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Several barriers and challenges meet interspecific hybridization between taxa belonging to the
genus Beta under Moroccan environmental conditions. Sugar beet (Beta vulgaris s. 1.), is a
socioeconomically important recent crop, developed mainly for the sugar production in
Morocco. B. macrocarpa, a beet wild relative, is characterized by a wide genetic richness and
high adaptative capacity. Obtaining viable hybrids from crosses between these two taxa is chal-
lenging. Hence, we studied 75 beet hybrids harvested on two cultivated (CH) and two wild
(WH) parents separately. Twentyone effective agro-morphological traits were used as well as
flux cytometry analysis to confirm the success of interspecific crosses. High phenotypic diver-
sity was estimated both within and between hybrid groups. Plants of all WH hybrids and 50%
of CH hybrids were rather similar to respective parents from the behavior and morphological
points of views. The remaining CH hybrids were closer to their cultivated parent for phenotyp-
ical characteristics, vernalization requirement, and biannual vegetative cycle. Heritability rate
in progeny generation was variable for cultivated and wild types, H2WP = 3-95% / H2CP = 3-
91% and of H2WP = 4-89% / H2CP = 3-89%. Diploid and tetraploid cytotypes were observed
in hybrids and their parents. Tetraploid plants of Beta macrocarpa detected for the first time in
Morocco provide novel insights on the cytogenetic diversity of Beta genus. The results obtained
in this study show that Moroccan beet germplasm might provide a valuable reservoir of gene to
improve genetic and cytogenetic diversity, adaptation and resistance to biotic and abiotic.
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Introduction

Beta L. (Betoideae Ulbr., Chenopodiaceae Vent.) compreises 9 species, whereas the
number of infraspecific taxa (subspecies and varieties) is undefined at present including
both wild and cultivated morphotypes which are mainly included in the high variable Beta
vulgaris L. (see e.g., Kadereit & al. 2006; Uotila 2011; Iamonico 2019).

The classification of the genus (and the whole subfamily Betoideae) was recently revised by
Tamonico (2019) who recognized two tribes, i.e. Beteae (Moq.) G. Kadereit & al. and
Halbitziae Ulbr.; for the tribe Betae three sections and four subsections were accepted.
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The Flora of Morocco includes native Beta species, i.e. Beta macrocarpa Guss. and
(sugar beet) (see El Bahloul 2007; Uotila 2011; Hellier & al. 2013). Sugar beet (Beta vul-
garis s. 1.) is a relatively young crop in Morocco, which supposedly has a narrow genetic
base. Natural genetic diversity in wild Beta species, including B. macrocarpa, is used for
genetic improvement of cultivated beet.

Beta macrocarpa [Beta sect. Macrocarpae lamonico (Iamonico 2019: 154)] is a wide-
spread species in the central-west Mediterranean basin (Pottier-Alapetite 1979; Uotila 2011).
In Morocco, it is widely found on the inland 30 km away from the sea and up to 1000 m
above sea level, on balanced and non-saline soils (El Bahloul & al. 2006; E1 Bahloul 2007).
While this herbaceous annual plant has also been considered as a halophytic or semi-halo-
phytic species, mostly grown in coastal lands (within 1 km of the sea). It is mainly found in
disturbed habitats (Flowers & al. 1977; Hessini & al. 2005; Slama & al. 2016). Many authors
reported that this species contains diploid, tetraploid and hexaploid cytotypes (Letschert
1993; Castro & al. 2013; Leys & al. 2014). Tetraploid and hexaploid cytotypes were first
reported in the Canary Islands and in Portuguese territory. This variability of polyploidization
level is probably resulting from allopolyploidy hybridizations between B. macrocarpa and B.
vulgaris subsp. maritima (L.) Arcang. (Villain 2007). From the genetical point of view, high
genetic diversity is attributed to B. macrocarpa with occurrence of some unique isozyme
alleles (Nagamine & al. 1989; Abe & Shimamoto 1989).

For these reasons, B. macrocarpa wild germplasms might provide a valuable reservoir
of resistant genes to biotic and abiotic stress (Peltier & al. 2012; Fan & al. 2015; Slama &
al. 2016). That could potentially be used for sugar beet breeding and improvement. The
introduction of important agronomic characteristics of wild B. macrocarpa into cultivated
beets is generally operated through interspecific crosses. Hybridization using a genetic
locally material will generate new combinations of traits and will increase the adaptability
to local environments (Abbott & al. 2013; Soltis & al. 2015).

The present work aims: 1) to succeed in obtaining viable interspecific hybrids resulting
from crosses between annual wild B. macrocarpa (plant) and biannual cultivated sugar beet
(B. vulgaris subsp. vulgaris) grown locally under the Moroccan environmental conditions; 2)
to evaluate agro-morphological diversity within hybrids and between hybrids and their par-
ents; 3) investigate the behavior of both hybrid plants collected on cultivated and wild parents
separately; 4) evaluate heritability of studied traits; 5) characterize the ploidy levels of the beet
hybrids and their parents. This study represents the first evaluation of Moroccan B. macro-
carpa and its prospective implication in breeding program at national scale.

Material and methods

Plant material — Interspecific hybridizations have been carried out between wild (B.
macrocarpa) and cultivated beet (B. vulgaris subsp. vulgaris).

Parental plant material involved in interspecific hybridizations, consisted of two popu-
lations of B. macrocarpa collected two different sites in Morocco (Fés, center of north of
Morocco at 820 m, and Ouajda in the extreme north-east at 463 m) during the reproductive
period in 2010. 15 individuals were collected from each wild population and grown in the
greenhouse under controlled conditions and spatial isolation.
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Two different half-sib families of sugar beet originating from the national breeding pro-
gram were used as cultivated parents. 25 seeds from each family were planted at Merchouch,
experimental station of the National Institute of Agronomic Research-Morocco
(33°36°48.8”N; 6°43°03.3”W; 340 m a.s.l.). Plants required a period of vernalization.

Experimental field was characterized by an annual cumulative rainfall ranging from
246.4 to 542.8 mm and a mean temperature reaching 4 °C in January and 45 °C in August
during 2017 and 2018.

Hybrids evaluation trial was conducted in the greenhouse under semi-controlled condi-
tions at 25 + 2 °C, a 16/8 h light/dark regimen and relative humidity rate above 60%. A
month after seeds sowing, seedlings of uniform size were transplanted in black hard plastic
pots (one plant per pot), under spatial isolation. A total of 75 viable hybrids, 35 collected
from wild parent and 40 from cultivated parent, were evaluated.

Hybridization technique — Two genotypes were randomly selected from wild popula-
tions and cultivated plants of sugar beet for the interspecific crosses, that have flourished
in very close periods.

In October 2017, the samples of cultivated beet B. vulgaris subsp. vulgaris were trans-
planted to the field one month after sowing. To synchronize flowering season between
parental forms, annual genotypes of Beta macrocarpa were sown in an average period of
70 days after sowing date of biannual cultivated genotypes.

Before flowering time, wild plants were transported to the field. Two branches, one
from each plant, were bagged with white parchment bags (12 x 18 cm) to control interspe-
cific hybridization until the end of the reproductive phase and seed formation. The mater-
nity of each seed is known. At maturity, seed-balls were harvested from both wild (WH-
01 and WH-02) and cultivated (CH-01 and CH-02) branches separately. Parent genotypes
were sown and characterized based on agro-morphological characteristics in 2016-2017,
one year before the evaluation of interspecific crosses.

Agro-morphological approach - A total of 21 morphological traits (Table 1), including
16 quantitative and 5 qualitative were analyzed following the Beta descriptors published
by Bioversity International (formerly IPGRI, 1991) for characters related to vegetative and
reproductive, developmental stages and yield. Concerning leaf characters, 10 leaves were
randomly measured from each studied genotype. The measurements were carried out on
the plants before bolting at a consistent stage to standardize the morphological evaluation.

Cytogenetic approach — Ploidy level was evaluated using flow cytometry procedure for
nuclear isolation (Galbraith & al. 1983). Analyses were performed on young leaves
obtained from 4 different hybrid groups (WH-01, WH-02, CH-01 and CH-02), 2 wild and
2 cultivated parent genotypes.

Analysis were performed by Partec CyFlow Space flow cytometer (Partec GmbH.,
Gorlitz, Germany) Nuclei isolated from 5 mm2 discs of leaf tissue of fresh tissue were
finely chopped with a sharp razor blade in a Petri dish (diameter, 5 cm) placed in the pres-
ence of 400 pl of extraction buffer (0.2 M Tris—HCI, 4 mM MgCI2-6H20, 1% Triton X-
100, 2 mM Disodium Ethylene Dinitrilo Tetraacetic acid EDTA Na2.2H20, 86 mM NaCl,
10 mM metabisulfite, 1% PVP-10, pH adjusted to 7.5) at room temperature. Nuclear sus-
pension was then filtered using a 50 um nylon filter and 1.6 ml of CyStain® solutions from
Sysmex Partec (containing 4°, 6-diamidino-2-phenylindole: DAPI) was added to the sam-
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Table 1. Agro-morphological descriptors used to characterize interspecific hybrids and their parents.0

Descriptor Measurement and rating scales
% Leaf color 1 =Yellow ; 2 = Light green , 3 = Green
E Petiole color 1 = White ; 2 = Yellow , 3 = Green ; 4 = Pink ; 5= Red
'«E Stem color 1= Green ; 2 = Green and red ; 3 = Red
'% Leaf pigmentation 0= Absent ; 1 = Spotted ; 2 = Red vein ; 3 = Entire red
5 Growth habit 1 = Erect; 2 = Erect and procumbent; 3 = Procumbent; 4
= Erect and prostrate; 5 = Prostrate
Leaf blade width Centimeter (cm)
Petiole length Centimeter (cm)
Petiole width Centimeter (cm)
Plant height Centimeter (cm)
Rosette diameter Centimeter (cm)
2z Number of stem Main stem + side stems
g Number of days to germination (days) From sowing to seedling emergence
E Germination rate Percentage (%)
,§ Number of days at bolting (days) From sowing to main stem elongation
§ Number of days to flowering (days) From sowing to the start of flowering
< | Flowering time (days) From the beginning to the ending of flowering
Number of days at seed formation (days) From sowing to seeds formation
Life span (days) From sowing to last harvest
Number of seeds plant’! At the end of the vegetative cycle
Weight of seeds plant™! Gramme (g)
Weight of 1000 seeds Gramme (g)

ple tubes to stain the DNA. To calibrate the output, the first sample introduced in the flow
cytometer was the external standard, in this study, it was a diploid Beta vulgaris subsp.
maritima plant (reference standards with 2n = 2x = 18). The voltage of the photomultiplier
was adjusted in order to fix the signal of the diploid standard at channel position 200.
During the course of the flow cytometric measurements of samples of unknown ploidy,
diploid and tetraploid signals, respectively, were fixed at positions 200 and 400.

Data analysis — Morphological data were statistically analyzed using SPSS software
(version 23). Variations among the hybrid plants for each morphological trait were com-
puted using the analysis of variance (ANOVA). Coefficients of variation (CV%) were cal-
culated for each quantitative parameter. Principal component analysis (PCA) was carried
out on hybrids using the 14 quantitative characters we considered (see e.g., Kiers 1989;
Agudelo-Jaramillo & al. 2016). Similarly, the linear regression coefficient was computed
to obtain an estimate of broad sense heritability in quantitative traits (Hansche & al. 1972).
Heritability analysis concerned wild parent (HZWP) and cultivated parent (H2CP). Two traits
related to the number and weight of seeds per plant were excluded from PCA and linear
regression analyses, due to the clear difference between grain yield of cultivated and wild
plants. For the morphological qualitative characteristics, the frequency distribution of each
morphotype was evaluated.
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Results

Phenotypical characterization
Characterization data of four parent populations and progeny groups, harvested both on wild
(WH-01 and WH-02) and cultivated genotypes (CH-01 and CH-02) were analyzed as follow.

Qualitative agro-morphological traits

The high variation was found in the hybrid groups, WH and CH for qualitative morpho-
logical descriptors (Fig. 1). The most differentiating traits are colour of petiole and stem,
pigmentation of leaves, and habit. On the contrary, homogeneous character is green colour
of the blades which was observed in both parental (WP and CP) and progeny groups (WH
and CH). Hybrid beet plants showed petioles with three different colour characteristics
(green, red, and red-streaked) and two morphotypes related to stem colour (green and
green/red in variable proportions; Fig. 1, A and B). These hybrids were generally charac-
terized by green leaves without any pigmentation. However, the accumulation of red pig-
ments in leaf veins was recorded at a percentage of 22.2% and 10% in WH and CH
hybrids, respectively (Fig. 1, C). Regarding phenotypic profiles related to habit (Fig. 1, D),
erect plants are predominant and commonly observed in the hybrids. Another morphotype
(erect and procumbent) was identified at a frequency of 33.33% and 10% noticed in WP
and HC genotypes, respectively.

For parent generation’s qualitative phenotypic traits, wild and cultivated genotypes showed
a lack of red pigmentation on leaf blade, petiole, and stem, except for the stems in wild parents
(WH). The studied wild genotypes display erect habit, as well. Erect habit was observed in CP
cultivated parents with erect and procumbent habit, at an equal frequency of 50%.

Red pigmentation was not overly present in all wild and cultivated beet genotypes.
Therefore, it is probably an inherited trait from wild parent and transmitted to WH hybrids
in particular, with a relatively higher percentage for red petioles (44.44%), red /green peti-
oles (22.22%) and red veins (23%), compared to 10% recorded for this three morphotypes
in CH hybrids. This could be explained by the expression of hidden or recessive alleles in
WP parent, and expressed through the progeny. The results revealed that CH hybrids are
more similar to cultivated parents ‘CP’. Green stems observed in a much higher percentage
in WH hybrids (89%) from wild parents, compared to CH hybrids (80%), suggests the pre-
dominant heritability of this morphotype by cultivated maternal parent. The red/green
stems were observed at low frequency [but higher in CH (20%) if compared to WH
(11.11%)] and was probably an intermediate phenotype inherited by both parents.
Basically, CH hybrids tend to be similar to cultivated parents for the green coloured stems
(78.6%), in comparison with wild parents. Wild parent “Beta macrocarpa” was involved
in the transmission of erect habit to progeny, at a frequency of 90% and 67% in CH and
WH hybrids, respectively. While the erect/procumbent habit observed in WH hybrids
(22.22%) with a higher percentage than CH (10%) could be an inherited morphotype from
their cultivated parents.

All things considered, both WH and CH hybrid plants show an intermediate level of peti-
ole and stem colour, growth habit, and leaves pigmentation between their parents (Fig. 1).
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Fig. 1. Qualitative traits related to petiole color (A), stem color (B), leaf pigmentation (C) and growth
habit (D), used for the phenotypic characterization of “WH/CH” hybrids obtained from crosses
between Beta vulgaris subsp. vulgaris X B. macrocara, as well as their wild parents “WP” and culti-
vated parents “CP”.

2. Quantitative agro-morphological traits
2.1. Characterization and variation study

ANOVA analysis of all quantitative phenotypic data showed statistically significant dif-
ference among the two hybrid groups WH and CH, excepting for the width of petiole
(Table 2). A genetic variation among the evaluated beet hybrid genotypes is generated by
the crosses.

According to seed maternity, highly significant differences were recorded for descrip-
tors related to the size (length and width) of leaf blade and plant height, as well as to num-
ber of days to germination, bolting, flowering, seed formation, number and weight of seeds
per plant, and 1000-seeds weight, observed in WH hybrids from wild maternal branch,
compared to their cultivated parent CP. Analysis of variance also showed a significant dif-
ference between CH hybrids and their cultivated parents for width of leaf blade, plant
height, rosette diameter, flowering, reproduction, number and weight of seeds per plants
and 1000-seeds weight. A moderate difference was observed between CH hybrids and their
wild relatives for the germination trait (Table 2).

Coefficient of variation (CV) was calculated for each agro-morphological trait (Table 2).
CV% values were generally variable in beet hybrid groups. They ranged from 6.68% to 70.47%
in WH and from 6.95% to 76.17% in CH. In the parental forms, CV% values were variable,
ranging from 0% to 111.06% for wild parents and of 5.28% to 91.04% for cultivated parents.

Mean values of quantitative traits comparative study, provided a clear phenotypic char-
acterization between the two types of hybrids (Table 2). Hybrids harvested from cultivated
maternal parent (CH) were characterized by developed plant biomass and extensive
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Table 2. Means of quantitative traits used for morphological classification of local hybrids, wild and
cultivated parents of Beta vulgaris subsp. vulgaris.

Variables WP WH CH CP

Leaf blade length (cm) 10.42 8.03"""CP 10.45™" 16
Leaf blade width (cm) 6.22 6.48™CP 8.23™CP 14
Petiole length (cm) 12.71 13.13" 11.27" 14
Petiole width (cm) 0.35 0.33 0.5 1
Number of stem (cm) 4.5 4,677 57 10
Plant height (cm) 53 48.89"CP 63.6"CP 119
Rosette diameter (cm) 46.25 48.69™" 37.77CP 60
Number of days to germination (days) 22 14™CP 15.6"WP 7
Number of days at bolting (days) 83 80.67""CP 78.33"CP 237
Number of days to flowering (days) 88.5 111.77¢P 123.3™¢P 240
Flowering time (days) 15.5 2.1 11.75™ 48
Number of days at seed formation (days) 181.5 143.7"¢P 1517cP 261
Life span (days) 257.5 170.2" 194.3" 309
Number of seeds/plants 57.5 144.4™CP 1757CP 2598
Weight of seeds/plant (g) 0.65 3.677CP 2"ee 133
Weight of 1000 seeds (g) 11.33 22.85™ 14.8™ 22
CV (%) interval 0-111.06 6.68-70.47 6.95-76.17 5.28-91.04

(*) significant difference (*P<0.05, **P<0.01, ***P<0.001). CV: coefficient of variation. WP: Wild
Parent “Beta macrocarpa”; CP: Cultivated Parent “Beta vulgaris subsp. vulgaris”; WH: hybrids from
wild maternal branch; CH: hybrids from cultivated maternal branch.

branching, late vegetative and reproductive stages, and higher number of seeds per plant.
On the other hand, hybrids from wild maternal parents (WH) had relatively low above-
ground biomass and a higher grain yield. These hybrids were characterized by early stages
of plant development, a relatively late bolting stage with an average of 2 days compared
to CH hybrids.

2.2. Heritability and phenotypic similarity

Phenotypic relatedness between progeny and their parents was estimated by parent-off-
spring regression (H?) from quantitative morphological data (Fig. 2).

High heritability (more than 50% in percentage) was obtained according to wild parental
genotypes for width of leaf blade (HZWP = 54-78%) and number of stems (H2WP =63-69%) in
WH hybrids. High heritability was also estimated in the progeny of WH-01 for petiole width
(H?,p = 54%), leaf diameter (50%), bolting (H2,, = 51%) and cycle length (H?,, = 67%),
compared to their wild relative. However, a dominant phenotypic inheritance from cultivated
parents was potentially noted in WH-01 hybrids for germination performance (H2, = 95%).

In CH hybrids, traits related to leaf blade width (H?., = 64-82%) and plant height (H?,
= 68-88%) showed a high level of heritability from cultivated parent. Cultivated parent
was also involved in the transmission of phenotypic traits at relatively high percentages
(50%) for germination, 61% for span life and 53% for 1000-seed weight, to CH-01
hybrids. While a high heritability was estimated between CH-01 hybrids and their wild rel-
atives for quantitative traits related to petiole length (HZWP =89%), leaf diameter (HzWP =
76%), and branching (H2,, = 71%).



214 Oumouss & al.: Phenotypic and cytogenetic diversity of local beet hybrids from ...

1 1 B
- L J .

, i Al delle Ll
3333 5§53 g 5§35 8 5§ % 8
= = X £ = R & E E = T E £ T =
= = v L\jv CPB = v © s = o T T U ©

[} [ ] : sWP mCP
Leaf blade leng Leaf blade width Petiol length Petiol width
' D
I J h e Ii Ii I i
T ii J E

0 . “ = L m J s - &N v 9o - N N
- ™~ " o~ N T N < =t < i =] q =
e 9 O_ q e 9 = 5 3] = 5 U
E u g £ 35 5 = = aWP nCP> s

IWP BmCP Number of stem Number of days at
Plant height Rosette diameter germinationstem
1 F 1 E
2 £ I
L 3 i o @& li ii z# -z Bz
0 - = = - - - o~ - o~
- o = ™~ - &N v o < b c S 9 =2 i
S 9 © o S g 9 <2 = :x: T T T T T
g § = o 5 é = £ = © © = s £ @ ©
[ ]
© aWp wcp Fbmﬁng‘im& Number days to
Number days to bolting Span life flowering
1
h iﬁ I ‘ - i
- o~ - - o
T 9 e S 9
:: :x: = F :|: r T
T £ 0O 0O < [TEENT]
EWP mCP .
Number days to seed 1000-Seeds weight
formation

Fig. 2. Histograms of H? based on R-square values of parent-offspring regression for fourteen quan-
titative traits of beet interspecific hybrids: (A) Leaf blade length, (B) Leaf blade width, (C) Petiole
length, (D) Petiole width, (E) Number of stems, (F) Plant height, (G) Rosette diameter, (H) Number
of days to germination, (I) Number of days at bolting, (J) Number of days to flowering, (K) Flowering
time, (L) Number of days at seed formation, (M) Life span and (N) 1000-seeds weight. WP = wild
maternal parent and CP = cultivated maternal parent.

Eigenvalues obtained by the PCA for the 14 quantitative morphological traits indicated
that two first components explained 78.30% of the total variability (Table 3). Eight vari-
ables showed high correlation with the first eigenvectors (component 1), namely blade
length, blade width, petiole width, number of stems, plant height, number of days at bolt-
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Table 3. Eigenvalues of the Principal Component as well as the percentage of the total variance
accounted for each component.

Variable Composant

1 2
Leaf blade length (cm) 0.78 0.50
Leaf blade width (cm) 0.73 0.48
Petiole length (cm) 0.04 -0.29
Petiole width (cm) 0.83 0.49
Number of stem (cm) 0.88 0.46
Plant height (cm) 0.87 0.26
Rosette diameter (cm) 0.30 0.34
Number of days to germination (days) -0.35 -0.91
Flowering time (days) 0.29 0.90
Number of days at bolting (days) 0.81 0.53
Number of days to flowering (days) 0.62 0.77
Number of days at seed formation (days) 0.90 0.34
Life span (days) 0.95 0.17
Weight of 1000 seeds (g) 0.54 0.83
% of variance 73.33 13.97

ing, number of days to formation and life span. Number of days to germination, flowering
time, number of days to flowering, and 1000-seed weight traits showed high correlation
with the second eigenvectors (component 2).

Three distinct groups occur in PCA analysis (Fig. 3):

1) group 1: it comprises all WH interspecific hybrids (WH-01 and WH-02) as well as
CH-01 hybrid, which represent 69% of total studied genotypes. This group was character-
ized by short, broad leaf blades, reduced height and low branching. The hybrid plants of
this group are characterized by early bolting (73.03 days), productivity (138.06 days) and
maturity (169.89 days) than the two parents (WP and CP). The wild parent has an annual
cycle of 257.50 days and small vegetative size, against the well-developed vegetative mass
of the cultivated parent with biennial cycle of 311.40 days;

2) group 2: hybrid plants of CH-02 and their cultivated parent (CP) were grouped
together. This group was distinguished by a much more developed plant biomass and sig-
nificant branching. Hybrid plants remained in the vegetative state without being able to
flower the first year under the homogeneous conditions of the greenhouse. A high pheno-
typic similarity was revealed between all plants of this hybrid with their cultivated parent;

3) group 3: it includes WP parental genotypes, showed low aboveground biomass and
grain yield. Plants of this group were characterized by early development stages with an
annual cycle.

Cytogenetical characterization

Both diploid and tetraploid cytotypes were found in tested interspecific hybrids as well
as their wild and cultivated parents. Diploid and tetraploid hybrids were obtained from
interspecific hybridizations of diploid B. macrocarpa * diploid B. vulgaris s. s. and
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Fig. 3. PCA of interspecific hybrid and parent groups based on fourteen phenotypic traits upon the
first two axes, explaining 87.30% of the total variation. WP = wild parent of Beta macrocarpa, CP =
cultivated parent of Beta vulgaris subsp. vulgaris, WH = hybrid from wild maternal branch, CH =
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Fig. 4. Relative fluorescence histograms of DAPI (4°, 6-diamidino-2-phenylindole) stained nuclei
isolated from fresh leaf tissues of diploid (A) and tetraploid (B) interspecific hybrids of beet.
Simultaneous analysis of nuclei isolated from Beta vulgaris subsp. maritima (2n = 2x = 18) used in
this study as a reference standard.
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tetraploid B. macrocarpa x tetraploid B. vulgaris s. s., respectively. Presence of tetraploid
B. macrocarpa genotypes (2n = 36) is very rare in nature (see Letscher 1993; lamonico,
2019) and was detected for the first time in Moroccan germplasm in this study.

Discussion

Natural hybridization between B. vulgaris subsp. vulgaris and B. macrocarpa is appar-
ently absent in Morocco. Sugar beet production areas are not vernalizing zones and no seed
production is operated in the country. Bolting-resistant sugar beets grown in the Moroccan
cultivated field, are mainly intended for sugar production and not for seed production.
General climate prevailing in Morocco is not favorable for the induction of flowering in
sugar beet, except for some very limited vernalizing areas, as “Merchouch”. Only few spe-
cific zones are used for experiments and trials.

Obtaining a viable and fertile hybrid between B. macrocarpa x B. vulgaris subsp. vul-
garis, for the first time under Morocco climatic conditions, is a great success giving original-
ity to our work. All obstacles of interspecific hybridizations of B. vulgaris s. s. were over-
come by establishing favorable conditions for crosses between wild annual species and bien-
nial sugar beet, in terms of synchronization of the flowering period as well as by choice of
experimental site favorable to flowering induction seed production in cultivated beet.

Under the vernalizing climatic conditions during the study, cultivated sugar beet geno-
types required a cold period of 4 to 7 °C to induce bolting and flowering, 65 to 77 days
after sowing. In most commercial cultivars of sugar beet, requires a cold period from 10 to
16 weeks of exposure to optimal temperatures between 4°C and 6°C (McGrath 2018). Cold
period was reported to influence the probability of flowering in beet (Van Dijk &
Desplanque 1999; Boudry & al. 2002; Reeves 2007).

The high variability observed among the hybrid plants, indicates that genetic segregat-
ing process between parents was established. Several qualitative morphotypes have been
observed in the progeny, showing a high phenotypic diversity. New morphotypes reveled
in the hybrids, and not presented in parental genotypes, could be explained by the expres-
sion of hidden or recessive alleles in parents, which were expressed through the progeny.
An example is the red pigmentation by WP wild parents or the erect and procumbent habit
by CP cultivated parents. In general, studied hybrids presented an intermediate behavior
between the two parents regarding the studied descriptive parameters, in particular WH-
01, WH-02 and CH-01, with a spontaneous flowering and annual vegetative cycle. CH-02
hybrid from the cultivated maternal branch is more similar to their cultivated parent for
vernalization requirement, indicating probably the recessive inheritance B-gene by culti-
vated parent. However, it has been shown that beet genotypes carrying the dominant B
allele flower under long days without vernalization requirement (Van Dijk & al. 1997;
Boudry & al. 1994; Hoft & al. 2018). Vernalization requirement appears to be strongly
related to temperature, photoperiod, geographical latitudinal gradients cold treatment
(Boudry & al. 2002; Limin & Fowler 2006; Rhoné & al. 2008; Michael & al. 2020).

Phenotypic variation detected, between and within hybrids, would be explained by the
allogamy and cross-fertilization of Beta species and infraspecific taxa, and to genetic rich-
ness of B. macrocarpa probably associated with its wide adaptative capacity. Studied wild
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genotypes were originated from arid and semiarid inland regions, where climate is gener-
ally characterized by extreme seasonal variations in temperatures in addition to low rain-
fall. The studied genotypes could serve as a source of genes for genetic improvement to
biotic and abiotic resistance stress, through the accumulation of genetic variation
(Cholastova & Knotova 2012; Béhm & al. 2017; Biancardi & al. 2012; 2020).

For the first time in 1975, McFarlane reported natural hybrids, with the characteristics
of segregates between B. vulgaris subsp. vulgaris and B. macrocarpa in the Imperial
Valley, California. He speculated that the presence of male sterility in the identified hybrid
plants (7% of the total studied plants) arose from crosses between a male-sterile mother
and B. macrocarpa. McFarlane (1975) also theorized that seeds of B. macrocarpa species
are thought to have been introduced from the Mediterranean area prior to 1928.

We detected for the first time of tetraploid cytotypes in Beta macrocarpa and in beet
hybrids. Tetraploid Beta macrocarpa genotypes are rarely found in nature, they were
exclusively sampled in Canary Island and in Portugal mainland (see e.g., Bartsch & al.
2003; Villain 2007; Castro 2013). Authors of earlier studies, were of the opinion that all
plants of B. macrocarpa, growing on the Canary Islands are tetraploid (Buttler 1977,
Lange & al. 1989). It has been suggested that the origin of tetraploid cytotype discovered
in Beta macrocarpa populations of Canary Islands result probably from at allopolyploidy
hybridization events between diploid B. macrocarpa and B. vulgaris subsp. maritima
(Buttler 1977; Villain 2007).

Tetraploid B. macrocarpa genotypes found in the Moroccan collection, supports the
hypothesis of existing of seed and pollen flow contributing to the transfer of genes, species
colonization into new environment and dissemination in time and space of tetraploid B.
macrocarpa populations from the Portugal or Canary Islands, as land areas are geograph-
ically close to Morocco.

Infrequency of tetraploid cytotype could be explained by the competitive ability of
pollen released by diploid beet is much higher compared to pollen produced by tetraploid
plants, as suggested by Scott & Longden (1970). Indeed, only few triploids (3n) see beet
individuals were detected during collections in 17 Danish seas, showing that the levels of
gene flow from tetraploid pollinators are very low (Andersen & al. 2005). In a first study
on natural polyploidy in wild populations of annual beet, Buttler (1977) reported that plant
morphology and pollen diameter were useless for distinguishing diploid and tetraploid
types of B. macrocarpa. This was in consistent with our results which show that diploid
and tetraploid hybrid plants did not show a difference in their morphology. Kishima & al.
(1987) reported a difference in restriction fragment pattern of chloroplast DNA of diploid
and tetraploid B. macrocarpa.

Studied hybrids represent a percentage of 83% of viable plants with normal growth.
However, the remaining 17% on-germinating seeds could be non-viable seed triploid plants.
In this context Trueblood and his team (2010) showed that seedlings produced by the triploid
clone in Hypericum androsaemum L. died shortly after germination. According to Nghiem
& al. (2018), less than 25% of germinated progeny from triploid clone of Acacia Mill.
(between tetraploid 4. mangium and diploid A. auriculiformis). survived at 3 months after
sowing with sever stunting and arrested growth. Our results could prove the success of the
hybridization seed method with a complete control to avoid external pollen crosses (con-
trolled pollination) and that hybridization was carried out under full isolated conditions.
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Conclusion

In order to use Moroccan B. macrocarpa genotypes as a natural reservoir of gene and
genetic diversity for adaptation to abiotic and biotic constraints and for broadening the
genetic base of sugar beet, interspecific hybridizations were carried out. Efforts were
focused on developing the appropriate environment for developing hybrids adapted to
Moroccan climatic conditions.

Obtaining a viable and fertile beet hybrid resulting from B. macrocarpa (rare in nature) is
an important and encouraging step towards the genetic improvement of sugar beet.

Hybrid showed a wide variability of morphological and developmental characteristics.
The majority of the hybrids (WH hybrids harvested in wild maternal plants and 50% of CH
hybrids cultivated maternal plants) are annual plants. They showed normal seed set within
the first year without any vernalization requirements, probably explaining the considerable
impact of the wild parent performance for the transmission of phenotypic traits to the prog-
eny. Remaining CH hybrids were closer to their cultivated parent for biomass, branching,
and vernalization requirement.

Tetraploid cytotypes in Beta macrocarpa were here first detected in Morocco with natural
polyploidy in sect. Beta. Results provide novel insights on the genetic and cytogenetic diver-
sity of Beta genus for breeding programs and biodiversity for climate change adaptation.
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