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Abstract. This study describes the development of anovel hemp germplasm
using an accelerated breeding method. Two hemp varieties, ‘Balaton” (green
stem, very early female flowering) and ‘Chamaeleon’ (yellow stem, early
maturing), were chosen for breeding. The breeding method involved
crossing the varieties, manipulating light conditions to induce flowering, and
performing artificial pollination. Yellow stem colour, a recessive trait from
‘Chamaeleon’, was successfully incorporated into the progeny within four
generations in only twelve months overall. This demonstrates the
effectiveness of the accelerated breeding method for introducing new traits
and highlights the advantages of this method for rapid development of new
hemp varieties compared to traditional breeding techniques. However,
limitations such as potential inbreeding depression and the need for outdoor
testing, are acknowledged.

1 Introduction

Hemp (Cannabis sativa L.) is one of the earliest domesticated agricultural crops, for
recreational, medicinal, and industrial purposes [1]. The extractable fibres serve as raw
material for the textile or construction industry, the seed yield is a valuable source of high
unsaturated fatty acids-rich oil, and the cannabinoids extracted from the inflorescence serve
recreational and medicinal purposes [2-4].

With an increasing global population and mounting threats to crop yields, speed breeding
(rapid generation cycling) has a great relevancy in the further development of crop genetics.
It traces speed breeding evolution from carbon arc lamp experiments 150 years ago to its
modern use with LED technology, significantly expediting breeding cycles. It synergizes
with methods like single plant selection and single seed descent, and holds promise when
integrated with gene editing, genotyping, and genomic selection [5-9].

Rapid generation cycling (speed breeding) optimizes environmental factors for shorter
generation times in crops like wheat, canola, and chickpea. These long-day plants require
over 16 h of light to flower quickly, whereas short-day plants such as soybean require more
complex protocols. Hemp, a short-day plant, flowers with less than 11-15 hours of light,
leading to long generation times in the field and delaying the breeding of new varieties with
only one generation per year [10-12].

Research traces the yellow-stemmed hemp type back to Hoffmann's 1946 discovery, the
"Hellstengeligen" phenotype, which arose from a cross between an Italian and a Finnish
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landrace variety [13]. The introgression of this trait has become a popular target in hemp
breeding programs, leading to the registration of numerous "yellow" cultivars like
‘Carmaleonte’, ‘Ivory’, ‘Kompolti Sargaszaru’, ‘Fibror 79°, ‘Markant’ and ‘Chamaeleon’.

Studies have shown that yellow-stemmed hemps may offer several advantages. These
include a potentially higher proportion of long fibers compared to total fiber content and a
greater amount of bast fiber with finer, processed bundles compared to green-stemmed
varieties [14-17].

Another study suggested that yellow-stemmed hemp may not use less nitrogen, as initially
thought, and might be better for specific fiber production due to its higher fiber content. The
effect of yellow stems on productivity depends on location and nitrogen availability [18].

2 Materials and methods

In 2021, we initiated a hemp breeding program to create a proprietary germplasm with
distinct morphological traits and uniformity within the population. Selection was carried out
to achieve a good fiber yield and very low tetrahydrocannabinol (THC) content expected
from dioecious germplasms. A secondary selection was performed to obtain the highest
possible cannabidiol (CBD) content.

To achieve our goals, we selected registered varieties for further breeding based on
previously described literature data, which were cultivated in a greenhouse. Based on
preliminary test crossing and progeny evaluation data, we restricted the selection to the
Hungarian ‘Balaton’ from Agromag Ltd. and the Dutch, yellow-stemmed ‘Chamaeleon’
variety from Wageningen University, Netherlands.

We developed a unique accelerated breeding method for the most comprehensive
morphological characterization and potentially high seed yield to facilitate the identification
and propagation of ideal individuals. The maturity times of the two crossed varieties are
different, ‘Balaton’ is characterized by the anthesis of very early female flowering and
Chamaeleon is an early maturing variety. Both varieties are photoperiod-sensitive.

Seeds were germinated in seed trays with 40 cells (diameter: 5.5 cm) at a constant
temperature of 22°C and constant 75% relative humidity under an artificial LED light source
with 16 h of illumination per day. Approximately 170 cm® of Pindstrup Plus Blue (pH 6.0
fraction size: 0-10 mm) substrate was used per seedling without added fertilizer. To promote
root development, irrigation was carried out from the bottom, and sufficient water was added
daily to prevent the upper surface of the substrate from drying out, as described by Schilling
etal [19].

At a shoot height of 13 c¢m, the plants were transferred to the greenhouse, where they
spent 3 days in the original seed trays at a minimum temperature of 21°C and 16h of
illumination. Transplantation was carried out in 20-liter plastic containers with 17 liters of
Pindstrup Mix+Clay (pH 6.0, fraction size: 10-30 mm) substrate. Humidity was not regulated
(formed naturally between 50-70%). Two plants were placed in each container to ensure a
sufficient number of plants, even after removing male plants.

Based on the calculated growing degree days (GDD), the plant material that was
morphologically assessable showed varietal characteristics and produced enough vegetative
mass exposed to short-day conditions. For this purpose, we used a blackout system to ensure
12 h of continuous darkness. The following week, sexual characteristics began to appear.
From the pollen-producing ‘Chamaeleon’ variety, the male and female plants were kept,
while in case of ‘Balaton’, only the female plants remained in the containers. At the latest,
on the 10" day, flowering began, and from the 14" day, we performed artificial pollination,
which facilitated the proper amount of seed set.
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During the summer period, when external pollen contamination could occur, we allowed
the pistils to grow unfertilized and only performed manual pollination one week later with
mixed pollen from the male individuals.

We maintained the 12-hour day length throughout the generative phase. When the first
seeds with the appropriate colour and marbling became visible, water stress was applied to
accelerate ripening.

The plants were harvested manually, and after threshing, the cannabinoid content of the
threshing waste was analysed. The seeds of plants with low THC and consistently high CBD
content were sown again. Figure 1. shows a unique female plant as an advanced result of
crosses and selection.

This process was repeated ten times over the next two years.

Fig. 1. An ideotype result of the speed breeding project.

3 Results

In the first filial generation (F1, second cycle) we had progenies from ‘Balaton’ x
‘Chamaeleon’ (BAxCH) and ‘Chamaeleon x Chamaeleon’ (CHxCH). We selected five
mother plants from both crosses, and 100 seedlings were transplanted as described above.
Evaluations were conducted according to the CPVO protocol for tests on distinctness,
uniformity, and stability. In this document, the main stem colour was characterized as yellow
(1), medium green (2), dark green (3), and purple (4). Originally ‘Balaton’ has dark green
stem (3) and the stem colour of ‘Chamaeleon’ is yellow (1).

During flowering and then at maturation, we did not find any yellow-stemmed individuals
in the BAXCH cross in the offspring generation, whereas in the case of CHxCH, every single
plant showed a yellow stem colour.

It was expected that this trait would be monogenic recessive, so for faster and more
complex progress, the offspring were backcrossed with the ‘Chamaeleon’ father. CHxCH
reassuringly confirmed that no undesigned pollen contamination had occurred.

For the second generation (third cycle), 400 seedlings from four mother plants were
transplanted only from the BAXCH backcrossed progeny. At flowering, there were 179
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yellow-stemmed (1) plants and 187 plants with green stems. Thirty-four plants were removed
previously, either they did not emerge or were underdeveloped. Pollination was performed
using a mixture of yellow-stemmed male plants from the BAXCH backcrossed progeny.
Before harvest, 192 female plants remained in the greenhouse, of which 91 were yellow (1)
and 101 had green stems.

Four elite plants were selected for the 4" cycle. Five hundred seedlings were transplanted
to a greenhouse. Pollination was performed using a pollen mixture of yellow-stemmed males.
Subsequently, males were eliminated. A total of 246 female plants were harvested. At harvest,
155 yellow-stemmed hemp plants were identified, and the rest had a green stem colour.

The yellow stem colour was completely stabilized by the 5% crop cycle. At that time, 295
elite plants that originated from five females were harvested with a yellow stem colour. We
incorporated the yellow stem colour into the plant material, during the next generations we
stabilized other parameters (balanced flowering time, leaf morphological features) and tried
to improve the seed yield and CBD content.

Table 1 contains observations concerning the dates of the cycles and the data of the stem
colour observations.

Table 1. Stem colour observations.

No. of Period Origin of plants Breeding No. of Yellow
cycle method harvested stemmed
females phenotype %
1. May- Balaton females — Cross with 300 Balaton: 0%
Aug. commercial seed Chamaeleon Chamaeleon:
2021. males 100%
2. Aug.- 5 half-siblings of Backcross 100 BAxCH: 0%
Nov. BAxCH Chamaeleon Chamaeleon:
2021. Cycle 1 males 100%
3. Jan.-Mar. | 4 half-siblings of Family 192 47.4%
2022. (BAxCH)xCH selection
Cycle 2
4. Apr.- 4 half-siblings Family 246 63%
May. Cycle 3 selection
2022.
5. Aug.-Oct. 5 half-siblings Family 295 100%
2022. Cycle 4 selection
6. May-Jul. 12 half-siblings Family 465 100%
2023. Cycle 5 selection

4 Discussion

The study did not aim to delve into complex genetic reasoning; therefore, it was assumed that
yellow stem colour is a monogenic recessive trait [20]. This trait did not appear uniformly in
the early stock even after crossing individuals with purely yellow stems. an additional section
cycle was required. This could be due to the hermaphroditism observed in the Balaton
offspring. Although hermaphrodite plants were removed, the predisposition to this specific
gender characteristic decreased in successive generations. A green-stemmed female could
have caused cross-pollination in neighbouring plants; otherwise, the female plants remained
in place until the end of the cycle, and only their seeds were not harvested. They had sufficient
time for this because artificial pollination was intentionally delayed. The males were removed
as soon as the first detectable sexual characteristics appeared well before flowering, if they
did not show a change in stem colour. ‘Chameleon’ plants isolated elsewhere and there was
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no indication of pollen contamination. Of course, in the case of the strongly dark green
‘Balaton’ variety, there may be other restorer mechanisms, which can be eliminated with
another selection step which we could also experience in our case.

After 12 months of vegetative growth, 100% yellow-stemmed progeny was created. The

data clearly show that with accelerated breeding, new recessive traits can be incorporated and
stabilized in hemp. Compared with the traditional breeding process, a stock suitable for
further selection can be created in a very short time. Outdoor cultivation is important because
the population is exposed to different selection pressures in a closed growing facility.
Inbreeding depression is predicted by family breeding of offspring from a small population.
Backcrossing with the yellow-stemmed parent facilitated the acceleration of the process and
selection from a larger population, but at the same time shifted the appearance ofthe offspring
population towards the male parental variety, which made the later selection work aimed at
morphological differentiation more difficult.
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