e eesult of both a longer
duration from the canopy closure to the onset néseence and the presence of
a fully established canopy during the period ofhhigtensity of incident
radiation, the amount of radiation intercepted Iy tanopy would have been
largest with early sowings. According to Monteift®{7), this larger amount of
radiation intercepted by the canopy would have lteéauhigher availability in
carbon and dry matter accumulation in the eartiesmn treatments.

The decrease in the stem yield with the delay ef sbwing date (on
average -0.102 t Hawith a one-day delay in the sowing date) was inebt
close to the values of -2.3 and -1.4 t*hhat were reported by van der Werf et
al. (1996) in the Netherlands when sowing was mrstd from March 16 and
31 to April 15, respectivelyi.e., -0.076 and -0.093 t Harespectively with a
one-day delay in the sowing date). Increasing syéeids therefore seems
possible by sowing before mid-April, but the poiahbenefit must be weighed
against the increased risk of frost damage (vai\tiatf et al. 1996).

Stem yields had a similar response to the sowing gardless of the
cultivar while the flowering response to the sowdage (duration from sowing
to the start of flowering) was significantly lowier the earliest cultivar, Uso 31
(Table 4.5). This finding indicates that stem yiétdmation in Uso 31 still
proceeded after the start of flowering and agreigl regsults from de Meijer and
Keizer (1994), who stated that the earlier thet sthflowering, the greater the
stem length grew after anthesis. The variationtefsyields among cultivars
was attributed to their earliness because no tiang&tion in full canopy closure
was observed among them. The lowest stem yieldsiraat with the earliest
flowering cultivar (Uso 31) and, conversely, thghest ones obtained with the
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latest flowering cultivar (Epsilon 68) were thenmgfaexplained by the decrease
of stem growth after flowering (van der Werf et94).

Seed yields in treatments that were sown before 2u Fig. 4.6) in
Corroy-le-Grand were greater than or close to therage values given by
Bouloc (2006) in France (0.92 and 1.07 f‘Ha Barrois and Champagne,
respectively) for dual production systems. The otida in the seed harvest
index with a later sowing date indicates that therdase in seed yields with the
sowing date was higher than that in stem yielde Mlean temperature that was
experienced by plants between the end of floweaimgd)harvest,e., during seed
maturation, was lower for treatments sown after-dude than in mid-April
(approximately 13.4vs. 16.4°C). However, whether such temperature
differences can affect seed yields in hemp is umknoMoreover, the
temperature may affect seed yield through oppositects on the seed-fill
duration and seed growth rate (Egli 2004). Plarasfthe late sowings were
smaller and had shorter inflorescences than pfemitsthe early sowings, which
could negatively affect the number of flowers. Aating to Amaducci et al.
(2008b), the flowering duration, as computed bydtikerence between the date
of the last and the first flowering plant in a pletas shorter in late sowings
under our conditions, which could also result iovaer production of flowers. It
must be noted that a long flowering duration inggrsncreases the probability
of heterogeneous seed maturity, and thereby inesgag number of green seeds
at harvest so that excessively early sowing (befgoel in France) must be
avoided (Picault 2006).

The order of cultivars according to seed yields wasaffected by the
sowing date, as already described for stem yide®d yields increased from
Uso 31 (very early), followed by Epsilon 68 (latg)d Santhica 27 (mid-early)
and then Fedora 17 (early), to Felina 32 (mid-@a8ghumann et al. (1999) also
observed low seed yields in late flowering cultszdout did not always find
higher yields for early cultivars. In the case afamnpetition between male and
female flowers on a monoecious plant, the variatbrseed yields among the
cultivars of interest could be explained by thaix £xpression in addition to
their earliness. Indeed, with the exception of EBpsb8, the order of cultivars
according to sex expression (from Uso 31, the mmastculinised one, followed
by Santhica 27, to Fedora 17, Felina 32 and Ep$iB)ncorresponded to their
order according to seed yield. Fournier and Beh&806) recognized that the
masculinised types of monoecious hemp are lessniguiand additionally, more
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prone to developing fungal infections fromotrytis cinerea which can

compromise their potential seed yield. The consiil@n of sex expression
could therefore be valuable when selecting a mdoasccultivar for seed
production. However, this finding must be confirmby observing the sex
expression and seed yields at the plant level.

Both stem and seed yields were positively corrdlatéh the duration
from sowing to the start of flowering, full floweig and end of flowering. de
Meijer and Keizer (1994) observed that the daymihesis i(e., start of male
flowering) is a useful indicator for stem yield potial. The higher correlation
observed in this study between stem yield and thiatihn from sowing to full
female flowering and end of male flowering (Tabled@) suggests that the
observation of developmental stages following asitheould still improve the
assessment of stem yield potential. According talishalla et al. (2001), peaks
of stem and fibre yields in dioecious hemp arehiedat the time of full female
flowering and the end of male flowering, with batlages occurring at the same
time. On the other hand, the end of male and fefff@leering corresponds to a
decrease in the formation of new seeds due to iterng of male flowers and
scarcity of new pistils, respectively. These obagons suggest that the time of
end of male flowering could provide an indicator fbe evaluation of both
potential stem and seed yields in monoecious hehdglitional field trials
including a wider range of sowing dates and culvwaould be necessary to
assess the predictive value of such an indicator.

From a practical point of view, producing both steamd seeds implies
several antagonisms.

Firstly, van der Werf et al. (1994) observed thatsyields increased
while the allocation of dry matter to floral pavss greatly reduced under a 24-
hour daylength. For a given cultivar, producingdseat low latitude and stems
at high latitude is therefore recommended (de Meijed Keizer 1994). The
observation of stem and seed yields within the ean reported yields in
monoecious hemp indicates that the simultaneouduption of stems and seeds
is feasible at the latitude of this study. Secondty cultivar among those tested
provided the highest stem and seed vyields simuitasig. Indeed, increasing
stem vyield in fibre hemp relies on late floweringtwars (van der Werf et al.
1994; Meijer et al. 1995; Lisson and Mendham 208Rile the production of
seed requires early to mid-maturing cultivars (Boaad Karus 1998). Thirdly,
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harvesting the seed requires the grower to waiséed maturity, which leads to
decreasing stem and fibre yields as a result oésmmce (Mediavilla et al.
2001). In addition, our results showed that theemwadr date of the end of
flowering, and thus the onset of senescence andhiieg of seed maturity
(Mediavilla et al. 2001), is postponed by a delaythie sowing date. Fourthly,
the industrial harvest of seeds requires the lbsiseoupper part of the stems by
mowing, unlike in this study in which the top oktstems was included in the
computation of stem yields. However, the top thifdhe stem does not account
for much biomass and could be used for other pepdediavilla et al. 2001).

Considering these four points, harvesting the séedsldition to the
stems can be agriculturally significant, providelatt the seed yield is
sufficiently high and the stem quality is preservedil harvest. According to
our results, the simultaneous production of stemd seeds relies on early
sowing dates and on the selection of feminisedyearimid-early cultivars, the
earliness of which depends on the climatic conditiof the cultivation area.
Early sowing resulted in the highest stem and sgellls and the resulting
plants senesced earlier in the growing seasorghiielowing an earlier harvest
and a lower risk of stem quality loss as a restiltess favourable climatic
conditions at the end of the crop cycle. Among ¢héivars under study, the
mid-early cultivar Felina 32 would be preferredtb@ mid-early Santhica 27
under the climatic conditions of Corroy-le-Granavem its higher seed vyield.
The late Epsilon 68 would be discarded as it irggsathe probability of late
harvest. In Michamps, earlier cultivars would béesed because of the higher
probability of a delayed sowing date and of les®faable climatic conditions
at the end of the crop cycle in terms of tempeeatand relative humidity.
Among the cultivars that were tested, the earlyoF@d.7 provides higher stem
and seed yields than the very early Uso 31, whiohsd however, offer the
highest guarantee of harvest under favourable tondithanks to its earliness.
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4.5.CONCLUSIONS

This paper determines the stem and seed yield$vén nhonoecious
hemp cultivars that were sown on distinct dateseiation to their flowering
phenology and sex expression with the intentioduafl purpose production.

Early sowing dates are associated with a longeatihur from sowing to
flowering, with higher yields in both the stem as®kd and a higher seed harvest
index. Stem yields vary among cultivars accordimghieir earliness while seed
yields would be affected by sex expression in &mfdito earliness.

Sex expression in monoecious hemp could be selbetealise it varies
significantly among cultivars. Additionally, sexmession was partly linked to
earliness, the earliest cultivar being the mostowlassed. More research is
necessary to understand the genetic control ofegpxession in monoecious
hemp.

Our results suggest that the observation of dewedmpal stages
following anthesis could still improve the assessh& stem yield potential,
while the time of end of male flowering might prdei an indicator for the
evaluation of both potential stem and seed yieldsmonoecious hemp.
However, further trials are needed to assess thdigiive value of such an
indicator.

Harvesting seeds in addition to the stems in manaschemp may be
profitable, provided that the seed yields are eidfitly high and the stem
quality is preserved until harvest. According ta eesults, the simultaneous
production of stems and seeds in monoecious hequires early sowing and
the selection of feminised early or mid-early awts, earliness depending on
the climatic conditions in the cultivation area.ushtaking the sex expression
into account during the selection of cultivars theg adapted to a dual purpose,
in addition to earliness, might be valuable.
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CHAPTER V

QUANTITATIVE VARIATION OF THE SEX
EXPRESSION IN MONOECIOUS HEMP

The present chapter is a modified version of aarebepaper entitled:

A.-M. Faux? A. Berhin® N. Dauguef, P. Bertin® (2014) Sex chromosomes
and quantitative sex expression in monoecious H&apnabis sativa..).
Euphytica 196:183-197.

 Earth and Life Institute, Université catholiquelarivain, Louvain-la-Neuve
® de Duve Institute, Woluwe-Saint-Lambert

This paper was split into two distinct chaptere #@ssessment of the
gquantitative variation of the sex expression in oemious hemp is reported in

the present chapter, while the determination oés chromosomes is reported
in Chapter VI.
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ABSTRACT

Hemp Cannabis sativahas a highly variable sexual phenotype. In
dioecious hemp, the sex is controlled by heteromiorgex chromosomes
according to an X-to-autosomes equilibrium. Howewlermonoecious hemp,
the genetic determinism of the sex expression mesnaidely unknown and has
never been related to a quantitative approach wfesgression. The present
study aims to contribute to the comprehension ef daterminism of the sex
expression in monoecious hemp by assessing thaygpénoariability of its sex
expression.

Five monoecious were grown in controlled conditiamsler several
photoperiods. The monoecy degree of 194 monoe@tards was recorded at
each node by a figure ranging from 0 (male flowanly) to 6 (female flowers
only). The monoecy degree varied significantly aganonoecious cultivars
from 3.36 + 2.28 in ‘Uso 31’ to 5.70 £ 0.81 in thst feminised ‘Epsilon 68’.
The variation of monoecy degree among cultivarsaieed consistent across
trials despite a significant ‘cultivar x trial’ iataction and partly agreed with
their earliness.

These results strongly support that the sex exjpress monoecious
hemp cultivars has a genetic basis.

Keywords: Cannabis sativa Monoecy - Photoperiod - Sex expression.
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5.1.INTRODUCTION

In a context of increased attention for alternativeps, the potential of
the non-food species hemggnnabis sativaL.) has been raised in the
production of fibre, bio-composites or paper puan( der Werf et al. 1996;
Struik et al. 2000; Ranalli and Venturi 2004).

Agriculturally, growing hemp is significantly affed by its
photoperiodism and reproductive features. Firdtlgmp is a short-day plant
with a critical photoperiod of approximately 14 h®§Amaducci et al. 2008a;
Borthwick and Scully 1954; Lisson et al. 2000b). Bydulating the flowering
time, the photoperiodic conditions can have a keéljénce on the crop yield
(van der Werf et al. 1994). Secondly, the specsesaturally dioecious and
characterized by sexual dimorphism, in plant siad precocity in particular.
Monoecious cultivars of hemp have been developedn fiplants bearing
hermaphrodite flowers or bisexual inflorescencesliférni et al. 2004). These
cultivars display several agronomical advantageimparison to the dioecious
ones, such as higher seed yields, higher crop hengity and easier mechanical
harvest due to synchronised maturity (Mandolino @adooni 2004). However,
their sexual phenotype is unstable. The monoe@tate presents a continuous
distribution between the male and female extreneptypes (Bocsa and Karus
1998), and the multiplication of monoecious hempgdserequires a strict
elimination of the sporadically occurring dioecionsle plants in order to
prevent a gradual return to the dioecy. In addjttbhe sexual phenotype of hemp
is affected by external factors, such as hormaealtinents, the photoperiod or
nitrogen status (Freeman et al. 1980a). In spitd@fdiversity and plasticity of
the intersexual forms of hemp, significant varini®mf the sex expression were
observed among monoecious hemp cultivars in figklst and higher seed
yields were obtained with the early and mid-eargminised -cultivars,
suggesting that the sex expression of monoecicusiplcould affect the seed
yields (Faux et al. 2013). Investigating the pangenetic basis of the sex
expression in hemp appears therefore valuable Her improvement and
cultivation of monoecious hemp.

The present study aims to contribute to the congsion of the
genetic determinism of the sex expression in maonascemp by assessing the
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genotypic variability of the sexual phenotype esgesl as a quantitative
variable. In contrast to previous field trials (kawet al. 2013), the
characterization of the sexual phenotype was peddr under several
photoperiodic controlled conditions, while the sapression of the monoecious
hemp plants was recorded at the plant-node level.

5.2.MATERIALS AND METHODS

5.2.1. Genetic material

Six hemp cultivars were used. Five of them were oecious and
covered a wide range of earliness: ‘Uso 31’ (veayl\g, ‘Fedora 17° (early),
‘Santhica 27’ and ‘Felina 32’ (mid-early), and ‘Hps 68’ (late). The sixth one,
‘Carmagnola’, was dioecious and cultivated for ghepose of cytometric and
molecular analyses (Chapter VI). All five monoedazultivars were obtained
from the Fédération nationale des Producteurs de@h (FNPC), Le Mans
(France), and the dioecious one was obtained frasoéanapa, Carmagnola

(Italy).

5.2.2. Growth conditions

Three trials were conducted successively, the tfivstin a greenhouse
and the third one in a phytotron to apply shorttpperiods (Table 5.1). Sowing
was performed on 13 September 2011, 2 February a6ii218 may 2012 in
each trial, respectively. The trial 1 included 2@nps from each of the five
monoecious hemp cultivars with the exception ointBaca 27’ with 15 plants.
Both trials 2 and 3 included 10 plants per monagicultivar with the
exception of ‘Epsilon 68’ in trial 3 in which a negplant was found. In total, 95,
50 and 49 plants of monoecious hemp were grownrigistl, 2 and 3,
respectively. In addition, trial 3 included 10 pkarof the dioecious cultivar
‘Carmagnola’.

The set-point temperatures were 25/20°C day/nigtdlli of the trials.
The photoperiod was firstly 16/8 h during 22, 6@ &0 days and then shortened
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to 14/10, the natural daylength and 12/12 h in otdepromote flowering in
trials 1, 2 and 3, respectively. In trial 2, théunal daylength increased from 13
h at the time of photoperiod shortening (2 Ap)14.5 h at the end of the trial
(27 April). In the greenhouse, the plants receitrea natural daylight, and the
daylength was extended by Philips HPLR lamps (4Q0™We daylight intensity
decreased from on average 580 to 170 pmbkMmbetween September and
November (trial 1) and, conversely, increased fromaverage 250 to 520
pmol.m?.s* between February and April (trial 2). The lightensity used to
extend the natural daylength was approximately @@lmiZ.s* in both trials 1
and 2. In the phytotron, lighting was performed Riyilips HPI-T plus lamps
(400 W, ~ 135 pmol.ihs"). There were 4 or 5 plants per lamp in both
greenhouse and phytotron.

For each trial, the sowing was performed in dimgedmination plates.
After 10 days, the seedlings were transplanted 3@tacm (height) by 18 cm
(diameter) pots. The substrate consisted of a 3rixture of soil, sand and
loam with 2.8 g per pot of Osmocote® (14:13:13 NRKh slow release of
nutrients for up to six months) added just befoamgplanting. The plants were
watered by capillarity twice per week.
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Table 5.1  The experimental protocol applied for the threal¢tigenetic material and

environmental conditions

Trial 1 Trial 2 Trial 3
Genetic material (humber of plants)
Monoecious cultivars
'‘Uso 31 20 10 10
'Fedora 17 20 10 10
'Santhica 27" 15 10 10
'Felina 32' 20 10 10
'Epsilon 68’ 20 10 9
Total 95 50 49
Dioecious cultivar
'‘Carmagnola’ - - 10
Type of environment greenhouse greenhouse phytotron
Sowing date Sept. 13, 2011 Feb. 2, 2012 May 18, 2012
Trial duration (days) 63 85 55
Temperature 25/20°C day/night 25/20°C day/night 25/20°C danig
Photoperiod (PP)
PP1 (day/night
hours) 16/8 16/8 16/8
Eg’uzré;jay/mght 14/10 |ncre?§|£12;r/%r'r; 13/11 12/12
Duration of PP1 22 60 20

treatment (days)

Light
natural daylight + - R
Type Philips HPLR lamps 400 W (daylength Philips HPI-T plus
> (400 W)
extension )
170 - 580" (natural | 250 - 520" (natural
Intensity daylight), daylight), ~135
(umol m?s™) 40 (daylength 40 (daylength
extension) extension)
continuous emission between ~ 400 and 700
Quality (emission| nm (natural daylight), peaks of emission at peaks of emission at
spectrum) 360, 420, 540 and 590 nm (daylength | 460, 540 and 600 hm
extension)

! Range of mean monthly light intensity during thielperiod.
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5.2.3. Plant phenotyping

The sex of the dioecious hemp plants was notedhénmonoecious
hemp, the time of flowering, flowering duration amsgéx expression were
recorded. The flowering time was defined as theetia which closed male
flowers or white styles were easily visible at leafls. The sex expression was
characterized by the degree of monoecy modifiethftbe scale of Sengbusch
(1952) by varying from 0 to 6 according to the gatetween the female and
male flowers (Table 5.2). The monoecy degree wesrded at each flowering
node independently once a week during the flowedagation,i.e., from the
first to last flower appearance. However, the @amere checked until the end
of flowering, i.e., when male flowers were withering and green segese
present at most nodes. The experiments stopped thlseedevelopmental stage
was reachedj.e, 63, 85 and 55 days after sowing in trials 1, 21 &
respectively. All of the monoecious plants werengtgped,.e., 194 plants.

Table 5.2 Sex-expression scale in monoecious hemp modifiedh fiSengbusch
(1952)

Monoecy degree Sex ratio

0 100% of male flowers

80 — 99% of male flowers (strongly masculinisede)
60 — 80% of male flowers (masculinised node)

40 - 60% of female and male flowers

60 — 80% of female flowers (feminised node)

80 — 99% of female flowers (strongly feminisedi@p
100% of female flowers

D OB W NP
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5.2.4. Statistical analyses

The statistical analyses were carried out to asdessffects of the
cultivar and trial on the flowering time, flowerimyration and sex expression in
monoecious hemp.

The effect of the experimental factors on the flomg time and
flowering duration was assessed by using the fatigunodel:

Vi =H+a, + B, +(aB); +ey (5.1)

wherey; was the flowering time or flowering duration of tkia hemp plant of
cultivari in trial j; p was the general mean respongep; and (af); were the
fixed effects of cultivai, trial j and their interaction, respectivelg, was the
error associated to theh plant of cultivai in trial j. The model (5.1) was tested
with the GLM procedure from the SAS statistical kmge (SAS Institute Inc.
2012).

The sex expression, quantified by the degree ofomon (Table 5.2), is
a discrete variable with seven response levels veasl therefore statistically
analysed using the GLIMMIX procedure with a muliimal response
distribution  (DIST=MULTI) and cumulative logit link function
(LINK=CUMLOGIT) (SAS Institute Inc. 2012). The aryals was performed
with the model (5.2) below, which integrates randeffects of the ‘plant’ and
‘node’ nested to the plant in addition to the ‘oudt’ and ‘trial’ fixed effects:

Yikp = M+ @ + B, +(af); +dy + f, + &y (5.2)

whereyiin, Was the monoecy degree of thia node of thekth hemp plant of
cultivari in trial j observed at timp; W, o;, fj and(ap); had the same meaning as
in model (5.1)dj was the random effect associated tokifeplant of cultivari

in trial j; fixn Was the random effect associated tortienode of theth plant of
cultivari in trial j; gunp Was the error associated to tite node of thekth plant
of cultivari in trial j observed at timp. The option MAXOPT=100 was used to
obtain the convergence of the model.
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For each observed variable — flowering time, flangrduration or
monoecy —, the MEANS procedure and the CONTRASEstant of the GLM
or GLIMMIX procedures were used to compute means gmairwise
comparisons, respectively.

5.3.RESULTS

5.3.1. Flowering phenology and records of the sexmgression

The plants started to flower 34, 57 and 35 dayer afbwing in trials 1,
2 and 3, respectively (as a reminder, the photodesias shortened 22, 60 and
20 days after sowing in trials 1, 2 and 3, respebt). The appearance of new
flowers was noted until 55, 77 and 49 days aftewisg in each trial,
respectively. The mean flowering time was 36.106%d 37.3 days, and the
mean flowering duration was 18.6, 10.6 and 7.7 daysials 1, 2 and 3,
respectively (Fig. 5.1a, b).

The differences in flowering time among trials wesignificant only
between trial 2 and both trials 1 and B €0.001; Table 5.3). The cultivar
significantly affected the flowering time in tridlonly (P <0.001). However, the
ranking of cultivars according to their floweringne was similar across trials,
resulting in no significant ‘cultivar x trial’ intaction and an overall significant
‘cultivar’ effect (P <0.001). The relative flowering times of the fiw@noecious
cultivars were in agreement with their earlinesstated by the FNPC: ‘Uso 31
was the earliest one, followed by ‘Fedora 17, iik@l32’, ‘Santhica 27’ and
‘Epsilon 68’, the latest one.

The differences in flowering duration were sigrafit among all three
trials (P <0.001; Table 5.3). Similarly to the flowering tnthe flowering
duration was affected by the cultivar in trial 2yo(P <0.05), and no significant
‘cultivar x trial’ interaction was found. The flowiag duration was on average
longer in ‘Fedora 17’ and ‘Uso 31’, the earliesttivars, than in ‘Santhica 27’
and ‘Epsilon 68’, the latest ones, and intermediaté-elina 32’ over the three
trials.
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(b) Flowering duration (days) (a) Time to flowering (days)

(c) Monoecy degree

Fig. 5.1
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Flowering phenology and sex expression in five moimaes hemp
cultivars. (a) Time to flowering, (b) flowering dui@t and (c) degree of
monoecy (Table 5.2) (mean + sd). The photoperiod 1648 h during 22,
60 and 20 days and then 14/10, the natural daylesgd 12/12 h in trials
1, 2 and 3, respectively. In trial 2, the naturayléngth increased from 13
h at the time of photoperiod shortening (2 April)1#4.5 h at the end of
the trial (27 April). ‘Uso’ to ‘Eps’ refer to the diNars ‘Uso 31’, ‘Fedora
17’, ‘Santhica 27’, ‘Felina 32’ and ‘Epsilon 68%spectively. Significant
differences among cultivar$ (<0.05) were indicated by different letters
above the bars when the ‘cultivar’ effect was sigaifit £ <0.05). The
number of data points is given between bracketgdoh ‘cultivar x trial’
treatment. For the monoecy degree, each data pom¢sponds to the
mean value computed on all flowering nodes of argipkant at a given
observation time.
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Table 5.3 Flowering phenology: ANOVA table for the time of floweg and
flowering duration

Dependent Source DF SS MS FValue ProbF
Time of Cultivar 4 544.1 136 9.1 <0.001
flowering .
Trial 2 25517.4 12758.7 853.6 <0.001
Cultivar x trial 8 232.7 29.1 1.9 0.056
Flowering Cultivar 4 239.8 60 4.2 0.003
duration .
Trial 2 4184.7 2092.3 145.2 <0.001
Cultivar x trial 8 77.4 9.7 0.7 0.716

As a result of the flowering phenology, the sexrezpion was recorded
four times in trial 1 at 7 days intervals (34, 48, and 55 days after sowing),
three times in trial 2 (57, 62 and 70 days aftevisg) and only twice in trial 3
(38 and 45 days after sowing). From the first te kst observation time, the
number of phenotyped nodes per plant varied fraim 14 in trial 1 (mean + sd
=5.8+£2.9), from 1 to 16 in trial 2 (8.4 = 3.@)cafrom 1 to 12 in trial 3 (5.7 £
2.7).

5.3.2. Sex expression

The dioecious cultivar ‘Carmagnola’, grown in trid) included six
female plants, characterized by racemes with ldaBcts and only female
flowers, and four male plants, characterized bygh@npanicles with few or no
leaves and only male flowers (Fig. 5.2a, b). Alltbé plants from the five
monoecious hemp cultivars showed inflorescencedasirto those of female
plants from dioecious hemp with both female andem@wers arising in
variable amounts (Fig. 5.2c).
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Fig. 5.2 Inflorescences found in dioecious and monoeciousphé€a) female and
(b) male plants from the dioecious cultivar ‘Carmalg’ and (c) a plant
from the monoecious cultivar ‘Uso 31'.

The sex expression of the monoecious hemp plargsaffected by the
cultivar and trial P <0.001) as well as by their interactidh<0.01) (Table 5.4).
The plants were more masculinised in trial 2 (me@moecy degree * sd = 3.55
+ 1.95),i.e, in the trial in which the duration of the longgtbperiod treatment
was longer, than in both trials 1 (4.88 + 1.98) &r(6.05 + 1.34)R <0.001; Fig.
5.1c). However, the monoecy degree varied sigmiflgaamong cultivars only
in trials 1 @ <0.001) and 2K <0.05) and among trials only in three cultivars,
‘Fedora 17’ P <0.01) and both ‘Felina 32’ and ‘Epsilon 68 (<0.001),
resulting in a significant ‘cultivar x trial’ intaction. Nevertheless, the ranking
of the cultivars according to their monoecy degmemained consistent across
the trials (Fig. 5.1c). The cultivar ‘Uso 31’ waset most masculinised one
(mean monoecy degree + sd = 3.36 + 2.28). It wHewed by ‘Santhica 27’
(4.47 + 1.97), ‘Fedora 17’ (4.78 £ 1.91), ‘Felin?’' 5.28 + 1.39) and ‘Epsilon
68’ (5.70 + 0.81), the most feminised cultivar. Shthe rankings of cultivars
according to earliness and sex expression agretd edich other, with the
exception of ‘Fedora 17’ and ‘Santhica 27, thenfer being earlier and more
feminised than the latter. The differences in mayodegree between the
cultivars were highly significant?(<0.001) between ‘Uso 31’ and both ‘Felina
32’ and ‘Epsilon 68" and between ‘Epsilon 68’ andttb ‘Fedora 17’ and
‘Santhica 27'. The differences were also signifto@h<0.05) between ‘Uso 31’
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and both ‘Santhica 27’ and ‘Fedora 17’ as well atveen ‘Santhica 27’ and
‘Felina 32"

Table 5.4 Sex expression in monoecious hemp: test of fixéetef on the monoecy
degree (Table 5.2)

Effect NumDF DenDF FValue ProbF
Cultivar 4 159.99 8.9 <0.001
Trial 2 170.51 15.05 <0.001
Cultivar x trial 8 157.79 2.66 0.009

5.4.DISCUSSION

5.4.1. Flowering phenology

The variation of flowering time among trials wasagreement with the
short-day photoperiodic reaction of hemp: the @astarted to flower earlier in
the trials in which the photoperiod was shorteratier (trials 1 and 3). The late
flowering observed in trial 2 should be due to ager photoperiod-induced
phase (PIP) of development, the duration of whictidtermined by the number
of hours exceeding the critical photoperiod [appr@tely 14 h in hemp
(Amaducci et al. 2008a; Borthwick and Scully 19b#&son et al. 2000b)] and
the genotypic sensitivity to the photoperiod (Lisset al. 2000b). Thus, the
genes conferring the photoperiod sensitivity wekely further stimulated by
the long 16-h day treatment of trial 2, so thatftberering was delayed and the
variation of flowering time among cultivars was maignificant in this trial.

The differences in flowering duration observed agadmials (on
average 18.6, 10.6 and 7.7 days, respectivelydcoeldue to the photoperiod
experienced by the plants after the flowering timvjch was 14 and 12 h in
trials 1 and 3, respectively, and increased frontolB4.5 h during the flowering
period in trial 2 (between 60 to 85 days after sm)i In field trials, Amaducci
et al. (2008b) observed that the flowering duratibhemp plants was shorter in
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late sown treatments, which flowered under decngagaylengths. However, a
relatively high difference in flowering duration sv@bserved between ftrials 1
and 2, which experienced relatively close photauisi It is possible that the
flowering duration was affected by the time of phperiod shortening — which
occurred 14 days before and close to the floweting in trials 1 and 2,

respectively —, or that the response of the flomgeduration to the photoperiod
is not linear. In soybean, a short-day speciesfltiveering duration is affected

by photoperiods above a critical threshold, whidrias according to the
genotype (Summerfield et al. 1998). In additiore flowering duration was

longer in the earliest cultivars (‘Uso 31’, ‘Feddtd’) than in the latest ones
(‘Santhica 27’, ‘Epsilon 68’). Amaducci et al. (Z}f) observed a large
genotypic variation in the flowering duration amomgmp cultivars; however,
no link between earliness and flowering duratiors weawn. Additional trials in

controlled conditions are needed to explain thepaese of the flowering

duration to the photoperiod and genotype.

5.4.2. The sex expression in response to the gerpey

Both previous field trials (Faux et al. 2013) ariek tpresent study
revealed (i) a significant effect of the cultivan dhe sex expression of
monoecious hemp plants and (i), despite a sigmtfic‘cultivar x trial
interaction in the present study, the same rankingultivars according to their
sex expression. The consistency of the genotygectebn the sex expression
across environments supports that the sex expressimonoecious hemp has a
genetic basis.

The rankings of cultivars according to their sepression and earliness
partly agreed with each other. In dioecious herhp, dssociation of earliness
and maleness is known: the male plants flower gdigezarlier than the female
ones (Bocsa and Karus 1998; Struik et al. 2000jthBack and Scully (1954)
attributed the excess of male over female plantseisied in long photoperiods
to the lower sensitivity to the photoperiod of tmale plants. In monoecious
hemp, Amaducci et al. (2008b) suggested that eptants have male
characteristics. These observations support thethgpis that both traits share a
common basis in their genetic determinism. Effeftexogenous hormones on
sex have been reported in hemp: gibberellin indpcedominantly male plants,
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while auxin, cytokinin and abscisic acid induce thminisation of the plants
(Heslop-Harrison 1956; Mohan Ram and Jaiswal 19CRailakyan and
Khryanin 1978, 1979; Freeman et al. 1980). In &aklit Chailakyan and
Khryanin (1978, 1979) observed that plants treatét gibberellin produced
floral buds earlier than the controls, whereas dbgin treatment delayed the
flowering. These observations suggest that theeg@lin would be associated
with more masculinised phenotypes and earlier ftovge while, conversely, the
auxin would be associated with more feminised phgres and later flowering.
Therefore, investigating the role of gibberellindaauxin in hemp flowering
might be an interesting pathway to dissect thdiogldoetween earliness and sex
expression. Besides, in the long-day model plémabidopsis thaliana
gibberellin is required for flowering under non-uredive short days (Wilson et
al. 1992). Although the comparison is highly spatiué, the requirement of
gibberellin in hemp for flowering under non-indweticonditionsj.e., long-day
conditions, could provide an explanation to the cnéisising effect associated
with long photoperiods. Therefore, it could be warile to integrate the
photoperiod in the study of the hormonal regulatiwinflowering and sex
expression in hemp.

5.4.3. The sex expression in response to the envinoent

The pattern of variation of the sex expression amials suggested
that the ‘trial’ effect on the sex expression wasprily due to the photoperiod
(Fig. 5.1c). Indeed, a masculinising effect of lopbotoperiods has been
observed in hemp (Borthwick and Scully 1954; Arndi866b; Arnoux and
Mathieu 1969; Freeman et al. 1980). In the presemly, the duration of the 16-
h day treatment was the longest in trial 2 (60 desy22 and 20 days in trials 1
and 3, respectively), resulting in a higher proaucbf male flowers in this trial.

However, the significant ‘cultivar x trial’ interion pointed out, firstly,
that the ‘cultivar’ effect on the monoecy degreerdased from trial 1 to trial 3
(Fig. 5.1c; Table 5.4). This observation could planed by the flowering
duration or by both the photoperiodic and lightditions. Indeed, the ‘cultivar’
effect on the monoecy degree varied among triatslagily to the flowering
duration, suggesting that a long flowering duratiould allow a higher
differentiation of the sex expression among the meoious hemp cultivars. In
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addition, according to Borthwick and Scully (1954), high light intensity
induces a greater production of male flowers onalenplants. The light
conditions of trials 1 and 2 — performed in theegitouse under natural light
artificially extended — would therefore be moredasable to the production of
male flowers than those of trial 3 — performed liytptron under artificial light
only. However, the photoperiodic conditions wersslenasculinising in trials 1
and 3 than in trial 2, as a result of their shoderation of 16-h day treatment
(Freeman et al. 1980). Therefore, the light andigyteriodic conditions would
have opposite effects on the sex expression ihlrit would be possible that
the cultivars were affected differentially by thesenditions, resulting in a
relatively high genotypic variability of the sexprssion in this trial. On the
opposite, the light and photoperiodic conditiongilsidoe both inductive for the
production of male flowers in trial 2, and, conwdys both relatively little
inductive in trial 3, inducing thereby less varmlgenotypic responses. Further
studies are clearly necessary to elucidate hovgémetypic response of the sex
expression is affected by the environment.

Secondly, the sex expression varied significanthomg trials only in
the most feminised cultivars (‘Fedora 17’, ‘Fel®& and ‘Epsilon 68’). On the
opposite, in field trials performed with the samefpresent cultivars (Faux et
al. 2013), the variation of sex expression with isgwdate was the highest in the
most masculinised cultivars (‘Uso 31" and ‘Santhadd). In view of the effect
of the light intensity on the sex expression in pe(Borthwick and Scully
1954), the inconsistency observed between fieldcamtiolled conditions could
be due to the light quality and intensity. In theld, the plants grew under
natural daylight only, while they received bothurat and artificial light in the
greenhouse and artificial light only in the phytoir In addition, the daylight
intensity is higher during the field growth seasoinhemp (from April to
September) than during the periods of the preses¢ntpouse trials (from
September to April). According to Borthwick and $¢gy1954), the cultural
conditions could also affect the sex expressiothefplants, since differences in
the production of male flowers by female hemp [damére observed between
field and greenhouse experiments conducted sinedizsly under natural
daylight and photoperiod.

The observation of a higher genotypic variabilily the sex expression
in trial 1 suggests that the photoperiodic condgi®f this trial — 16-h day
treatment during 22 days followed by a 14-h dagttreent — would be the most

156



Chapter V — Quantitative variation of the sex espien in monoecious hemp

favourable ones among those tested here to exfinesgenetic potential of
monoecious hemp cultivars with respect to their uséxphenotype and
investigate the genetic determinism of the traibwidver, the dissection of the
genetic basis of the observed ‘genotype x envirarimiateractions would

necessarily require the test of distinct environtaleconditions.

5.5.CONCLUSIONS

The present study provided new insights for furterdies on the
genetic determinism of the sex expression in manaschemp. Firstly, despite
the observation of ‘genotype x environment intéi@ts, the ranking of
cultivars according to their sex expression wasta@ed across environments.
This result supports that, although highly sensitiv the environment, the sex
expression in monoecious hemp has a genetic bagitharefore should have a
non-null broad-sense heritability.

Secondly, consistent variations of sex expressiah earliness among
cultivars were found, suggesting that genes rediplenfor the earliness are
involved in the determinism of the sex expressiomonoecious hemp.

Given that the sex expression in monoecious hermipsvguantitatively
and appears to rely on a genetic basis, invegigdts genetic determinism
through the identification of quantitative traitldQTL) seems relevant. To this
purpose, the characterization of distinct monoecioemp cultivars made in the
present study can be useful to select contrastargnts for the creation of a
segregating population.
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CHAPTER VI

SEX CHROMOSOMES OF MONOECIOUS HEMP

The present chapter is a modified version of aarebepaper entitled:

A.-M. Faux? A. Berhin® N. Dauguef, P. Bertin® (2014) Sex chromosomes
and quantitative sex expression in monoecious H&apnabis sativa..).
Euphytica 196:183-197.

 Earth and Life Institute, Université catholiquelarivain, Louvain-la-Neuve
® de Duve Institute, Woluwe-Saint-Lambert

This paper was split into two distinct chaptere #@ssessment of the
quantitative variation of the sex expression in pemous hemp was reported in

Chapter V, while the determination of its sex chosomes is reported in the
present chapter.

159



EXPERIMENTATIONS AND RESULTS

ABSTRACT

Hemp Cannabis sativahas a highly variable sexual phenotype. In
dioecious hemp, the sex is controlled by heteromiorgex chromosomes
according to an X-to-autosomes equilibrium. Howewlermonoecious hemp,
the genetic determinism of the sex expression msnaidely unknown. The
present study aims to contribute to the comprebensi the determinism of the
sex expression in monoecious hemp by establistsrggk chromosomes.

Five monoecious and one dioecious cultivars weosvgrin controlled
conditions under several photoperiods. The genoire sf 55 plants was
determined by flow cytometry, and the DNA of 115nmuecious plants was
screened with the male-associated marker MADC2. §kaome size of
monoecious plants (1.791 + 0.017 pg) was not diffefrom that of females
(1.789 + 0.019 pg) but significantly lower thanttbdmales (1.835 + 0.019 pg).
MADC?2 was absent from all monoecious plants.

These results demonstrate that cultivars of mowoschemp have the
XX constitution for the sex chromosomes.

Keywords: Cannabis sativa Genome size - Monoecy - Sex chromosomes.
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6.1.INTRODUCTION

Hemp Cannabis sativad..) is naturally dioecious and characterized by
sexual dimorphism, in plant size and precocity artipular. The species is
diploid (2n = 20) and includes sex chromosomes &fdir 1924). The
chromosomes XX are found in female plants, and ¥erpgesent in male plants,
with the Y chromosome larger than the X one anddathan the autosomes
(Yamada 1943 cited by Sakamoto et al. 1995). Theome sizes of diploid
female and male plants have been estimated usingcfytometry as 1636 + 7.2
and 1683 + 13.9 Mbp, respectively, and the sizéewihce between them (47
Mbp, i.e., 2.8% of the genome size of male plants) has lgibuted to the
large long arm of the Y chromosome (Sakamoto et1808). The sex
determinism in dioecious hemp would be based on Xato-autosomes
equilibrium and not on a Y-active mechanism (Wegard 1958; Ainsworth
2000).

In addition to dioecious hemp cultivars, monoecioukivars have been
developed. However, the determinism of monoeciaum$ of hemp remains
widely unknown. Although Hoffman (1961 cited by Taiet al. 2007) assumed
the existence of XX, XY and YY forms, Menzel (1963t)served presumably
XX chromosomes in monoecious hemp plants, and testedies did not reveal
the presence of male-associated DNA markers (MARC,male-associated
DNA in Cannabi3. However, the karyotype was limited to the cualtiv
‘Kentucky’ (Menzel 1964) while very few monoecioydants have been
screened with MADC markers to date,, 20 plants of cultivars ‘Bialobrzeskie’
and ‘Beniko’ (Mandolino et al. 1999) and 6 planfscaltivars ‘Fibrimon’ and
‘Fleischmann’ (Torjek et al. 2002). Mandolino et €002) stated that there is
no specific report on the chromosome set in momosdnemp.

Flow cytometry constitutes an indirect but advaatags technique to
show dissimilarities in chromosomal compositionddad, flow cytometry is
able to analyse quickly large populations of céllslezel and Bartos 2005) and
highlight very small genome-size differences (Gitstet al. 1991; Vagera et al.
1994; Dolezel and Goéhde 1995). Given the larger efzthe Y chromosome of
hemp (Sakamoto et al. 1998), the presence, in noimue hemp, of a Y
chromosome similar to that found in male plantsid¢dae inferred from the
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comparison of the genome sizes of monoecious, &eraad male plants. In
addition, several DNA markers closely linked to thale phenotype have been
developed in hemp (Sakamoto et al. 1995; Mandadinal. 1999; Torjek et al.
2002; Peil et al. 2003; Sakamoto et al. 2005; Rxidd. 2005). Among them, the
MADC?2 marker proved to be completely associatetheomale phenotype and
should therefore be located on the Y chromosoma iagion excluded from
recombination during meiosis (Mandolino et al. 200he amplification of this
marker by monoecious plants would indicate theterie of a male-associated
fragment in the sex chromosomes of monoecious hemp.

The present study aims to establish the constituticex chromosomes
of monoecious hemp through the evaluation of aelangmber of plants from
distinct cultivars. Flow cytometric analyses anaé tWADC2 DNA marker
(Mandolino et al. 1999) were used to address thegmt objective.

6.2.MATERIALS AND METHODS

6.2.1. Genetic material

Six hemp cultivars were used, one dioecious, ‘Cgmi’, and five
monoecious: ‘Uso 31, ‘Fedora 17’, ‘Santhica 2F¢lina 32" and ‘Epsilon 68'.
The dioecious cultivar was obtained from Assocandfialy), and the
monoecious ones were obtained from the Fédératitionale des Producteurs
de Chanvre (FNPC, France).

6.2.2. Growth conditions

Three trials were conducted successively, the ffivstin a greenhouse
and the third one in a phytotron to apply shorttpperiods. The trial 1 included
20 plants from each of the five monoecious hempwvauk, and both trials 2 and
3 included 10 plants per monoecious cultivar, viith exception of ‘Santhica
27" in trial 1 with 15 plants and ‘Epsilon 68’ indl 3 with 9 plants. In total, 95,
50 and 49 plants of monoecious hemp were grownrigistl, 2 and 3,
respectively. In addition, trial 3 included 10 prof the dioecious cultivar
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‘Carmagnola’. The growth conditions are furtherailet in Chapter V (section
5.2.2, Table 5.1).

6.2.3. Estimation of the genome sizes using flowtoynetry

The nuclear genome size of monoecious and dioetienp plants was
measured using flow cytometry, simultaneously v@tiicine maxsoybean) and
Zea mayymaize) as internal reference standards to comiperepeaks from
distinct samples of hemp nuclei. Both referencenddeds were chosen from
those recommended by Praca-Fontes et al. (2011héir genome size, which
is a priori relatively close and distant from that of hempdoybean and maize,
respectively (Sakamoto et al. 1998). Otto’'s bufféddto 1992; Dolezel and
Gohde 1995) were used for nuclei isolation as recended by Loureiro et al.
(2006) for plant species with low nuclear DNA coaritébetween 1.30 and 1.96

pg per 2C).

Fresh leaf samples of hemp (20 mg), soybean (20and)maize (50
mg) were collected from mature leaves, mixed amappkd for 120 s with a
razor blade in a plastic Petri dish on ice contajrii ml of the Otto | buffer used
for nuclei isolation. A larger proportion of maiteaf tissue was needed to
obtain sufficient nuclei. The resulting suspengiested for 15 min with shaking
every 5 min to facilitate the nuclei extraction. eTmixture was thereafter
filtered twice through 30 um (Sakamoto et al. 1988¢1 10 um nylon meshes
successively (Partec GmbH, Miinster, Germany). Ameal of 200 and 500 pl of
Otto | buffer was poured on the first and secofidrfirespectively, to recover as
many nuclei as possible. The solution was then ritegpe¢d for nuclei
precipitation (2,500 rpm, 5 min). The resultingleelvas diluted in 100 ul of
Otto | buffer before being filtered through a 10 pmash. A volume of 800 pul of
modified Otto Il buffer (20 ml of 0.4 M N&IPO,.12H,0O, 1 ml of PI, 1 ml of
RNAse and 40 ul of-mercaptoethanol), used as staining buffer, wasddd
upon the filter. After 10 min, the solution was Bsad with the LSRFortessa
cell analyser (Becton Dickinson Benelux N.V., Eremdgem) from the de
Duve Institute (Brussels, Belgium). For each sampleminimum of 10,000
events were analysed at a maximum rate of 300 ®#énThe fluorescence was
measured using the 575/26 BP filter, specific te Wavelengths emitted by
propidium iodide. The median, standard deviatiod aaefficient of variation
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(CV) of the peaks were extracted using the BD FA&alboftware. For each
sample, the genome size of the hemp nuclei wamatstl by dividing the
median of fluorescence of the hemp peak by thatadh standard peak
multiplied by the genome size of the standard. @Gengizes of 2.41 + 0.170
and 5.57 = 0.146 pg per 2C DNA for soybean and epaiegspectively, were
used to calibrate the hemp peaks (Praca-Fontés2étld).

The protocol (nuclei isolation and flow cytometiyps developed on
plants from trials 1 and 2, while the presentediltesvere obtained from 55
plants from trial 3: 10 ‘Carmagnola’ (6 female aadmale), 9 ‘Uso 31, 9
‘Fedora 17’, 8 ‘Santhica 27, 10 ‘Felina 32" andEpsilon 68’. The cytometric
analyses were spread out among six dates as & oédobistical constraints
linked to the use of the flow cytometer. For eal@mpon each date of analysis,
two distinct leaf samples were probed independettthie flow cytometer.

6.2.4. PCR with male-associated DNA marker

Leaf DNA was extracted according to Murray and Theon (1980)
with modifications as detailed below. Frozen leavesre ground to a fine
powder in liquid nitrogen. The resultant powder waxed with 900 pl of
extraction buffer (10% Tris-HCI, 10% EDTA, 2% CTABQ% NacCl, 2% PVPP
and 1% p-mercaptoethanol) and heated at 55°C for 1 h witkide-down
shaking every 10 min. A volume of 500 pl of a 2#nixture of chloroform-
isoamyl alcohol (v/v) was added, shaken for 10 & entrifuged (13,000 rpm
for 10 min). The upper phase was collected, anaxtr@action with chloroform-
isoamyl alcohol was repeated once. The final uppase was collected, mixed
with 350 pl of isopropanol at 4°C, shaken for 1@, sested for 30 min and
centrifuged (13,000 rpm for 10 min). The supernataas drained, and the
resultant DNA pellet was mixed with 500 pl of 70%anol at -20°C and
centrifuged (13,000 rpm for 5 min). This last si®ps repeated once before
dissolving the pellet in 50 pl TE buffer (10 mM J4HCl pH8, 1 mM EDTA
pH8). The extracted DNA was kept at -20°C.

The presence of the male-associated DNA marker MAQMandolino
et al. 1999) was tested. The reaction volume was (iRand contained 6.25 ng
of genomic DNA, 0.4 pM of the MADC2 primer (Eurodea SA, Seraing,
Belgium), 80 uM of each dNTP, 1.6 mM of MgC1.25 U of GoTAQ and 1X
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of GOoTAQ buffer (Promega Corp, Madison, USA). Th€RP amplifications
were performed with a PTC 100 thermal cycler (M3dech, Waltham, Mass):
10 min at 95°C, 40 cycles [30 s at 95°C, 45 s 4C58nd 2 min at 72°C] and 4
min at 72°C. The amplification products and a DN#dder (Smartladder,
Eurogentec SA, Seraing, Belgium) were separated%ragarose gel run at a
constant voltage of 90 V. The gels were stainedh wthidium bromide and
displayed under UV light.

The MADC2 primer was preliminarily tested on terambk of the
dioecious cultivar ‘Carmagnola’ (five of each se)d then applied on 115
plants of monoecious hemp (from 21 to 26 plantscpéivar).

6.2.5. Statistical analyses

The statistical analyses were carried out to agbessffects of the sex
(monoecious, female or male), cultivar and dataraflysis on the genome size
of hemp nuclei. The statistical analysis was firgimplified by incorporating
the ‘sex’ effect of the dioecious cultivar into theultivar’ effect, which
consequently included seven levels (one for eachhef five monoecious
cultivars and two for each sex of the dioeciougivad), and secondly by using
the mean genome size computed for each plant dnagadysis date. The effect
of the experimental factors on the genome sizetesied in the GLM procedure
(SAS Institute Inc. 2012) by using the following ded:

Yik = H+a; +,8,' +(a:3)ij +eijk (6.1)

wherey;, was the genome size of tkiln hemp plant of cultivar or sexanalysed
at thejth date,s;, j and (ap); were the fixed effects of cultivar or sexdatej
and their interaction, respectively, aagl was the error associated to tkib
plant of cultivar or sex analysed at thgh date. An entire mixed model, which
included the fixed effects of ‘sex’, ‘cultivar’, &e’ and their interactions as well
as the random ‘plant’ effect and its interactiothwdate’, was firstly tested, and
we verified that the interpretation of the fixedeets was the same as in model
(6.1). The MEANS procedure and the CONTRAST staténwd the GLM
procedure were used to compute means and pairafsparisons, respectively.
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6.3.RESULTS

6.3.1. Genome size

The analysis of each sample by flow cytometry aidwhe detection of
three peaks that corresponded to hemp, soybeamaizeé nuclei successively.
The CVs of the peaks ranged between 1.5 and 3.4%dxe, 2.6 and 4.7% for
soybean and 2.6 and 5.0% for hemp.

Despite absolute values that were very close th ed#tter, the genome
size of the hemp nuclei was significantly affecteyl the sex of the plant,
defined as monoecious, female or male, regardlésheoreference standard
(Fig. 6.1; Table 6.1). The genome size of the m@ermagnola’ plants was
significantly larger P < 0.001) than that of all of the other plants, both
female ‘Carmagnola’ plants and the plants fronoathe monoecious cultivars.
The female plants were not significantly differértm the monoecious plants,
nor were the monoecious cultivars significantlyfefiént from each other. The
mean genome sizes estimated with soybean as #remeé standard were 1.791
+0.017, 1.789 £ 0.019 and 1.835 + 0.019 (pg) imoezious, female and male
plants, respectively, and the corresponding sistisnated with maize as the
reference standard were 1.838 + 0.020 (pg), 1.88917 and 1.883 + 0.018,
respectively. The date of analysis significantlfeaied the genome size of the
nuclei (Table 6.1). However, no interaction wasesbsd between the fixed
effects (‘cultivar or sex’ and ‘date’).
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Table 6.1 Flow cytometry: ANOVA table for the genome size (GS) eimip nuclei
estimated using soybean or maize as the refer¢aicdasd

Dependent Sourcé DF SS MS FVvalue ProbF

variable

GS - soybean Cultivar or sex 6 0.017 0.003 8.78 <0.0001
Date 5 0.009 0.002 5.89 0.0003
(Cultivar or 16 0.004 0 0.86 0.6157
sex) x date

GS - maize Cultivar or sex 6 0.019 0.003 7.98 <0.0001
Date 5 0.01 0.002 5.33 0.0006
(Cultivar or 16 0.006 0 0.98 0.4949
sex) x date

2The analysis was performed considering seven |égelbe "cultivar or sex" factor: one for
each of the five monoecious cultivars and two frtesex of the dioecious cultivar.
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Fig. 6.1

Genome size of monoecious and dioecious hemp n@tlean *

sd)

estimated using (a) soybean and (b) maize as theenee standard. ‘Uso’
to ‘Eps’ refer to the five monoecious cultivars ‘U84, ‘Fedora 17’,
‘Santhica 27, ‘Felina 32’ and ‘Epsilon 68’, respigely, and ‘CarF and
‘CarM’ refer to female and male plants of the dioes -cultivar
‘Carmagnola’. The values are the overall mean gensize to which the
residual values obtained from an ANOVA including ‘da#es’ cofactor
were added (Costich et al. 1991). Different lettdrsva the bars indicate
significant differencesR < 0.001). The number of data points is given
between brackets for each cultivar.
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6.3.2. Male-associated DNA marker

The MADC2 primer amplified one male-associated bah®90 bp —
the MADC2 marker — in the male plants of the dioasicultivar ‘Carmagnola’,
as expected (Mandolino et al. 1999). This male-@ated band was absent from
all of the female ‘Carmagnola’ plants (Fig. 6.2&Joreover, the MADC2
marker was absent from all of the plants belongiagmonoecious hemp
cultivars (Fig. 6.2b for cultivar ‘Fedora 17°).
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Fig. 6.2 PCR products obtained with the male-associated DNAkanadvlADC2
applied on (a) ten plants of the dioecious hempiveul ‘Carmagnola’,
male (m) and female (f), and (b) twelve plants & thonoecious hemp
cultivar ‘Fedora 17°. The arrows indicate the mgpecific band of 390 bp
long. L: Smartladder (bp).
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6.4.DISCUSSION

6.4.1. Flow cytometry: practical considerations

The quality of the nuclei suspension prepared fier gurpose of flow
cytometry is properly judged by analysing the tgston of the relative
fluorescence intensity, which accounts for thetiedaDNA content (Dolozel
and Bartos 2005; Loureiro et al. 2006). The CVshef peaks obtained in the
present study were acceptable according to thehséshold given by Dolezel
and Bartos (2005).

Flow cytometry has been widely used to determimeathsolute nuclear
DNA content of various plant species (Dolezel ardt@s 2005; Praga-Fontes et
al. 2011). In this context, the choice of an in&rmeference standard is
considered to be one of the main issues (DolezelBartos 2005). Here, the
genome size of hemp nuclei was function of theregfee standard — soybean or
maize. This observation was due to a differencevdat the peak ratio between
both reference standards (average ratio = 0.44jrsidgenome size ratio given
by Praca-Fontes et al. (2011) (2.41/5.57 = 0.48) @sed here to calibrate the
hemp peaks. Such discrepancies among laboratosgesoanmon issues in flow
cytometry (Dolezel et al. 1998; Praca-Fontes e2@l1). According to Dolezel
and Bartos (2005), the genome sizes estimated ssiglgean as a reference
standard were more accurate that those obtained usaize since soybean and
hemp have closer genome sizes.

The effect of the date of analysis on the genorne sbserved in this
study (Table 6.1) was similar to the ‘run’ effeeported by Costich et al. (1991)
and Taliaferro et al. (1997). According to Taliaeet al. (1997), the differences
in genome size among dates of analysis could résutt nuances associated
with sample preparation or machine calibration. dbwer, cytosolic compounds
might interact with PI fluorescence, as noted vatithocyanin inEuphorbia
pulcherrimaby Bennett et al. (2008). Hemp produces a vardtgecondary
metabolites, such as cannabinoids, unique to teeiesp (de Meijer et al. 2003),
flavonoids, stilbenoids, terpenoids, alkaloids digdans (Flores-Sanchez and
Verpoorte 2008), which could cause significant atiohs in the genome-size
estimation. In the present study, the significaddite’ effect was removed
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according to Costich et al. (1991) for the compatabf the mean genome size
of hemp nuclei (Fig. 6.1).

6.4.2. Genome size of the monoecious hemp

The use of flow cytometry revealed significant eiffnces in genome
size between male hemp plants both monoecious and female ones. To our
knowledge, the present study constitutes the fagort on the genome size of
monoecious hemp. Considering a conversion factdr bp = 0.978*19 DNA
content (pg) (Dolezel and Greilhuber 2010), theoges sizes calculated using
soybean as the reference standard were 1751 +756,4 18 and 1795 + 18
Mbp for monoecious, female and male hemp plantspeetively. Thus, the
genome size of monoecious hemp was similar toahtgmale plants.

Though higher, the values of genome size obtaindtd present study
are in the range of those found by Sakamoto €t18D8) for male and female
hemp plants (1683 = 13.9 and 1636 + 7.2 Mbp, reasmdy). The difference
between both studies could firstly be explainedh®y use of distinct reference
standards (Dolezel and Bartos 200%, Arabidopsis thaliangby Sakamoto et
al. (1998)vs. soybean and maize in the present study. SecaBdkgamoto et al.
(1998) used the DAPI fluorochrome, which preferhtibinds to AT bases and
therefore leads to DNA-content estimations thatukhde interpreted with
caution (Dolezel et al. 1992). Thirdly, the genosiee of 130 Mbp that was
considered forArabidopsis thalianaby Sakamoto et al. (1998) has been
reassessed at 157 Mbp by the Arabidopsis Genomeative (2000).
Nevertheless, the difference in percentage of #r®me size between male and
female plants found in our study (2.7%) was venselto the 2.8% reported by
Sakamoto et al. (1998) and to the 2.7% found byudla (Charles University,
Czech Republic, ‘pers. comm.’).
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6.4.3. Male-associated DNA marker

The male-associated band amplified by the MADC2 mpri
corresponded to the marker described by Mandolirsd. €1999). The adequacy
of this marker to discriminate male from femalentdain the dioecious cultivar
‘Carmagnola’ as observed here confirmed the restfilldandolino et al. (1999;
2002).

The present study showed the absence of the MAD@%en in 115
plants obtained from monoecious hemp cultivars.s Tigsult amplified the
absence of this marker observed in the monoecigltisars ‘Bialobrzeskie’ and
‘Beniko’ by Mandolino et al. (1999).

6.5.CONCLUSIONS

The speciesCannabis sativais characterized by heteromorphic sex
chromosomes. Female plants of dioecious hemp ha¢ehfomosomes, and
male ones have XY chromosomes. The present stunlyesha similitude of
genome size between monoecious plants and femahtspbf dioecious hemp
and the absence of the male-associated DNA marlé&D@2 in monoecious
hemp, which is likely located on the Y chromosome&iiregion excluded from
recombination (Mandolino et al. 2002). These figgirsuggest that monoecious
hemp has basically the same sex chromosomes thaatefglants of dioecious
hemp,i.e., XX chromosomes, and confirm the cytological olsagons made in
the ‘Kentucky’ cultivar by Menzel (1964).

Finally, the present study determined the congitutin sex
chromosomes of monoecious hemp and thereby estatlidundamental
information for further studies on the genetic deiaism of is sex expression.
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Abstract

Hemp Cannabis satival.) is diploid (2n = 20) and includes both
dioecious and monoecious cultivars with hetero- ammomorphic sex
chromosomes, respectively. The sex expression svariet only with
environmental factors but also with genotypes, sstigg that it might be
selected. The present paper aimed to develop agaknap for investigating the
genetic determinism of sex expression in hemp.

Two dioecious (‘Carmagnola’@? x ‘Carmagnola’ &) and one
monoecious (‘Uso 31’ x ‘Fedora 17’), Begregating populations were used.
After selection of independently segregating maskethe linkage maps
contained 93, 92 and 86 AFLP markers — 225 distmatkers in total —
distributed along 11, 16 and 10 co-segregation ggsqCGs), respectively. The
markers’ integration resulted in five homology gosulerived from at least two
distinct maps and seven CGs derived from singlesmap‘sex’ phenotypic
marker was mapped in each dioecious population s€keCG of each dioecious
map was divided into four regions: (1) a centrajioa including markers
mapped on the Y and/or X chromosomes, (2 and 3) ftaraking regions
including markers mapped on X chromosomes, and &4)terminal
pseudoautosomal region recombining with the sendat a rate- 0.41. Five
sex-linked markers were mapped in the monoeciogsilpton. Two of them
revealed homologies between the male-plant Y andoecous-plant X
chromosomes.

Given the detection of sex-linked markers, we lelithat the present
unsaturated maps may be of interest for identify@@gL involved in the
determinism of the sex expression in hemp.

Keywords: AFLP -Cannabis- Dioecious - Linkage map - Monoecious -
Outcrossing - Sex.
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7.1.INTRODUCTION

Hemp, Cannabis satival.., is a non-food crop currently grown for a
wide range of end products derived from its filvepden core or seeds, such as
textiles, paper pulp, lime-hemp concretes or heexgbs®l (Struik et al. 2000).
After a decline in its cultivation during the lagto centuries, the species is now
perceived as a potentially profitable crop with thight profile to fit into
sustainable farming systems (van der Werf et &6)19

Agriculturally, the cultivation of hemp is signifiotly affected by the
plant’s reproductive features. Although the spe@esaturally dioecious, both
dioecious and monoecious cultivars exist. Dioecioul§vars provide relatively
high stem yields. However, male plants flower aadesce earlier than female
ones, which makes the mechanical harvest of thd déécult (Bocsa and
Karus 1998). Monoecious cultivars display higheedsgields and allow the
mechanical harvest of both stem and seed due teytiehronised maturity of
the plants (Mandolino and Carboni 2004). Howevle sex expression in
monoecious hemp varies continuously between theereet male and female
phenotypes. The masculinised types set few seedsaem more prone to
develop fungal infections (Fournier and Beherec600 herefore, the seed
production of monoecious cultivars requires thenglation of the strongly
masculinised plants (Beherec 2000). A previousystltbwed that the sexual
phenotype of monoecious hemp varies accordinggatitivar, suggesting that
it has a genetic basis (Faux et al. 2014). Higkedg/ields were obtained with
the early and mid-early feminised cultivars (Fauxaé 2013). Given the
practical implications of the monoecy in both awdtion and breeding,
investigating sex expression in hemp is considdede one of the most
important tasks for its genetic improvement (Mamuwland Carboni 2004;
Ranalli 2004).

Hemp is diploid (2n = 20), with heteromorphic séxamosomes and
sexual dimorphism. The male plants of dioecious fhere characterized by
hanging panicles with few or no leaves and beastaminate flowers. The
female plants have a distinct appearance, chaizeteby racemes with leafy
bracts and pistillate flowers. The female and mpédats of dioecious hemp have
XX and XY chromosomes, respectively (Yamada, 198&idy Sakamoto et al.
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1995), and the sex would be controlled by an Xttmsomes equilibrium rather
than by a Y-active system (Westergaard 1958; Aimsw@000). The Y
chromosome is larger than the X chromosome andutesomes (Yamada 1943
cited by Sakamoto et al. 1995), and the size diffee between the X and Y
chromosomes has been attributed to the large lamgo& the Y chromosome
(Sakamoto et al. 1998). The plants of monoeciousiphdear racemose
inflorescences similar to those of female plantghvboth male and female
flowers arising in variable amounts. Their sex chwsomes are XX (Faux et al.
2014). However, the determinism of their sexual nutgpe remains widely
unknown. Moreover, the sex expression of both dmec and monoecious
hemp is sensitive to external factors such as jpleokod, nitrogen status and
hormonal treatments (Freeman et al. 1980; ArnowB61L9The diversity of the
intersexual forms, the bipotency of sexually predeined plants and the
occurrence of fertle male flowers on female plamis dioecious hemp
(Schaffner 1921; Borthwick and Scully 1954) suggédshat the sex expression
in hemp would be determined by the activity of getieat are located not only
on the sex chromosomes but also on the autosonmiesk@(51937 cited by Truta
et al. 2007; Sengbusch, 1952 cited by Westergd®%8; Rath, 1968 cited by
Truta et al. 2007; Migail 1986 cited by MandolinedaRanalli 2002). Assuming
that the sex expression in hemp has a genetic ifRaisx et al. 2014), we
propose to approach its determinism through thetifitsation quantitative trait
loci (QTLs) linked to the sexual phenotypes.

A very high degree of polymorphism and heterozytyosias found in
hemp, suggesting that molecular mapping inpFogenies would be possible
provided that the parental strains were chosen ftieen most heterozygous
populations (Forapani et al. 2001). However, treeafsan k population derived
from outbred parents makes the construction ofnkafie map much more
challenging than the use of segregating populatt®g/ed from inbred lines,
such as For backcross populations. Indeed, ingepulations, the number of
segregating alleles can vary from one locus tolarptresulting in a mixture of
markers with distinct segregating patterns, and lithkage phases between
markers in the parents are unknown (Wu et al. 20QRaet al. 2003). The
traditional construction of genetic maps with gopulations is performed with
1:1 segregating markers and presents the disadmardh resulting in two
distinct maps, one for each parent (Grattapaglid &ederoff 1994), as
performed by the software MapMaker (Lander et 8B7). Wu et al. (2002a)
developed a method based on a maximum-likelihogatageh to construct
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genetic maps that combine a set of markers witlowarsegregating patterns in
outcrossing species. For a given pair of markefrgirt methodology
simultaneously estimates the maximum-likelihoodorebination fraction and
the parental linkage phase by using an iterativpeetation-maximisation
algorithm (Dempster 1977). The advantages of théthodology have been
established in the determination of the most likedgignment of markers within
a co-segregation group (Wu et al. 2002a) and imgesf numbers of mapped
markers and obtained co-segregation groups (Gereih 2006).

Sex-specific AFLP markers were successfully deteéte hemp by
Flachowsky et al. (2001). The AFLP technique prowgditility in the detection
of sex-specific markers irDioscorea tokoro (Terauchi et al. 1998) and
Asparagus officinaligReamon-Bittner and Jung 2000) and is known for it
reliability and the potentially high number of aifipd fragments, which makes
it an useful tool for the construction of genetiapa (Vos et al. 1995; Mueller
and Wolfenbarger 1999; Meudt and Clarke 2007). ABb#plifications reveal a
polymorphism of presence/absence, with 1:1 or 3efyrepating patterns
depending on the presence of the allele as a sioghe from only one parent or
from both parents.

Two non-saturated molecular maps have been publistiéar in hemp.
The first (Mandolino and Ranalli 2002) was basedaonk progeny of 40
individuals derived from a cross between a monaecant CAN 19/86 and a
female plant of the dioecious cultivar ‘Carmagnpltiius not including the Y
chromosome. Sixty-six RAPD markers segregatingwiefe distributed among
11 co-segregation groups in the ‘Carmagnola’ pameay, and 43 markers were
distributed among 9 co-segregation groups in thaaacious parent map. The
second map was obtained from a cross between aptaaieand a female plant
of a dioecious accession. A total of 122 AFLP meska&as distributed among
10 linkage groups (Peil et al. 2001 cited by Maimobnd Carboni 2004). Pell
et al. (2003) studied the segregation of 66 sekelinmarkers in male and
female progenies and concluded that there was adpaatosomal region
allowing recombination between the X and Y chrormss of hemp. In
addition, polymorphism between the X chromosomeshiggen reported in hemp
(Peil et al. 2003; Rode et al. 2005).

The present paper is dedicated to the developnientiokage map for
investigating the genetic determinism of sex exgors in hemp. To this
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purpose, distinct segregating populations derivedmf dioecious and
monoecious hemp cultivars were used. In particulae, use of a dioecious
segregating population allows the mapping of a’‘sdenotypic marker and
thus the identification of sex-linked markers asfqrened by Peil et al. (2003).
In this case, joining monoecious and dioecious ntgwsoffer an overview of
the mapping work. However, the integration of liggamaps assumes that the
markers are homologouse., derived from one unique locus that is identical
among all individuals showing the DNA fragment lire tdistinct maps. Rouppe
van der Voort et al. (1997) concluded from the carngon of the sequence of
co-migrating bands that the homology of the AFLBdoricts is nearly always
valid. However, according to Qi et al. (1998), theus specificity of the AFLP
markers is limited to populations belonging to teme species or to very
closely related species. Thus, the locus spegifatibuld hold true here.

The present study constitutes the first reporthef tonstruction of a
linkage map derived from a cross between two atéivof monoecious hemp. In
addition, two maps derived from a dioecious hemibvaur were constructed.
Therefore, the specific objectives of the presémdys were as follows: (i) the
construction of genetic maps in dioecious and moioos hemp and (ii) the
identification of sex-linked markers and co-segtiega groups putatively
located on the sex chromosomes.
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7.2.MATERIALS AND METHODS

7.2.1. Genetic material

Three cultivars were used: one dioecious, ‘Carmign@and two
monoecious, ‘Uso 31’ and ‘Fedora 17'. Seeds of dleecious cultivar were
obtained from Assocanapa (Carmagnola, Italy), aetls of both monoecious
cultivars were obtained from the Fédération nat®ndes Producteurs de
Chanvre (Le Mans, France). Three populations wesated, all consisting of
the full-sib R progeny of a cross between two outbred parents. fifst two
populations (C1 and C2) were derived from a crassvéen male and female
‘Carmagnola’ plants. The third (UF) was obtainednira cross between ‘Uso
31" and ‘Fedora 17’ used as male and female parezgpectively. ‘Uso 31’ has
been described as more masculinised than ‘Fedodréddwever, both cultivars
exhibit a relatively close earliness (Faux et 8lLl2, 2014), which allowed their
flowering periods to synchronise. The C1, C2 andpdpulations included 77
(43 females and 34 males), 76 (48 females and 28sjnand 167 individuals,
respectively. The relatively poor seed set in thentolled crosses in
‘Carmagnola’ made the use of two populations nesgss

7.2.2. Growth conditions

Sowing was performed on 6 October 2009 for the bjugation and on

10 September 2010 for both C1 and C2 populatiored$ were sown in
dimpled germination plates. After 10 days, the Begsl were transplanted to
pots of 30 cm height by 18 cm diameter in a greaeoThe substrate consisted
of a 3:1:1 mixture of soil, sand and loam to whichamount of 2.8 g per pot of
Osmocote® (14:13:13 NPK with slow release of natse€for up to six months)
was added just before transplanting. The plantseweastered by capillarity
twice per week. The set point temperatures wer@®@&/ day/night. The
photoperiod was 16 h during the whole growing pefior the UF population
and 16 h during 69 days and 8 h thereafter to pterftawering for both C1 and
C2 populations.
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7.2.3. Molecular data

DNA extraction

Leaf DNA was extracted according to Murray and Thean (1980)
with modifications as detailed below. Frozen leavesre ground to a fine
powder in liquid nitrogen. The resultant powder waxed with 900 pl of
extraction buffer (10% Tris-HCI, 10% EDTA, 2% CTABQ% NacCl, 2% PVPP
and 1% p-mercaptoethanol) and heated at 55°C for 1 h witkide-down
shaking every 10 min. A volume of 500 ul of chlanwh-isoamyl alcohol (24:1,
v/v) was added, and the mixture was shaken for &f@dscentrifuged (13,000
rpom for 10 min). The upper phase was collected, #ral extraction with
chloroform-isoamyl alcohol was repeated once. Tinal fupper phase was
collected, mixed with 350 pl of isopropanol at 48Gaken for 10 sec, rested for
30 min and centrifuged (13,000 rpm for 10 min). Bupernatant was drained,
and the resultant DNA pellet was mixed with 5000f1l70% ethanol at -20°C
and centrifuged (13,000 rpm for 5 min). This laspswas repeated once before
dissolving the pellet in 50 pl TE buffer (10 mM J4HCI pH8, 1 mM EDTA
pH8). The extracted DNA was kept at -20°C.

AFLP amplifications

The AFLP amplifications were performed according Mtos et al.
(1995) with slight modifications according to Flaevsky et al. (2001) and A.
Peil (pers. comm. 2009). All primer and adapteruseges were designed by
Eurogentec SA (Seraing, Belgium). Genomic DNA (0,25 was incubated at
37°C for 3 h with 2.5 U of Hindlll, 2.5 U of Tru9@same restriction site as
Msel), 2.5 ug of acetylated BSA and 1X Multi-CoreTuffer (Promega Corp,
Madison, USA) in a final volume of 25 pl. Adaptdégdtion was achieved by
adding 2.5 pmol of the Hindlll-adaptator, 25 pmbltiee Tru91-adaptator, 1 U
of T4-DNA ligase and 1X T4-DNA ligase reaction lerf{Biolabs Inc, Ipswich,
USA) to the digested DNA (30 pl final volume) amtubated at 37°C for 3 h.
The reaction mixture was diluted to a final voluofe50 pl with sterile HO.
Preamplifications were performed in a 25-pl volumentaining 2.5 pl of
digested and ligated DNA, 37.5 ng of Hindlll-prim&7.5 ng of Tru91-primer,
both primers having one selective nucleotide (A2 @M of each dNTP, 1.5
mM of MgCI2, 1.25 U of GoTAQ and 1X of GoTAQ buff¢Promega Corp,
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Madison, USA). The PCR was run on a PTC 100 theayeler (MJ Research,
Waltham, Mass) with the following cycle profile: Zycles of denaturation at
94°C for 60 s, annealing at 60°C for 60 s and esttenat 72°C for 2 min. The
preamplification mixture was diluted 20 times witerile HO. The selective
amplifications (25 ul volume) differed from the preplifications as follows: (1)
2.5 ul of diluted preamplified DNA, 5 ng of laballdindlll-primer (.e., the
rare cutter) and 30 ng of Tru9l-primer - both prsnbBaving three selective
nucleotides — were used (Table 7.1), and (2) thdecprofile was 1 cycle of
denaturation at 94°C for 60 s, annealing at 65%®€bs and extension at 72°C
for 90 s, followed by 9 cycles with the same cadodg as the first except that
the annealing temperature dropped by 1°C at eadk,@nd finally 40 cycles of
denaturation at 94°C for 60 s, annealing at 56¥CG3€@bs and extension at 72°C
for 60 s. The selective amplifications were perfednusing eight distinct primer
combinations (Flachowsky et al. 2001) (Table 7ThHe amplification products
were fractionated with an automated ABI Prism 3@&Mhetic analyser (Applied
Biosystems, Warrington, UK) according to the mantudeer's instructions.
Their sizes were scaled with the molecular standgedeScan-500 Rox. The
size and intensity of the amplified fragments weigualised with the Peak
ScannerTM v1.0 free software (Applied Biosystem8&0and the fragments
were scored between 40 and 400 bp.

Table 7.1 Selective nucleotides of each primer combinatiosdu® generate AFLP
markers and number of markers selected from eaotepcombination

No.! Primer combination Numrt:]zrrl?;rsszelected
Hindlll Msd
1 AGA AAC 58
2 AGA AGG 36
3 AGA AAG 43
4 ACC AAG 45
5 ACC AGA 46
6 ACC ATC 62
7 ACT ACA 48
8 ACT ACC 47

! Number of primer combination used to label thekaes.
2 The total number of selected markers is 385, awstin Table 7.3.
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Segregation of AFLP markers

Each amplification was scored as a dominant marker, following its
presence (allela) or absence (allele) — in each individual. The markers were
labelled by the number of the primer combinatioakll€ 7.1) followed by the
molecular weight of the DNA fragment (in bp). A segation type was
attributed to each marker in each population byirtgsts segregating pattern
against both possible ratios (1:1 and 3:1) usirigsghare testsy{). Thesingle-
dose markers were polymorphic between parents and gatge 1:1 in the
offspring. Following Wu et al. (2002a), they werendted D1.13 or D2.18
depending on the presence of the altele the female (configuratiorab x 00")
and male (configuratiorob x ag’) parent, respectively, with the location of the
allelesa ando being interchangeable between both homologousntdsomes
in each parent. Thdouble-single-dosenarkers were monomorphic between
parents (configurationab x ao), segregated 3:1 and were denoted C.8 (Wu et
al. 2002a).

7.2.4. |dentification of sex-linked markers

In the dioecious populations, the sex of each plaas coded as O
(female) or 1 (male) and used as a phenotypic margex-linked AFLP
markers were detected by using the five classesaokers segregating with the
‘sex’ phenotypic marker as defined by Peil et 2003) (Table 7.2). The classes
A, B and C contain markers that are polymorphictenX chromosome with no
fragment on the Y. The class A markers result ff@m x a0 or ‘oa x ao
crosses, segregate 1:1 in male progenies and amgysalpresent in female
progenies. The class B markers derive framx o0 or ‘oa x 00 crosses and
segregate 1:1 in both male and female progenies. cl&iss C markers are
characterized by their location on the X chromosarthe male parentdb x
ao cross configuration) and are always present mde progenies and always
absent from male progenies. Class D includes martkext are polymorphic on
X and present on Y §o x o0& or ‘oa x o0& cross configurations), indicating a
pseudoautosomal region. They segregate 1:1 indimalé progenies and are
always present in male ones. Class E includes assleciated markers, present
on Y and absent from Xdb x oa cross configuration). Recombinants between
class B and sex cannot be detected because otthes type, D1.13 and D2.18,
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respectively (Maliepaard et al. 1997; Wu et al. 280 Therefore, the markers of
class B are identified by linkage to class A in thale progenies and to class D
in the female ones (Peil et al. 2003). In the prestudy, the markers that
responded to the cross type and segregation aritdrclass B (Table 7.2) but
were not linked to a class A or D were referredddputative class B’ markers.
However, these markers can be located on both $s’mosomes and
autosomes.

The markers were assigned to a class of sex-linkadkers by testing
the equality of their segregation ratios in mald éamale progenies against the
expected segregation ratios using a chi-squareDestations from the expected
segregation ratios at alpha = 0.01 were discarded.

Table 7.2 Five classes of sex-linked markers, as defineddiye® al. (2003)

Parents Expected segregation ratios in
the R
Class* X| | X2 X||Y Cross-type Q (a:0) 3 (a:0)
A al|o allo C.8 1:00 1:.01
B al |o o| |o D1.13 1:01 1:01
C o| |o al|o D2.18 1:00 0:01
D al |o ol |a C.8 1:01 1:00
E ol ]o ol |a D2.18 0:01 1:00

" The class B markers are detected by linkage 8sdain the male and to class D in the
female progenies, in addition to falling into theected cross-type and segregation ratios.

2 The location of the allelesando is interchangeable between the X chromosomesein th
female parent.
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7.2.5. Map construction

The linkage analysis and map construction were opad
independently for each segregating population ughy OneMap package
(Margarido et al. 2007), which implements the mdtilogy developed by Wu
et al. (2002a) and consists of a set of functiamngHe freely available software
R (R Development Core Team 2010).

For each pair of markers, tie2pts function of OneMap computed the
maximum likelihood estimate of the recombinatioaction and its LOD score
by considering four distinct assignments of allekssch of them corresponding
to one of the two possible linkage phases — cog@imd repulsion — in each of
both parents. The most probable recombination itnacand parental linkage
phases were detected based on the maximum pospeabability of a given
assignment conditional on the observed phenotypethé markers (Wu et al.
2002a). Markers were then assigned to linkage grdmp using thegroup
function. The linkage analysis was first performedier stringent conditions to
identify the sets of markers that formed tight egregation groups. Distinct
threshold values were tested independently in grmgulation; however, the
same statistical stringency was applied for thestaction of the three maps for
more meaningful comparisons among the populatidiie LOD score and
recombination fraction threshold used for mappingrev 3.5 and 0.5,
respectively. These thresholds allowed gatherisgndit sex-linked markers as
detected according to Peil et al. (2003) in the esazn-segregation group,
whereas lower LOD score thresholds dramaticallyeiased the size of the
largest group in each population and were therefeoéded.

The ordering and positions of the markers withiocheao-segregation
group were determined by using tbeder.seqfunction of OneMap with the
same LOD score value as for linkage. This funcfist compares all possible
orders among a user-defined number of markersaifgaselected according to
their degree of informativeness, with the C.8 meskselected prior to D1.13
and D2.18 markers (Margarido et al. 2012). Heresetehe number of markers
to 6. The maximum likelihood order among thesermsarkers was chosen, and
the remaining markers were positioned sequentatllthe set of locations that
maximises the map LOD score while keeping the woalimap unaltered
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(Margarido et al. 2012). Map distances were basedhe Kosambi function.
Marker orderings and parental linkage phases weréed with theripple and
map functions, which check for alternative orders imdows of four markers
and estimate the multipoint log-likelihood, linkagbases and recombination
frequencies for a given order of markers, respeltifMargarido et al. 2012).
When distinct marker orders maximised the LOD sctire selected order was
the one that provided the best agreement amongligiact maps. The three
maps, C1, C2 and UF, were integrated by using tdens that were positioned
in at least two distinct maps and by gathering dbesegregation groups into
putative homology groups.
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Table 7.3

The number of markers scored and selected for mgppieach population

C1 C2 UF All populations
All scored markers 410 415 357 480
Segregating markefs 274 (67) 182 (44) 184 (52) 385
Polymorphic markers between parents 121 83 98
Monomorphic markers between parents 153 99 86
All independently segregating markers (1:1 or 3:1) 193 (70) 147 (81) 115 (63) 319
Single-dose markers (segregation 1:1) 71 53 64
D1.13* 46 (24) 33(22) 23 (20)
D2.18* 25 (13) 20 (14) 41 (36)
Double-single-dose markers (segregation 3:1) <'C.8 122 (63) 94 (64) 51 (44)
All markers with distorted segregation 81 35 69

! Total number of distinct markers regardless ofptbpulation.

2 The segregating markers had a segregating paiterificantly different from 1:0i(e., marker always present) as tested by a

Chi2 test with Bonferroni correction at alpha=0.B&tween brackets, % of segregating markers itioal#o the total number of
scored markers.

® In parentheses, % of independently segregatingersin relation to the total number of segregatiagkers.

“*In parentheses, % of markers of each cross typel@D2.18 and C.8 following the notation of Wakt2002a) in relation to
the total number of independently segregating nrarke
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7.3.RESULTS

7.3.1. AFLP markers

The eight primer combinations (Table 7.1) allowleel detection of 410,
415 and 357 markers in the Cl1l, C2 and UF segrepatiopulations,
respectively, generating a total of 480 distincLRFmarkers (Table 7.3). Out of
these, 287 (60%) were scored in all three popudatioThe percentage of
markers shared by C1 and C2 (81%) was higher thetrshared by C1 and UF
(67%) or C2 and UF (68%).

Among these 480 detected markers, 274 (67% ofdta number of
detected markers), 182 (44%) and 184 (52%) segrégat C1, C2 and UF,
respectively. They accounted for a total of 385timii$ segregating AFLP
markers, regardless of the population. Of thesky, &h markers were present in
all three populations. The sets of selected markemprised 121, 83 and 98
polymorphic markers between parents and 153, 99 &hdmonomorphic
markers between parents, respectively (Table 7.3).

Among the 385 segregating markers, 193 (70% of r@@dkers), 147
(81% of 182 markers) and 115 (63% of 184 markexgjegated independently
(2:1 or 3:1) in the C1, C2 and UF populations, eetpely. The remaining
markers showed a distorted segregation and wecardsd. The independently
segregating markers consisted of 71, 53 and 64estuge markers and 122, 94
and 51 double-single-dose markers in C1, C2, andréHpectively (Table 7.3),
accounting for a total of 319 distinct markers &alae for mapping. Of these,
98 were found in two distinct populations, and obh® were found in all three
populations.

A cross type was assigned to each independenthegating marker in
each mapping population. The double-single-dose&ansy which received the
C.8 cross type éo x a0 cross configuration, with the location of theeddlsa
ando being interchangeable), accounted for 63, 64 &8d df the total number
of independently segregating markers in C1, C2 dhd respectively (Table
7.3).
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7.3.2. Linkage maps

The linkage analysis resulted in the constructibrthoee maps that
included 93, 92 and 86 markers detected in the @l.and UF segregating
populations, respectively (Table 7.4). The markeese assigned to 11, 16 and
10 co-segregation groups, respectively (Fig. 7.1).

The linked markers accounted for 48, 63 and 75%®f193, 147 and
115 independently segregating markers in C1, C2l#Rdrespectively (Table
7.4). The lower percentage of linked markers invizk partly because fifteen
C.8 markers were discarded, the most weakly linkethe largest CG of the
map (C1-3). Nevertheless, the C.8 cross type resddine most represented in
both dioecious maps, while the single-dose markBxk.13 or D2.18 cross
types) constituted the majority (60%) of the linkadrkers in the UF map.

Table 7.4 Distribution of the linked markers according to theioss type (notation
following Wu et al. 2002a) in each mapping populatio

Number of linked markers

Cross typé

C1l c2 UF
D1.13 (a0 x 00) 2 24 (26) 18 (20) 17 (20)
D2.18 (bo x ao) 2 17 (18) 12 (13) 34 (40)
C.8 (aox ao) ? 52 (56) 62 (67) 35 (41)
Total® 93 (48) 92 (63) 86 (75)

! Cross type following Wu et al. (2002a).

2 In parentheses, % of markers of each cross typeldtion to the total
number of linked markers.

% In parentheses, % of linked markers in relatiotheototal number of
independently segregating markers.(193, 147 and 115, respectively).

Each of the three maps contained several groups ety 2 or 3
markers — there were 6, 8 and 2 such groups i€2Bnd UF, respectively. The
largest groups comprised 29, 25 and 15 markerd jrO2 and UF, respectively.
The percentages of C.8 markers in the largest G&adh map were 96% (C1-3),
95% (C2-4), and 40 and 20% (UF-3 and UF-9, respelg). Some CGs
included a high proportion of markers derived froime same primer
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combination. This was observed in CGs containing two markers (C1-2, 8, 9
and 10 and C2-3) as well as in larger CGs (C1-4=r€Pl-13 and 14 and UF-7,
in particular) (Fig. 7.1).

The C1, C2 and UF maps covered a total distandd @6.7, 878.2 and
1571.0 cM, respectively, with an average distaretevben markers of 12.7, 9.4
and 18.3 cM and a maximum of 43.5 (UF-5), 41.3 {@?and 65.0 cM (UF-9),
respectively. The largest gaps observed (54.93rcWH-4 and 65.04 cM in UF-
9) were due to the ignorance of the recombinatiantion between D1.13 and
D2.18 markers. With the exception of one CG withi langth in each C1 and
C2, the size of the CGs varied from 6.1 to 327.6,t6 247.3 and 15.4 to 323.0
cM in the C1, C2 and UF maps, respectively. The sizthe CGs varied the
least in the UF map.

The three maps included a total of 225 distinctkeia, with only five
shared by all three maps and 36 by two of themin2@th C1 and C2, 12 in
both C1 and UF, and 17 in both C2 and UF. Thes&emamwere used as anchors
to integrate the maps.

7.3.3. Integrated map

The integrated map assembled five HGs construciegihing CGs
that shared from 1 to 6 common markers and seveapgrincluding 2 or 3
markers present in only one map (Fig. 7.1). The H@kided from 17 (HGIV)
to 73 (HGV) markers, accounting for a total of 2@@rkers out of the 225
distinct mapped markers. The largest HG gatheréd 8Pthe mapped markers,
including the sex marker, all class A, D and E meskand 17 putative class B
markers.

HGI included 23 distinct markers distributed aldhdistinct CGs (Fig.
7.1). HGII contained 61 distinct markers distriltlitdong 7 CGs. The largest
CGs gathered in HGII (C1-3, C2-4 and UF-3) included markers present in
the three maps, in addition to four markers commoo@61-3 and C2-4 and two
markers common to C1-3 and UF-3. The four additignaups joined in HGII
shared one or two common markers. However, inctamgiges were found in the
order of markers across the three maps for HGHt{fe markers 8 190 in C1-3,
4 123 in C2-4, 7_254 in C2-3 and 8_87 in C2-4). HiGand IV included 35
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and 17 markers distributed along 4 and 2 CGs, otispéy, which shared only
one common marker. Details on HGV are providedhértext two sections.

Seven putative class B markers were found in HGBIland IV (Fig.

7.1). Three of these were mapped in the same C@& (@HGIV). In addition,
four putative class B markers were detected in @faswere not assigned to
any homology group (C1-8, C1-11 and C2-15). Asestdttefore, these markers
can be located on both sex chromosomes and autssome

The figure 7.1 is presented on the next three pages

Fig. 7.1

Integration of three linkage maps of the sex exgpoesin hemp. The C1
and C2 maps were derived from a dioecious populdt@armagnola’ x

‘Carmagnola’) and included a ‘sex’ phenotypic marke C1-7 and C2-
14, respectively. The UF map was derived from a reoious population
(‘'Uso 31’ x ‘Fedora 17'). The integrated map incladiéve homology
groups (HGI to HGV) and seven groups which were not asditp a HG.
The name of the segregating population and numbe&oeegregation
group are given above each co-segregation group. markers are
labelled according to the number of primer combara{Table 7.1) and
molecular weight of the corresponding DNA fragment. Toet of the

marker name indicates the cross type: normal fodBlitalic for D2.18

and bold for C.8. Their colour refers to the classksex-linked markers
(Table 7.2). Map distances are given in cM. Theafalsi map function
was used. LOD and maximum recombination fraction weseaBd 0.5,
respectively.

190



Chapter VII — Linkage maps of the sex expressiatici@cious and monoecious hemp

HG I HG I UF-2
2_160
ci1-1 ci1-3 3
6_139 6_64
UF-3 9
3 UF-1 185 oot 2_185
C2-4 6235
N
7 101 4123
6_114 g1 6_114 N 2.77 3.86
o] 7.187 C2-1
pe S 1184
® ) i b 4116
O 4 40 1113
S _ © 2280
184 ‘o
: r1.170
N io18249 | T
! 6 53 3
6155 & @ 8_190
H ]
{ : 13107 - C2-2
© 781317 T8 131 >
6.199 ! 5_107 0 2 123
. 3]
— H =] —
o ! 517477 15174
N n
: 672525 B 109
o | 6_146:
— .
=440 :
[~ 1201 3 5104
ol -
—
2.95
1.217, 4_158
~
o —
—
1 156 ™~
(2]
— <
—
4_205 7_116
C1-2 =
<
(3]
~
5151 " 1
4.78 @ o
5 155 ' ~ 7103
—
o~
—
Marker class (Table 2): =] 7_60
putative class B
C2-3 ! = 7.94
9 7311 vt 17.311
mn
—
7254 crtroieememiesieeseseeees ~7_254
Fig. 7.1

191



EXPERIMENTATIONS AND RESULTS

UF-4
T1.131 C1-4 UF-6
~
-
T2.172 o T3.96 UF-5 [ 4_166
S T3.88 @
13 13 2302
8 N 7 184
1] <
™ T o~
c2.5 2108
o 283
T7.95 3,194 ------ F3 186, ® ®
0 3165 . =
= 3 3194 1 i
L2126 2.126 2 1.130 o | 4-60
- 5 T4148
Q L
13 247 . [ 1261
+ -
8_216 246 F5_314
b 3 © w |
5_245 2 233 c6
T3 74 T4.51 3 a
o 3 1259
= 3 90
T3.51 2 -
13238 - - 3
10 5 . r3_158 . 7186
 Ta.108 = =
T3.252 T4.336 6.334 - - T6.334
] s, w| S|
-
T3_109 i 7179
w | 3= _Ts5.23 I
~ - -
T3.164, " r3_127 ®
[ce)
% | 3_127 0 T
T3_110 =
T1.218 - 5_147
o]
N
~
N
3 147
T4.75
(92
[32]
T2.177
Marker class (Table 2): N
N
putative class B
T 4_295
(2]
N
257
Fig. 7.1 (continued)
192




Chapter VII — Linkage maps of the sex expressiatici@cious and monoecious hemp

C1-56 HGV
8 350
UF9
o
<
4_121
6.90 C2-14
& 2.79
n
© - UF-7
6_243 9
oL s o 7646
53
ol s C2-811,10 C1-7 6.63 Q
T8
S - 4188 2299 @ 11 56
6.202 o] °-175 - o -
@ L4 & | /5 254 T2.299 c2-13
6240 "L, o 2 66 sex Q 6255 sex S )
i ol-592 o
6 g poprted LI 1 (N & 427653237 118 142
S 2175 ~[~a%a1 CE-s5323 [\ 4110585 i &
a3 L 10 ~]~ 6215 7118 B[ Ve84 yrg 5129 162
) N 4110 590 - ~1-
63371 o 6 230 ] 6_230 5785 ) 1 220 1220 146
X 2,271 "ttt 2271 - oT1.204 = 172
- 5 — -
c29,712 3 N 1041104 | ! S
b @ @ 160 1 60
7_142 8 o] 1.274 w
6_49 3111 17364 a
> : o 11106 1 338
h 174 b TL64
70217 9 = - 1.318 T1.69
NEED : ? o 1284
g 3 g
7672 6_69 2203 +6.336
6.111 -
I <1149
165
5_74
o5 71
105160, 5160
2 136, Marker class (Table 2):
6_337
class A
putative class B
5_204
o class E
(32
6336
C1-8 C1-10 C2-15 UF-10
2 157 -8_163, ~]Lo 1234
3 8 192 8_330 ﬁ[
8_257 5_144
8 255
C1-9 C1-11 C2-16
2268 5112 2_90
o O’I ” ﬁI -
= 8 270 465
wl2211
]
6_126
Fig. 7.1 (continued)

193




EXPERIMENTATIONS AND RESULTS

7.3.4. Structure of the sex CG in the dioecious map

The ‘sex’ phenotypic marker was mapped in the dmecmaps, in C1-
7 and C2-14 (Table 7.5). These CGs, referred tdses CGs’, included
respective totals of 8 and 19 AFLP markers — 2firdismarkers. Among them,
6 and 12 markers —14 distinct markers — were asdigm classes A, D or E as
defined by Peil et al. (2003) according to theoss type and segregation ratios
in the male and female progenies (Table 7.2) i eaap. All of the remaining
markers linked in the sex CGs had segregationgatiche female and male
progenies that significantly differed from thoseegted for sex-linked markers
at alpha = 0.01. They were referred to as ‘nonseldsmarkers.

Four successive regions were determined in th€€&scon the basis of
the recombination rate of the markers with sex [@ab5): (1) a region
including class A markers in addition to non-classearkers, (2) a central
region surrounding the sex locus and includingofltlass E and some class A
and D markers, (3) a second region including chassid non-classed markers,
and (4) a terminal region that recombined compjetéth the sex locus.

The markers of regions 1 and 3 were mapped on thpadéntal
chromosomes (Tables 7.2 and 7.6). The recombinasitas observed between
the markers mapped in these regions and sex rdrggad.11 to 0.3. In C1, the
regions 1 and 3 included one marker of class A %8) &and one of class D
(8_164), respectively. This latter indicated thesgnce of a fragment common
to an X chromosome of the female parent and thérgmaosome. In C2, seven
markers were mapped in regions 1 and 3. Two ofetmearkers belonged to
class A (6_63 and 1_318). All of the class A mask@apped in regions 1 and 3
of one of both dioecious maps were absent from sfeneale progenies,
indicating the presence of recombination with sexthe male parent. The
segregating patterns of the five remaining markegipped in regions 1 and 3 in
C2 were close to class A though significantly deéfe from those expected for
this class. This was partly due to distorted segfiegs (2_79 was present in
58% of the progenies, and 1 204, 1 194, 1 274 ar8b4 in ~ 90% of
progenies, instead of the 75% expected for C.8 emgjk All of these five
markers in addition to the class A 1_318 were liht@esex through intermediate
markers only.
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Region 2 included the sex locus in addition to reeslderived from the
parental X and/or Y chromosomes. The markers mappdtis region had
recombination rates with sex ranging from 0 to 0.0@e recombination rate
observed between the class A marker 2_299 and asXomwer in C2 (0.04) than
in C1 (0.17), such that this marker was mappedstindt regions in C1 (region
1) and C2 (region 2). In C2, all class E markersdne completely segregated
with sex (Table 7.5). In contrast, 3 to 5 recombtsabetween class E and sex
were found in C1. Moreover, one class E marker §p vas found in a female
plant in C1. In C2, the class A 6_255 accountedafdragment mapped on X
parental chromosomes at a locus correspondingetsek locus, while the class
D 2_289 indicated the presence of a fragment comioan X of the female
parent and the Y chromosome of the male pareheaiéx locus (Table 7.5).

Region 4 was determined by two markers mapped enXtlparental
chromosomes at an extremity of the sex CG in then@p (1_284 and 6_336;
Table 7.5). Both markers completely recombined wihx, displaying
recombination rates of 0.41 and 0.50 with sex,aetyely, and thus indicating
the presence of a pseudoautosomal region. The ntarR84 was mapped in the
sex CG by linkage in coupling phase with the clasks 318 in the male parent.
Thus, it was mapped onto the X chromosome of thke parent. The second
marker (6_336) was linked in coupling phase witR84 in the male parent and
thus also mapped onto its X chromosome.
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Table 7.5 Structure of the co-segregation groups (CGs) tidtided the ‘sex’ locus in the dioecious maps, Gird C2-14. Region in the CG
marker name, position along the CG, recombinatiate with sex, class (Table 7.2), significance leatlwhich the observed
segregation ratios in the female and male progemée not different from the expected ones fonemgiclass of sex-linked markers
(alpha), number of male and female progenies aguptd the presence (M) / absence (m) of the maakerparental genotypéhis
table is split into two parts; the second one igloa next page)

Mgg * Region® Marker? P?Cs'\i;i)on Vfleitehc.sg(ge Class Alpha Female progenies  Male progenies Parents
M m M m X[ X XY
C1-7 1 2_299 0 0.17 - - 36 7 9 25 allo allo
5_254 25.02 0.11 A 001 39 4 10 24 allo allo
sex 35.57 - - 0 0 34 0 ollo olla
4_276 40.94 0.05 E 0.05 0 43 30 4 oflo olla
5 5_323 42.28 0.04 E 0.05 0 43 31 3 oflo olla
7_118 43.61 0.05 E 0.05 0 43 30 4 oflo olla
4110 44.95 0.06 - - 0 43 29 5 oflo olla
5 85 48.97 0.05 E 0.05 1 42 31 3 oflo olla
3 8_164 54.47 0.19 D 0.05 23 20 30 4 allo ofla

' The regions were determined on the basis of thembination rate of the markers with sex.
2The markers in bold face were mapped in both C1GZdand the markers in italic were mapped in UFiarC1 or C2.
®Recombination rate with sex as estimated by thetfomrf.2ptsof OneMap (Margarido et al. 2007).
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Table 7.5

(continued)

Mgg " Region® Marker? PE)Cs'\i/tli)on vl;?r(]:,sg(tse Class Alpha Female progenies  Male progenies Parents
M m M m XX XY
C2-14 1 279 0 0.25 - - 37 11 7 21 allo allo
6_63 25.38 0.16 A 0.01 42 6 9 19 allo allo
2 299 48.28 0.04 A 0.05 47 1 15 13 allo allo
2289 70.13 0.00 D 0.05 29 19 28 0 allo ofla
6_255 70.13 0.00 A 0.05 48 0 18 10 ofla allo
sex 70.13 - - 0 48 28 0 ollo olla
4 276 70.13 0.00 E 0.05 0 48 28 0 oflo ofla
2 5_323 70.13 0.00 E 0.05 0 48 28 0 oflo ofla
7_118 70.13 0.00 E 0.05 0 48 28 0 oflo ofla
4 110 70.13 0.00 E 0.05 0 48 28 0 oflo ofla
5_85 70.13 0.00 E 0.05 0 48 28 0 oflo ofla
6_84 71.67 0.01 E 0.05 0 48 27 1 ollo olla
1 220 89.46 0.07 A 0.01 47 1 20 8 ofla allo
1_204 99.04 0.23 - - 45 3 23 5 ofla allo
1194 109.29 0.22 - - 46 2 25 3 ofla allo
3 1274 117.25 0.25 - - 45 3 24 4 ofla allo
1_364 122.87 0.3 - - 44 4 24 4 ofla allo
1_318 143.63 0.18 A 0.01 45 3 20 8 ofla allo
4 1284 151.16 0.41 - - 32 16 15 13 oflo allo
6_336 166.28 0.50 - - 34 14 19 9 allo allo

' The regions were determined on the basis of thentbination rate of the markers with sex.
2The markers in bold face were mapped in both C1G#dand the markers in italic were mapped in UfFiarC1 or C2.

3Recombination rate with sex as estimated by thetfomrf.2ptsof OneMap (Margarido et al. 2007).
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7.3.5. Identification of CGs putatively located orthe sex
chromosomes

Distinct CGs putatively located on the sex chromoss were identified
in each map through the presence of markers mappdoe sex CG of the
dioecious maps. These CGs were referred to astiyeitsex CGs’. They were
gathered in HGV and are described in this section.

As expected, all of the male-specific markers &Bswere absent from
the UF population. However, five markers mappethersex CG of the C2 map
were also found in UF: two class A, one class D @l non-classed markers
(Table 7.5; Fig. 7.1). Two of them (6_255 and 2)288re mapped at the sex
locus in C2, and one (6_336) in the pseudoautosoegadn. However, these 5
markers did not segregate together in the UF pdpualarather, they were
mapped in 3 distinct putative sex CGs (UF-7, 8 &nfig. 7.1).

Two putative sex CGs were found in the C1 map @abb). C1-5
included a marker that was linked to the sex amsihasd to the class A in C2
(6_255). Among the 14 markers linked in C1-5, 18sisted of an allele derived
from the female parent only and 10 were putatias<B markers. One of them
(6_72) was also putative class B in C2. The se€@dutatively located on the
sex chromosomes in C1 was identified through thesgmce of one marker
common to a putative sex CG in UF (5_71, preseriiatn C1-6 and UF-9).
This marker was putative class B in C1 and linkea tlass D marker (7_130)
in C2-12.

Seven CGs putatively located on sex chromosomes dentified in
the C2 map from the presence of markers commontttipe sex CGs in C1 or
UF (Table 7.6). In C2-8, one C.8 marker (2_66) waspletely linked to the
sex in the male parent, but its segregation infémeale progenies did not
correspond to the expected 1:1 ratio of class [blffg.2). C2-8, 9 and 11
included 1, 2 and 4 putative class B markers, cgmdy. C2-12 included a
marker for which the cross type and segregationgan the female and male
progenies corresponded to class D at alpha = @.Q130).
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Table 7.6 Structure of the co-segregation groups (CGs) puigtiocated on the sex
chromosomes in the dioecious maps, C1 and C2. Maxkme, position
along the CG, marker class (Table 7.2), significalesel at which the
observed segregation ratios in the female and madgenies were not
different from those expected for a given classsex-linked markers
(alpha), number of male and female progenies acupit the presence
(M) / absence (m) of the marker and parental ggrestfthis table is split
into two parts; the second one is on the next page)

. Female Male

Mgg Malrker POS'\';'O” Class$2 Alpha _progenies progenies Parents
(cM) M m M m Female Male
Cl-5 5 74 0 - - 32 11 20 14 allo oflo
6_111 21.95 - - 38 5 32 2 allo olla
6_72 29.78 B* 005 27 16 21 13 allo oo
6_49 73.27 B* 005 16 27 14 20 ofla oflo
6 337 107.73 - - 12 31 11 23 ofla oflo
6_255 126.78 B* 0.01 15 28 14 20 ofla oflo
6_249 138.69 B* 005 19 24 17 17 ofla oflo
6_253 156.26 B* 005 27 16 22 12 ofla oflo
6_202 168.17 B* 005 22 21 20 14 ofla oflo
6_189 177.36 B* 005 22 21 19 15 olla oflo
6_243 186.56 B* 005 21 22 15 19 olla oflo
6_90 211.9 B* 0.05 20 23 16 18 olla oflo
8 350 252.93 B* 005 17 26 13 21 olla ollo
Cil-6 571 0 B* 0.01 28 15 21 13 allo oflo
5 160 6.12 - - 42 1 25 9 allo allo

' The markers in bold face were mapped in both C1Ghdand the markers in italic were
mapped in C2 and UF.

2B* markers are putative class B markers: they nedpd to the cross type and segregation
criteria of class B but were not linked to classr® markers.
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Table 7.6 (continued)
Map - 1 Position Class Female Male Parents

cG Marker (cM) 2 Alpha progenies  _progenies
M m M m Female Male
C2-7 1_.65 0 - - 31 17 14 14 allo allo
6_111 10.03 - - 27 21 18 10 oflo olla
C2-8 2_66 0 - - 37 11 28 0 allo olla
4 170 13.79 - - 35 13 21 7 allo olla
5_175 22.83 B* 0.05 21 27 10 18 ajlo o]lo
C2-9 6_72 0 B*  0.05 28 20 10 18 allo oflo
5_161 15.95 - - 34 14 26 2 olla olla
7_217 19.77 - - 25 23 21 7 olla oflo
7_142 49.02 B* 0.01 31 17 19 9 o]la o]lo
C2- 6337 0 - - 32 16 22 6 allo olla
10 8368 0 - - 15 33 11 17 oflo olla
C2- 4175 0 B*  0.05 23 25 18 10 allo oflo
11 4140 9.32 B* 005 21 27 11 17 olla ollo
2158 11.43 - - 32 16 18 10 ofla olla
6_230 13.53 - - 31 17 19 9 olla olla
2271 21.99 B* 0.01 16 32 11 17 olla oflo
3_111 49.46 B*  0.05 19 29 13 15 allo oflo
6_69 90.75 - - 33 15 18 10 ojlo allo
C2- 7_130 0 D 0.01 31 17 24 4 allo olla
12 2136 0 - - 35 13 18 10 allo allo
5_160 5.02 - - 37 11 18 10 allo allo
C2- 142 0 - - 39 9 24 4 allo allo
13 1.62 19.19 - - 45 3 26 2 allo allo
1 46 26.44 - - 46 2 25 3 allo allo
172 37.99 - - 44 4 25 3 allo allo
1 60 47.68 - - 46 2 26 2 allo allo
1 338 65.95 - - 40 8 25 3 allo allo

' The markers in bold face were mapped in both C1Ghdand the markers in italic were
mapped in C2 and UF.

2B* markers are putative class B markers: they redpd to the cross type and segregation

criteria of class B but were not linked to classrAD markers.
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7.4.DISCUSSION

We report the construction of three genetic mapthefsex expression
in hemp: two from a cross between female and mkletp of the dioecious
cultivar ‘Carmagnola’ and one from a cross betw#anmonoecious cultivars
‘Fedora 17’ and ‘Uso 31'. To our knowledge, thegemt paper constitutes the
first study to integrate linkage maps from bothedious and monoecious hemp.
This strategy allowed the identification of markprgatively located on the sex
chromosomes of the monoecious population.

7.4.1. Segregation analysis

The dioecious maps were based on segregating pigmslancluding
77 and 76 individuals, respectively, and the moimaecmap was based on 167
individuals. Two dioecious populations instead néavere used to compensate
for the relatively low number of seeds obtainedrfrthe ‘Carmagnola’ crosses.
This low number of seeds was due to poor synchatinis of the flowering
times of the male and female plants; synchronisaticas performed by
transferring the female plants in phytotrons urideh photoperiod and resulted
in relatively small inflorescences. Neverthelesse tpresent ‘Carmagnola’
population sizes were of the same magnitude a® thasviously used in hemp
mapping from crosses between male and female pidirti®ecious accessions,
i.e,, 66 (Mandolino and Ranalli 2002) and 80 individu@eil et al. 2003).

A relatively high proportion of markers was scomgthultaneously in
both dioecious populations (81%), as expected frdneir common
‘Carmagnola’ origin. However, the proportions of rkexs scored in one
dioecious population and in the monoecious one \aése large (67% by C1
and UF, and 68% by C2 and UF), consistent withstnecture of the genetic
diversity reported in hemp. Indeed, from the analyg six hemp cultivars —
four dioecious, one monoecious and a female inlimed- Forapani et al. (2001)
concluded the existence of a widely shared gend wiib limited genetic
separations among groups.

The percentage of segregating markers was lowdiFit{52%) than in
C1 (67%). This may result from the narrower genketise of monoecious hemp,
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as a result of its ability to self-pollinate (Bocsad Karus, 1998) and from the
selection pressure needed to maintain the moncetia (Forapani et al. 2001;

Mandolino and Carboni 2004). The relatively low qeertage of segregating
markers (44%) found in C2 compared to C1 (67%)ciaidid that the proportion

of loci that were homozygous dominardd) in one or both parents was higher
in C2.

The percentages of segregating markers (from 8¥% according to
the population) were relatively high compared te fhercentage of RAPD-
segregating loci found in a hemp progeny obtaimednfa cross between a
‘Carmagnola’ female plant and a monoecious plagtl@) by Carboni et al.
(2000), who judged the revealed polymorphism falrigh already. Therefore,
we concluded that the degree of polymorphism dedkict the three segregating
populations was satisfactory. However, the perga#aof independently
segregating markers (from 63 to 81% according éopbpulation) were lower
than that (84%) obtained by Carboni et al. (200@)ib the same range as in
sugarcane with AFLP markers (65%) (Garcia et 80620

7.4.2. Linkage analysis

The percentages of linked markers (48, 63 and 75Rb6the
independently segregating markers for the C1, G2 @R maps) were higher
than that reported by Garcia et al. (2006) in steyse with AFLP markers
(33%) using the methodology developed by Wu e28102a). Compared to UF,
both the C1 and C2 maps were characterized by arlpercentage of linked
markers and a higher number of small CGs (there We8 and 2 CGs including
only 2 or 3 markers in C1, C2 and UF, respectively)ese observations were
explained by a lower probability of detecting liglain C1 and C2, as reflected
by the maximum recombination fractions detectedL@D > 3.5 in each
population (0.25 in both C1 and C2 and 0.34 in URYeed, according to
Maliepaard et al. (1997), the probability of deiegtlinkage was negatively
affected in both C1 and C2 by their higher perogataf C.8 markers (63, 64
and 44% in C1, C2 and UF, respectively; Table &8 smaller progeny size
(77, 76 and 167 individuals, respectively) compdcedF.

The consecutive mapping of markers derived from gshme primer
combination as observed in few CGs may be duedthsence of repetitive
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DNA sequences. In hemp, Peil et al. (2000) alsceviesl clusters of AFLP
markers along linkage groups. Similarly, a non-manddistribution of AFLP
loci amplified from distinct selective primer comhtions across linkage groups
was found by Rogers et al. (2007) in whitefi€lofegonus clupeaform)isThey
raised the possibility that the occurrence of riéigetAFLP sequences would be
influenced by the presence of repetitive DNA in ¢femome, which would itself
be partially due to transposable elementsAsparagus officinalis Reamon-
Buttner et al. (1999) observed hybridisation sigriaht were present as clusters
on chromosomes, suggesting that the AFLP fragmardgspart of repetitive
sequence families. According to Sakamoto et al0%20multiple sequences
encoding retrotransposable elements may exist ibiggly in the hemp
genome.

The C1, C2 and UF maps presented in this stududecl 92, 95 and 87
markers and covered a total distance of 1196.7,.28dhd 1571.0 cM,
respectively. The longer distance covered by themi#ip could be attributed to
its higher proportion in D1.13 and D2.18 markensdeled, the maximum
recombination fraction that can be detected ambegptesent marker types is
highest between two D1.13 markers or two D2.18 ewarkMaliepaard et al.
1997). All three maps were unsaturated, as indicayethe presence of unlinked
markers or co-segregation groups that included tmyor three markers. As a
result, with the exception of the sex CGs (C1-7 @2d14), the location of the
CGs on autosomes or sex chromosomes cannot bésasedr

7.4.3. Integrated map

The integrated map included 5 HGs, which consiste8 to 14 CGs
derived from distinct maps and 7 CGs from only omep. However, although
the number of identified groups was higher than Haploid number of
chromosomes in hemp, it is possible that one orensbromosome(s) were not
screened by the AFLP markers, given the unsatureiede of the maps.

The number of markers that were found in two dttmaps and could
be used as anchors to integrate the maps was ftom (2 to 23, depending on
the populations). This was explained by the suceesteps of marker selection.
Indeed, the selection of segregating markers retittbee number of common
markers among the three populations from 287 to &#png which 19
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segregated independently and only 5 were mappedll ithree populations.
Similarly, Waugh et al. (1997) identified only etgh\FLP markers that
segregated in three populations of barley amongistaif 234, 194 and 376
mapped AFLP markers, while Hoarau et al. (2001 @seelatively low number
of anchoring markers (45 AFLPs) to join two mapet included 887 AFLP and
408 RFLP markers in sugarcane.

The integration of the three maps revealed distinciflicts among the
maps, with respect to the markers ordering (asrebden HGII) or linkage (as
raised between markers mapped together in the &inQC2 but in distinct
putative CGs in UF). These inconsistencies weréated to the low proportion
of common markers between the maps and to the ancof the recombination
fraction estimates. Indeed, the linkage betweenrmadkers and their alignment
along the map can be affected by the absence iwka go-segregating marker,
or, conversely, the presence of additional co-ggdiieg markers. In addition,
the accuracy of the recombination fraction estimatepends on the progeny
size, cross types of the markers and the parénkalde phase between them, in
addition to the recombination fraction itself iretiprogeny (Maliepaard et al.
1997). In particular, as discussed above, a higtemainty encompasses the
linkages among C.8 markers, and this can leadfficudties in establishing the
correct ordering of markers (Maliepaard et al. J99%augh et al. (1997)
attributed the ordering conflicts observed whengimgr three AFLP maps in
barley to computational problems in estimatingniust likely order.

7.4.4. |dentification of sex-linked markers and CGgutatively
located on the sex chromosomes

Four male-specific markers detected in the presémdy had sizes
similar to male-specific AFLP markers reported mrnip: the markers 4_251,
4 276, 5 323 and 6_292 (not mapped) would corresponACC*AAG250,
ACC*AAG275, ACC*AGA323 and ACC*ATC292, respectively in
Flachowsky et al. (2001). However, two markers fidied as male-specific by
Flachowsky et al. (2001) were not specific to thalenplants in the present
study (5_163 or ACC*AGA163, and 2_101 or AGA*AGG)01
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A large proportion of markers (33%) was gatheredH@V, i.e., the
homology group that included the sex marker and p@atively located on the
sex chromosomes. This observation could be paxplagmed by the use of
AFLP primer combinations that proved to provide -specific markers, as
detected by Flachowsky et al. (2001) Asparagus officinalisReamon-Biittner
and Jung (2000) noted that the AFLP technique isfaicient method to detect
markers tighly linked to the sex compared to thePRAand RFLP techniques.
In Carica papaya(2n = 18), Liu et al. (2004) identified 1501 AFLRarkers
among which 23% were mapped in the co-segregatioupgthat included the
sex locus,.e., a higher proportion than expected if the markeese equally
distributed along the 9 chromosomes (~11%). Basedhese references, we
assumed that the presence of discrepancies indtiéodtion of AFLP markers
among chromosomes in favour of the sex chromosavoedd be possible and
could explain the observed high proportion of meska the HG including the
sex locus.

The detection of sex-linked markers allowed (i) tmaracterization of
the structure of the sex CG in the dioecious mayks (&) the identification of
markers and CGs putatively located on the sex cbsomes in the monoecious
map. As in Peil et al. (2003), we identified a oegincluding markers of classes
A, D and E closely linked to the sex locus (regi®n as well as a region
including markers that completely recombined witl $ex locus at an extremity
of the sex CG (region 4). These observations aoefir the presence of common
fragments between X and Y — represented by classabDd the existence of a
pseudoautosomal region in the sex chromosomesnop las reported by Peil et
al. (2003). However, our results differed from thad Peil et al. (2003) in the
observation of higher recombination rates betwéennarkers mapped in each
of the four regions and sex. First, up to 5 recaorabis were observed between
class E and sex in C1 (Table 7.5). In contrast, €&teal. (2003) detected only
one such recombinant and therefore assumed thatthes E markers could be
located in the non-pairing portion of the Y chromo®. The recombinations
observed between our class E markers and sex fubgethey are located in a
region where pairing between X and Y chromosomesildvde allowed.
Secondly, the recombination rates found here betwbe pseudoautosomal
markers and sex>(0.41) were relatively high compared to the valog®.25
and 0.27 reported in hemp by Peil et al. (2003) &utle et al. (2005),
respectively. Third, two additional regions werstisiguished in the sex CGs
(regions 1 and 3; Table 7.5). These regions indudarkers mapped on the X
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chromosomes. Without considering the markers shgpwenident distorted

segregations, the recombination rates with sex reedein regions 1 and 3
ranged from 0.11 to 0.19. This result suggeststifeaX and Y chromosomes of
hemp recombine with each other between the sex sloamd the

pseudoautosomal region. The recombination of tle@&yY chromosomes in the
male parent as observed by Peil et al. (2003) anthe present study was
supported by the pairing of both chromosomes atghert arm of the Y

chromosome reported by Sakamoto et al. (2000).

The recombination rates observed between the sexmasomes in
hemp contrasted with the situationSilene dioicaandSilene latifolig two well-
studied closely related dioecious species withrbaterphic sex chromosomes
(Filatov et al. 2001). Indeed, a recombination Ht8.15 was reported between
a pseudoautosomal marker and the differentiatimjgmoof the Y chromosome
in S. dioica(Di Stilio et al. 1998). IrS. latifolia, pairing between the X and Y
chromosomes during the male meiosis is confingledips, and recombination
is absent from most of the Y chromosome, such3f8t of the Y chromosome
is considered to be degenerated (Charlesworth 2002)ontrast, inPapaya
carica, the size of the male-specific region of the Yorhosome was estimated
to be only 10% of the chromosome size, suggestiagptesence of an incipient
sex chromosome evolution (Liu et al. 2004). Newdss, from the absence of
hermaphrodite relatives in papaya, Charlesworthalet (2005) raised the
possibility of an ancient origin for the sex chraumes; in this case, the small
size of the non-recombining region would indicatbatt suppressed
recombination can remain limited in extent and tthag the degeneration of the
entire Y chromosome would not be inevitable. In perReil et al. (2003)
concluded that a typical sex behaviour was preseéet, almost no
recombination, from the observation of very fewombinants with the sex
locus. The higher recombination rates observed inettee sex CGs (Table 7.5)
suggest that the divergence between the X and dhabsomes in hemp is not as
advanced as would be expected from the resultgibePal. (2003). According
to Charlesworth et al. (2005), the suppressiorecbmbination between the sex
chromosomes in dioecious species would result ftben presence of sex-
determining genes and the evolution of Y-linkedegethat benefit male but not
female functions, both effects causing a selectigainst recombinants. In
contrast to the dioecious speci@slatifolia, in which the genetic basis of sex
determination is strong and there is little evidefar lability or environmental
effects (Ainsworth 2000), the diversity of intersek forms observed in hemp

206



Chapter VII — Linkage maps of the sex expressiatici@cious and monoecious hemp

could indicate that hemp individuals bearing recomt sex chromosomes still
have a relatively high adaptive value.

The present study reported the presence of seadinkarkers in
monoecious hemp. Indeed, five markers mapped irséteCG of a dioecious
population were detected in the monoecious pomuafTable 7.5). Four of
these were mapped on X chromosomes, including mrleei pseudoautosomal
region, and one was mapped on both X and Y chromesdclass D). However,
the sex chromosomes of monoecious hemp have theoxistitution (Menzel
1964; Faux et al. 2014). Therefore, the mappingseudoautosomal and class D
markers in monoecious hemp suggests the presengenaflogous fragments
between the Y chromosome of dioecious hemp andXtlehromosomes of
monoecious hemp. Thus, it would be worthwhile talgtthe sexual phenotypes
associated with these markers and with those maipp€s putatively located
on the sex chromosomes.

7.5.CONCLUSIONS

We present the construction of three AFLP linkagapsnof the sex
expression in hemp, two derived from dioecious pefmns and one from a
monoecious population. A previous study demonglrateat the sexual
phenotype of monoecious hemp plants varies quawdbp among cultivars,
suggesting that sex expression in monoecious hem@ lyenetic basis (Faux et
al. 2014). The present maps are still in theirnofaand a larger number of
primer combinations should be tested to obtainrtlseituration. However,
although they are unsaturated, we believe thaetheps could be of interest for
identifying quantitative loci involved in the geietdeterminism of sex
expression in hemp because they include sex-linkadkers, sex CGs and
several CGs putatively located on the sex chromesomlo such study has
previously been performed. However, sych analysies$ two major difficulties:
(i) the use of Fmapping populations derived from outbred parents @) the
complexity of the studied trait. Although variouatsstical solutions to the first
obstacle have been developed (Knott and Haley 19&8R2afer-Pregl et al. 1996;
Lin et al. 2003; Wu et al. 2007; van Ooijen 200®g second issue requires
dissecting the variability of the sexual phenotgpserved in monoecious hemp.
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This work was developed in two papers dedicatetheéadentification of QTLs
linked to the sex expression in hemp.
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ABSTRACT

Sex expression is of primary importance for theegienimprovement
and production of monoecious hemp because massedinand feminised
phenotypes are associated with higher fungal seifgitand seed vyields,
respectively. However, sex expression varies qiaiviely among the plants
and nodes and with time. Here, we developed eighiables that characterize
the sex expression in monoecious hemp in order issedt its genetic
determinism.

The monoecy degree (MD), ranging from 1 (mostlyerfidwers) to 5
(mostly female flowers), was recorded for each nofde67 plants, at 6 times at
1-week intervals. Two types of longitudinal variedl were constructed:
‘synthesis’ (mean MD and percentages of nodes ofi #4D) and ‘structure’.
The latter consisted of the parameters of a lagistirve describing MD as a
function of the node position. Ansquare of 0.97 was obtained between the
estimated and observed MD values, and the logmi@ameters were weakly
correlated with each other and with the synthesisables. Therefore, we
conclude that the present modelling approach evagit to the characterization
of the sex expression in monoecious hemp.

Keywords: Cannabis sativa Hemp - Logistic - Modelling - Monoecy -
Quantitative trait - Sex expression.
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8.1.INTRODUCTION

Hemp Cannabis sativd..) is used for a multitude of end products that
are derived from its fibre, wooden core, seeds @thabinoids (Struik et al.
2000). In addition, it is a low-input crop with losnvironmental impact (van der
Werf 2004). According to van der Werf et al. (1996mp has the right profile
to fit into a sustainable farming system. Howewbe production of hemp is
greatly affected by its reproductive features. Bdibecious and monoecious
cultivars exist; only the monoecious cultivars allthe mechanical harvest of
both stems and seeds. However, sex expression imoenmus hemp varies
quantitatively between the predominantly mascuidignd the predominantly
feminised extreme phenotypes. In addition, thisaasitive to environmental
factors such as the photoperiod and nitrogen stéfuseman et al. 1980;
Fournier and Beherec 2006; Truta et al. 2007). Ghantitative variation of the
sex expression has significant implications forhbbteeding and cultivation.
The strongly masculinised plants are eliminatedinduthe seed production
process because they are less fruiting and morstisento fungal infections
(Fournier and Beherec 2006). Despite its high emwirental sensitivity, sex
expression varies among monoecious cultivars, agtieh seed vyields are
obtained from the early and mid-early feminisedticats (Faux et al. 2013,
2014). The observation of genotypic variability feex expression led us to
assume that this trait has a genetic basis and:eheould be investigated by
searching for quantitative trait loci (QTL) assdeth with variation in sex-
expression related variables (Faux et al. 2014).

QTL analyses of traits related to the sex expresdiave been
conducted in distinct species includi@itrullus lanatus(Prothro et al. 2013),
Cucumis meld@Diaz et al. 2011)Cucumis sativugSerquen et al. 1997; Fazio et
al. 2003; Yuan et al. 2008; Miao et al. 2011) &fitis vinifera (Marguerit et al.
2009). In these studies, the quantitative variattbrthe sex expression was
characterized by the percentage of male, femafeiemaphrodite flowers (Yuan
et al. 2008; Prothro et al. 2013), or by the numtrepercentage of pistillate
nodes (Serquen et al. 1997; Fazio et al. 2003ndnoecious hemp, the plants
bear racemose inflorescences with male and fertmdefs arising in ratios that
vary among nodes along the stem and with timediitian to being affected by
environmental factors. A feminisation of the morioas hemp plants between
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the start of flowering and fruit set was observegrievious field trials (Faux et
al. 2013). Unlike in the family ofCucurbitaceae counting the number of
flowers of each sex (male or female) in hemp is engitficult by the small size
of the flowers and the density of the inflorescenééternatively, the sex
expression can be assessed at each plant nodengyansordinal scale based on
the ratio between the female and male flowers (Besch 1952). However,
with the aim of investigating the genetic detersiniof the sex expression in
monoecious hemp, there is a need for phenotypi@ahlas that efficiently
summarise the variation of the sex expression antbagnodes and/or with
time. Such variables could be used to test thetioakhip between the
phenotypic and genotypic variations in the framdwof a QTL analysis.
According to Ma et al. (2002) and Malosetti et(2D06), integrating the effects
of node and/or time on the sex expression in thé @Talysis would allow to
consider the development of the sexual phenotg@ &ontinuous process,
thereby leading to more biologically-sound condusi on the genetic basis of
its variation.

In the present study, we constructed distinct emthat characterize
the sex expression of monoecious hemp plants ieraa dissect its genetic
determinism. The originality of our approach istire modelling of the sex
expression along the stem of the monoecious plants in the use of the
parameters for characterization of the sex expassi
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8.2.MATERIALS AND METHODS

8.2.1. Plant materials

Phenotypic data were collected in anségregating population of 167
individuals that were derived from a cross betwked monoecious cultivars,
‘Uso 31’ and ‘Fedora 17’, used as male and femalems, respectively. The
seeds were obtained from the Fédération natioredePdoducteurs de Chanvre
(France). ‘Uso 31’ has been described as beingeeathd more masculinised
than ‘Fedora 17’ (Faux et al. 2013, 2014).

8.2.2. Growth conditions

The plants were cultivated in a greenhouse. Thdsseere sown in
germination dimpled plates. After 10 days, the Begd were transplanted into
30 cm height by 18 cm diameter pots in a greenhduse substrate consisted of
a 3:1:1 mixture of soil, sand and loam to which g.8er pot of Osmocote®
(14:13:13 NPK with slow release of nutrients for topsix months) was added
just before the plants were transplanted. The plargtre watered by capillarity
twice per week. The set-point temperatures wer€@& day/night. The
photoperiod was set at 16 h during the entire jrésiod.

8.2.3. Phenotyping

The quantitative variation of the sex expressiors wharacterized by
the monoecy degree (MD), ranging from 1 to 5 adogrdo the ratio between
the female and male flowers (Sengbusch 1952; Téalile MD was scored for
each flowering node at six times during the flowgrperiodj.e., 43, 50, 57, 64,
71 and 78 days after sowing. An average of 73 gatats was recorded per
plant, with each data point corresponding to the M@ given node at a given
time (Fig. 8.1a). Two types of variables were defiin order to summarise the
sex expression of each monoecious plant (Table &gjthesis’ variables,
including the mean monoecy degree and percentdgesdes having a given
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MD, and ‘structure’ variables, describing the disition of male and female
flowers along the stem. Thus, the structure vaemlnhtegrate the node position
at which the MD was recorded, while the synthesisables do not. All of the
variables were longitudinal,e., they included a series of six phenotypic values
— one per observation time — for each plant.

Table 8.1 Sex expression scale for monoecious hemp basedmyb8sch (1952)

Mdoen gorg(;y Sex ratio
1 80 - 100% of? flowers (strongly masculinised node)
2 60 - 80% of? flowers (masculinised node)
3 40 - 60% of3 and? flowers
4 60 - 80% of? flowers (feminised node)
5 80 - 100% of? flowers (strongly feminised node)

Table 8.2 Eight variables that were constructed to characdtie sex expression of
the monoecious hemp at a given observation time

Type' Name Descriptiof
Synthesis mMD Mean MD

%MD1 % of nodes with MD =1

%MD5 % of nodes with MD =5

%MDinter % of nodes with 1 <MD <5
Structure log_k Logistic-function parameter deterimg

the curvature of the function.

log_NDm Logistic-function parameter accounting
for the node at which the variation of MD
along the stem is maximum.

log_Mmin Logistic-function parameter accounting
for the minimum MD along the stem.

log_Mmax Logistic-function parameter accounting
for the maximum MD along the stem.

1 The structure variables consisted of the paranestimates of a logistic
function describing the variation of the monoecgrée (Table 8.2) along the
stem (Equation 1).

2MD = monoecy degree (Table 8.2). For each plaetptbnoecy degree was
scored for each flowering node at six distinct obston times.
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Synthesis variables

For each monoecious plant at a given tim#&/D was the mean MD
computed over all flowering nodes, éiMD1, %MD5 and%MDinter were the
percentages of the strongly masculinised nodes éVD, strongly feminised
nodes (MD = 5) and nodes with an intermediate MB (@D < 5), respectively.

Structure variables

Similar to previous field observations (Faux et2013), a process of
feminisation of the plants with time was noted lie fpresent study (Fig. 8.1).
This process could be explained by two underlyingetdependent effects: (i)
the proportion of female flowers increases with dinder number of the nodes,
and (ii) the proportion of female flowers at a giveode increases with time.
Because the first effect was the most significare (Fig. 8.1b, c), we chose to
model MD as a function of the plant node rathenthasa a direct function of the
time. Based on our data, the variation of MD altimg stem was assumed to fit
the following logistic function:

M -M

max; min;;
_kij (NDp_NDmij ) (81)

yi' :Mminiv +
’ ' l+e

wherey;j, is the MD at theoth node ND,, for the individuali at timej, Mminij
and M max, are the minimum and maximum MR), is a constant that determines

the curvature of the pattern of the MD variatioora the stem, andN ij is the

plant node at which the MD variation along the sisrthe maximum. At node
NDpm, MD is Mpin + Mimad/2, i.e,, at the midpoint betweeN,, and Mmax.

Therefore, the parametetg and NDmJ_ can be viewed as the rate of the

feminisation process along the stem and the nodevhath half of the
feminisation process had been completed, respgctif@ an individuali at
timej.

The parameters of the logistic function (1) wergnested by using the
NLIN procedure in the SAS statistical package (SAStitute Inc. 2012). For
each plant, at each observation time, a start valae assigned to each
parameter as followsMni, and Mmax Were set to their respective observed
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values. Fok andND,,, we first computed the MD differencdNID) between all
pairs of consecutive nodes. The start valublDf, was the mean node at which
dMD was the maximum. Based on comparison with thetivelayrowth rate
(RGR) of a growth curve (Yin et al. 2003), the tekarate of the MD variation
(RMDR) is k/2 atND,,. Therefore, the start value bfwas twice the RMDR at
NDp, i.e., 2max¢{MD) divided by the mean MD of the nodes at whidhD was
the maximum. In addition to the start values, baunere provided for each

M_ <M <M -8<k<8,

max — MaXgpserved ! M min
i.e, the extreme values that can be theoreticallyhedbyk (whendMD = -4 or
4 and mean MD = 1), and<¥ND, < 33, i.e, the lowest and highest observed
flowering nodes. The logistic function (1) wasditto a total of 930 profiles,
with each of them corresponding to one individuloae observation time.
However,ND,, was listed as missing for 182 profiles that digptha constant
MD along the stem because it has no fixed valutkigicase.

parameterM . > M . | max ®

The correlations among the eight phenotypic vagsbthat were
constructed (Table 8.2) were assessed by Pearsmiation coefficients. Only
significant correlations were reported in the {#x&0.001).

8.3.RESULTS

The variation in time of the mean MIDnMD), percentage of strongly
masculinised nodes%MD1) and percentage of strongly feminised nodes
(%MD5) reflected the feminisation of the plants that whserved during the
flowering period (Fig. 8.1 and 8.2nMD increased on average from 1.9 to 4.0
and %MD5 from 11 to 64%, whil€oMD1 decreased from 62 to 12% between
43 and 78 days after sowing. The percentage of shediéh an intermediate
monoecy degreég4MDinter) remained constant over time, with a value of 25%
on average (Fig. 8.2).
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" 3<MD<=4 ~— 15< Node <= 20 — 57
4<MD<5 ~ 20< Node <= 25 — 64
" MD=5 25 < Node <= 30 71
— Node > 30 — 78
Fig. 8.1 Mean monoecy degree as a function of the observétize and the node

in a monoecious hemp plant. (@) For each time vaksch square
corresponds to a distinct plant node of a mean monaegree that is
indicated by the colour. (b) The evolution of thean monoecy degree as
a function of the timextaxis) and plant node (colour). (c) The evolution
of the mean monoecy degree as a function of thet plede %-axis) and
time (colour).
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Synthesis variables
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Fig. 8.2 The variation in time of eight phenotypic variablelsaracterizing the
guantitative variation of sex expression in the p®mious hemp (Table
8.2). Each point corresponds to one individual thas phenotyped at a
given time. There were 118, 152, 163, 165, 166 d&@@liddividuals that
were phenotyped at each of the six observation timespectively,
accounting for a total of 930 points. The line sholesmean + sd.

The goodness of fit of the logistic function wastabished for
modelling the variation of MD along the stem (F33). Anr-square value of
0.97 was obtained between the estimated and olosen@noecy degrees,
regardless of the plant, node and time of obsemaffig. 8.4). The logistic
parameterdog_k log_ND, and log_Mmax varied with time (Fig. 8.2). The
parameterlog_k which determines the curvature of the logistiachion,
increased on average from 1.3 to 3.2 between 4F ardhys after sowing and
then decreased to 2.6 at 78 days after sowiag. NI, the node at which the
variation of MD along the stem is the maximum, @ased on average from 12
to 15 between 43 and 64 days after sowing, and tleemined constant.
Log_Mnax the maximum MD along the stem, increased on geefiam 2.4 to 5
between 43 and 64 days after sowing. In contfagtMmin, the minimum MD
along the stem, did not vary with time but ratheimained an average value of
1.7.
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Fig. 8.3
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Plant node

The fit of a logistic curve (equation 8.1, red Jimkescribing the monoecy
degree as a function of the node position in foistintt monoecious
hemp plants (Ind1 to Ind4) at six distinct obsapratimes (t = 43 to 78
days after sowing). The four logistic parametégsND,,, Myin andM,5,)
are defined in Table 8.2.
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Fig. 8.4 Estimated vs. observed values of the monoecy degree (MD). The

estimated values of the MD were obtained by deswagilthe MD as a
logistic function of the node position at each afaton time (equation
8.1). The figure includes a total of 12,152 pointgth each point
corresponding to one node of a given plant at argiobservation time.
The boxplots indicate the 0.5, 0.25, 0.5, 0.75 argb quantiles of the
estimated values of the MD.

As expected, the synthesis variable®D, %MD1 and %MD5 were
highly correlated with each othenMD and %MD5 were positively correlated
with each otherr(= 0.94), and both were negatively correlated #&D1 (r =
-0.94 and -0.8, respectively®oMDinter was weakly correlated with the other
variables = 0.18, -0.5, 0.12 and 0.36 withMD, %MD1 and %MD5 and
log_Mnmax respectively). In contrast, all of the logistiarameters were weakly
correlated with each other € 0.32 in absolute value) as well as with the
synthesis variabled.og M, and log_M.x were relatively higher in more
feminised plants, being positively correlated witiviD (r = 0.54 and 0.8,
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respectively), whildog_ND;, tended to be higher in less feminised plants,dein
negatively correlated witmMD (r = -0.5). The correlations involvintpg_k
were low ( < 0.26 in absolute value).

8.4.DISCUSSION

In the present study, we developed eight varialhed dissect the
gquantitative variation of the sex expression in pemious hemp. Four of the
variables consisted of the parameters of a logistieve describing the
distribution of the male and female flowers as acfion of the node position
along the stem. The logistic function is common$ed to describe the growth
and development processes of living organisms twer (Ma et al. 2002). This
function has been applied to identify QTLs for stgrawth in poplar (Ma et al.
2002; Wu et al. 2004) and the senescence stagawés in potato (Malosetti et
al. 2006). In the present situation, the use obgistic function assumed the
presence of asymptotic minimum and maximum valdfiesanoecy degree (MD
=1 and MD = 5, respectively). We think that thiswasption makes sense for
modelling the sex expression in monoecious hemgrgithe ability of the
monoecious plants to produce both types of flovard to modify their sex
expression in response to environmental factorghabthe extreme male and
female phenotypes would never be reached. In addithe sex expression was
described as a function of the node position alkivegstem rather than directly
as a function of time. From a modelling point oéwij this approach enables a
link between the development of the sexual phemoty plant growth through
the process of node formation.

The logistic modelling of the sex expression rexulin satisfactory
estimations of the variation of monoecy degree gkhie stem (Fig. 8.3 and 8.4).
Therefore, we conclude that the present modellipgr@ach is relevant for
characterizing the quantitative variation of the& sxpression in monoecious
hemp plants. Moreover, low correlations were obsgrivetween the synthesis
variables and the logistic parameters, suggestimat both the synthesis
variables and the logistic parameters should besidered for dissecting the
genetic basis of sex expression.
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With the aim of investigating the genetic detersini of the sex
expression, the step following the constructiontlod phenotypic variables
consists of the expression of these variablesrmmgef QTLs. A such two-step
procedure has been applied for QTL mapping for ¢gafvth in rice (Wu et al.
2002b), leaf elongation in maize (Reymond et aD30or flowering time in
barley (Yin et al. 2005). Here, due to the avaligbdf repeated observations,
the QTL analysis of each variable will be performeg allowing non-null
correlations between the values that are estimaitetistinct times for a given
plant. To this end, the use of mixed models willdemeficial because of their
great flexibility for incorporating co-variables tin the analysis and for
adequately modelling the residual genetic varia{idalosetti et al. 2006; Boer
et al. 2007; Pastina et al. 2012).
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ABSTRACT

Hemp Cannabis sativa..) includes both dioecious and monoecious
cultivars with hetero- and homomorphic sex chromuss, respectively, and
displays a highly variable sex expression. The egxression is of primary
importance for hemp cultivation: the mechanicalibat of both stem and seed
is feasible only with monoecious cultivars, thedsgield varies with both sex
expression and earliness, while the stem yieldesaniith earliness. In this
paper, we dissected the genetic basis of the gaession, earliness and stem
and seed yields in hemp by the identification olLQT

Three unsaturated AFLP linkage maps derived from dwecious (C1
and C2) and one monoecious (Uk)ppulations were used. The sex expression
in C1 and C2 was characterized by the plant sexale ror female — and
percentage of nodes bearing flowers of the sex sifgpto the dominant sex of
the plant. In UF, it was characterized by ‘synthegmean sex expression,
percentages of nodes with a given sex expressiah)séructure’ variables. The
latter consisted of the parameters of a logistiocfion modelling the sex
expression along the stem. A total of 6, 8 and TB€associated with variation
in sex expression was identified in C1, C2 and téSpectively. In UF, 9 of
them were detected for the model parameters. Tw€Né&s for the sex
expression in C1 or C2 and 3 in UF were mappedoisegregation groups
putatively located on the sex chromosomes. Sevekersmasegregating with sex
in C1 or C2 were associated with variation of teg expression in UF. Four
QTLs were detected for the time delay between thdssof male and female
flowering in UF. Two of them were closely linked @QTLs for the sex
expression. Five QTLs were identified for the stgield, and 4 for the seed
yield regardless of the population. One major QBL the seed yieldr{ =
17.8%) was mapped close to a marker segregatimgsax.

This study supports the relevance of a quantitatygroach for
investigating the genetic determinism of the sepression in hemp. In this
context, dissecting the genetic basis of sex exjmesearliness and yields in stem
and seed might be valuable for both fundamentabgnohomical purposes.

Keywords: Cannabis sativa Dioecy - Earliness - Monoecy - QTL - Sex
chromosomes - Sex expression - Seed yield - Stddh i
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9.1.INTRODUCTION

Hemp Cannabis sativa..) is a multi-use crop cultivated for a wide
range of end products derived from its fibre, seedsvooden core, such as
textile, paper pulp, cooking oil, livestock seedsd abedding, cosmetics,
biocomposites for the automobile industry and limegap concretes for the
building sector (Struik et al. 2000; Ranalli andni(ei 2004). However, the
production of hemp is greatly affected by its séwvisy to the photoperiod and
its reproductive features. Firstly, the speciea ghort-day plant, with a critical
photoperiod of approximately 14 hours (Borthwicld&cully 1954; Lisson et
al. 2000b; Amaducci et al. 2008a). By modulating ffowering time, the
photoperiodic conditions significantly affect theg yield (van der Werf et al.
1994). Higher stem yields are obtained with latevitring cultivars (van der
Werf et al. 1994; Meijer et al. 1995; Lisson andnidieam 2000). Secondly,
hemp is a naturally dioecious plant with high ptasst of sexual phenotype. The
monoecious hemp cultivars facilitate the simultarseproduction of stems and
seeds, thereby offering a dual income opporturmitthe farmer. However, the
monoecious state varies from predominantly malepredominantly female
extreme phenotypes. Strongly masculinised plargslegs fruiting and more
prone to developing fungal infections frddotrytis cinereaand must therefore
be eliminated during the seed production processr(fer and Beherec 2006).
Despite its high plasticity, the sex expressioriingel as the ratio between the
female and male flowers, varies significantly amaentiivars, suggesting that it
has a genetic basis and might be bred (Faux 04B, 2014). Besides, higher
seed yields were obtained with the early and mitltdaminised cultivars (Faux
et al. 2013). Therefore, investigating the genataterminism of the sex
expression in monoecious hemp appears valuableditr hemp breeding and
cultivation.

Hemp is a diploid species (2n=20) including heteygohic sex
chromosomes and characterized by sexual dimorphidm. male plants of
dioecious hemp have XY sex chromosomes, and thealéerplants, XX
(Yamada 1943 cited by Sakamoto et al. 1995). Adngrth Westergaard (1958)
and Ainsworth (2000), the sex in dioecious hempldidne controlled by an X-
to-autosomes equilibrium rather than by a Y-acsiystem. The inflorescence of
the male plants consists of panicles with generfally or no leaves and bears
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flowers with five stamens with large and longitually dehiscing anthers

(Mohan Ram and Nath 1964). The male plants flows senesce earlier than
the female ones (Bocsa and Karus 1998; Struik e@00). The female

inflorescence is a raceme that develops at the afptite plant or at the axils of
leaves or lateral branches (Moliterni et al. 2084l bears flowers consisting of
an ovary enclosed in a leafy glandular bract witreduced style and a bifid
stigma (Mohan Ram and Nath 1964). Despite the poesef sex chromosomes,
the production of flowers of the opposite sex ioragically observed on

dioecious hemp plants and is influenced by extefaators, such as the
photoperiod or hormonal treatments (Freeman éi980).

Monoecious hemp has homomorphic, XX, sex chromosofikenzel

1964; Faux et al. 2014). However, the sex expragsitighly variable, and the
genetic determinism of its variation is unknown.eTplants of monoecious
hemp bear inflorescences similar to those of femphklats. However, male and
female flowers arise in ratios that vary among sodlng the stem, plants,
cultivars (Faux et al. 2014), external factors @ur et al. 1966a, b; Arnoux and
Mathieu 1969; Truta et al. 2007) and time. Indegbe, plants of monoecious
hemp tend to feminize from the start of flowerimgfituit set. The quantitative
variation of the sex expression along the stem efigecious hemp plants has
been successfully described as a logistic funatiothe node position (Chapter
VIII). In addition, the rankings of cultivars acclimg to their sex expression and
earliness were consistent with each other for maokivars (Faux et al. 2013,
2014), suggesting that the activity of genes ragmgahe flowering time may be
involved in the determinism of the sex expressidnmmnoecious hemp
cultivars. The observation of genotypic variabilfigr the sex expression in
monoecious hemp led us to assume that the traibeanherited and therefore
could be investigated through the search for QHasik et al. 2014).

Molecular mapping in fprogenies derived from outbred lines has been
suggested in hemp given the very high degree ofynpmiphism and
heterozygosity of the species (Forapani et al. pOBlbwever, using an ;F
derived from outbred lines makes the linkage amalgad QTL mapping much
more challenging than with segregating populatidesved from inbred lines,
such as For backcross populations. Indeed, the use of edtbines involves
the presence of a variable number of segregatilgeslat each locus and,
therefore, a mixture of markers with distinct sggeng patterns, and the
ignorance of the linkage phases between markethidnparents (Wu et al.
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2002a; Lin et al. 2003). Distinct strategies hawerb developed for QTL

mapping in outcrossing species (Schafer-Pregl .e1396; Song et al. 1999;

Johnson et al. 1999; Lin et al. 2003; Pastina.&tl?2). In the present study, the
sporadic production of flowers of the opposite dex dioecious plants

(Flachowsky et al. 2001; Mandolino et al. 2002) dnel variation of the sex

expression of monoecious plants with time (Fauzlef013, 2014) suggest to
integrate of a ‘time’ effect in the QTL analysis thfe sex expression. In this
context, the use of mixed models for QTL mappingdsantageous because it
allows a great flexibility for incorporating co-vables into the analysis and
adequately modelling the residual genetic varia(dalosetti et al. 2004, 2006,

2007; Boer et al. 2007; Pastina et al. 2012).

The main objective of the present paper was to tigerQTLs
associated with the sex expression in hemp. Intiaddio the sex expression,
the earliness and stem and seed yields were retdrgleause of the existing
relationships between sex expression, earlinessegdl yields, on the one hand,
and between stem yields and earliness, on the bdret (de Meijer and Keizer
1994; van der Werf et al. 1994; Faux et al. 2013,43. The present study was
carried out on one monoecious and two dioecigusegregating populations for
each of which a linkage AFLP map was constructdehff@er VII). Two specific
objectives were pursued: (i) the search for QThkdd to the sex expression,
earliness and yields by interval mapping using xechimodel approach in each
segregating population independently and (ii) tleenparison of the results
across the three populations.
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9.2.MATERIALS AND METHODS

9.2.1. Genetic material and growth conditions

Phenotypic and molecular data were collected ireHf segregating
populations. The first two populations (C1 and G®rived from a cross
between a female and a male plant from the dioscibemp cultivar
‘Carmagnola’, and the third one (UF) was obtainexnf a cross between two
monoecious cultivars, ‘Uso 31' and ‘Fedora 17’, disss male and female
parents, respectively. Seeds were obtained fronocdsmpa (Italy) for the
cultivar ‘Carmagnola’ and from the Fédération nadile des Producteurs de
Chanvre (France) for both monoecious cultivarso'3%’ has been described as
earlier and more masculinised than ‘Fedora 17’ xFetual. 2013, 2014). The
C1, C2 and UF populations included 77 (43 femaled 34 males), 76 (48
females and 28 males) and 167 individuals, resgsgti

The plants were cultivated in a greenhouse. Sowiag performed on 6
October 2009 for the UF population and on 10 Sep&er2010 for both C1 and
C2 populations. The set-point temperatures were2®@&/ day/night. The
photoperiod was set at 16 h during the entire pé@alod for the UF population,
and 16 h during 69 days and 8 h thereafter in oralggromote flowering for
both C1 and C2 populations. The growth conditioresenfurther detailed in
Chapter VII.

9.2.2. Phenotyping

The sex expression, earliness and vyields in stemts seeds were
recorded in each population and summarised byndistariables (Table 9.1).

0] Sex expression

The sex expression was characterized distinguishanrording to the
reproductive morphology of the plants, dioecious monoecious. In the
dioecious populations, the plants were phenotypdoree timesi.e., 77, 84 and
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98 days after sowing. The sex of each pl@®x)was recorded as a binary
variable, i.e, male or female. However, flowers of the sex ofpot the
dominant sex of the plant were observed on somet plades. For each male
plant at each observation timgF-3 was the percentage of nodes bearing
female flowers. Similarly, for each female plantatch observation timé&M-

Q was the percentage of nodes bearing male flowers.

In the monoecious population, the continuous viaratof the sex
expression was characterized by the monoecy ddiytB¢, a five-point scale
ranging from 1 (mostly male flowers) to 5 (mostnfale flowers) (Sengbusch
1952). MD was scored for each flowering node attisnes,i.e., 43, 50, 57, 64,
71 and 78 days after sowing. Eight phenotypic Wemwere used to summarise
the sex expression of each monoecious plant at ebsérvation time (Table
9.1; see Chapter VIl for details). These varialdes of two types: ‘synthesis’
and ‘structure’. The synthesis variables include thean MD fMD) and
percentages of strongly masculinised nodéMD1), strongly feminised nodes
(%0MD5) and nodes with intermediate MBolMDinter). The structure variables
differ from the synthesis ones by the integratiérihe node position at which
MD is recorded. The structure variables consisthef parameters of a logistic
curve describing MD as a function of the node pmsialong the stem (Chapter
VIII). These parameters aleg_k which determines the curvature of the logistic
function, log_ND, which accounts for the node at which the vamaid MD
along the stem is maximum, andg M., and log_Mm., Which are the
minimum and maximum MD along the stem, respectivélgcause of the
feminisation of the plants observed along the st@mapter VIII), log_k and
log_ND,, can be viewed as the rate of the feminisation gg®@long the stem
and node at which half of the feminisation procéss been completed,
respectively.

With the exception ofex all variables relative to the sex expression
were longitudinal,.e., they included a series of phenotypic values — jpae
observation time — for each plant.
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Table 9.1 Phenotyped traits and phenotypic variables useth®QTL analysis

Variable
Trait Pop! itu-
P Name L((j)irrlglt E Type® Descriptior’
(1) Sex Dioecious sex No - Sex of the plant, male or
expression female
Dioecious, %F-¢ Yes - % of nodes bearing female
& plants flowers on male plants
Dioecious, %M-9 Yes - % of nodes bearing male
Q plants flowers on female plants
Monoecious mMD Yes SynthesidMean MD
%MD1 Yes % of nodes with MD =1
%MD5 Yes % of nodes with MD =5
%MDinter Yes % of nodes with 1 <MD <5
log_k Yes Structure Logistic-function parameter

determining the curvature of
the function

log_NDm Yes Logistic-function parameter
accounting for the node at
which the variation of MD
along the stem is maximum

log_Mmin Yes Logistic-function parameter
accounting for the minimum
MD along the stem

log_Mmax Yes Logistic-function parameter
accounting for the maximum
MD along the stem

(2) Earliness  Monoecious tf No - Time at which eldsnale

flowers or white styles at leaf
axils are easily visible

AMF No - Time difference between the
starts of female and male
flowering (time of start of
female flowering - time of
start of male flowering)

(3) Yields Dio- and DMstem No - Dry matter yield in stem (g)

MONOECIOUS p\seed No - Dry matter yield in seeds (g)

! Population(s) in which the trait was scored.

2The longitudinal variables were determined at sgvimes and included a series of distinct
values — one per observation time — for each plant

3The structure variables integrated the node pasittovhich MD was recorded, while the
synthesis variables did not. They consisted ofahbe parameters of a logistic curve describing
MD as a function of the node position along thers(Ehapter VIII).

* MD = monoecy degree.

230



Chapter IX — QTL analysis for the sex expressiariiness and yields in stem and seed in hemp

(i) Earliness

The earliness was characterized by the time of fiosver appearance
(th), i.e,, the time at which closed male flowers or whitdest at leaf axils were
easily visible. Howevertf was analysed for the monoecious population only
because all dioecious plants flowered simultangows a result of the
photoperiod shortening. The starts of male and kerfi@wering were observed
independently, and the time difference between ldtthem was computed
(AMF, in days).

(i) Yields

The harvest was performed 141 days after sowingo@th dioecious
populations and 139 days after sowing for the moioos population. The
stems and seeds were dried at 70°C for 72 hourorigpute the dry matter
yields.

9.2.3. Molecular data and linkage maps

The molecular data were provided by AFLP markensaftEer VII). A
linkage map was constructed for each of the thogrilations. DNA restriction
was performed with theHindlll and Msd enzymes. The pre-selective
amplifications were performed with one selectiveclaatide (A), and the
selective amplifications with pairs of primers wittree selective nucleotides.
Eight primers pairs were tested, and the detectedkers were labelled
according to the number of the primer combinatioliofved by the molecular
weight of the corresponding DNA fragment (Chaptdl).VThe AFLP markers
reveal a polymorphism of presence/absence witlod 31 segregating patterns
depending on the presence of the allele in singf®/ én only one parent or in
both of them. According to the notation of Wu et @002a), the markers
segregating 1:1 received the ‘D1.13’ or ‘D2.18’ ssgotypes following their
exclusive presence in the female and male parespectively, and the markers
detected in both parents and segregating 3:1 reddhe ‘C.8’ cross type.
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The C1, C2 and UF linkage maps included 93, 92 &@dinked
markers, respectively, accounting for a total ob 2distinct markers. The
markers were distributed along 11, 16 and 10 coegrgion groups (CGs) in
C1, C2 and UF, respectively. All three maps wergaturated. Their integration
through anchoring markers resulted in 5 homologyugs (HGs) including from
17 to 73 markers and 7 single CGs including 2 an&kers only. In each
dioecious map, a phenotypic marker accountingtersex of the plants — male
or female — was mapped. The CG including the ‘seaiker was referred to as
‘sex CG’ and assumed to be located on the sex adwsomes. The HG that
included the sex CGs (HGV) was the largest oneh B8% of the mapped
markers. The CGs that were gathered in this HGlditian to the sex CGs were
considered as ‘putative sex CGs'.

9.2.4. QTL analysis

The search for QTLs linked to the earliness, sgxassion and yields
was performed in each segregating population inu#gratly. Putative QTLs
were firstly identified by interval mapping (Landand Botstein 1989). Then,
they were tested in a multiple regression, simjldad the composite interval
mapping (Zeng 1994) and multi-QTL mapping (Jansen &tam 1994)
approaches and as applied in ansegregating population by Pastina et al.
(2012).

() Computation of genetic predictors

Genetic predictors were computed according to Lyackd Walsh
(1998) and Pastina et al. (2012). Consider tworedtiparental lines denoted as
P andQ, each containing two homologous chromosomes. SgadTL, with
allelesP, andP, in parentP andQ; andQ, in parentQ. The segregation of the
QTL in the progenies will result in four possiblenptypesP:1Q1, P:Q, P.Q;
and P,Q, following a 1:1:1:1 segregation ratio. Three disti QTL effects
involving these four genotypic classes can be egéich two additive effectg,
in parentP andag in parentQ, and one dominance effeghg, resulting from an
intra-locus interaction between the additive eBeict each parent (Lin et al.
2003a; Pastina et al. 2012). Genetic predictorghferadditive and dominance
QTL effects were computed for a grid of evaluatmints along the genome
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and then introduced as explanatory variables inQfie models (see below).
For individuali and evaluation poink of the genome, the genetic predictors for
theap, aganddpg QTL effects are, respectively:

Xp = P(P1QuM;) + p(P1Q2IM1) — p(P2Q1[M)) - p(P2Q2|M:) (9.1a)
Xq,, = P(P1Q1[Mj) - p(P1Q2M) + p(P2Q1[M)) - p(P2Q2[M) (9.1b)
Xpq, = P(P1Q1IM) - p(P1Q2M) - p(P2QuIM)) + p(P2Q2IM)) (9.1c)

where p(P1Q1[Mi), p(P1Q2[Mi), p(P2Q:|M;) and p(P.Q|M;) are the multipoint
probabilities of having the QTL genotypB;Q;, P:Q, P,Q: and P,Q;
respectively, conditional upon the marker informatM; in a particular co-
segregation group (Haley and Knott 1992; Martined Gurnow 1992; Pastina
et al. 2012). The conditional multipoint probaliéii were calculated via hidden
Markov chain model (OneMap package, Margarido .€2@D7) for each marker
position and evaluation point with a step size dfllalong the genome. Totals
of 1286, 964 and 1654 points were evaluated inQie C2 and UF maps,
respectively.

(i) Identification of putative QTLs by interval mapping (IM)

For notation purpose, the random variables werestlinéd according
to Boer et al. (2007). The presence of a putatifé @as assessed by testing
the effect of the genetic predictors on each phgrotvariable at each position
of the genome. The analysis of the non-longitudiraalables (Table 9.1) was
performed as follows:

Yi=HHX, Gp, + %, 00, + Xeq, Opg, +6 (©-2)

wherey; is the phenotypic value of individuialy is the overall mean phenotypic
value, ap . Qq, and O_PQN are the effects of the additive genetic predicfors
parentP and Q and dominance genetic predictor, respectivelye\aluation
point w (Pastina et al. 2012) and is the residual error associated with

individual i, normally distributed with mean 0 and variange The QTL
analysis okex a binary variable, was performed by testing m¢#éed) with the
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GLIMMIX procedure with binomial distribution for ¢hresponse variable and
logit link function in SAS (SAS Institute Inc. 2012The QTL analysis of all
other non-longitudinal variables (Table 9.1) wasdicted by the GLM
procedure (SAS Institute Inc. 2012).

For the longitudinal variables (Table 9.1), the Qabhalysis was
performed by allowing non-null correlations betweha observations made at
distinct times on a same plant. To this purposeytiriance-covariance (VCOV)
matrix of the residual errors was modelled accardmthe observation time by
applying a first-order autoregressive structure (BR This structure assumes
that, for a given plant, the variances of obseovatimade at distinct times are
all equal to each other, while the covariance betwdhem decreases
exponentially with their separation in time (Broand Prescott 2006). The used
model was as follows:

YiTUHX, Op +X,,Aq, * Xeq,Orq, + & (9.3)

wherey; andeg; are the phenotypic value and residual error oividdal i at
time |, respectively, g ~ N (0, o), and
cov(y; ,y;,) =covg .6, ) =00 ", with j. and j, being two
observation times angdthe correlation between the phenotypic valuesrad;j,
and j,. The model (9.3) was tested by using the MIXEDcpdure with the

REPEATED statement including type = AR(1) and scibjeindividual in SAS
(SAS Institute Inc. 2012).

Similarly to Pastina et al. (2012), three successgarches for QTLs
were performed for each phenotypic variable: (gearch for additive effects
from parentP by using the IM model — model (9.2) or (9.3) féretnon-
longitudinal and longitudinal variables, respediive including only theap
effect, (ii) a search for additive effects from g@irQ by using the IM model
including only theng effect, and (iii) a search for dominance effectulsing the
IM model including all three effects, but only thg, effect was tested. We
considered that a putative QTL was found at pasiioif ap, ag Or dpg Was
significantly different from 0 aP <0.01. The putative QTLs that corresponded
to a local minimum of-value (or maximum likelihood ratio) were retainied
the multi-QTL analysis. For the non-longitudinalriedles, the percentage of
variation ¢2) explained by each additive effect was obtainemnfithe fit of
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model (9.2). In contrast, for the longitudinal adnlies, this was not possible due
to the distinct method used to fit model (9.3)i.e., restricted maximum
likelihood rather than least-squares (SAS Institote 2012).

(iii) Identification of QTLs by multi-QTL analysis

For each phenotypic variable, the significant gieneffects of each
putative QTL were tested together in an additivdtiple regression. For each
non-longitudinal variable, the following model wased:

VTHE DX gt D X o, * D Xq,0n, *e (94)

WO(Wp Weq) WO (Wq Weq) W Wpq

whereWs, Wy andWeq are the sets of positions along the genome acegunt
for a putative QTL withap, ag and dpq effect, respectively. Both additive
genetic predictors at the positions accounting #orputative QTL with
dominance effectWpg) were integrated into model (9.4) for a more pduler
QTL detection (Pastina et al. 2012). For the lamdjital variables (Table 9.1),
the VCOV matrix of residual errors was modelled &yplying the AR(1)
structure in model (9.4), similarly to model (9.3).

A multi-QTL model was constructed for each phenwmtypariable
through a procedure of backward selection of geneffects starting from
model (9.4). At each step, the model (9.4) watkstind the effect associated
with the highest non-significanP (>0.05) p-value was removed until no effect
was associated with a non-significgnvalue. During all steps, both additive
effects of each putative QTL with dominance effagre maintained in the
model regardless of their significance as fadgswvas significant. The resulting
model was referred to as multi-QTL model. The geiegpositions selected in
the multi-QTL model were considered to account @rLs. The effect and
standard error of each QTL were estimated from mhmati-QTL model
(Malosetti et al. 2006).
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9.2.5. Cross-populations analysis

A cross-population (CP) analysis was conductedriteroto assess the
consistency of the effect of putative QTLs acrdes fiopulations. This analysis
was restricted to the putative QTLs that were detkat a locus corresponding
to a marker. Indeed, the marker loci were the qgudgitions that could be
assumed as homologous between the distinct linkeges. To this purpose, the
markers accounting for a putative QTL for at least phenotypic variable in at
least one of the three populations were retained,the effect of each of them
was tested across the populations by single-mairkalysis.

For DMstemandDMseed which were observed in all three populations,
a ‘population’ cofactor was incorporated into thealgsis. The CP analysis of
yields was performed as follows:

Yim U+ W +(B+ 1B )*M +¢, (9.5)

where Y, is the yield of individual from populationk, p is the mean value

over the three populationsg,is the effect of populatiok, 5 is the mean effect of
the marker andpgf) its effect in populatiork, M is -1 or 1 according to the
presence/absence of the marker initheindividual of populatiork, andey is
the residual error associated with individuat populationk. The markers with

a significant effect orbDMstemor DMseedacross the three populations were
retained.

The remaining phenotypic variables — sex expresaiuh earliness —
varied depending on the reproductive morphologthefplants. The CP analysis
of these variables was performed in both dioecipapulations together by
considering a ‘population’ cofactor, on the one dhaand in the monoecious
population, on the other hand. The effect of theker®s onsexwas tested by
using model (9.5). For the longitudinal variableésH3 and%M-?), the VCOV
matrix of residual errors was modelled by applying AR(1) structure in model
(9.5) similarly to model (9.3). The CP analysis the earliness and sex-
expression related variables in the monoecious lptipn was conducted
similarly but without the ‘population’ cofactor. €hGLM, GLIMMIX and
MIXED procedures in SAS were used to carry out 8\ analyses of each
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phenotypic variable as previously described for @EL analysis by interval
mapping (SAS Institute Inc. 2012).

9.3.RESULTS

9.3.1. Phenotypic description

0] Dioecious populations (C1 and C2)

In C1, 10 plants (7 male and 3 female) of a tofalbshowed flowers
of the opposite sex. In C2, there were 8 such plghtnale and 4 female) out of
76. The mean percentages of nodes bearing flowkrthe opposite sex
computed over both plants and observation timeg e, being 1.1 and 3.1%
for %M-Q in C1 and C2, respectively, and 2.9% %F-2 in both populations.
However, they were highly variable, ranging fronto0100% according to the
plant and observation time, although no trend ofiat@n with time was
observed.

The dry matter yields in stem and seed were comgroetween both
dioecious populations, with on average 7.5 + 2 &d+ 2.5 g plant in stem
and 3.1 + 0.8 and 3.4 + 1.2 g plann seeds in C1 and C2, respectively (mean +
sd). The stem yields were on average higher inféh@le plants than in the
male ones (on average 7.6 and 7.2 g plamtC1, 8.9 and 7.7, g plahin C2),
although the correlations between stem yield andase low (NS in C1r = -
0.234,P <0.05 in C2). The stem and seed yields were pesjticorrelated with
each other in the female plants of both populatiors 0.415 and 0.513 in C1
and C2, respectively).

(i) Monoecious population (UF)

The sex expression of the monoecious plants wagided in Chapter
VIIl. The vast majority of the monoecious plantsl¥®) started to flower
between 43 and 50 days after sowing, with average 45.4 days (mean =* sd).
The male flowers appeared before or simultaneousthi the female ones,
resulting in a positive mean valueAi¥1F (4.9 + 5.1 days)AMF was negatively
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correlated wittmMD (r = -0.59) and positively wittog_ND,, (r = 0.57). Longer
time differences between the starts of male andalenflowering were
associated with more masculinised plants and aehigbde at which half of the
feminisation process was performed.

The dry matter yields in stem obtained in UF (16.& g plant) were
on average higher than those obtained in both @1C27 while, conversely, the
dry matter yield in seeds (1.6 + 0.7 g pl§nivere on average lower. Unlike in
C1 and C2DMstemand DMseedwere not correlated with each other in UF.
DMseedwas positively correlated witmMD (r = 0.47),i.e.,, with feminised
phenotypes. The correlations involvilgMstemwere very low i < 0.15). All
correlations reported in the present section wigrdfecant ata = 0.001.

9.3.2. QTL analysis

The search for QTLs by interval mapping and mulfitGnalysis led to
the identification of 7, 12 and 19 distinct QTLsGd, C2 and UF, respectively —
in the present study, the QTLs were labelled bynthme of the closest marker,
and the total number of QTLs per population wambeined by counting once
those that were detected for distinct phenotypigatées (Fig. 9.1; Tables 9.2
and 9.3). The number of QTLs detected per phenotyaiiable varied from 0
(DMstemin C1; mMD, %MDD5, log_Mmax andtf in UF) to 5 {og_kin UF). On
the basis of our results, we considered that thes¥Eparated from each other
by at most 25 cM defined a multi-QTL region.

0] Dioecious populations (C1 and C2)

QTLs for the sex expression

Because of colinearity, the multi-QTL analysis fmxwas performed
after discarding the sex locus from the multi-QThdul. Six distinct QTLs for
variables related to the sex expressiex(%F-J3 or %M-?) were identified in
C1, and 8 in C2. In C1, all these QTLs were mappedGV (Table 9.2; Fig.
9.1a). In C2, 6 QTLs were mapped in HGV, 1 in HGIWd 1 in a CG not
assigned to a HG (C2-15) (Table 9.2; Fig. 9.1b)aAsminder, HGV included
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the sex CG of each dioecious map (C1-7 and C24id)C45s putatively located
on the sex chromosomes (Chapter VII).

In C1, 2 QTLs were found fasexafter discarding the sex locus from
the multi-QTL model. Both were mapped in the sex @&-7). One QTL with
aq additive effect explained a large part of the sawation (85.2%) and was
detected at the locus of a marker mapped on thbr¥nmwsome only (5_323).
The second QTL fosexhad a dominance effect and beihandag additive
effects explaining 23.6 and 50.5% of the sex viaratrespectively. It was
mapped at the locus of a marker present on the rédmabsome in both the
female and male parent (2_299). Two QTLs were fofmndoF-2 and 4 for
%M-Q. One of them (2_299) was a QTL for bét-2 and%M-? in addition
to sex This QTL had auq additive effect orfoF-3 and bothar additive and
dominance effects 0%M-9. It must be noted that the alleleg andQ; at this
QTL were closely linked to the same DNA fragment229, Table 9.2). Given
its positive effect oF-3 and negative effect ovM-2, this fragment could
include feminising genetic factors mapped on X olwsomes. The 3 remaining
QTLs for%F-2 or %M-2 were all mapped in a putative sex CG (C1-5). T#o o
them were found at the locus of markers that segeegl:1 in both male and
female progenies, which supported their presencdghensex chromosomes
(6_243 and 6_253).

In C2, 3 QTLs were detected after discarding the lseus from the
multi-QTL model. All of them were mapped in the 86 (C2-14) close to
markers mapped on X parental chromosomes and dpdadditive and
dominance effects. High parts of phenotypic vasiat{>73%) were explained
by the two closest QTLs from the sex locus (2_288 &4 220). One of them
was common to C1 (2_299) but, in contrast to C1s wat associated with
variation in%F-2' or %M-9 in C2. Four QTLs were identified fé6F-3, while
a single QTL with asymptotic effects was detectad4M-?Q in C2 (8_330).
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Table 9.2  QTL effects estimated by multi-QTL analysis in thieecious populations
(Cland C2)

Population C1

 Varia cG Marker® QTL
Tralt - ple He = Name 0% POS. Eroct  Estimate + SE rz ®
(cM) (cM) -
Sex  sex v 7 2.299 0 0 aP 0.15+0.06 23.6™
ex- aQ -0.34+0.06" 50.5™
pres- 3PQ -0.17 £ 0.06 -
sion 5 323 42.3 423 aQ -0.38+0.03° 852"
%F-3 VvV 5 6_337 108 110 oP -4.27 £1.36
2299 0 0 oQ 8.6+2.77
%M-Q vV 5 6_253 156 156 oP 3.17+1.03
6_243 187 187 oP -2.57 £1.03
7 2.299 0 5 aP -22.97 +5.87"

3PQ 1212+ 4.1
sex 35.6 35 oP  622.34 £34.47
aQ 34248 +02.11
3PQ  644.98 +38.37
Yields DMseed Il 4 3 147 234 222 aQ -0.97 +0.42 4.5
3PQ -1.37 £ 0.48 -

! See Table 9.1 for details.

2C1-7 and C2-14 included the 'sex’ locus. Therethiex:P andaQ effects detected in these CGs
were due to polymorphism between the X chromosamt®e female parent and polymorphism
between the X and Y chromosomes in the male parsygectively.

% Name and position of the closest marker from tfi&.Q
4 Effect, standard error and significance of the @€ktimated from the multi-QTL model.

® Part of the phenotypic variation (%) explainedtwy additive QTL effects, as computed by
interval mapping for the non-longitudinal variab{esodel 9.2).

" P <0.05;" P <0.01;"" P <0.001.

240



Chapter IX — QTL analysis for the sex expressiariiness and yields in stem and seed in hemp

Table 9.2 (continued)

Population C2

Trait \ﬁg?- He &2 atker Pos gl—ls_ .
Name (cM)' (cM)' Effect Estimate + SE rz ®
Sex  seX vV 14 2 299 483 483 aQ -0.41+0.05" 75.6™
ex- 3PQ -0.13+0.04 -
pres- 1.22089.5 89.5 aQ -0.29+0.05"  73.2™
sion 3PQ 0.12 + 0.05 -
1 318 144 144 oQ 0.05+0.02 6.2
3PQ -0.09 + 0.04 -
%F-3 IV 6 7_186 14.9 20 aP 1.56 £ 0.76
0Q 53.5+4.32"
3PQ  -54.19+4.49"
vV 13 162 19.2 19.2 oP 4791 +12.71
3PQ 17.19 + 7.07
1.72 38 32 oP -30.02 + 5.94"
1338 65.9 659 oP  -41.83+14.07
5PQ  -4359+11.88
%M-Q - 15 8 330 6.6 6 aQ 390.21 +45.37"
3PQ  389.8+45.58
Yields DMstem n 2 5174 13 8 «aP 1.08 +0.31" 8.6
vV 6 7 186 14.9 14.9 8PQ 3.86+1.47 -
vV 14 279 0 13 0Q 1.33+0.38" 13.1"
DMseed n 4 7 .82 334 33.4 3PQ 1.28+ 0.4 -
) 5161 159 159 oP 047016  17.8"

! See Table 9.1 for details.

2C1-7 and C2-14 included the 'sex' locus. Theretbiex:P andaQ effects detected in these CGs
were due to polymorphism between the X chromosamtee female parent and polymorphism
between the X and Y chromosomes in the male parsygectively.

 Name and position of the closest marker from thi&.Q

4 Effect, standard error and significance of the @€ktimated from the multi-QTL model.
® Part of the phenotypic variation (%) explainedty additive QTL effects, as computed by
interval mapping for the non-longitudinal variab{esodel 9.2).

® The markers mapped at the sex locus were notdedlin the multi-QTL model. There was no
such marker in C1.

" P <0.05;" P<0.01;"" P <0.001.
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QTLs for the yields

The QTLs for the stem and seed vyields identifiecCih and C2 were
distributed among HGII, Ill, IV and V. In C2, thré@TLs were detected for
DMstem Two of them (5_174 and 2_79) had additive effeetgplaining 8.6
and 13.1% of the variation in stem yield. The QTithvhighestrz (2_79) was
located in the sex CG and due to an additive effetiie male parent, the allele
associated with an increase MMstembeing mapped on the X chromosome
(Table 9.2). In C1, one QTL with dominance effeaswdentified forDMseed
(3_147). In C2, 2 QTLs were found fDMseed(7_82 and 5_161). One of them
was mapped in HGV and explained a relatively lgnggportion of the variation
in seed yield (17.8%).

Multi-QTL regions

In C1, a small multi-QTL region was identified be®n the sex locus
and a QTL withug effect onsex(Fig. 9.1a). In C2, two multi-QTL regions were
defined in HGV (Fig. 9.1b). The first one includedo QTLs associated with
variation in%F-2 (C2-13), and the second one included the sex landQTLs
with aq effects orsex(C2-14).

(i) Monoecious population (UF)

QTLs for the sex expression

Thirteen QTLs were found for variables relatedhe sex expression.
Five of them were mapped in HGIV, 4 in HGII, 3 i and 1 in HGIII. Only
one QTL was detected f@MD1, and three foPoMDinter. Five QTLs were
found for log_k and 4 forlog ND, while one QTL was identified for
log_Mminvery close to a QTL fdog_k(7_116). Thus, nine distinct QTLs were
detected for the parameters of the logistic fumctitescribing the monoecy
degree along the stem.
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Table 9.3 QTL effects estimated by multi-QTL analysis in thmonoecious
population (UF)

Marker? QTL
Trait  Variable! HG CG Name  POS Pos. Ef-
(cM) (cM) fect

Estimate + SE  r2*

Sex  Synthesis variables

ex- %MD1 IV 6 1259 126.8 126.8 oP 872+ 2.7
pres- %MDinter Il 3 2 95 1495 156 oP 6.5 +2.66
sion 3PQ  7.75x3.11
7_254 323 317 0Q  -5.78+2.93
PQ  -6.3x294
vV 6 2 233 113 108 oP  -4.43+1.17"
Structure variables
log_k n 3 7 116 182.9 195 3PQ -1.67+ 057
n 4 1131 0 5 8PQ -245+127
v 6 6 334 163.2 160 oP -0.43 £0.17
v 7 1149 164 151 oP -0.93 £0.39
5PQ 1.75+0.48"
4121 0 22 8PQ -2.79% 0.8"
log_NDm n 3 6235 0 2 o«P -054+018
v 6 7184 277 16 «aoP 0.92 +0.41
4 60 698 69.8 aQ -0.43+ 0.2
5PQ  -0.62 +0.21"
vV 9 4 241 102.7 103 oQ 0.54+0.16
log_Mmin N3 7 116 182.9 199 aQ 0.24 +0.09
Earli- AMF N 3 7 103 2313 243 5PQ 2.38+0.8% -
ness nm 5 4 295 277.7 272 oP 9.51 + 3.68 0.2
5PQ 10.19 +3.87" -
v 6 3_158 146.3 139 aP 2.47+0.62° 8™
V. 9 2271 1311 125 aQ 1.03+042 43"
Yields DMstem v 5 4336 146.2 143 oP 1.81+£077 56"
vV 9 2 271 1311 141 oQ 236072 917
DMseed v 6 5 147 212.6 212 oP -017%0.06 55"

! See Table 9.1 for details.
2 Name and position of the closest marker from tie.Q

8 Effect, standard error and significance of the ®®ktimated from the multi-QTL model.

4 Part of the phenotypic variation (%) explainedty additive QTL effects, as computed by
interval mapping for the non-longitudinal variab{esodel 2).

" P <0.05;" P<0.01;"" P<0.001.
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QTLs for the earliness

Four QTLs were found fofMF (Table 9.3; Fig. 9.1c). Two of them
had additive effects, explaining 8 and 4.3% of\vhgation inAMF (3_158 and
2_271). These QTLs were mapped in HGIV and HGVpeetvely, and were
closely mapped to QTLs associated with variatiothefsex expression (2_233,
1 259 and 6_334 in HGIV, 4_241 in HGV).

QTLs for the yields

Two QTLs were identified foDMstem They were located in HGIV
and HGV and explained 5.6 and 9.1% of the variationstem yield,
respectively. Only one QTL was found fDiMseed It was mapped in HGIV
and explained 5.5% of the variation in seed yield.

Multi-QTL regions

Two multi-QTL regions were defined in the UF mapg(FP.1c). The
first region was mapped in HGIV (UF-6) and include@TLs. All these QTLs
had an additive effect due to the female pareeir tiespective alleleB; rather
than P, increased bot®6MD1 (1_259) andAMF (3_158) and, conversely,
decreased botBbMDinter (2_233) andog_k (6_334). The second multi-QTL
region was defined in HGV (UF-9) and included 2 @Tassociated with
variation in 3 distinct phenotypic variables. Afl them had an additive effect
due to the male parent: their respective all€gsrather thanQ, increased
log_NDm(4_241) AMF (2_271) andMstem(2_271).
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9.3.3. Cross-population analysis

Among the 225 distinct mapped markers, 86 accoufted putative
QTL as detected by interval mapping in at leastafit@e three maps, and 26 of
these latter were associated with variation ireasi one phenotypic variable in
at least one population other than the one in wiieh putative QTL was

detected (Tables 9.4, 9.5 and 9.6).
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Table 9.4  Cross-population analysis of the sex expressiomkens that were associated with variation acro$ls dimecious populations only

HG CG no. Marker Variable!  _restof the effects Effect of the marke? Variables affected by the
Cl C2 UF M Pop M xPop C1 C2 marker locué
vV - 9 - 5161 sex * NS NS 53-68 71-'93 DMseed
%F NS NS -265+15 -6.63+294
11 - 4140 %K * NS NS 1.48+1.78 3.34+1.62 %FJ
12 - 5160 sex % NS 98 -74 77 - 64 sex (C1)
14 - 2299 sex ok NS NS 84 - 26" 98-54"" %M-Q (C1), %F< (C1),
sex (C1,C2)
- 14 8 2289 sex e NS NS 74 -85 60 - 106 sex (C2)
7 14 - 4276 sex ok NS NS 0-88" 0-100" sex (C1,C2)
7 14 - 5323 sex ok NS NS 0-91" 0-100" sex (C1,C2)
7 14 - 7118 sex ok NS NS 0-88" 0-100" sex (C1,C2)
7 14 - 4110 sex ok NS NS 0-85" 0-100" sex (C1,C2)
7 14 - 585 sex ok NS NS 2-91" 0-100" sex (C1,C2)
- 14 7 1220 sex ok NS NS 35-18 98-71 sex (C2)
- 14 - 1274 %R * NS NS 432+145 1.38+24 sex
7 - - 8164 sex S NS 53-88 73 -100" sex
- - 15 - 194 %R * NS NS -213+1.46 -3.18+1.61 %M-Q

"The markers that were associated with variatidimefsex expression across both the dioecious andenimus populations are
shown in Table 9.5.

! Phenotypic variables showing variation associati¢hl the presence/absence of the marker (model Se® Table 9.1 for details.
2 M = Marker; Pop = Population.
® Frequency of the marker in the female and malgemies for the variable "sex"; estimate + SE ferdther variables.

* Phenotypic variables showing variation associatgd the genetic predictor at the marker locus (ei®®.2 and 9.3). The population
was mentioned only when the marker was mapped e than one population.

NSP >0.05;" P <0.05;" P <0.01;"" P <0.001.
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() Sex expression across both dioecious populations}(@nd C2)

Sixteen markers segregated with sex in C1 or C@,1l&hpresented a
congruent segregating pattern with sex across hiddecious populations
(significant ‘M’ effect and not significant ‘M x RD interaction in Tables 9.4
and 9.5;P <0.05). Seven of them were mapped in the sex T&isl¢ 9.4), five
in putative sex CGs in HGV (Table 9.4; 2_66 in BEa8I5) and one in HGIV in
UF (1_191 in Table 9.5). In addition, the significdM x Pop’ interaction
observed for one of the 3 remaining markers coel@xtplained by its mapping
on one female-parent X chromosome and absencetfrermale parent in C1
and on both one female-parent and the male-parechrdmosomes in C2
(6_255in Table 9.5).

No marker showed congruent effects%iM-9 across C1 and C2. On
the opposite, four such markers were found®fé-2 (Table 9.4). Two of them
segregated 1:1 in both male and female progenieS2in4_140 and 1_94;
Chapter VII). Another one was more frequent in e plants and decreased
the percentage of nodes bearing female flowersalte mlants $F-3, 5_161).
As a reminder, a QTL fobMseedwas detected at this marker locus in C2
(Table 9.2).
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Table 9.5

Cross-population analysis of the sex expressioneaiiness across both dioecious (C1 and C2) ambewious (UF) populations:

markers that were associated with variation in bé segregated with sex and/or accounted for aipet@TL in C1 or C2

CG no. Dioecious populations Monoecious population Variables affected by the marker
G 1 co yp Marker _ Testof the effects Frequency i - 3° Variable®  Estimate + SE jocus®
M Pop M XxPop Cl C2
v - - 6 2233 - - - 60 - 29 - %MD1 -5.27+ 2.16 %MD1, %MDinter, AMF
%MDinter  3.18 + 0.85
log_NDm -0.43+ 0.21
log_Mmin 0.13+ 0.06
AMF -1.09 + 0.43
- - 6 1259 * NS * 26-29 77 -39 AMF -0.85 + 0.41 %MD1, %MDinter, log_kAMF
- - 6 1191 ** NS NS 23-38 10 - 39 log_NDm 0.54+ 0.18 log_NDm,AMF
log_Mmin  -0.15# 0.07
AMF 0.92 + 0.39
vV - - 9 4121 * NS NS 84-94 88 - 100 - - log_k
- 8 9 266 *™ NS NS 77 - 100° 77 - 100 log_NDm -052+ 0.18 sex (C2), log_NDm (UF)
- 11 9 2271 NS NS NS 23-32 33-39 mMD 10:20.09° %F-3 (C2), AMF (UF),
%MD1 5.06 + 2.05 DMstem (UF)
log_NDm 0.41+ 0.2
log_Mmax  -0.16 = 0.07
AMF 1.08 + 041
5 14 9 6255 ¥ NS @ 35-41 100 - 64" mMD 0.16 + 0.08 sex (C2), log_NDm (UF)
%MD1 -4.27 £ 1.96
log_k 0.28+ 0.13
log_NDm -0.53+ 0.18
AMF -0.8+ 0.39

12435ee legend of Table 9.43Frequency of the marker in the female and malegiieg. N >0.05;" P <0.05;” P <0.01;"" P <0.001.
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(i) Sex expression across the dioecious (C1 and C2) and
monoecious (UF) populations

Seven markers were associated with variation owowted for a
putative QTL for variables related to the sex egpi@n or earliness in both C1
or C2, on the one hand, and in UF, on the othed lfaable 9.5). Among them,
4 were mapped in a putative sex CG (HGV) and 3@i\H

Six of these markers segregated with sex acrosh basecious
populations (significant ‘M’ effect). One of them aw mapped on X
chromosomes at the sex locus in C2 and segregdtead hoth male and female
progenies in C1 (6_255; Chapter VII). In UF, thiarker was associated with
feminised phenotypes (positive effect D and negative effect ocvvMD1)
and a decreasddg_ND,,. Two markers were more frequent in the femaletplan
in C1 or C2 and were associated with feminised ptyges in UF (negative
effect on%MD1, 2_233) or negative effect afMF (1_259). Both were mapped
in the HGIV multi-QTL region of the UF map. One tkar was present in all
male plants and in 77% of the female ones in bothadd C2 and was
associated with variation log_ND,, in UF (2_66). A marker more frequent in
the male plants of both C1 (NS) and @2 €0.01) was associated with an
increase iMMF andlog_NDmin UF (1_191). Another marker more frequent in
the male plants across both dioecious populatiocsuated for a QTL folog_k
in UF (4_121). The remaining marker (2_271) segexa:1 in both male and
female progenies in C2 and therefore was putativebated on the sex
chromosomes (Chapter VII). This marker was assetiaith significant effects
on sex-expression related variables and accouated @ TL forlog_ND, in UF
(Tables 9.3 and 9.5).
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Table 9.6 Cross-population analysis of the dry matter yiéfdstem and seed: markers that were associatedvesitiition across both dioecious
(C1 and C2) and monoecious (UF) populations

CG no. Test of the effect$ Effect of the marker (estimate + SE) Variables
G ———— Marker Variable® affected by the
Cl C2 UF M Pop M x Pop C1 (o7 UF marker locud
IV - 6 6 6334 DMseed i - -0.37+ 017 -0.1+0.07 log_k (UFAMF
%MD1 434213
log_k -0.38+0.12
log_NDm 04+ 02
AMF 1.28 +0.41
V. - 13 - 162 DMseed ** NS * 0.13+ 0.12 0.85+ 0.34 - %F-3, DMseed
- 14 - 6.8 DMstem * NS -0.28+ 028 -058.29 - Sex
sex NS o 2-47™ 0-96" -
- - 7 1.56 DMseed * ek NS 016+ 0.12  0.14+ 0.17 0.1+0.06 Dbtse
log_NDm 0.41+0.19
- - 9 6215 DMstem * b NS -0.39 + 0.26 - -1.55+0.61 log_k, log_NDm

123435ee legend of Table 9.4.

'The sex-expression and earliness related varigteshowed variation associated with the polymismtof the markers retained from the CP
analysis of yields (model 9.5) are also presented.

rx

NSP >0.05;" P <0.05;” P <0.01;"" P <0.001.
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(iii) Dry matter yields

Five markers had a significant main effect on tieddg (Table 9.6).
Two of them showed congruent effects @Mstem across two distinct
populations. One of both was more frequent in tladenplants in both C1 and
C2 and was associated with a decreadeMstem(6_84 in C2-14). The second
one (6_215) was mapped at a locus with additivecefbnlog_k andlog_ND,
and close to QTLs fdog_ND,,, AMF andDMstemin UF-9 (4 _241 and 2_271,
Table 9.3 and Fig. 9.1c). Three markers had afggnt main effect odMseed
across two (6_334 and 1_62) or all three populatigh 56). All of these
markers were mapped in HGIV or HGV.

251



EXPERIMENTATIONS AND RESULTS

The figure 9.1 is presented on the next three pages

Fig. 9.1 Likelihood ratio (-logy, p-value) vs map distance (cM) in the co-
segregation groups (CGs) in which putative QTLs weeatified in the
C1, C2 and UF populations (Fig. 9.1a, b and c, wismdy). Marker
names were indicated only for those retained froenrttulti-QTL (bold
face; Tables 9.2 and 9.3) or cross-populationi¢i@ce; Tables 9.4, 9.5
and 9.6) analyses. The loci with significant effastrevealed by interval
mapping were considered to be putative QTLs, andptitative QTLs
with significant effect as revealed by the multi-QTnalysis were
considered to be QTLs. The red lines on thaxis indicate regions
including several QTLs separated from each otheatbyost 25 cM. (*)
indicates that the scale of theaxis was modified due to very high
likelihood ratios: it was in 0 — 140 for the, effect onsexin C1-7, 0 —
210 forag and 0 — 21 fobpg Onsexin C2-14, and 0 — 13 faiq on %M-

Q in C2-15. The CGs included in HGV were putatively lodate sex
chromosomes (Tables 7.5 and 7.6). Marker types waeran Wu et al.
(2002a) (see Table 3.1 for details).
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9.4.DISCUSSION

To our knowledge, the present study reported s @TL analysis in
hemp. It focused on the genetic determinism of she expression in both
dioecious and monoecious forms of hemp. QTL analgddraits related to the
sex expression in monoecious plants have beentegpor few species of the
Cucurbitaceadamily (Serquen et al. 1997; Fazio et al. 2003aiY et al. 2008;
Diaz et al. 2011; Miao et al. 2011; Prothro et2013) and inVitis vinifera
(Marguerit et al. 2009). In contrast to these spgcthe sexual phenotype in
hemp is highly variable: plants of dioecious hemg able to produce
sporadically flowers of the opposite sex, while thistribution of male and
female flowers varies widely among plants and nadesonoecious hemp. This
high variation of the sexual phenotype led us teetip distinct variables to
characterize the sex expression (Table 9.1). Iticpdar, the quantitative
variation of the sex expression along the stem ohaecious plants was
modelled by a logistic function of the node positi@hapter VIII). In addition,
unlike in the aforementioned species, sex chromesoare present in hemp
(Yamada 1943 cited by Sakamoto et al. 1995; Westedy1958; Parker and
Clark 1991). Therefore, the presence of both seborsbsomes and high
variability of sexual phenotype in hemp and therceafor QTLs for the
parameters of a model describing the sexual phpaoty monoecious plants
made the interest and originality of the preserdngtative approach of sex
determinism.

9.4.1. Determinism of the sex expression in dioea® hemp

Six and 8 QTLs associated with variables relatethéosex expression
were identified in two distinct dioecious hemp plapions (Table 9.2). The high
part of phenotypic variation explained by the QTassex(from 73.2 to 85.2%
for the closest QTLs from sex) could directly beibiited to the presence of
heteromorphic sex chromosomes. These high valugswére comparable to
those obtained for major QTLs affecting the sexreggion inCucumis sativus,
ranging between 60 (Yuan et al. 2008) and 74% (&#reet al. 1997). The
identification of QTLs for%F-4 and%M-Q supports previous assumptions on
the existence of a genetic basis for the produdaifdiowers of the opposite sex
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in dioecious hemp [Borthwick and Scully 1954; Gramsd de Meijer (pers.
comm.) cited by Moliterni et al. 2004].

Most of the QTLs detected for the sex expressiahéndioecious maps
(all of them in C1, 6 in C2) were mapped in the Hi@t included the sex locus
(HGV). Among them, only one was detected in bottpsng2_ 299, Table 9.2).
This could be explained by the low number of masladrared by both dioecious
maps (13.5% of the mapped markers). In C2, one €@Flthe sex expression
was identified in HGIV (7_186, Table 9.2). This H&luded 6 markers that
segregated with sex among a total of 17 distinckera [these 6 markers were 3
markers segregating 1:1 in both male and femalggmies in C2 (‘putative
class B’ markers, Chapter VII) and 3 markers sigaiftly segregating with sex
in C1 or C2 but mapped in UF only (Table 9.5)]sltherefore likely that HGIV
derived from sex chromosomes similarly to HGV. Heere additional markers
are necessary to test this assumption.

Assuming that the CGs mapped in HGV derive from #ex
chromosomes, our results suggest that the genetiermdinism of the sex
expression in dioecious hemp is primarily due toggie factors located on the
sex chromosomes. The implication of the sex chromes in the determinism
of the sex expression in dioecious hemp could bdoldsws. The region
surrounding the sex locus (region 2 in Table 7.6tRQTL region in C2-14 in
Fig. 9.1b) would include genetic factors involvedthe differentiation of the
male plants and in the production of flowers of tpposite sex. This region
included markers that completely segregated with rtiale phenotype (Table
7.5) and a QTL with additive effect due to the madgent in C1 (5_323, Fig.
9.1a). In addition, markers homologous betweenXhand Y chromosomes
were identified in this region (Table 7.5), whileQd L for %M-9Q was mapped
close to the sex locus in C1 (Table 9.2). Thesemwsions support that not only
male-determining genes should be present in th®megurrounding the sex
locus. The regions 1 and 3 of the sex CGs (Talewould not be involved in
the sex differentiation given the higher recomhboratrate observed with sex
(Chapter VII) and the presence of only one QTLdex with both additive and
dominance effects and lo® (1_318, Table 9.2). No QTL was detected in the
terminal pseudoautosomal region of the sex CG i@mpter VII). However,
beyond the four regions defined in the sex CGs I€T@th), our result suggest
that additional regions of the sex chromosomes dcaalrry genetic factors
involved in the development of flowers of the opmsex. Indeed, QTLs for
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%F-3 and%M-? (Table 9.2) and two markers associated with viariah %F-

d across both dioecious populations (5_161 and 4 Talfle 9.4) were mapped
in putative sex CGs in HGV. The QTLs with only afddive effect due to the
female parent (6 337, 6 253, 6 243 in C1-5 and 1in7€2-13) would be
located on X chromosomes only, while those witthkedditive and dominance
effects (1 62 and 1 338 in C2-13) would be located X and/or Y
chromosomes.

9.4.2. Determinism of the sex expression in monoeuas hemp

The present study identified 13 distinct QTLs agded with the sex
expression in the monoecious population (Table.913)ese QTLs were
distributed along HGII (4 QTLs), HGIII (only 1 QTLHGIV (6 QTLs) and
HGV (4 QTLs). The identification of QTLs for the sexpression in HGV
suggests the existence of genetic factors involwetie determinism of the sex
expression in monoecious hemp on the sex chromasoara thus on X
chromosomes (Faux et al. 2014). In addition, sewarkers were identified that
both segregated with sex in a dioecious populatiod were associated with
variation of the sex expression of monoecious pldiiable 9.5). This result
further supports the presence of genetic factdectiig the sex expression of
monoecious hemp plants on the sex chromosomes.

The number of QTLs detected for each phenotypicakée related to

the sex expression in the monecious populatione@ifiggm 0 to 5 (Table 9.3).
The absence of QTL identified fdbg Mmnax iS not surprising given the
relatively low variation that was observed for tharameter (Fig. 8.2, Chapter
VIIl). Also, no QTL was found fomMD and %MD5, suggesting that these
variables do not efficiently characterize the sepression of monoecious hemp
plants. In total, the definition of synthesis vaies allowed the detection of 4
QTLs, while the structure variables, which consisté the parameters of a
logistic curve describing the sex expression asngtion of the node position
(Table 9.1), resulted in the identification of $tthct QTLs. The higher number
of QTLs found by the modelling approach tends tdoese its relevance for
characterizing the variability of the sex expressamong monoecious hemp
plants.
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According to Dellaporta and Calderon-Urrea (1998)e QTLs
identified for the sex expression in the presentstcould include genetic
factors that regulate programs of sexuality throumghsignal transduction
mechanism that modifies endogenous hormonal lelredeed, the formation of
male and female generative organs in hemp maydueiased with an increased
demand for gibberellin and auxins, respectivelyl¢Gla 1980). More recently,
cDNA-AFLP fragments differentially expressed in fa@m and male apices in
hemp were identified, and a similarity was fountineen these fragments and a
Rac-GPT binding protein which plays a signallingerm auxin-regulated gene
expression irArabidopsis(Moliterni et al. 2004). These studies suggest tina
sex expression in monoecious hemp could be relatedhe presence of
hormonal gradients along the stem, which could ideva physiological
interpretation for the present model parametersl usecharacterize the sex
expression. Further studies combining physiologarad QTL approaches are
needed to test this assumption.

9.4.3. Sex expression and earliness in monoecio@p

No QTL was found for the flowering timéf), This could be due to the
relatively close earliness of the parental monasioultivars, ‘Uso 31’ and
‘Fedora 17’ (Faux et al. 2013, 2014), resultingaitow variation of flowering
time in the segregating population. On the oppp$iter QTLs were detected
for AMF. Among them, two were mapped in multi-QTL regiomduding QTLs
for sex-expression related variables (3_158 in H@hd 2_271 in HGV; Table
9.3, Fig. 9.1c). This finding could be expectednirthe correlation observed
betweendMF and sex expression, an increased delay of thé ctdemale
flowering compared to the male one being linkedhtmore masculinised sex
expression. Relations between earliness and seessipn have been reported
in several species. IBucumis sativusa QTL for days to anthesis was found
close to a QTL for sex expression, indicating asfide association of earliness
and sex expression (Fazio et al. 2003)Silene latifolig a well-studied species
with heteromorphic sex chromosomes, the Y chromesamsludes a locus
which is responsible for early stamen developmenmtaddition to sex-
determining loci (Donnison et al. 1996). In hemgaméle plants exhibit higher
auxin endogenous levels than male plants, whichversely have a higher
gibberellin level (Galoch 1980). In addition, aadiog to Chailakhyan and
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Khryanin (1978, 1979), plants treated with exogengibberellin produce floral
buds earlier than the controls, whereas the augamirnent delay the flowering.
These observations support the assumption thahessland sex expression in
monoecious hemp share a common basis of their igedeterminism and,
therefore, the presence of pleiotropic QTLsAMF and sex expression (Table
9.3, Fig. 9.1c). Further studies aiming to dissketgenetic basis of these traits
could benefit from the statistical approaches tkeke into account the
correlations among the phenotypic variables in @EL analysis (Jiang and
Zeng 1995; Malosetti et al. 2007).

9.4.4. QTLs for the dry matter yields in stem and esed

Five QTLs were identified fobMstem and 4 foDMseedregardless of
the population (Tables 9.2 and 9.3). The partsheiptypic variation explained
by the QTLs foDMseed(from 4.5 to 17.8%) were within the range repoiftad
seed yield inTriticum aestivun{from 3.7 to 15.7%) by Groos et al. (2003) and
in Trifolium pratensgfrom 7 to 15.3%) by Herrmann et al. (2006). Imtrast,
the parts of variation explained by the QTLs Rivistem(from 5.6 to 13.1%)
were relatively low compared to the values repoftedQ TLs for the stem yield
in Miscanthus sinensidrom 11.1 to 23.3%) by Atienza et al. (2003).

The most significant QTL found fddMseedwas mapped in HGV, at
the locus of a marker segregating with sex (5_T&dhles 9.2 and 9.4). In
addition, two markers with congruent effectDilseedacross populations were
mapped in HGV (1_62 and 1 56; Table 9.6). Thesdirgs suggest the
existence of genetic factors affecting the seettyim the sex chromosomes.
However, the major QTL found fabMseedwas associated with a marker that
segregated with sex and significantly affect-3 across both dioecious
populations (5_161, Table 9.4). This observatioggests the possibility of
pleiotropic effects at this QTL, although no coaten could bea priori
expected betweedMseedand%F-J since these variables characterize distinct
plants in the dioecious populations, female andepralspectively.

The mapping of two QTLs with relatively high for DMstemin HGV
(2_79 in C2 and 2_271 in UF; Tables 9.2 and 9.3)gssts that the sex
chromosomes of hemp could include genetic factorsiVed in the determinism
of the stem yield. In the dioecious population @8,increase ilbMstemwas
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associated with a QTL allele mapped on the X chesom@ of the male parent
(2_79,P <0.01, Table 9.2), although the correlation betwBdIstemand sex
was relatively low P <0.05). To our knowledge, no stem weight diffeenc
between male and female plants of dioecious henspblean reported in the
literature. However, the stem weight is more vdeamong female than male
plants (van der Werf and van der Berg 1995), aedstam morphology varies
according to the gender: the male plants are giypdasier and have thinner
stems than the female ones (Bocsa and Karus 199&n&nn et al. 1999;
Struik et al. 2000). Therefore, the stem diametadt atem length should be
considered in further studies aiming to dissecigieetic basis of the stem yield
and its relationship with sex in dioecious hemp.

In the monoecious population, QTLs with positivelifide aq effect on
DMstemandlog_ND,, were mapped close to each other in the multi-Qagian
defined in HGV (2_271 and 4_241; Fig. 9.1DMstemand log_ND,, were
barely correlated with each other< 0.15), andog_ND,, only was correlated
with DMseed the correlation being negative £ -0.42). Therefore, the close
linkage found between QTLs f@Mstemandlog_ND,, suggests that breeding
for DMstemcan result in decreased seed yields by increabmglant node at
which half of the feminisation process is perform@the existence of such
QTLs could provide an explanation to the observatimat no cultivar among
those tested in previous field trials maximized hbetem and seed vyields
simultaneously (Faux et al. 2013).

9.5.CONCLUSIONS

The present study identified QTLs associated with $ex expression,
earliness and yields in stem and seed in two dioscand one monoecious
segregating populations in hemp. Its main advanegs as follows.

Firstly, QTLs associated with the presence of flsvef the sex
opposite to the dominant one were detected in diasthemp. Secondly, QTLs
associated with the variation of the sex expresgiomonoecious hemp were
identified despite the high sensitivity of the tr&b the environment. The
relatively high number of QTLs detected for thegmaeters of a logistic curve
modelling the sex expression as a function of th@enposition along the stem
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tended to support the relevance of this approacbifaracterizing the variability
of the sex expression among monoecious hemp plahislly, closely linked
QTLs for the sex expression, earliness and yieldstem and seed were
detected. Our results suggested that genetic fackocated on the sex
chromosomes of hemp would play a role in the datésm not only of the sex
expression but also of earliness and yields.

Therefore, despite the high environmental sengjtivi the trait, there is
scope for investigating the genetic determinisnthef sex expression in hemp
through a quantitative approach. In this conteigsetting the genetic basis of
the earliness and yields in stem and seed in additi the sex expression might
be valuable for both fundamental and agronomicgb@ses.
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CHAPTER X

GENERAL DISCUSSION

The present thesis addressed two main objectives:

() investigating the genetic determinism of the sexpression in
monoecious hemp, and

(i) establishing the relationships between sex exmmessflowering
phenology and yields in stem and seed in monoedieny.

Its originality is in the quantitative approachtbe genetic determinism of the
sex expression, which therefore could be investdj@tirough the identification
of quantitative trait loci (QTLS). Five specific jelstives were defined in order
to achieve the main objectives:

1. Assessing the genotypic variability of the sex egpion in monoecious
hemp (Chapters IV & V);

2. Establishing the relationships between sex expesfbwering
phenology and stem and seed yields in monoeciaup {€hapter IV
& V);

3. Establishing the composition in sex chromosomesarioecious hemp
(Chapter VI);

4. Constructing linkage maps of the sex expressidgremp (Chapter VII);

5. Identifying QTLs involved in the determinism of tkex expression,
earliness and yields in stem and seed in hemp (€tsayglll and 1X).

In the present part, the main advances of thisdlee presented with
respect to the two main objectives and discussecklation to the current
knowledge on the determinism of the sex expres&omemp. Then, the
shortcomings are discussed, and, finally, persgestire suggested.
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10.1.MAIN ADVANCES

10.1.1. Genetic determinism of the sex expressianmonoecious
hemp

In Chapters IV & V, the genotypic variability of the sex expression
expressed as a quantitative trait was assessedgafivenmonoecious hemp
cultivars in the field (Chapter 1V) and in contedl conditions (Chapter V).
Environmental variation was created, on the onedhbg two contrasting trial
sites and five sowing dates (Chapter 1V) and, enatimer hand, by three distinct
photoperiodic controlled conditions (Chapter V).eTlsex expression was
assessed by recording the degree of monoecy ptahand plant-node levels in
the field and controlled conditions, respectively.

In Chapter VI, the genome size of 55 monoecious hemp plants was
determined by flow cytometry, and the DNA of 115moecious plants was
screened with the male-associated marker MADC?2.

In Chapter VII, three AFLP linkage maps of the sex expression in
hemp were constructed from three populations: two derived from a cross
between female and male plants of the dioeciousraufCarmagnola’ and one
from a cross between the monoecious cultivars ‘Fedd@’ and ‘Uso 31'.

In Chapter VIII , eight variables were constructed to charactdtiee
sex expression of monoecious hemp plants. Thenatity of our approach was
in the modelling of the distribution of the femaad male flowers along the
stem and use of the function parameters for cheniaation of the sex
expression.

In Chapter IX, a QTL analysis of the sex expression, earlinggs a
stem and seed vyields was performed in two dioecémes one monoecious, F
populations in hemp. The three constructed AFLFKalj@ maps, one per
population (Chapter VII), provided the framework filne location of QTLs,
while the phenotypic variables constructed in Caaptll were used to identify
QTLs associated with variation in the sex expressibthe monoecious hemp
plants.
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The main advances with respect to our first maijeaitve were as
follows.

(1) The sex expression in monoecious hemp is affectegd & x E
interactions.

In accordance with the high sensitivity of the @pression to the
environment, our results documented the effect of Einteractions on the sex
expression in monoecious hemp.

The variation of the sex expression with the sowdiage in the field
(Chapter 1IV) and with the photoperiodic regime iontolled conditions
(Chapter V) agreed with the masculinising effectariy photoperiods reported
in hemp (Borthwick and Scully 1954; Arnoux 1966brnAux and Mathieu
1969; Freeman et al. 1980). Furthermore, G x Eraste®ons were observed.
Firstly, in controlled conditions, the magnitudetloé genotypic effect on the sex
expression varied among the three trials. Secotidéymost sensitive cultivars
to the environment were the most feminised onesoimtrolled conditions and,
conversely, the most masculinised ones in the.figlhils apparent contradiction
between controlled and field conditions suggested the photoperiod was not
the only environmental factor that explained the esepression. Two hypotheses
were proposed in regard to these G x E interactibimstly, a long flowering
duration could allow a higher differentiation ofetlsex expression among the
monoecious hemp cultivars. Secondly, the light d@os, which varied among
the three trials in controlled conditions and amorwntrolled and field
conditions, could have affected the sex expressidhe plants in addition to the
photoperiod. This latter hypothesis relied on thasaoulinising effect of light
intensity reported in hemp (Borthwick and Scullyb4®

(2) Though highly sensitive to the environment, the segxpression
in monoecious hemp has a genetic basis.

Despite the observation of G x E interactions, Wigld and controlled-
conditions trials revealed a significant effect tfe cultivar on the sex
expression of monoecious hemp plants and the samking of cultivars
according to their sex expression. Given the ctersty of the genotypic effect
on the sex expression across environments, weuwdedtithat the sex expression
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in monoecious hemp has a genetic basis and mighteleeted (Chapters IV &
V).

3) Monoecious hemp has the XX constitution for the sex
chromosomes.

The genome size of monoecious hemp plants (1.700%7 pg) was
not significantly different from that of female pla (1.789 £+ 0.019 pg) but
lower than that of male plants (1.835 + 0.019 pg)jle the male-associated
DNA marker MADC2 (Mandolino et al. 1999, 2002) wabsent from the
monoecious hemp plants. Therefore, monoecious hdmp XX sex
chromosomes. This result confirmed the karyologatadervations made in the
‘Kentucky’ cultivar by Menzel (1964) (Chapter VI).

4) The X and Y chromosomes recombine with each otherebween
the sex locus and the pseudoautosomal region.

Four regions were distinguished in the sex co-ggdi@n groups of the
dioecious maps: () a central region including neask mapped on the Y
chromosome and/or X chromosomes, (Il and Ill) tlemking regions including
markers mapped on X chromosomes and (IV) a ternmpsaudoautosomal
region. Our results confirmed the presence of comfregments between the X
and Y chromosomes and the existence of a pseudmamdd region in the sex
chromosomes of hemp reported by Peil et al. (2088wever, they differed
from those of Peil et al. (2003) by the observatibhigher recombination rates
between the markers mapped in each of the fouomsgand the sex locus
(Chapter VII).
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(5) The X chromosomes of monoecious hemp present homgies
with both the X and Y chromosomes of dioecious hemp

Five markers that were mapped in the sex co-setiwaggroup of one
of both dioecious maps were also detected in th@oecious population.
Among them, one recombined completely with sex &émgs indicated the
presence of a pseudoautosomal region, while anotiemwas mapped on both
X and Y chromosomes. Since the sex chromosomesanbeatious hemp have
the XX constitution (Menzel 1964; Faux et al. 2Q1tHe mapping of these
markers in monoecious hemp suggested the preséi@mlogous fragments
between the Y chromosome of dioecious hemp andXtlehromosomes of
monoecious hemp (Chapter VII).

(6) Modelling the distribution of male and female flowes along
the stem might be valuable for characterizing the ariability of
the sex expression in monoecious hemp.

Eight phenotypic variables were constructed in ntdesummarise the
sex expression of the monoecious plants. Thesablas were of two types:
synthesis and structure. The synthesis variablelsided the mean monoecy
degree and percentages of nodes having a giveneopmegree. The structure
variables consisted of the parameters of a logistige describing the monoecy
degree as a function of the node position alongsteen. Thus the structure
variables differed from the synthesis ones by titegration of the node position
at which the monoecy degree was recorded. Thetiogimdelling of the sex
expression resulted in satisfactory estimationsth&f variation of monoecy
degree along the stem. In addition, a higher nurob&TLs was detected for
the structure variables (9 QTLs) compared to thehgsis ones (4 QTLS). This
result tended to endorse the relevance of the presedelling approach for
characterizing the variability of the sex expressamong monoecious hemp
plants (Chapter VIII).
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(7) The sex chromosomes would include genetic factomsvolved
in the determinism of the sex expression in both decious and
monoecious hemp.

In dioecious hemp, most QTLs associated with \anatin the
percentage of flowers of the opposite sex were tifieth on the sex
chromosomes in addition to QTLs associated with #®xmonoecious hemp,
QTLs associated with variation of the sex expressi@re identified in the
homology group that included the sex locus. In tiakli we identified seven
AFLP markers that segregated with sex in one dif bdaiecious populations and
were associated with variation of the sex expressio the monoecious
population. These results suggested the presengeneftic factors involved in
the production of flowers of the opposite sex ioetious hemp plants and in the
determinism of the sex expression in monoeciougphamthe sex chromosomes
(Chapter IX).

The observation of significant genotypic variakilifor the sex
expression in monoecious hemp (Chapters IV & V) Usdto investigate the
genealogy of the five cultivars that were testedthie present study. The
ancestors of four of them have been reported (dgeME995), and two groups
could be distinguished according to their breediistpry. The first one included
the single cultivar ‘Uso 31’, which derives frontiss including two Ukrainian
cultivars. The second group included the cultiveedora 17’, ‘Felina 32’ and
‘Epsilon 68’. All three derive from a cross betwdemale plants of a dioecious
cultivar and monoecious individuals of a cultivaredtly selected from a same
‘truly’ monoecious strain (‘Fibrimon’) for divergidates of maturity, followed
by a back-cross of the, Wwith ‘Fibrimon’ intersex plants (de Meijer 1990
common ancestor was found between ‘Uso 31" and bedtina 32' and
‘Epsilon 68’. On the opposite, ‘Uso 31’ and ‘Fedot&’ shared common
ancestors of the third and second degrees, regglgctide Meijer 1995).
Interestingly, the cultivars ‘Fedora 17°, ‘Felin2 3and ‘Epsilon 68’, which all
derived from a ‘Fibrimon’ parent, were more femausthan ‘Uso 31'.
Therefore, we believe that the breeding historyhef presently tested cultivars
may support the genotypic variability of their ssgpression as observed in the
present work.
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If the existence of a genetic basis of the sexesgon in monoecious
hemp is assumed, the main question is now how plaigxthe quantitative
variations of the sex expression observed among nilo@oecious hemp
cultivars. Although highly speculative, we propdsere a hypothesis for the
genetic determinism of the sex expression in maoaschemp. Monoecious
cultivars have been developed by inbreeding of tplahat bore mutations
resulting in the production of hermaphrodite flowver bisexual inflorescences
(Moliterni et al. 2004). Therefore, we could assutireg the QTLs identified for
the sex expression in the present study are retatdde occurrence of these
mutations. According to Forapani et al. (2001)sh@TLs would be relatively
more frequent at the homozygous state in monoecimmp compared to
dioecious hemp as a result of selfing. Howevas, jitossible that the selection of
QTLs present in the homozygous state differs amagoecious cultivars,
resulting in the small but significant variationstbe sex expression observed
among them. In addition, according to Scheiner 8)9the presence of these
QTLs in the homozygous state could confer a higihenotypic plasticity to the
monoecious plants compared to the dioecious orfes.|dtter assumption relies
on the explanation of the genetic basis of the ptypic plasticity by
overdominance: the plasticity would evolve as amweise function of
heterozygosity such that the more heterozygousnatgee, the less plastic it
will be, because heterozygosity helps to ‘bufferivieconmental influences
(Scheiner 1993; Pigliucci 2005). With respect te thnctions of the genes that
could underlie the QTLs identified for the sex eeqsion, the findings of Galoch
(1980) and Moliterni et al. (2004) suggest thatytimeight be related to the
metabolism of auxins. Indeed, high levels of auximese been observed in
female plants just before their transition to fleimg (Galoch 1980), while a
DNA fragment differentially expressed in male amdnéle floral apices has
been found to show a similarity with a protein tipéys a signalling role in
auxin-regulated gene expressiorAirabidopsis(Moliterni et al. 2004).
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10.1.2. The relationships between sex expressiolowering
phenology and yields in stem and seed in monoeciousmp

In Chapters IV & V, the relationship between sex expression and
flowering phenology was assessed among five mooosdultivars in the field
(Chapter IV) and in controlled conditions (Chaptgr Both sex expression and
flowering phenology were related to the yields fans and seed in the field
(Chapter V).

In Chapter IX, a QTL analysis of the sex expression, earlinggs a
yields in stem and seed was performed in two daecand one monoecioug F
populations in hemp.

The main advances with respect to our second nigactive were as
follows.

(1) Monoecious hemp plants become more feminised withinte
under natural daylength and constant photoperiod.

A progressive feminisation of the plants was obsérfrom start of
flowering to fruit set in the field (Chapter IV)h& same observation was made
in the monoecious segregating population under rotbed environment
(Chapter VIII). These results suggested that thetapdry, well known in
dioecious hemp (Bocsa and Karus 1998), is alsodanonmonoecious hemp.
Given the sensitivity of the sex expression to phetoperiod (Freeman et al.
1980), it must be noted that these observationd trak under conditions of
both natural daylength and constant photoperiod.

(2) The variations of sex expression and earliness amgn
monoecious cultivars are partly consistent.

The rankings of cultivars according to sex expssind earliness were
consistent with each other for most cultivars (GeepIV & V). Indeed, the
very early cultivar ‘Uso 31’ was the most masced one, the early cultivar
‘Fedora 17’ was feminised, and the mid-early ‘F&lB2’ and late ‘Epsilon 68’
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were the most feminised ones. The only discreparas/that ‘Santhica 27° was
later but more masculinised than ‘Fedora 17'.

Four QTLs were identified for the time delay betwethe start of
female and male floweringffMF, Chapter 1X). Two of them were closely linked
to QTLs for the sex expression, reflecting the elations that were observed
betweerMF and sex-expression related variables.

The general consistency observed between sex sigmeand earliness
suggested that genes regulating the flowering tinight be involved in the
determinism of the sex expression. In hemp, ferpkets exhibit higher auxin
endogenous levels than male plants, which convelsale a higher gibberellin
level (Galoch 1980). In addition, according to Gdigiyan and Khryanin (1978,
1979), plants treated with exogenous gibberellodpce floral buds earlier than
the controls, whereas the auxin treatment delayflthwering. These studies
supported the hypothesis that sex expression atidess share a common basis
in their genetic determinism (Chapter V) and sutggeshat the close linkage
observed between QTLs fdMF and sex-expression related variables might be
due pleiotropic genes (Chapter IX).

3) Higher seed yields are associated with (mid-) earlfeminised
cultivars.

The seed yields were lowest in the most mascutinised earliest
cultivar (‘Uso 31’) and highest in the feminiseddagarly (‘Fedora 17’) or mid-
early (‘Felina 32) ones (Chapter IV). This positicorrelation observed
between feminised phenotype and seed yield wasosigapby the correlation
found between mean monoecy degree and seed yieltheinmonoecious
segregating populatiorr (was 0.47,P <0.001, Chapter IX). These findings
suggest that it could be valuable to take the sgxession into account when
selecting a monoecious cultivar for seed production
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(4) No cultivar among those tested provided the highesitem and
seed yields simultaneously.

The variation of stem yields among cultivars watsikatted to their
earliness, the stem yields being lowest in theiesdrtultivar and highest in the
latest one. This was in agreement with the conohssbf de Meijer and Keizer
(1994) and van der Werf et al. (1994). However, hilghest seed yields were
observed in early or mid-early cultivars. The ocence of highest stem and
seed yields in distinct cultivars constitutes offidhe four antagonisms to the
simultaneous production of both stem and seed imomcious hemp as
discussed in Chapter IV.

In the monoecious segregating population, a clogade was observed
between two QTLs for the stem yield and the plasdenat which half of the
feminisation process is performedlly,), respectively (Chapter IX). These
QTLs had both positive additive effects due torttae parent. However, a high
position of ND,, was correlated with low seed vyields. Therefores those
linkage observed between QTLs for stem yield g, could result in opposite
genetic effects on the stem and seed yields in emaos hemp and, thereby,
provide an explanation to the observation thatultvar among those tested in
field trials maximized both the stem and seed gisichultaneously.

(5) The sex chromosomes would include genetic factorsvolved in
the determinism of the stem and seed yields.

Three QTLs explaining relatively high part of thariation in stem or
seed yields were identified in the homology groogluding the sex locus. Two
of them were detected in a dioecious populatiore flist one was a major QTL
for the seed yield, explaining 17.8% of its vaoati The second one explained
13.1% of the variation in stem yield and was dueanoadditive effect in the
male parent, the allele being located on the Xerathan Y chromosome being
linked to an increase in stem yield. The third Q&xplained 9.1% of the
variation in stem yield in the monoecious populatio
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The present thesis suggests two main practical caglvifor the
cultivation of monoecious hemp for the productidtoth stem and seed.

Firstly, an early sowing should be performed,e., as soon as the
meteorological conditions are favourable for sihge in the spring. Indeed,
the earliest sowing dates provide the highest sianh seed vyields and, as a
result of earlier plant senescence, allow an eanigvest and a lower risk of
stem quality loss due to less favourable climatieditions at the end of the crop
cycle. On the basis of the tested range of sowiigs] sowing from mid- to end
of April would be adequate in the studied areascuoltivation. However,
relatively high stem yields>(9 t ha") could still be expected from sowings up to
early June in the loamy region and to mid-May ie #rdennes. Indeed, these
sowing dates provided stem yields that were witthi@ range reported with
monoecious cultivars cultivated for fibre produationly (Struik et al. 2000).
Similarly, according to our results, high seed ddetan still be expected from
sowings carried out up to early June in the loaegian (from 1.0 to 1.6 t Afa
as observed in 2007 and 2008, respectively).

Secondlyearly or mid-early — depending on the climatic conditions of
the cultivation area feminised cultivars should be selected. The use of such
cultivars is recommended for both their higher sgettls and relative earliness.
This latter feature aims to allow harvesting ursték favourable meteorological
conditions at the end of the crop cycle. Among ¢héivars under study, the
feminised early and mi-early cultivars ‘Fedora aRd ‘Felina 32’ provided the
highest seed yields. The use of ‘Felina 32" woutddrecommended under the
climatic conditions of the loamy region. In the Arthes, the earlier feminised
cultivar ‘Fedora 17’ would be selected becausehef higher probability of a
delayed sowing date and of less favourable metegicd| conditions at the end
of the crop cycle. The very early cultivar ‘Uso 2fffers the highest guarantee
of harvest under favourable conditions thanks $ aarliness; however, it
provides the lowest seed yield.
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10.2.SHORTCOMINGS

The development of the present work was firstlyitih by ourpoor
knowledge of hemp The species had never been studied in our latrgrand
the cultivation of hemp was inexistent in our countHowever, the present
thesis started during a period of renewed intefesthemp in our region
(Chapelle and Bigaré 2001; Baudoin 2004; PSPc 88)20/leetings and field
visits were organised with distinct scientific astevho intended to install field
trials of hemp in early 2007. These exchangesfofiimation were of great help
for the establishment of a protocol for the fiel@ls. In addition, preliminary
trials were carried out in controlled conditions2007 and 2008 in order to
apprehend the growth, development and sensitivithe sex expression to the
environment in monoecious hemp.

The linkage analysis carried out in the presendystwas limited by
three shortcomings. The first limitation concerrtbd use ofF; segregating
populations. Indeed, the construction of linkage maps withhspopulations is
complicated by the ignorance of both the numbealieles segregating at each
locus and linkage phases between markers in tlgzarand by the fact that the
number of segregating alleles can vary from onaddo another (Maliepaard et
al. 1997; Wu et al. 2002a). In dioecious hemp, tise of k segregating
populations was constrained by the reproductivdufea of the plants. In
contrast, in monoecious hemp, the possibility offireg should allow the
creation of classical segregating populations -h siscbackcross populations, F
or recombined-inbred lines — for which the preseatenly two segregating
alleles and the knowledge of the parental linkapasps make the linkage
analysis easier. The existence of inbred linesrug €annabis(Forapani et al.
2001; Mandolino and Carboni 2004) suggests thattéation of inbred lines in
hemp should not be prevented by inbreeding depmeskiowever, despite this
possibility of selfing in monoecious hemp, we chtsevork with i segregating
populations in both dioecious and monoecious hdngeed, on the one hand,
the time required to obtain inbred lines and creatgregating populations could
be relatively long due to the high percentage d§mporphic loci [6 cycles of
inbreeding would be necessary to reduce the pemgendf polymorphic loci
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from 61.3% (Forapani et al. 2001) to 1% for theultr monoecious cultivar
‘Fibrimon’]. On the other hand, Forapani et al. 2D concluded to a very high
degree of polymorphism and heterozygosity in hempsauggested the use af F
progenies for genetic mapping provided that theep@t strains are chosen
among heterozygous populations. The relatively Ipigttentage of polymorphic
loci obtained in the present study (from 44 to 65@6ording to the population,
Chapter VII) supported the use of segregating populations for mapping in
both dioecious and monoecious hemp as suggestedrapani et al. (2001).

The second limitation with respect to linkage mappivas the use of
AFLP markersj.e., dominant markers. This choice was motivated by the low
number of codominant markers published in hempeabeginning of the thesis
— 27 microsatellites were reviewed @ sativaby Mandolino and Carboni
(2004) —, the availability of AFLP primer pairs piding sex-linked markers in
hemp (Flachowsky et al. 2001) and the advantagdseoAFLP techniqud,e.,
its ability to amplify many loci and ease of implentation (Vos et al. 1995;
Mueller and Wolfenbarger 1999; Meudt and Clarke7)08lowever, the use of
a dominant marker system for mapping nsegregating populations reduces
inexorably the power of detecting linkage (Maliequbet al. 1997).

The third constrain with respect to linkage mappoancerned the
relatively lownumber of individuals obtained from each ‘Carmagnola’ cross.
Indeed, according to Maliepaard et al. (1997), sumbulation sizes (77 and 76
individuals) greatly limit the power of detectingnkage in the case of both
dominant markers and unknown parental linkage ghéSg. 3.5). However, as
reported in Chapter VII, the present ‘Carmagnolapydation sizes were of the
same magnitude than those previously used in heampimg.

According to Maliepaard et al. (1997), the preseot&; segregating
populations and the use of a dominant marker systsaited in a relatively low
power of detecting linkage between markers (Fig).3n particular, the power
of detecting linkage is lowest between pairs of @&@kers linked in CR, RC or
stil RR phases in the parents. This is illustrated the linkage analysis
performed between two C.8 markers for which nodipk was detected although
both were linked to sex (Table 7.5) and their relmimiation rate under CR, RC
or still RR linkage phases was very low (Table 10.1
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Table 10.1 Linkage analysis between two C.8 markers, 2_289 a28% mapped in
the sex CG of the C2 population (Table 7.5)

Posterior

Linkage phasé Theta probatility LODs
CcC 0.950 0.249 1.213
CR 0.000 0.251 1.218
RC 0.000 0.251 1.218
RR 0.050 0.249 1.213

1 C = coupling, R = repulsion.
2 Theta is the estimated recombination fraction.

The frequency of such situation was likely higherbioth dioecious
populations (C1 and C2) due to their higher peagatof C.8 markers (Table
7.3) and smaller size compared to the monoecioysulation (UF). This
situation could explain the structure of these maps the presence of six and
eight co-segregation groups including only two lmee markers and a lower
percentage of linked markers compared to UF (48ar&8 75% in C1, C2 and
UF, respectively; Table 7.4).

Finally, the integration of three distinct maps Hlighted that a high
number of markers (33% of them) likely derived frime sex chromosomes and
allowed the identification of co-segregation grodigely located on the sex
chromosomes of the monoecious map. Howevenitisaturated nature of the
mapsimplied that, with the exception of the co-segtegagroups including the
sex locus, the location of co-segregation groups amtosomes or sex
chromosomes could not be ascertained.

The main limitation of the QTL analysis carried authe present study
was theabsence of repetition Indeed, each plant was a one-shot test since no
cloning was performed. Obviously, the absence afignation limits the scope
of the presently identified QTLs.
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10.3.PERSPECTIVES

Distinct perspectives may be proposed from theltesi the present
work and the literature review. These perspectaes organised around two
directions: (i) improving our understanding of tgenetic determinism of the
sex expression in monoecious hemp, and (i) supgprthe cultivation of
monoecious hemp for the production of stem and.seed

10.3.1. Genetic determinism of the sex expressianmonoecious
hemp

The present thesis started from the assumptiorttibagex expression in
monoecious hemp is a quantitative trait that coléd investigated by the
identification of QTLs. Our results were encouragimith respect to this initial
assumption. Indeed, monoecious cultivars could ifferentiated according to
their sex expression (Chapters IV & V) and QTLskdid to a quantitative
expression of the sexual phenotype have been fideht{Chapter 1X). In
addition, the present results suggested that gefeattors located on the sex
chromosomes of monoecious hemp would be involvatlerdeterminism of the
sex expression. Therefore, we believe that furtliesections of the genetic
architecture of the sex expression through thetiiilgation of QTLs could be of
great interest for understanding the genetic detesm of the trait. Saturated
maps of the sex expression in hemp should be catstr with a double
objective: providing saturated maps for further Qanalyses of traits related to
the sex expression, and characterizing the stmiaifithe sex chromosomes in
both dioecious and monoecious hemp, as initiatediagacious hemp by Peil et
al. (2003).

In this section, several indications are proposedutrther experimental
protocols aiming at (i) the construction of genetiaps of the sex expression in
hemp and (ii) the identification of QTLs associateith the sex expression in
monoecious hemp.
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(1) Construction of genetic maps of the sex expressiamhemp

Genetic material

Two distinct crosses were investigated in the prefigesis. The first
one involved two plants of a dioecious cultivard dine second one involved two
distinct monoecious cultivars. The interest of easipe of cross was
demonstrated. Firstly, sex-linked markers were tifled in both dioecious
maps, and co-segregation groups putatively locatedhe sex chromosomes
could be detected in the monoecious map throughkergushared by both the
dioecious and monoecious maps. Secondly, QTLs iassdcwith the sex
expression were found in each population, and markegregating with the sex
in the dioecious populations and associated witfatran of the sex expression
in the monoecious one were identified. Howeverfgrering a cross involving
both dioecious and monoecious cultivars could bethwdile. According to
Mandolino and Ranalli (2002), such cross results both female and
monoecious progenies. In such case, it would besilplesto study the
segregation of QTLs associated with variation oé tbex expression in
monoecious hemp among both female and monoeciogepies.

In addition, when linkage and QTL mapping are earrout in distinct
segregating populations — as performed in the ptesiidy —, it would be
valuable to use related rather than independenulgbpns. Two distinct
approaches could be considered. The first one wimdilide the cloning of
parental individuals and their use in distinct eessfor generating different but
related segregating populations. The second appraeauld include distinct
generations, Findividuals obtained from an initial cross beinged as parents
in another cross. In both cases, the pedigree efindividuals should be
integrated in the linkage and QTL analyses. Theaathges of performing an
integrated analysis would be (i) the estimatiorthed QTL location and effect
directly across populations instead of in each faijmn independently and (ii) a
higher number of individuals included in the anay$Wu et al. 2007).
Methodologies for linkage and QTL analyses intégathe pedigree of the
individuals have been developed for QTL mappinchiman populations, in
particular (Lander and Green 1987; Xu and Atchi@95t Almasy and Blangero
1998).
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Type of segregating population

In monoecious hemp, the possibility of selfing sesglg the creation of
classical mapping populations derived from inbiiadd, for which the presence
of only two segregating alleles and the knowledigi® linkage phases between
markers make the linkage analysis and interpretatib QTL effects easier.
Alternatively, homozygous lines could be obtained both dioecious and
monoecious hemp through the creation of doubledofthpopulations from F
segregating progenies (Collard et al. 2005).

However, the potential of linkage mapping in, Begregating
populations should not be underestimated. As pusiyo mentioned, the
creation of such population requires a relativélgrstime and, compared to the
doubled haploids, no technical expertise, while thecuracy of the
recombination fraction estimated in; Fpopulations can be significantly
improved by integrating both dominant and codominamarkers (Wu et al.
2002a).

Molecular genetic markers

The AFLP technique proved to be efficient for déter sex-linked
polymorphism. However, additional primer combinaioshould be tested in
order to obtain saturated maps and distinguishigheexpected linkage groups.
In addition to AFLP markers, codominant markers;hsas microsatellites or
SNPs (single nucleotide polymorphism), should bedusligh-throughout SNP
genotyping is now an efficient tool for the constion of high-density linkage
maps and precise characterization of the genetiatian associated with a trait
of interest (Varshney et al. 2009). According to ligfaaard et al. (1997),
codominant markers are of great help for linkagegpitay in R segregating
populations, in particular, since they allow a mapgurate characterization of
the linkage phases and thus more accurate estimafidhe recombination
frequencies. The power of codominant markers ftggrating homologous co-
segregation groups derived from the respectivenpaifgas been emphasised in
outbred progenies (Grattapaglia and Sederoff 1B@ter and Salamini 1996).
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(i) Identification of QTLs associated with the sex expmssion in
monoecious hemp

Repetition of the QTL analysis and test of disteérotironmental conditions

The possibility of repeating the phenotyping obane genotype under a
same environment is necessary to confirm the peesefthe identified QTLs.
For examplen replicates of each genotype should be cultivatetidnenotyped
simultaneously, and the experiment should be regedn time, e.g, as
performed by Dufey et al. (2009) in their search@JLs linked to resistance
mechanisms to ferrous iron toxicity in rice. Howevethen K segregating
populations are used, repeating the QTL analysigies the cloning of plants.
Hemp cloning could be achieved by the creationraathtenance of cuttings for
each plant (Peil et al. 2000) or vitro culture of tissue (Feeney and Punja
2003), though this latter method includes a riskahaclonal variation (Skirvin
1978; Larkin and Scowcroft 1981).

In addition, multi-environments should be testelde Bvaluation of the
trait of interest under distinct environments vaillow assessing the stability of
the QTLs across environments, or, in other wortls, presence of QTL X
environment interactions. Methodologies developedJITL mapping in multi-
environments make full use of the framework of rdixeodels (Malosetti et al.
2004; Boer et al. 2007; van Eeuwijk et al. 201®)e General procedure involves
the fit of a model to the residual genetic variafioe., the variation which is
caused by not modelled QTLs elsewhere on the geribtamsetti et al. 2004).
This model will allow different genetic variancesrass environments and
correlations between environments. Then, a seactQTLs is performed in
each environment by interval mapping. Finally, thieractions between each
QTL and the environment are tested. When the QEnwWronment interaction
is significant, a regression analysis can relae sizes of QTL effects to
environment variables (van Eeuwijk et al. 2010)tHa case of hemp, testing for
the presence of QTL x environment interactions udenge of photoperiodic
conditions could be of interest given the significaffect of the photoperiod on
both the flowering time and sex expression (Freegtaal. 1980; de Meijer and
Keizer 1994; Lisson et al. 2000b). Such study cabled some light on how the
genotypic response of the sex expression is atfdntehe environment.
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Characterization of the sex expression of monoadmmmp plants

In the present work, we described the sexual plgpeodf monoecious
hemp plants by modelling the distribution of mahel d&male flowers along the
stem and expressing the parameters of the fundtiorms of QTLs. The
relatively high number of QTLs identified followirthis approach supported its
interest for characterizing the variability of th&ex expression among
monoecious hemp plants.

Actually, the idea underlying the modelling appioés close to the so-
called functional mapping(Ma et al. 2002; Wu and Min 2006). Rather than
mapping complex traitgper se we map parameters of response curves
describing the behavior of the trait in relation ®nvironmental and
developmental factors (van Eeuwijk et al. 2010)céding to Ma et al. (2002),
results from functional mapping are closer to ti@dgical reality because the
underlying biological mechanisms are consideredwéi@r, in the present
study, the use of a logistic function to descriee $ex expression of monoecious
hemp plants did not rely on any previously desdrili®@ological process.
Nevertheless, in view of the sensitivity of the sexpression to hormonal
treatments, a physiological interpretation of thespnt modelling approach
seems possible through the presence of hormondiegita along the stem
(Chapter VIII). Considering both the relatively higumber of QTLs identified
using the modelling approach and its possible giockd meaning, we believe
that similar strategies might be fruitful for fushQTL analyses of the genetic
determinism of the sex expression in monoeciougphem

Finally, the consideration of the sex expressioa geantitative trait led
us to the use of quantitative and modelling apgresacin this scope, the recent
sequencing of the hemp genome (van Bakel et afl)2prbvides new insights
for the study of the genetic determinism of the egpression in hemp. As stated
by van Bakel et al. (2011), a more complete assgofithe sequences on the X
and Y chromosomes could provide valuable infornmta the mechanism of
sex determination in hemp. To this purpose, thd-gereration sequencing of
monoecious cultivars would be worthwhile.
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In addition, our understanding of the genetic deieism of the sex
expression in monoecious hemp would certainly @rebenefit from the
integration of distinct complementary approachdse Guantitative approach of
the genetic determinism of sex expression shoultinked to a transcriptomic
approach of the sexual differentiation, as initiabg the work of Moliterni et al.
(2004). The genetic differentiation of the male darhale flowers should be
investigated in both dioecious and monoecious gjanthich would be
simultaneously integrated in the quantitative staflthe determinism of the sex
expression. Last but not least, endogenous hormooatents should be
measured before initiation of flowering and at idist times once flowering
initiation occurred. This would notably allow tostehe hypothesis of an effect
of hormonal gradients along the stem on the sexesspn in monoecious
hemp.

10.3.2. The cultivation of monoecious hemp for thproduction of
stem and seed

The literature review and Chapter IV showed thahaging a dual-
purpose hemp crop requires compromises for mosbnagric factors. In
particular, late flowering cultivars increase thiens yield by delaying the
flowering, which is related to a lower allocatiorf dry matter to the
inflorescence (van der Werf et al. 1994), whilecntiivar among those tested in
the present work provided the highest stem and gexds simultaneously.
However, the economic context can lead farmerbBdcsimultaneous production
of stem and seed in hemp (Fournier and Beherec; Z0@&nvre Wallon 2013).
Although the use of monoecious cultivars is indidato this purpose, the
literature review (Chapter Il) and results repoiiedthe present work (Chapters
IV & VIII) indicate that the success of a dual-hempmduction could greatly
benefit from both crop physiological and genetiadgs of the relationship
between stem and seed yield. These studies wouldstigate (i) the
understanding of the mechanisms that govern teatlbn of assimilates to the
stem and to the seed and their responses to thieoement and (ii) the
dissection of the genetic basis of the yields émsand seed, respectively.

A thorough crop physiological study of the fibreoguction in hemp
has been carried out by van der Werf et al. (19995a, 1995b, 1995c, 1996).
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On the opposite, the production of seed in hemprhesived little attention.
Therefore, the perspectives proposed here relatigethe crop physiological
approach focus on the study of the seed produstibemp.

0] Crop physiological appraisal of the production of sed in hemp

First and foremost, a crop physiological apprasflthe seed vyield
should include the characterization of the yieldhponents. The seed yield of
hemp plants could be divided into three componerkt® number of
inflorescences per m2, the number of seeds peorédtence and the 1000-
kernel weight, similarly to grain crops such as ath& barley (Slafer 2007; Yin
et al. 2002). Then, according to Egli (2004), acuaate definition of the seed-
fill duration should be determined. In hemp, thedséll duration could be
defined by the duration from end of female flowgrio fruit set (Tables 2.1 and
4.1; Mediavilla et al. 1998). In addition, accomlino Picault (2006), the
occurrence of green seeds at harvest should bgsaskse

On the basis of the present results and literateveew, the effect of
four main factors should be investigated on thel sgéeld and its components,
seed-fill duration and the occurrence of green sdedfield trials. Firstly,
monoeciouscultivars covering a wide range of both earliness and sex
expression should be tested. Secondly, the effeafigiinct sowing dates
including very early sowings should be assessedthén present work, the
earliest sowing dates applied were performed in-Agdl and provided the
highest seed yields. The assessment of earliengosddtes would allow to test,
on the one hand, whether further gains of seedl yieln be achieved by
advancing the sowing date and, on the other h&wdeffect of the sowing date
on the seed-fill duration. Under the meteorologicahditions of Corroy-le-
Grand, sowing dates as early as mid-March mighesid. On the opposite, the
latest sowings should be carried out around enguog& in Corroy-le-Grand or
mid-June in Michamps since later sowing dates teduih too late harvests.
Thirdly, distinct seeding ratesshould be investigated. According to Picault
(2006), a thorough understanding of the effecthef plant density on the seed
yield formation should include very diverse seediatgs,e.g, ranging from 10
to 70 kg h&. In the present field trials, seeding rates of &5and 65 kg ha
were used on the basis of the values suggestedufdr production in hemp
(Picault 2006). Fourthly, the effect of differemtvels ofnitrogen fertilization
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sould be considered. According to Picault (2006), iacreased nitrogen
fertilization would positively affect the seed ydleHowever, the management of
the nitrogen fertilization for the production ofeskin hemp has been poorly
studied. In addition, although not consistent wétich other, effects of the
nitrogen status on the sex expression in hemp lhaen reported (Arnoux
19664, b; Freeman et al. 1980; van der Werf andlea®Berg 1995).

Finally, in addition to the seed yield and its caments, the sex
expression, flowering phenology and stem yield &hdie determined. Also,
measurements of the plant density, LAl and inteexpPAR would be
necessary to assess the relationships betweenspla@$cence, seed-fill duration
and seed yield. Not only the amount but also thaityuof the production would
be assessed. The determination of the fibre comiktlhe stem and oil and
protein contents of the seed would be valuablaigpart the crop management
and ensure a quality of production responding Yemindustrial criteria.

(i) Dissection of the genetic basis of the yields inesh and seed

The present work identified QTLs associated withataon in yields in
stem or seed (Chapter 1X). One major QTL was detefdr the seed yield close
to a marker that segregated with sex in one of batecious populations. While
these results are promising for further studiedragnthe identification of QTLs
for yields in hemp, the study of the genetic badia complex such as yield
could benefit from the dissection of the trait int@mponent traits’ (van
Eeuwijk et al. 2010; Tardieu and Tuberosa 2010)s Bitrategy includes two
steps. The first step consists in identifying ‘cament’ traits with properties
exhibiting a higher heritability than the compleait itself. Then, the ‘functional
mapping’ approach is applied: the characterizatfrthe curves describing the
behaviour of the component traits in response teranronmental variable are
expressed in terms of QTLs (van Eeuwijk et al. 2010

In hemp, the dissection of the genetic basis ofdfeen yield could
include component traits such as the stem lengdmeter and slenderness (g
cm?), as suggested by the work of van der Werf ef1&195b). In particular, the
consideration of these traits could be of intefesinvestigating the relationship
between stem vyield and sex in dioecious hemp diheesexual dimorphism
contributes to the variability in plant height awdight (van der Werf and van
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der Berg 1995). For the seed yield, the numbereetls per inflorescence and
the 1000-kernel weight could be used. In additivariables related to the
flowering phenology and sex expression should tegnated in the dissection of
the genetic basis of yields, as suggested by tlaiaeships between sex
expression, earliness and yields reported here.eMery when F segregating
populations are used, the dissection of the geetigitecture of the yields in
stem and seed by the search of QTLs will firstlgefavith the possibility of
repeating the analysis and testing distinct enwiremts, as previously
mentioned. In this case, the QTL analysis coulpp&gormed by using cloned
segregating populations maintained under controbedditions, while the
selection of appropriate component traits and theysof their relationships
with the yields would be carried out in field tgahcluding a range of genotypes
and environments.
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CONCLUSIONS

The present thesis provided new insights to theerstanding of the
genetic determinism of the sex expression in maposc hemp and its
relationships with flowering phenology and stem aedd yields.

The present quantitative approach highlighted #igtence of a genetic
basis for the sex expression in monoecious herafedsits constitution in sex
chromosomes and suggested the presence of geaetarsf involved in the
genetic determinism of the sex expression on tkxeckeomosomes. From a
methodological point of view, the identification @TLs linked to the sex
expression encourages the use of QTL-based apm®adbr further
investigations aiming to dissect the genetic badighe sex expression in
monoecious hemp. To this purpose, the presenttsesugigest that modelling
the distribution of male and female flowers alohg stem might be a fruitful
strategy for characterizing the variability of theex expression among
monoecious plants. Furthermore, sex expressionearlthess appeared partly
linked to each other in monoecious hemp, while d@igbeed yields were
associated with (mid-) early feminised cultivarshefefore, taking the sex
expression into account could be valuable whercsegea monoecious cultivar
for seed production.

Due to their intimate relations, integrating thesdictions of the genetic
basis of the sex expression, earliness and yieldstédm and seed in hemp
appears relevant from both fundamental and agrazadmpioints of view. The
success of such integrated approach will rely anatiequate combination of
crop physiological and genetic studies with the st@ints due to the
reproductive morphology of hemp.
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