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There is a need for dwarf and narrow lobed-leaves rapeseed cultivars to reduce transpiration under drought prone
areas. A dwarf mutant line ‘H2M-1" and a mutant with reduced lobed-leaf ‘H2M-2" were developed. To exploit
these mutated traits properly in an effective breeding program, one should understand their mode of inheritance.
There are conflicting findings for plant dwarfism and limited studies for leaf size in mutant genetic backgrounds.
Therefore, the objective of this study was to investigate the inheritance of dwarfism and narrow lobed-leaf
mutated traits. Plants of the wild-type variety ‘INRA-CZH2’ were reciprocally crossed with plants of the line
‘H2M-1’ and plants of the line ‘H2M-2’. A genetic study was conducted by analyzing segregation of mutated traits
in F1, Fy and BC;F; generations. The results revealed that two recessive genes with dominant epistasis action
controlled the heredity of plant height in the dwarf line, whereas only a single recessive gene is involved in
determining reduced lobed-leaf in the line H2M-2. Thus, there is a possibility to easily and quickly transfer these
characters into rapeseed breeding germplasm or varieties towards the development of suitable cultivars for areas

marked by increasing drought stress.

1. Introduction

Rapeseed (Brassica napus L.) is one of the three most important oil
seed crops in the world, known for its high seed oil content and its
interesting fatty acids composition that make it suitable for both food and
industrial uses. In 2018, it ranks as the second oilseed crop after soybean
at the global level, with an overall production of about 75 million tons
[1]. Its production is mainly destined for edible oil, animal feed, and
biodiesel [2, 3, 4]. As a result of the rapid and continuous global popu-
lation growth, there is an increased demand for edible oil, which requires
a sustainable improvement of crop yield and quality through plant
breeding, particularly in the actual context of climate change. In
Morocco, rapeseed was introduced as a promising oilseed crop that could
improve vegetable oil production. Thus, to enhance this production,
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there is a need to develop and release productive and adapted cultivars
for diverse environmental conditions.

The development of new rapeseed lines with improved yield requires
information regarding the gene actions involved in expression of plant
phenological, morphological and yield traits [5, 6, 7]. Measurement of
genetic variation and mode of inheritance of quantitative and qualitative
traits are of prime importance in designing breeding program efficiently
and effectively [8]. Heritability of any trait depends upon genetic prop-
erties of breeding materials and environmental conditions in which these
materials are experimented.

In different countries, mutation breeding has been adopted and used
to induce novel genetic variability and select interesting and desirable
economic traits [9, 10, 11, 12, 13, 14, 15]. Among the economic traits
improved by mutation breeding, one could cite earliness, dwarfness,
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resistance or tolerance to abiotic or biotic stresses, seed yield and oil
quality [16, 17, 18, 19, 20]. Dwarf mutant lines have been exploited in
plant breeding programs to improve resistance to lodging and increase
plant density. The development and use of dwarf cultivars were key
factors in the success of the 'Green Revolution!, particularly in wheat and
rice [21, 22]. In many species, dwarf mutants have been identified and
selected; however, in rapeseed, a few dwarf germplasms are available
[23, 24, 25, 26, 27, 28]. Plant height of natural dwarf rapeseed may be
controlled by quantitative trait loci that are affected by environmental
conditions, making it difficult to transfer this desirable trait from one
genotype to another. Furthermore, the actual height reduction in natural
germplasm is quite limited [29]. Therefore, artificial mutagenesis tech-
niques were used to obtain mutants with new sources of major dwarfing
genes in rapeseed. Nevertheless, controversial findings were reported
with regard to the inheritance of dwarfism in the developed rapeseed
mutant lines. Previous studies have shown that one major gene either
with additive [23, 25] or dominance action [30], two major recessive
genes [26, 30], two additive genes [24], a pair of additive-dominant
major genes [27] or up to three pairs of recessive genes were involved
in the genetic control of dwarfism in rapeseed mutants.

Regarding plant leaves, organs that have a crucial role in transpira-
tion, photosynthesis and nutrition, show large variation in their size,
shape and position, which could affect the plant life [31, 32]. Canopy
evapotranspiration, sunlight and pesticides impact, pest preference, crop
yield and oil quality are all influenced by the leaf characters [33]. There
is large leaf shape diversity in Brassica species, including lobed leaves
that are reported to be more suitable for high-density planting than entire
or serrated leaves [34, 35]. Some genetic studies on leaf shape and
lobed-leaf character in particular, have been carried out [36, 37, 38, 39].
However, and to the best of our knowledge, there is little information on
inheritance and genetic control of leaf size [40].

Recently, we have developed various rapeseed mutants, including a
dwarf line (H2M-1) and a narrow lobed-leaf line (H2M-2), through
chemical and physical mutagens, ethyl methane sulphonate (EMS) and
gamma rays [15]. Based on previous literature, there are conflicting
findings for plant dwarfism and too limited studies for leaf size, espe-
cially in mutant genetic backgrounds, which necessitate the present
study. Therefore, the objective of this research was to study the inheri-
tance of dwarfism and narrow lobed-leaf traits observed, respectively, in
the mutant lines H2M-1 and H2M-2.

2. Materials and methods
2.1. Plant material

The plant material used in this study consisted of two promising
advanced M3 mutant lines of rapeseed (B. napus L.) ‘H2M-1" and ‘H2M-2’
that were selected on the basis of their particular morphological char-
acteristics compared to the wild-type variety ‘INRA-CZH2’ [15]. The
mutated traits in these two lines were recorded in two consecutive gen-
erations, i.e. My and M3 plants and were maintained over various and
contrasted environments. This suggested that these mutants were stable
and, hence, could be used and exploited properly in the study of inher-
itance of these mutated traits.

2.2. Genetic study

Plants of the wild-type variety INRA-CZH2 (P;) were reciprocally
crossed in 2015/2016 with the mutant plants H2M-1 and H2M-2 (P5) to
obtain the F; generation. In the parent as female, flower buds of female
parent were emasculated and pollinated by fresh pollen from mature
flowers of the male parent. Then, pollinated flower buds were isolated
from any other source of pollen by using grease proof paper bags. In
2016/2017, F; plants from reciprocal crosses were self-pollinated to
obtain F5 seeds and also backcrossed to both parents to get BC;F; (F; * Py
and F; * P) seeds. Original reciprocal crosses were repeated to obtain Fy
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seed under the same environment as the Fy and BCiF; seeds. The
resulting seeds of Py, Pg, Fi, Fiy, Fa, Fy, BCiF; were planted in a
completely randomized design with three replicates, at the experimental
station of Sidi Allal Tazi (ATZ) in 2017,/2018. Generations P1, P;, F; and
BC;F; were represented each by two rows of 5 m long spaced by 60 cm,
while Fy generation seeds were planted in four rows of 5 m long spaced
by 60 cm. Conventional and uniform cultural practices were followed
[15] to avoid field variation and environmental effects.

2.3. Parameters studied

On the established populations, particular characteristics dis-
tinguishing mutants from the control wild-type were studied, namely
plant height for H2M-1 (92.8 + 4.64 cm) and leaf shape for H2M-2
(lobed-leaf with the reduced shape) (Figure 1 b, d). The wild-type pre-
sented an average plant height of 161 + 8.40 cm and normal leaf shape
(lobed broad leaves) (Figure 1 a, c). For Py, P and F; populations, ten
genetically homogeneous plants per population were randomly used for
all observations and measurements, whilst in Fy and BC;F; populations,
the number of plants per population was much higher, but variable due to
availability of such plants as indicated in Tables 1 and 2.

2.4. Statistical analysis

The independent t-test was used to compare the reciprocal F; means
in order to evaluate the maternal effect, and the reciprocal F, means to
evaluate the cytoplasmatic effect. The maternal effect on the expression
of the mutated trait is shown by the significant difference between the
reciprocal F; means. Similarly, the cytoplasmic effect is proved by the
significant difference between the reciprocal Fo means. In addition, the
dominance relation between alleles of the same locus was evaluated by
comparing F; means and mid-parent mean values. Significant difference
between both values indicates a dominance of wild-type trait over the
mutated one or mutated trait over the wild-type one. Regarding the Chi-
square (Xz) test, it is used to evaluate the goodness of fit of observed data
to the proposed segregation ratios in F, and BC;F; generations. The Chi-
square (x2) is calculated using the following formula:

n T2
= Z (O EAEl)

where Oi is the observed value for phenotype i, Ei is the expected
value for phenotype i, and n is the number of phenotypes (individuals).
To decide whether the difference between the observations and the ex-
pectations (O; — E; in the equation) is large enough to be statistically
significant, the chi-square value is compared to a critical value. The
critical chi-square value is found by using a chi-square value table or
statistical software. A non-significant difference suggests that the distri-
bution of the observed data in F; and BC;F; generations segregation fits
to the proposed or expected segregation ratios.

3. Results

3.1. Plant height: cross between the wild type INRA-CZH2 and the dwarf
mutant line H2M-1

Plants of INRA-CZH2 had an average plant height of 161 + 8.40 cm
(mean + SD) and ranged from 146 to 178 cm, whereas those of H2M-1 had
a mean value of 92.80 + 4.64 cm and a variation from 80 to 100 cm
(Figure 2). Plant height in F; population from the cross INRA-CZH2 x H2M-
1 averaged 157.92 + 10.10 cm (Figure 2), significantly higher than the
mid-parent value (t = 3.629, p < 0.01), which indicates that the wild-type
trait (high plant) is dominant over the mutated trait (dwarf plant). In other
words, the obtained mutation is controlled by a recessive gene(s). Also, F;
plants in the reciprocal cross had a mean height of 156.92 + 9.12 cm, which
is not statistically different from the former (t = 0.801, p > 0.05), indicating
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Figure 1. Leaves of wild-type INRA-CZH2 (a), and narrow lobed-leaf mutant H2M-2 (b). Plants of INRA-CZH2 (c), and H2M-2 (d) at eight-leaves stage.
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Table 1. Plant height distribution and chi-squared test for the segregation ratio in the F;, Fp and BC;F; resulting from reciprocal crosses between the wild-type line
INRA-CZH2 and the mutant H2M-1.

Population Number of plants Segregation observed ratio Expected theoretical ratio X P
Plant height (cm)
80-100 104-142 146-178
INRA-CZH2 10 0 0 10 0: 1
H2M-1 10 10 0 0 1:0:0 1
INRA-CZH2 x H2M-1
Fr 10 0 0 10 0:0:1 0 1
Fo 244 16 51 177 1:3:12 0.839 0.36
BC;F; (F;x INRA-CZH2) 25 0 5 20 0:0: 1.00 0.32
BCF; (F; x H2M-1) 20 4 5 11 1:1:2 1.2 0.27
H2M-1 x INRA-CZH2
Fy 10 0 0 10 0:0:1 0 1
Fo 200 18 35 147 1:3:12 3.15 0.08
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Table 2. Leaf shape distribution and chi-squared test for the segregation ratio in F;, F5 and BC;F; resulting from reciprocal crosses between the wild-type line INRA-

CZH2 and the mutant H2M-2.

Population Number of plants Segregation observed ratio Expected theoretical ratio $> P
Leaf shape
Normal Reduced
INRA-CZH2 10 10 0 1:0 0 1
H2M-1 10 0 10 0:1 1
INRA-CZH2 x H2M-1
Fy 10 10 0 1:0 0 1
Fy 702 532 170 3:1 0.23 0.63
BC;F; (F1x INRA-CZH2) 60 42 0 1:0 0 1
BCF; (F; x H2M-1) 14 18 14 1:1 0.5 0.48
H2M-1 x INRA-CZH2
Fr 10 10 0 1:0 0 1
Fy 434 315 119 3:1 1.36 0.24

an absence of maternal effects on this trait. Similarly, no cytoplasmic effect
was observed as the plant height average in Fy plants from the cross INRA-
CZH2 x H2M-1 (146.47 cm, ranging from 82 to 178 cm) and that of F
plants in the reciprocal cross (146.14 cm, varying from 83 to 175 cm)
(Figure 2), are not significantly different (t = 0.253, p > 0.05).

In the pooled F, population, plants were divided into three discrete
classes for plant height. The first class consists of plants with a height
similar to the parent H2M-1, ranging from 80 to 100 cm; the second
comprises plants of intermediate height with a variation from 104 to 142
cm; and the third class is made of plants with a height between 146 and
178 cm similar to the parent INRA-CZH2 (Figure 2). Also, in each of the
two reciprocal F, populations, plants were distributed in three classes. In
fact, the number of individuals in the Fy population resulting from the
cross INRA-CZH2 x H2M-1 and found in the first class [80-100 cm]
represents about 1/16 of the total individuals, while the number of plants
in the other classes [104-142 cm] and [146-178 cm] constitutes,
respectively, 3/16 and 12/16 of the total (Table 1). Similarly, the in-
dividuals in the reciprocal F, population follow the same distribution,
with proportions of about 1/16 for the first class [80-100 cm], 3/16 for
[104-142 cm], and 12/16 for the [146-178 cm] class (Table 1).

Based on these observations, it is suggested that two recessive genes
with dominant epistasis control the inheritance of the plant height in the
mutant line H2M-1. The expected Fy ratios, based on this hypothesis,
would be 12:3:1. The Chi-square test (Xz) of the fit of observed ratios to
theoretical ones is significant for both the reciprocal Fo» populations (F:
x? = 0.839, p = 0.36; Fa: > = 3.15, p = 0.08) and also for aggregated
population (x? = 1.742, p = 0.19).

The involvement of two recessive genes with dominant epistasis in
the control of dwarfism is also confirmed by the analysis of plant height
from BCyF; (F; x Py), for which a tri-modal distribution was obtained
with distinct classes: 80-100 ¢cm, 101-140 cm and 141-180 cm (Table 1),
and where segregation followed 2:1:1 ratios (3> = 1.2, p = 0.27). This is
also strongly supported by examining plants from the BC;F; (F;x Pj). In
fact, 20 plants out of the 25 analyzed fell in the parental class (INRA-
CZH2), and five plants had an intermediate height between 125 and 140
cm (Table 1). However, this observed segregation fitted statistically with
the expected ratios 0:0:1 (3> = 1.00, p = 0.32), thus confirming the
recessive digenic inheritance. The observation of a few plants (five
plants) with intermediate height in this population (Table 1) might be
due to an environmental effect and/or experimental error.

3.2. Leaf shape: cross between the wild type INRA-CZH2 and the reduced
lobed-leaf mutant line H2M-2

F; plants from the cross between INRA-CZH2 and H2M-2 were all of
normal leaf-shape (Table 2). This shows that the mutated reduced lobed-
leaf was determined by recessive gene(s). The same results were found

for the reciprocal cross H2M-2 x INRA-CZH2 (Table 2), indicating the
absence of maternal effects. In addition, plants from both the reciprocal
Fo populations were segregated into plants with normal leaf-shape and
plants with reduced lobed-leaf (Table 2). The respective proportions
observed fit perfectly with the expected ratio of 3:1 (32 = 0.23, p = 0.63;
x? = 1.36, p = 0.24), which indicates that a single gene is involved in
determining leaf shape, with normal leaf shape dominant. The reciprocal
crosses gave the same results (Table 2), indicating the lack of involve-
ment of cytoplasmic factors in leaf shape determination. Similarly, the
pooled F;, population segregated according to the same ratio of 3:1 (y2 =
0.118, p = 0.73). The backcross populations did confirm the simple in-
heritance of the muted trait, due to a single recessive gene. In fact, the
BC;F; (F1x INRA-CZH2) was entirely composed of plants with normal
leaf shape, whereas the individuals of the BC1F; (F; x H2M-1) were
divided into a class of normal lobed-leaf shape and a class of reduced
lobed-leaf shape, with proportions of 18 and 14 individuals, according to
the ratios 1:1 (X2 = 0.5, p = 0.48) (Table 2).

4. Discussion

This study showed that both mutated traits investigated were under
simple genetic control where either one or two genes are involved.

The novel dwarf mutant, H2M-1, recently developed, showed a sig-
nificant phenotypic variation in plant height, compared to the wild-type
INRA-CZH2. The tri-modal distribution of plants in the segregated pop-
ulations (F2, BC1F) indicated that two recessive genes with dominant
epistasis might control the dwarfism trait. This is in agreement with the
findings of Zeng et al. [26] having reported that a pair of recessive genes
was involved in the height reduction in the mutant bnaC.dwf, and those
of Xiang et al. [28] having discovered that dwarfism was controlled by
two or a few genes with major effects that can be completely recessive or
partially dominant. On the other hand [27], discovered a semi-dwarf
mutant (10D130) in rapeseed and inheritance analysis on F; and Fj
populations revealed that the dwarfism was under the control of a pair of
additive-dominant major genes, besides additive-dominant-epistatic
polygenes. However, in previous studies on other mutants, monogenic
inheritance was reported, with a major dominant locus in mutant
NJ7982 [25] or a major gene with additive effects in mutant Bzh [23]
and in mutant NDF-1 [24]. In addition [41], described a dwarf mutant
bnd2 in rapeseed using EMS mutagenesis and inheritance analysis on F;
population revealed that the dwarf phenotype of bnd2 was controlled by
a single recessive gene. Following bulked segregant analysis (BSA) by
resequencing [41], reported that BND2 to be located in the 13.77-18.08
Mb interval of chromosome A08, with a length of 4.31 Mb [41]. found
that the gene was narrowed to a 140-Kb interval ranging from 15.62 Mb
to 15.76 Mb, after using a fine mapping with single nucleotide poly-
morphism (SNP) and insertion/deletion (InDel) markers. According to
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Figure 2. Distribution of plants of the parent lines INRA-CZH2 and H2M-1 and their F; and F, generations for plant height (cm).

reference genome annotation, there were 27 genes in the interval, of
which BnaA08g20960D had an SNP type variation in the intron between
the mutant and its parent, which may be the candidate gene corre-
sponding to BND2 [41].

The differences observed in the inheritance of dwarfism in rapeseed
mutants might be due to the genetic background of the mutants studied,
the kind and nature of mutagenesis used to obtain such mutants, the
number and functions of the mutated genes, and the complex molecular
mechanisms controlling dwarf traits in plants [30].

In the present study, a rapeseed mutant, H2M-2, with narrow and
reduced lobed-leaf was developed. Analysis of the frequency distribution

for leaf shape in Fq, Fo and BC;F; revealed that a single recessive gene is
involved in the determination of this mutated trait, with the absence of
any maternal or cytoplasmic effect. Contrarily [40], identified two QTLs
for lamina width, five QTLs for lamina length and two QTLs for total leaf
length, indicating that leaf size in rapeseed is under polygenic control.
Nevertheless, it is important to notice that this quantitative inheritance is
related to the variation naturally found among diverse genetic materials.
In contrast, the monogenic inheritance reported in our study is linked to
the sharp mutation that occurred in H2M-2. This is, so far, the first report
of monogenic inheritance of reduced leaf size associated with shallower
lobes in the H2M-2 mutant line.
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The obtained results did confirm that EMS-mutagenesis technique
leads to a punctual mutation in the genome, for which the mutated traits
are often controlled by one or a few genes. The simple inheritance of
dwarfism and reduced-lobed leaves will allow transferring these attri-
butes easily into advanced genetic stocks, germplasms or cultivars.
However, no molecular analysis was integrated in this study to confirm
and support the obtained results. In-depth knowledge of the molecular
changes and mechanisms associated with the induced mutations will
facilitate an effective genomic breeding strategy. A further investigation
using TILLING molecular method is planned to identify the point muta-
tions in target genes or sequences of the genome coding parts that could
be at the origin of the observed and characterized mutations.

5. Conclusion

In this work, we studied the inheritance of the mutated traits in a new
dwarf mutant H2M-1 and a new narrow lobed-leaf mutant H2M-2 iso-
lated using EMS mutagenesis. The results showed that two recessive
genes with dominant epistasis control the inheritance of dwarfism, while
a single gene is involved in the determination of leaf shape, with a
dominance of the normal shape of wild-type. These findings should be
confirmed and supported by genomic and molecular studies. The ob-
tained and characterized mutant lines H2M-1 and H2M-5 can be used as
valuable germplasms in rapeseed breeding program.
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