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GROWTH, REPRODUCTIVE AND YIELD RESPONSES AND OIL CONTENT
OF ETHIOPIAN MUSTARD (Brassica carinata A. Braun) GENOTYPES AT DIFFERENT
ALTITUDES

YENENESH TEFERA (BSc), Hawassa University
MESERET TESSEMA (PhD): Major Advisor, Hawassa University
TEMESGEN MAGULE (PhD): Co-advisor, Hawassa University

Abstract

Ethiopian mustard (Brassica carinata A. Braun) is an important vegetable and oil seed crop in the
highlands of Ethiopia. The crop has attracted a lot of interests in recent years due to its potential as a
feedstock and as a biofuel crop. However, there are little research effort towards the crop in terms of
productivity and optimized agronomic requirements. The seed and oil yield of the crop is constrained by a
number of factors among which the growing climate is the paramount factor. Therefore, a pot experiment
was conducted at three locations with varying altitudes to investigate the impact of altitude on phenology,
reproduction, growth, yield and oil content of 11 Brassica carinata genotypes. The study was conducted
from January 2011 to June 2011, at three altitudes i.e. high (Bale Goba, 2743 masl), mid (Arsi Negele,
2043 masl) and low (Dilla, 1416 masl)) under irrigated condition using 11genotyp of Brassica carinata
which resulted in 33 treatments. The factorial experiment was laid out in a completely randomized (CRD)
design with three replications as pot experiment in a controlled edaphic condition. Data were collected
on phenological and reproductive traits, growth parameters, yield and yield related traits and oil content.
The result of the study revealed that interactions between altitude and genotype very highly significantly
(p<0.0001) influenced all characters, except number of leaves per plant and pod length which were only
influenced by the main factors. Increasing the altitude from low to high delayed the time for all the
studied phenological traits. As a result, the number of days for 50% emergence, 50% flowering and 90%
maturity were increased from 6.33 to 17.67, 50 to 107.33 and 92.67 to 147 respectively and the earliest
genotypes to attain days to 50% emergence and days t050% flowering were 23601 respectively. The
genotype to attain shortest days to maturity (92.67 days) was genotype 21338 at lower altitude.
Reproductive traits showed an increase with increasing altitude. Hence the highest flower number per
plant (218.6) was attained from genotype 23601 at higher altitude. Similarly Yield and yield components
are also increased with increasing altitude. The maximum seed yield per hectare (194556Kg) was
recorded from genotype 23601 at high altitude followed by the genotypes 202488(1538.89Kg) and
215187(1503.33Kg) at mid altitude. The highest oil percentage (41.79%) was recorded from genotype
yellow dodolla at the same altitude. Hence, from the result it can be concluded that, high and mid
altitudes respectively were appropriate to maximize Brassica carinata seed and oil yield. However, since
the experiment was done only for one season and with limited number of genotypes repeating the
experiment over different seasons with more number of genotypes at field condition will be demanding to
come up with plausible recommendation.

Keywords: Brassica carinata, Reproductive and Yield response, Oil content, Genotype,
Altitude
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1. INTRODUCTION

The Ethiopian Mustard (Brassica carinata A.Braun), locally known as “Gomenzer” or “Yabesha
gomen” iS among the oldest crops cultivated in Ethiopia (Zemede, 1997). It is a native
herbaceous plant species of Eastern Africa and one of the most interesting oilseed crops for
energy purposes in the Mediterranean region (Licata et al., 2017). Brassica carinata is an
amphidiploid species (BBCC, n = 17) containing the BB genome of B. nigra (n = 8) and CC
genome of B. oleracea (n = 9) (UN,1935). It is believed that the crop is originated in the
highlands of Ethiopia and adjoining portion of East Africa and the Mediterranean coast and has
been cultivated there as an oilseed and vegetable crop since ancient times (Copani et al., 2009;

Gomez-Campo and Prakash, 1999; Hemingway, 1995)

In Ethiopia, Brassica carinata is mainly grown in Arsi, Bale, Sidama, Gonder, Gojam, Wollo,
Shewa and Wellega (Getinet and Nigussie, 1997). It grows well in either a heavy sandy loam or
light clay soils with a good drainage system. Brassica carinata is well adapted to cool, long
growing season and high rainfall areas at elevation between 2200 and 2800 meters above sea
level. In these areas, the temperature and rainfall range is from 12 to 18 °C and 500 to 1200 mm,

respectively during the growing season (i.e., June to December) (Getinet and Nigussie, 1997).

In Ethiopia, among the highland oilseeds, Brassica carinata stands third next to Noug (Guizotia
abyssinca Casa) and Linseed (Linumum statismum L) in total production and area cultivated
(CSA, 2013/2014). Traditionally, the crop is used for many purposes such as greasing tradition al
bread-baking clay pan, curing certain diseases (treating certain ailments and stomach upset) and
as a source of vegetable relish (Nigussie, 2003). As a vegetable, it has special nutritional

components like vitamins, minerals, trace elements, dietary fiber and protein. It also gives zest



and flavor of diets (Tsige et al., 2005; Zemede, 1992). Additional advantage of Ethiopian
mustard is also immense in the farming systems as a potential rotational-crop with cereals and
pulses. Broad statures of the leaves make canopy and suppress weeds, making the crop tolerant
to weed infestation. It is also known to improve soil structure and aeration due to the deep

rooting nature of the crop (Doweny and Robbelen, 1989).

In addition to the above uses genetically diverse species of Brassica carinata have considerable
potential as an oilseed crop (Nigussie and Becker, 2002). Due to the current interest in biofuels
and bio industrial feed stocks, Brassica carinata is considered as a suitable crop for the
production of oils enriched in the specialty fatty acids required for these applications ( Gonzalez-
Garcia et al., 2009 ;Cardone et al., 2003; Getinet et al., 1994).

Brassica carinata is mostly cultivated at different agro-ecologies including temperate, tropical
and subtropical regions as a cold weather crop. The crop has shown better adaptability and
productivity than Brassica napus under unfavorable environmental conditions and low cropping
systems, for its flowering earliness, resistance to lodging, large seed size and good shattering
resistance, as well as both drought and heat tolerance (Sharma et al., 2017;Pan et al., 2012;
Stamigna et al., 2012). Nigussie and Becker (2002) identified Brassica carinata accessions with
potential genes for early maturity, higher yield components and oil and protein content. Pan et al.
(2012) also indicated the presence of higher degree difference of the performances of the
genotypes of Brassica carinata in terms of seed yield and oil quality under contrasting
environments. Hence, evaluation of genotypes' performance and studying the trait characters is
as essential to recommend site specific genotypes and agronomic practices. Moreover, there is a
need to identify the key production practices, agro ecology and genotype screening for achieving

optimum seed and oil yield (Pan et al., 2012).



It is well known that environmental and soil factors such as; rainfall, altitude, day length, light
intensity, temperature, humidity, wind speed and soil factors such as soil type, soil nutrient
content and soil pH affect the growth, development and yield of a crop and crop adaptation to a
particular environment (Breda, 2008). More importantly, phenological events and developments
are very important determinants of yield and yield attributes of crops. Temperature and to lesser
extent photoperiod have been reported to be the major environmental factors that determine the
timing and duration of each of the phenological phases of crops in general and Brassica carinata
specifically ( Roberts et al., 1993). But, since Ethiopia is located between 3° 24” and 14° 53’
North Latitude and 32° 42’ and 48° 12’ East Longitude from equator (Yalden, 1983;
Breitenbatch, 1963) and has almost equal day length throughout the year, fluctuation in
temperature and range of growing temperature has more significance than the photoperiodic

responses in determining time of flowering and other growth traits.

The varying altitude (agro-ecology) affects crop growth, morphology, yield and oil content in
terms of varying temperature. As the altitude increases temperature decreases and vice versa,
such that many crop simulation models correlated the rate of growth during most of the
phenophases to temperature (Ritchie, 1991; Summerfield et al., 1991). Plants require certain
temperature conditions at different stages of growth and reproduction. Brassica carinata behaves
differently under different environmental conditions that are based on prevailing temperature
during the crop life cycle. Variation in maximum and minimum temperature largely alters the
growth pattern of the crop by affecting the duration as well as the onset of different phenophases

(Dutta et al., 2011).



Temperature controls the duration starting from germination to the end of vegetative phase and
from stem elongation to mid flowering stages (Gabrielle et al., 1998). The rate of growth in each
of these stages is hastened by increasing temperature at lower altitudes (Morrison et al., 1989).
Mills (1993) indicated that, temperature affects the number of days from seed sowing to

germination in Canola plant (Brassica napus L.).

Previous research on rapeseed indicates that at lower altitudes with increasing temperature the
growth stages, duration between germination, emergence to the end of vegetative phase and from
stem elongation to mid flowering stages the rate of growth is hastened (Gabrielle et al., 1998).
However lower seed and oil yield is attained due to the reduction of the crop growing period at
lower altitudes due to low degree days accumulated affecting the dry matter accumulation and

partitioning (Tubiello et al., 2007).

Furthermore, previous reports by Dar et al.(2017) and Barker et al.(2007) indicated that the oil
content of Brassica carinata is also influenced by genotype and environmental conditions.
Considering the diversity of agro-ecological conditions in the areas where the plants are grown,
the oil content of Brassica species is largely influenced by temperature fluctuations at different
altitudes. Longer reproductive phase and cooler temperature at higher altitudes at the time of
seed development stage of the crop is favorable for high seed yield and good quality oil (Fayyaz-

ul-Hasan et al., 2005).

However, as most studies/experiments plants are grown under constant temperature conditions,
in controlled environments, the effect of temperature at different altitudes on flowering, growth
and yield of the plant is less understood. Therefore, understanding the role of fluctuating and
difference in temperature at different altitudes on growth and flower development of Brassica

carinata genotypes is paramount to utilize and recommend genotypes at different growing



conditions especially in Ethiopia. In addition to this, even if Brassica Carinata has wider
adaptability and comparative tolerance to biotic and abiotic stresses as compared to other
Brassica species grown as oilseeds its production is far below the national average (Fekadu,
2020). Under such a situation, it becomes very important to identify genotypes which perform
better and give higher production and quality of seed and oil across different environments or
locations with varying altitudes.
1.1. General Objective
% To assess the growth, Reproductive and yield responses as well the oil content of eleven
Brassica carinata A. Braun genotypes at three different altitudes with varying
temperature ranges in Bale Goba, Arsi Negele and Dilla.
1.2. Specific Objectives
% To investigate the growth, Reproductive and morphological responses of Brassica
carinata genotypes at different altitudes.
% To investigate yield and yield attributes of Brassica carinata genotypes at different
altitudes

% To study oil content of Brassica carinata genotypes at different altitudes.



2. LITERATURE REVIEW

2.1. Origin and Distribution of Brassica carinata A .Braun

Ethiopian Mustard (Brassica. carinata A. Braun) is believed to have originated in the highlands
of the Ethiopian plateau and the adjoining portion of East Africa and the Mediterranean coast
(Gomez-Campo and Prakash, 1999).1t is distributed and has been cultivated in different parts of
the world, including Southern Africa (Zambia), West Africa (Sierra Leon and Guinea) and in
Asia (India, China, Bangladesh and Indonesia) as a vegetable crop along with other members of
the genus (Gomez-Campo and Prakash, 1999). This crop is also extensively cultivated in Eastern

Europe and U.S.A as animal and fish fodder ((IENICA, 2004) .

It has also a potential as an oilseed crop in other countries like Canada (Rakow, 1995), Spain
(Velasco et al., 1997), India (Singh et al., 2018)and U.S.A (Cardone et al., 2002). This is
because the crop is better heat and drought tolerant than any other Brassica species. Therefore, it

is well adapted to oilseed production under semi-arid conditions(BioMatnet, 2006).

2.2. Botanical Description of Brassica Carinata

Brassica carinata A.Braun belongs to the family Cruciferae (Brassicaceae) (Hatam and Abbasi,
1994 ;Williams,1989),which contains about 338 genera and 3709 species (Warwick et al., 2006).
About 159 species are included in the genus Brassica (Zhou et al., 2006 ; Zhou,2001), of which
six are economically important species namely; Brassica rapa, Brassica oleracea, Brassica

nigra, Brassica juncea, Brassica napus and Brassica carinata (Doweny and Robbelen, 1989).

Cytotaxonomic evidences suggest that from these species Brassica carinata A. Braun (n=17) is
an amphidiploid species evolved through natural hybridization between Brassica nigra (BB,
n=8) and Brassica oleracea (CC, n=9), followed by chromosome doubling in the highlands of

6



Ethiopia and the adjoining regions of East Africa and the Mediterranean coast where both the
parental species were sympatric (Simmond, 1999; Hemingway, 1995). The evolutionary
relationship of Brassica carinata and other oilseed Brassicas is usually illustrated by U—triangle
(Fig. 1), which had got this name from Japanese scientist Nicolas (1935) who developed the

relationship triangle.

B. nigra
BB (n=%8)

B. carinata*

BBCC (s=17)

B. juncea

AACC (z=18)

B. napus
AACC (p=19)

B. rapa
AA (p=10)

B. oleracea

CC (2=9)

Figurel.Genomic relationships of the major oil seed Brassica spp. (after U, 1935)

In the figure (U’s triangle), the three diploid species are represented at the tips of the triangle and
their amphidiploids are found midway between the parental species. Letters with in parentheses

denote haploid chromosome number of diploid and amphidiploid species.

Brassica carinata is an erect annual, occasionally biannual or perennial crop grown as oilseeds

or as a leafy vegetable which is 0.9-1.8 m tall at flowering. The seedling of the crop emerges



with epigeal germination, whereby the cotyledons appear above the ground that enables them to
be photosynthetically active to offset the negative consequences of insufficiency of the reserve
food within the seed (Seepaul et al., 2019). Brassica carinata develops a substantially elongated
taproot reaching up to one meter or more with numerous laterals. The stem and leaves are green

or deep green with many branches and short petiole respectively (Rakow, 2004).

Brassica carinata reproduces sexually, through both cross and self-pollination, sets seed and
does not demonstrate potential for asexual reproduction (Mnzava and Schippers, 2007). Its
pollen, like other Brassicaceae, is heavy, sticky and is dispersed by wind as much as 10 meters
from its source and transfer via insects had been detected up to 3-4 km away (Adeniji and
Aloyce, 2012). Due to its flower structure and delayed anthesis (Cheung et al., 2015), Brassica
carinata has been reported to cross-pollinate only 30% of the time (Cheung et al.,2015; Velasco
and Fernandez, 2009 ) and Self-pollination has been occurred from 46-88% of the time (Labana

et al., 1987).

The inflorescence of Brassica carinata is an elongated raceme, born terminally on the main stem
and branches. Flowers are ebracteate, pediculate, complete, hypogynous, actinomorphic and
perfect attached on a short pedicel and are regular with four free sepals in one series and two sets
of stamens. The fruit is a silique, usually less than 5 cm long and dehiscent. The seed is large and
predominantly dark, often globular, 0.2 cm thick, filled with embryo (Andargie, 2006; Edwards
et al., 2000). Flowering is indeterminate, beginning at the lowest end on the main shoot and
continues upward (Mnzava and Schippers, 2007). The flowers are typically bright-yellow

although flower color varies from orange to creamish white (Setia and Richa, 1989).



2.3. Importance of Brassica carinata

2.3.1. Nutritional importance of Brassica carinata

Brassica carinata has long been known to be one of the oldest crops in the plateaus of east
Africa (Gomez-Campo & Prakash, 1999). Especially for the small-scale farmers, it is a security
crop, because it is a source of vegetable and income at the time of acute food and income

shortage that mostly occurs at the middle of the main rainy season (July to August).

According to Barker et al. (2007), Brassica carinata was categorized as one of the most
important traditional East African vegetables both in the amount of crop area and human
nutrition together with Brassica juncea, Brassica napus and Brassica oleracea. Unlike the
nutritive value of white cabbage the nutrient composition of these green leaf cabbages is high.
Brassica carinata cultivar TexSel greens, grown in northeast Africa are reported to be higher in
protein content than spinach (Warwick et al., 2006). Reports of Brassica carinata seed protein
analysis revealed high content of amino acids like glutamic acid, arginine and proline
(Malik,1990). Therefore, Ethiopian Mustard can be an alternate choice by improving the oil and

protein contents of already adapted high yielding oilseed varieties (Nigussie, 2003).

2.3.2. Economic importance of Brassica carinata

Brassica carinata is traditionally used for many purposes, such as greasing traditional bread
making clay pan, curing certain ailments and preparing beverages (Nigussie, 2003). The oil is
also used for cooking in the country, usually adulterated with oils from Niger seed or Linseed.
The crop has several industrial uses; according to (Gonzalez-Garcia et al., 2009) bioethanol can
be synthesized from Brassica carinata oil using KOH (Potassium hydroxide) as catalyst.

Brassica carinata can also be used for arsenic intoxicated soil treatment as a biofumignt; the



plant has the ability to tolerate arsenic toxicity by accumulating the substance in its leaves like its

parents Brassica oleracea and Brassica nigra (Artus, 2002).

Brassica carinata could also be used in pharmaceuticals, hirudin a pharmaceutical protein
commonly used as anticoagulants to prevent thrombosis has been successfully expressed and
purified in seeds of Brassica napus and Brassica carinata (Miao et al., 2008). Nervonic oils
extracted from Brassica carinata can be used as chemical feedstock in a number of industrial
applications including polymers and polymer blends like Nylon, polyurethane plastics and
foams, coatings and adhesives including modified epoxide resins and glues, composite materials

and cosmetic formulations (Stymne, 2008).

2.3.3. Agronomic importance of Brassica carinata

Brassica carinata is known for its agronomic qualities which are rare or absent in other oilseed
Brassica species. These include relatively large seed size (Getinet et al., 1996), high heat and
drought tolerance, good resistance to blackleg disease and reduced amount of pod shattering
problem providing more time, easier to complete mechanical harvesting and variability in seed
oil content (Gugel et al., 1990). It is also resistant to insect pests like aphids and flea beetles and
some accessions have high levels of resistance to alternaria black spot. Moreover, Brassica
carinata is a promising oilseed crop for semi-arid areas where it has better agronomic

performance than its close relative Brassica napus L. (DeHaro et al., 1998).

For use as a leafy vegetable, the preferred traits are large leaf size, late flowering, many leaves
per plant and tolerance to major diseases and pests. Brassica carinata produces the greatest

number of leaves and in height clearly exceeded both parental species and others. In the case of
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stem biomass also, Brassica carinata was much larger than any other Brassica species(Courtney

et al., 2005).

2.3.4. Importance of Brassica carinata as oil crop

Brassica carinata is a promising oil crop that could offer the possibility of exploiting for
industrial uses; from its oil several oleo chemicals can be derived for industrial application and
after an industrial processing they can be used for bio-diesel (Seegeler et al., 1983). The oil is
used in the production of cosmetics, detergents, lubricants and biodegradable material substitutes
of plastics. This crop also produces a big quantity of biomass that can be used as burning
materials for energy production (Seegeler et al., 1983). Apart from this, its oil is indeed of
immense importance in leather tanning, manufacturing of varnishes, diesel fuel, in tannery, bio
pesticide production, in textile and cosmetics industries, soap and lamps (Tesfaye et al., 2014

:Nigussie and Becker, 1999).

Genetically diverse species of Brassica carinata have considerable potential as an oilseed crop
(Nigussie and Becker, 2002). With the current interest in biofuels and bio industrial feed stocks,
Brassica carinata is considered as a suitable crop for the production of oils enriched in the
speciality fatty acids required for these applications. The oil content of Brassica carinata varies,
ranging from 20-45% depending on the variety (Nigussie and Becker, 1999). Brassica carinata
oil contains 30 to 40% erucic acid (22:1), which is indigestible for human and animal organisms;
rather they are suitable for industrial applications such as cosmetics and biodiesel (Gonzalez-
Garcia et al., 2009; Bouaid et al., 2005; Cardone et al., 2003; Getinet et al.,1994). With a
growing population, dwindling petroleum supplies and the low carbon dioxide impact of

biofuels, demands for plant oils is increasing (Durrett et al, 2008).
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2.4. Agro-ecological requirement and production management of Brassica carinata

Brassica carinata grows in most parts of Ethiopia at medium to high altitudes ranging from 2200
to 2800 m.a.s.l, in areas of the country where rain fall and temperature amount ranges from 500—
1200 mm and 12-18 °C, respectively during the growing season (i.e., June to December).
Brassica carinata is rather versatile and can be found in highland regions up to 2800 m.a.s.l with
a cool climate, but also in lowlands with relatively warm and dry seasons under irrigation when

there are few pests and diseases (Zemede, 1997).

Brassica carinata is widely adapted and performs well in a range of soil conditions, providing
that moisture and fertility levels are adequate. In some potential areas where Brassica carinata is
grown in large scale, the crop prefers moderately heavy and well drained soils with pH of 6.5-
7.6 (Nigussie et al., 1996). It prefers light medium to heavy soils and grows better in well —
drained moist soil (Hiruy, 1985). Brassica carinata is able to tolerate low levels of salinity,
however, there are severe reductions in plant growth at high levels of salinity (Canam et al.,
2013). Its ability to tolerate salinity better than other Brassica species (Asharf and McNeilly et

al., 2008) is hypothesized to be due to improved water use efficiency (Asharf, 2001).

Drought tolerance in Brassica carinata is related to the better developed root system (Liang et
al., 1992). An excessively low relative humidity with high temperatures can result in failure of
seed germination and fertilization. Moisture stress combined with higher temperature from
flowering to maturity significantly decreases the number of pods, number of seeds, seed weight

and oil content (Singh et al., 2018).

Brassica carinata is long maturing species that gives an advantage of higher yield due to its long

growing season in the areas where rain fall amount and distribution is optimum (Hiruy, 1985).
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Field research in the central highlands of Ethiopia confirmed that higher yields for oil seed
Brassica can be obtained when the crop is planted during the on-set of the main rainy season
(Hiruy and Nigussie, 1986). For most localities, this time is expected to occur between late May

and mid-June.

Previous research on Brassica carinata shows that, the length of time to reach flowering and
maturity differs with in different accessions; there were accessions which flowered within 22
days and others 63 days after transplanting. This range of variation provided ample scope for
selection of early, medium and late flowering accessions. Accessions that flowered on average of
22 days after transplanting are considered as early maturing group. At the other extreme,
accessions that flowered between 53 and 63 days after transplanting constitute the late maturing
group and the accessions that lie in between are considered as mid maturing (Adeniji and
Aloyce, 2012).

According to the agronomic studies by Hiruy and Nigussie (1986), a seed rate of 10-15 kg/ha
with a fertilizer rate of 46/69 Kg/ha of N/P205 is optimum depending on the season and planting
techniques. In Ethiopia, among the highland oilseeds, Brassica carinata stands third next to
Noug (Guizotia abyssinica cass.) and Linseed (Linum usitatisimum L.) in total production and
area (CSA, 2013/2014). Its area and production are estimated to 44041.34 hectares and
62450.266 tons, respectively, at private peasants’ holdings level, with an average productivity of

1.418 tons/ha (CSA, 2013/2014).

2.5. The Effect of different Agro-ecologies on plant growth and development

Environmental conditions influence crop growth and development which are the most vital

factors to reduce crop productivity (Franklin et al., 2010). Environmental factors during
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flowering stage and grain development period affect quality and productivity of oilseed crops
(Ali et al., 2009; Monotti, 2003). In natural environments, plants must overcome many abiotic
stresses, such as drought, salt, cold, ultraviolet radiation (UV) and altitude, to complete their life
cycles (Ahmed et al., 2016). Katsura et al.(2008) and Khush and Peng (19996), reported that the
altitude of planting fields is an important environmental factor affecting plant growth,
development and vyield primarily through temperature effect. Altitudinal gradients cause the
climate and environment to differ greatly within a short vertical distance by decreasing air
temperature, total atmospheric pressure and partial pressure of all atmospheric gasses and by
increasing radiation in the forms of incoming solar radiation, outgoing nighttime thermal
radiation and UV radiation (Korner, 2007). Plants growing along high-altitudinal gradients
experience interacting stresses, including weathering, dehydration and low temperature

(Shepherd and Griffiths, 2006).

The relationship of altitude to temperature is like that of distance from the equator to the arctic
poles. According to Miller (2001), temperature decreases by 1°C for every 100 m increase in
altitude in dry air. With the increase of altitude, air density decreases, air temperature decreases
gradually, solar radiation intensity increases and ultraviolet rays’ intensity becomes strong. In
addition, precipitation and precipitation days are affected, consequently affecting growth and

eventually affecting the yield and quality in rice plant (Li and Jichao, 2017).

2.5.1. The Effect of altitudes on Growth and morphology of Brassica Carinata

The growth of plants can be influenced by the environment for growth. The differences in
altitude leads to different climate character elements such as temperature, light and moisture. The

lowlands have a relatively high temperature with high light intensity, while the highlands have a
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relatively low temperature with low light intensity as well. The physiological processes that
govern the transition from one phenophase to another are strongly influenced by environmental
factors. Temperature of a growing altitude is a major factor that affects and determines crop
growth, development and productivity (Singh and Lallu Singh, 2014; Kaleem et al., 2009; Qadir

et al., 2007).

Previous research on rice by Wang et al. (1984) shows that, altitude affects the morphology of
the rice plants in which the height of rice plants shortened with the increase of altitude. Nanda et
al. (1995) reported that temperature affects the difference between the sowing date and first real
leaf appearance and due to this the appearance of the first real leaf was delayed by 1.35 days for
each 1°C decrease in temperature at higher altitudes. Similarly, Morrison et al. (1992) reported
that the leaf number of mustard plants is affected by altitude to such an extent that plants produce
less leaves when exposed to low temperature at higher altitudes and produce more leaves at

lower altitudes.
2.5.2. The Effect of altitudes on Reproductive traits of Brassica Carinata

Plant development, particularly the reproductive processes such as pollen development, pollen
tube growth and fruit set and plant reproductive traits are highly vulnerable to environmental
conditions, particularly temperature. As a cool season crop, both spring and winter canola are
extremely sensitive to increasing temperature particularly during reproductive stage including
gametogenesis, pollination, fertilization and early embryogenesis (Angadi et al., 2000). One of
the major effects of high temperatures is the reduction of reproductive success, which commonly
translates into yield loss in agricultural settings (Asseng et al., 2011). These effects have

potentially serious impacts on crop yield and can determine the potential to drive adaptation of
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reproductive traits to compensate for future temperature increase (Zinn et al., 2010; Hedhly et

al.,2009).

For example, the negative impact of higher temperatures on reproduction can lead to reduced
pollen production, viability and pollen tube growth, with a resulting decrease in seed yield (Zinn
et al., 2010). High temperature can also induce flower abortion in Arabidopsis and Brassica

juncea (Warner and Erwin, 2005; Gan et al., 2004).

2.5.3. The effect of altitude on plant development, Yield and oil content of Brassica carinata

The impact of environmental events has already been documented on agricultural crop
production, natural species diversity and distribution and other ecosystem services such as
flowering time, pollination and etc. (Doney et al., 2012; Dale et al., 2001). Many of the
physiological processes affecting crop growth and development are also controlled by

temperature (South worth et al., 2002; Wheeler et al., 2000).

Given that temperature at a given growing altitude is a major determinant of the timing and
duration of key developmental phases, including flowering growing altitude has significant
impacts on key flowering processes (Bahuguna and Jagadish, 2015). Flowering is a primary
requirement for plant reproduction and one of the most important agronomic traits for crop

production (Tasma et al., 2001).

Flowering time is defined as the duration starting from seed germination till appearance of the
first floral bud, open flower or anthesis (external appearance of anthers) which marks the visible
transition from the vegetative to reproductive phase (Craufurd and Wheeler, 2009).

Temperature affects flowering time both by affecting the rate of development directly and

influencing vernalization (Craufurd and Wheeler, 2009). Slafer (2003) and McMaster et al.
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(2008) reported that, the phenological development rate and yield of plants are mainly

determined by genetically prescribed responses to temperature.

Chmeilewski et al. (2004) reported that increased mean temperature and decreased photoperiod
caused shortening of developmental phases of annual crops which in turn affects crop yield.
With the increase of the altitude and the decrease of the average daily temperature, the whole
growth period will be prolonged and takes more time to mature (GU, 1997). Research has
indicated that the seed setting rate decreases with the increase of altitude (Yuan et al., 2005a).
The reason is that the lower temperature restrains the transportation and content from the
assimilate to grain which cannot be fully made used of (Li and Lin, 1990 and 1987). Rising of
1°C temperature to the normal reduce mustard yield by 450 kg/ha and shortened the maturity

period (Anonymous, 2010).

Kumar et al. (2010a) reported that increasing temperature at lower altitudes reduced the days to
flowering and days to maturity in mustard thus shortening the seed formation period which in
turn reduces seed yield. A higher temperature leads to higher respiration rates, reduces biomass
production resulted in smaller and lighter grain therefore lower crop yield is obtained due to the
reduction of the crop growing period (Tubiello et al., 2007). As it is indicated in Mendham et al.
(1981) for each degree rise in temperature, the crop matures 8 days earlier. In addition to this,
researches showed that, under high temperature conditions, the loss in crop productivity is
mostly related to decreased assimilatory capacity as a result of reduced photosynthesis due to
negative impact of above-optimum temperatures on membrane stability and enhanced respiration

(Barnabas et al., 2008; Hay and Porter, 2006; Sinsawt et al., 2004).

Both location and genotype contribute significantly to the variation in growth, yield and oil

content of Brassica carinata (Johnson et al., 2003). The oil content of Brassica carinata varies
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from 17 to 40% in wild relatives depending on genotype and growing location (Kumar et al.,
1980). Areas receiving higher precipitation give considerably higher oil and protein than the low
rainfall areas. Extended reproductive stage and lower temperature at higher altitudes at the time
of seed development stage of the crop is promising for high seed yield and good quality oil in
Canola (Brassica napus L.) (Hassan et al., 2005). Previous works by Singer et al. (2016) and
Zhu et al.(2012 ) indicated that, higher temperatures at lower altitudes during the pod-filling

stage have been reported to reduce seed oil concentration in oilseed rape.

18



3. MATERIALS AND METHODS

3.1. Description of the study area

The experiment was conducted from January 2011 to June 2011 E.C for six months at three
different locations with different altitude ranges. The experimental sites were: Bale Goba (High
altitude, 2743 m.a.s.l), Arsi Negele (Mid-altitude, 2043 m.a.s.l) and Dilla (Low altitude, 1416
m.a.s.l). Bale Goba is located at about 446 km south East of Addis Ababa, capital city of
Ethiopia and found in the Bale zone of Oromia Region. Geographically, it is located at 7° 1' 0"
North Latitude and 39° 58' 59" East longitude at an altitude of 2743 m.a.s.l. The mean annual
rainfall and temperature of the area are 947-1272 mm and 13.3°C, respectively. The yearly

average maximum and minimum temperature of the site is 14.4 °C and 12.3 °C, respectively.

Arsi Negele is located at about 231 km south of Addis Ababa, capital city of Ethiopia and found
in the West Arsi zone of Oromia Region. Geographically, it is located at 7°21” North Latitude
and 38°42’East longitude at an altitude of 2043 m.a.s.l. The mean annual rainfall and
temperature of the area are 915-1200 mm and 17.7°C, respectively. The yearly average

maximum and minimum temperature of the site is 19.3°C and 16.3°C respectively.

Dilla is located at 360 km south of Addis Ababa, capital city of Ethiopia and found in the Gedeo
zone of Southern Nations Nationalities and People’s Region (SNNPR). Geographically, it is
located at 6°24°38°’North Latitude and 38°18°37°’East longitude at an altitude of 1416 m.a.s.L.
The mean annual rainfall and temperature of the area are 1129 mm and 21.3 °C, respectively.
The yearly average maximum and minimum temperature of the site is 30°C and 12.6°C,

respectively.
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Figure 2.Geographical map of the study areas

3.2. Planting materials

For this study 11 genotypes (five varieties and six accessions) of Brassica carinata were used.
The varieties were collected from Holleta Agricultural research Center (HARC) and the
accessions were collected from the gene bank of Ethiopian biodiversity institute (EBI). The
varieties were categorized as three late maturing and two mid maturing varieties (Table.1),
among the collected accessions one accession is late maturing which was collected from the
highland, one is mid maturing which was collected from mid altitude and four accessions were
early maturing which were collected from low altitudes based on passport data and information
from EBI. The list of the accessions used in the study is provided in Table 2. Due to the absence

of early maturing released varieties of Brassica carinata in Ethiopia, accessions collected from
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lower altitudes were used as early maturing genotypes to compare their growth and yield

responses and oil content.

Tablel.List of Ethiopian mustard Varieties used in the study

No Varieties Year of Maturity  Maturity group Yield (Kg/ha) Oil  content
Release date (%)

1 S-67 1984 157 Late maturing 3030 40.5

2 Yellow dodolla 1986 156 Late maturing 3020 441

3 Holleta-1 2005 160 Late maturing 3030 39.1

4 Tesfa 2017 154 Mid maturing 2400 46.8

5 Derash 2017 153 Mid maturing 2300 46.8
Source: Highland Oil Crops Progress Report, EIAR, Holleta Center, 2007&2019
Table 2.List of Ethiopian mustard Accessions used in the study

No Accession  Colletion Maturity group Area of collection Altitude(m.a.s.l)

Number

1 26684 Late maturing Amara -Misrak Gojam 2975

2 215187 Mid maturing Ambhara-Semen Wollo 1930

3 202488 Early maturing Ambhara-Semen Wollo 1440

4 17547 Early maturing Oromiya -Misrak Wellega 1387

5 23601 Early maturing Benishangul & Gumuz-Metekel 1483

6 21338 Early maturing Oromiya-Mirab Wellega 1680

Source: Passport data information from EBI

3.3. Experimental Designs, Treatments, procedures and crop management

A pot experiment was conducted in a Completely Randomized Design (CRD) as pot experiment
with three replications. The three pots were used as a treatment unit with three plants per pot for
each genotype at three locations. The experiment consists a total of 33 treatment combinations,
i.e. 11 genotypes of Brassica carinata and three locations with different altitudes. All the
genotypes were planted in controlled edaphic environment by using growing media composition

of 1:1:1 ratio in volume of Compost: Sand: Soil in order to reduce the impact of soil variability at
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the different growing locations. The growing media was prepared at Hawassa University College
of Agriculture experimental field and filled to the experimental pots before transporting to the
experimental sites. Ten liter Plastic pots measuring a height of 25cm, 24 cm wide at the top and
7.5 cm wide at the base with five perforations at the bottom for drainage were used. After filling
each pot with the mixture, six seeds of Ethiopian mustard were sown manually at a uniform
depth of 2 cm. At 15 days after emergence, plants were thinned to three plants per pot. All
Cultural practices required for raising the crop, hand weeding in two weeks interval, watering,

thinning and cultivation were properly done.

3.4. Data Collection

3.4.1. Phenological parameters

Dates of 50% Emergence (DE): It was recorded as the number of days from the date of sowing

to the date at which 50% of the plants cover the soil.

Days to first flowering (DFF): It was recorded as the number of days from the date of seedling

emergence to the date at which the first flower appears in 5% of the plants.

Days to 50 % flowering (DF): It was recorded as the number of days from seedling emergence

to a stage at which 50% of the plants are bloomed.

Days to flower completion (DFC): The number of days from seedling emergence until 95% of

the plants stopped blooming.

Period of flowering (FP): Days from the beginning of flowering until the end of flowering. It
was calculated by subtracting the number of days to first flowering from the number of days to

flower completion.

22



Days to 90% maturity (DM): It was counted as the number of Days from the date of seedling

emergence until 90% of the plants have dry or yellowish silique and mature seeds.

3.4.2. Reproductive traits

Flower number/plant (FN): The number of flowers per plant at full bloom stage was counted
from three pre sampled plants of each replication and the average was taken by dividing the total

no by three.

Petal width (PW): At flowering, petals were removed from three randomly selected newly
opened flowers from three pre-sampled plants of each replication to measure petal width and the

average was taken by dividing the total sum by nine. It was measured in millimeter (mm).

Petal length (PL): At flowering, petals were removed from three randomly selected newly
opened flowers from three pre-sampled plants of each replication to measure petal length and the

average was taken by dividing the total sum by nine. It was measured in millimeter (mm).

Pistil height (PSH): At flowering stage, three randomly selected newly opened flowers were
removed from three pre-sampled plants of each replication to measure pistil height and the

average was taken by dividing the total sum by nine. It was measured in millimeter (mm).

Short Stamen height (SSH): At flowering, three randomly selected newly opened flowers were
removed from three pre-sampled plants of each replication to measure Short Stamen height and

the average was taken by dividing the total sum by nine. It was measured in millimeter (mm).

Long Stamen height (LSH): At flowering, three randomly selected newly opened flowers were
removed from three pre-sampled plants of each replication to measure Long Stamen height and

the average was taken by dividing the total sum by nine. It was measured in millimeter (mm).
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3.4.3. Growth parameters

Leaf number/Plant (LN): The number of intact leaves or leaf scars per plant at flowering stage
was counted from three pre sampled plants of each replication and the average was taken by

dividing the total no by three.

Plant height (PH): The height of three pre sampled plants of each replication was measured in
centimeter from the bases of or soil surface to the tips of the plant at flowering stage and the

average was taken by dividing the total no by three.

Pedicle length (PDL): At harvest, three randomly selected pods were removed from the main
stem of three pre sampled plants of each replication to measure pedicle length and the average

was taken by dividing the total sum by nine. It was measured in millimeter (mm).

3.4.4. Yield and yield related datas

Number of pods per plant (PD/PL): Number of fully matured and seed filled pods were
counted from three pre-sampled plants at 90% physiological maturity and the average was taken

by dividing the total no by three.

Number of seeds per pod (SD/PD): The average number of seeds per pod obtained from three

randomly sampled pods of each of the three pre-sampled plants from each replication.

Seed yield (SY): The aboveground dry biomass was threshed after sun drying for five days and

their seed weight was recorded and expressed in grams.

Thousand Seed weight (TSW): The weight in grams of 1000 seeds sampled from each

replication was measured using sensitive balance and multiplied by ten.
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Oil content (%): The proportion of oil in the seed to the total oven dried seed weight was

calculated manually using scientific calculator.

3.4.5. Oil Extraction and Determination of oil content

Oil extraction was carried out at Hawassa University College of Agriculture Plant Cell
Laboratory. From each genotype grown at the three locations, matured seeds were collected and
oven dried at 40°C for four hours to reduce the moisture level to 4-5%. The dried seeds were then
thoroughly ground with an electric blender. Five grams of grounded seeds were used to extract
the oil in the Soxlet apparatus, using petroleum ether as a solvent for six hours according to the
AOCS method (AOCS, 1993) and then percentage of oil content was calculated for each sample

from the weight of the oil and seeds using the formula,

il tent (%) = OF welght * 100
teanten ’ Seed weight
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3.5. Data Analysis

Data were subjected to analysis of variance using the procedures outlined by Gomez and Gomez
(1984). The ANOVA model used for the analysis was: Yij=p+Vi+Lj+ (VL) ij+&ij Where, Yij=
the mean value of the response variable of the ith genotype at the jth altitude and the right hand
side of the equation gives the grand mean value (i) and the respective main and interaction

effects of altitudes and genotypes, €ij is a random error term due to those uncontrolled factors.

After fitting the ANOVA model for those significant interactions or main effects mean
separation was carried out using least significant difference (LSD) test at 5% probability level.
Simple correlation analysis between different characters was also computed to observe
associations between characters. In order to assess the associations between those measured
response variables a core plot correlation procedure was carried out using corrplot package (Wei
et al.,2017). All the statistical analyses were carried out using R stastical software version 3.6.1)

(Rcore Team,2019).
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4. RESULTS AND DISCUSSION

The analysis of variance (ANOVA) indicated highly significant difference between altitudes and
among different tested Brassica carinata genotypes for parameters measured such as phenology,
reproductive traits, growth and yield parameters and oil content. The details of result

interpretation are presented and discussed in the following sections.
4.1. Phenological Parameters

4.1.1. Days to 50% emergence

Days to 50% emergence was very highly significantly (p<0.0001) affected by the interaction
effects of altitude and genotypes (Table 3 and Appendix table 1).At the lower altitude (1416
m.a.s.l), genotypes needed less days (six days) for seedlings to emerge and accessions 26684 but
17547 took significantly more days (10.33 days) than all other genotypes (Table 3). At the
middle altitude (2043 m.a.s.l), genotypes needed about eight days for seedlings to emerge but
accession 26684 tooks significantly more days(14.87 days) than all other genotypes. At the
higher altitude (2743 m.a.s.l), most of the genotypes needed about nine days for seedlings to
emerge whilst accessions 17547,23601,202488 and 26684 took significantly more days(11 and
17.87 days, respectively) (Table 3). In general, the increase in altitude from low to mid then to
high has increased the number of days to seedling emergence. Hence the earliest genotype to
reach 50% emergence is yellow dodolla (6 days) at lower altitude. Number of days needed from
sowing to emergence did not show any relationship with the maturity grouping of the genotypes.
That means, genotypes classified based on their time of maturity responded similarly for days to

emergence at different altitudes.
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On average 8.17, 10.67and 11.24 days were needed for seedlings to emerge at the altitudes of
low, mid and high respectively in this study. The results of this study are in agreement with the
report of Mendham and Salisbury (1995), who concluded that lower altitudes with increased
temperature reduced the duration of all growth stages of canola (Brassica napus .L) and vice
versa. This may be due to temperature effects of the respective altitudes on the number of days it
tooks for seeds to germinate. Seed germination is a biochemical process that involves water
absorption, activation and synthesis of enzymes, oxidation of stored food and transport of
oxidates within the embryo and initiation of embryonic growth (Mills, 1993). These biochemical
processes are highly affected by the surrounding temperature. Thus the relatively higher
temperature at lower altitude reduce the time required for the seedlings to emerge as shown by

Vigil et al. (1997).

4.1.2. Days to first flowering

The interaction effects of the main factors altitude and genotypes were very highly significantly
(p<0.0001) affected the days to first flowering (Table 3 and Appendix table 1). At the higher
altitude, the genotypes required significantly more days from emergence to first flowering than at
the mid and lower altitudes. At lower altitude all genotypes required less than 60 days (two
months) to show the first flower except accession 26684 which required about 71 days to
produce the first flower (Table 3).Meanwhile accessions 202488, 21338,215187 and 23601

required significantly less days from emergence to first flowering (Table 3).

At mid- altitude, almost all genotypes on average required more than 60 days spanning to 78
days to reach first flowering stage (Table 3). Genotypes 202488, 21338, 215187, yellow dodolla
and 23601 required significantly less days from emergence to first flowering (Table 3). Similarly

at higher altitude genotypes required over range of 62-86 days to reach first flowering stage
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which is the longest as compared to the low and mid altitudes for all the genotypes. Accession
26684 required the longest days to flower across all the altitudes whilst accession 202488
required the shortest days (Table 3). The relatively higher temperature at lower altitude most
probably increased the rate of biochemical processes that take place in the plants and thereby
reduced the time required for the seedlings to emerge and to bear the first flowers as shown by

Vigil et al. (1997).

4.1.3. Days to 50% flowering

All genotypes very highly significantly (P<0.0001) differ in the number of days needed for 50%
of plants to flower across all the altitudes (Table 3 and Appendix table 1). At the higher altitude
genotypes required significantly more days from emergence to 50% flowering than at the mid
and lower altitudes. The plants required ranges of 43-71 days, 59-96 days and 73-107 days to
reach 50% flowering stage at lower, mid and higher altitudes respectively. Genotypes 202488,
21338,215187 and 23601 required significantly less days from emergence to 50% flowering
across all altitudes whilst the longest days were recorded for the accession 26684.This is

corresponding to the days to emergence and fist day to flowering as discussed above.

The rate of biochemical reactions, including those involved in mechanisms of crops to flower are
generally faster at lower altitudes due to the prevalence of higher temperature. Therefore, the
reduction in number of days from emergence to 50% flowering at lower altitude as compared to
the mid and higher altitudes could be as a result of this catalytic acceleration of biochemical
processes involved as also shown in a number of previous studies (Kaesha, 2009; Hepper, 2003;
Fitter and Fitter,2002). In this study early maturing canola cultivars required in the range of 44-
109 days to flowering, while mid maturing cultivars required between 44-118 days and late

maturing cultivars required between 47-124 days to flower depending on environmental
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conditions. Robertson (2002) also got an early maturing canola cultivars required in the range of
44-109 days to flowering, while mid maturing cultivars required between 44-118 days and late
maturing cultivars required between 47-124 days to flower depending on environmental
conditions. Similarly Slauenwhite and Qaderi (2013) reported that there were significant
differences between four canola cultivars grown at different temperature with respect to number

of days to flowering.

4.1.4. Days to flower completion

The number of, days to flower completion for all genotypes, was very highly significantly
(p<0.0001) different across the altitudes (Table 3 and Appendix table 1). In line with days to first
flowering and 50% flowering as discussed above, all the genotypes required 28 and 17 more
days to complete their flowering at the higher altitude than at the mid and lower altitudes
respectively (Table 3). Genotypes required from 66-92, 77-108 and 94-121 days to complete
flowering at lower, mid and high altitudes respectively. While genotypes 202488, 21338,215187
and 23601 required significantly less days from emergence to flower completion across all

altitudes.

The rate of biochemical reactions, including those involved in mechanisms of crops to flower are
generally faster at lower altitudes due to the prevalence of higher temperature. Therefore, the
reduction in number of days for flower completion at lower altitude as compared to the mid and
higher altitudes could be as a result of this catalytic acceleration of biochemical processes. This
result is inline with Robertson (2002) who reported that increased temperature at lower altitudes

reduced number of days to flowering in 21 canola cultivars.

30



4.1.5. Flowering period

This parameter indicates the number of days needed from start of flowering to completion of
flowering (period of flowering). All genotypes showed a very highly significant (p<0.0001)
difference in flowering period across the different altitude (Table 3 and Appendix table 1). Less
period of flowering was obtained from plants grown at the lower altitude than at the mid and
higher altitudes (Table 3 and Appendix table 1). The plants needed 20-29 days at low altitude,
24-31 days at mid-altitude and 30-35 days at high altitude for all genotypes from starting of
flowering to the end of flowering. The genotypes 202488, 21338,215187 and 23601 required
significantly less period for flowering across all the altitudes while accession 26684 required

more days as compared to other genotypes.

The rate of biochemical reactions, including those involved in mechanisms of crops to flower are
generally faster at lower altitudes due to the prevalence of higher temperature. Therefore, the
reduction in number of days for period of flowering at the lower altitude as compared to the mid
and higher altitudes could be as a result of this catalytic acceleration of biochemical processes

(Kaesha, 2009; Hepper, 2003).

4.1.6. Days to 90% maturity

The analysis of variance revealed that the interaction effects of altitude and genotype very highly
significantly (p<0.0001) affected days to 90% maturity (Table 3 and Appendix Table 1).
Accordingly the highest days to 90% maturity (147 days) was scored from genotype 26684 at
higher altitude while the least (92.67 days) was from genotype 21338 at lower altitude.
Increasing altitude from low to mid increased the number of days to 90% maturity by 9.57 days
on average, similarly increasing altitude from mid to high increase the number of days to 90%

maturity by 17 days on average.
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The result from this study showed that, genotypes required significantly more days from
emergence to the 90% physiological maturity stage when grown at higher altitude than at mid
and lower altitudes. On average about 135.64 days were required from emergence to 90%
physiological maturity at higher altitude, 118.57 days at middle altitude and 109 days at lower
altitude. This could be attributed due to lower temperatures and higher amount of precipitation at
higher altitude which prevented early maturity of the genotypes by maintaining high moisture

content and cooler temperature (Kumar et al., 2020; Inamullah et al.,2013).

Kumar et al. (2010a) also reported that the increase in temperature lowered the days to flowering
and days to maturity, which in turn shortens the seed formation period and the total crop
duration. A higher temperature leads to higher respiration rates and reduces biomass production
resulting in smaller and lighter grain therefore lower crop yield. While plotting relationship of
days to maturity against mean temperature it gave nearly a linear relationship, it indicates that

each degree rise in temperature the crop mature 8 days earlier (Mendham et al.,1981).

Warmer temperatures accelerates growth and development leading to less time for carbon
fixation and biomass accumulation before seed set resulting in poor yield (Morrison, 1996;
Rawson, 1992). Nanda et al. (1994) reported that reduction in seed yield of Brassica species
under lower altitude might be attributed to increase in temperature at the time of pod growth and
seed filling stages, which reduced the dry matter accumulation into the seed and shortened the
seed-filling period. The crops sown at higher altitude gave higher seed yield due to exposure of
higher growing degree-days and extended time to maturity which shows a positive relationship

between accumulated growing degree-days with seed yield (Roy et al.,2005).
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Table 3: Interaction effect of altitude and Brassica carinata genotypes on Phenological traits.

Source of variation Days to 50% Daysto first Daysto50% Days to Flowering Days to 90%
Altitude  Genotype emergence flowering flowering flower compl  period (No) Maturity
(No) (No) (No) etion(No) (No)
S-67 9.33%f 63.67 ® 78.33 98.67 35° 132.67
Yellow Dodolla  8.33™" 63 % 75.33 9" 96 9" 33%%c 127.33°f
Holeta 1 g fani 62.67 ® 74.679" 94.33M 31.67" 131¢%
26684 17.672 86° 107.33° 121.00°2 34.33° 1472
Tesfa 9.00° 72.67°¢ 80.33¢ 107 34.33° 141.67"
High Derashe 8.67™" 73°¢ 85.67 % 103.67 * 30.67°%f 135.67°
215187 g8.33 on 64.00¢ 74.33"M 94 30 %f0 124.67 ™"
202488 10.67 62.33% 73K 96.33 9" 34 133.33%
17547 11.33°¢ 77° 90.67°¢ 111.00% 34%® 133.67
23601 11.33°¢ 70.33°¢ 85.67 % 101.67° 31.33°%* 140.67°
21338 9.00° 77.33° 91.00° 112 .00° 34.67° 144.33%
S-67 7.67 9K 60.33°1 769 92.67" 31.67°¢ 128 ¢
Yellow Dodolla  6.67 58.67 " 72.33 % 87.67X 29 ¢fh 125.67™
Holeta 1 7.33"K 61.33 %f 731K 90.33 30 %f0 121"
26684 14.67° 78° 96° 108" 30 %f0 135.33%
Tesfa 7.67 9k 63 % 779" 94 M 37 ccef 118.33"
Mid Derashe g8.33 o 62 % 74.33M 90.33% 29.67 defon 121.339"
215187 8.00 "o 53.33% 65.00" 77.33™ 24 112.334
202488 8.67 " 48.33™ 58.67 ™ 78.33M° 30 %™ 107.33™
17547 g8.33 o 62.67 % 74.00 "k 93! 30.33 %M 118.33"
23601 8.00 "o 51.67 KM 64.67' 82.67' 30 % 114
21338 7.67 9k 54.33 61.67'™M 81.67'M 27.33" 102.67"
S-67 6.67 49.67™ 64.00' 78.33™° 28.67 M 102.67"
Yellow Dodolla  6.00' 52.334 65.00' 80.33'mn° 289 108.67'™
Holeta 1 7.00™ 54.33 Ik 63.33' 81.67'™ 27.33" 118"
26684 10.33 % 71.33°¢ 82.00° 97.67 ™" 26.33" 124"
Tesfa 6.67 57.67 9" 70.67 81.67'M 24 119.67 M
Low Derashe 6.67 56.67 "™ 70.33% 81.33'™ 2467 119.67 4™
215187 6.67 47.33" 56.00 ™ 707 22.67¢ 99.67™
202488 6.67 43.3° 50.67° 66.33¢ 23¢ 96.33%°
17547 10.33 % 51.674m 63.00' 76.33° 2467 107.67™
23601 6.334 48.33™ 57.00" 72° 23.67¢ 99.67™
21338 7.00™ 46.33™ 52.67 % 66 ¢ 19.67' 92.67°
LSD(0.05) 1.43 3.59 3.98 4.09 2.57 4.62
CV (%) 10.14 3.63 3.35 2.79 5.43 2.36

Variation
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4.2. Reproductive Traits
4.2.1. Number of flowers per plant

Interaction effect of altitude and genotype showed very highly significant difference (p<0.001)
on number of flowers per plant (Table 4 and appendix table 2). The highest number of flowers
per plant was recorded from genotype 23601 (218.67) at high altitude, whereas the least number
of flowers per plant was observed from genotype Tesfa (52.33) at lower altitude. Genotypes
23601, 202488, 17547, 21338 produce relatively more flowers at lower altitudes as compared to
the remaining genotypes. Although all genotypes showed a decrease in the number of flowers
when grown at lower altitude as compared to mid and higher altitude, but differences were only
very highly significant when going from high to low altitudes for genotypes 23601, 202488,
17547, 21338 and 215187. The number of flowers produced by different genotypes did show
relationship with their maturity grouping as early maturing genotypes produce relatively higher
number of flowers per plant across all altitudes while mid maturing genotypes and late maturing
genotypes produced lower number of flowers per plant and did not show much variability across
altitudes. Hence early maturing genotypes 23601 and 202488 gave the highest flower number at

higher altitude (Table 4).

These variations could be due to the flower inhibitory effect of high temperatures at lower
altitude on flowering and lack of Optimum soil moisture at the time of flowering of the crop
especiallyat loweraltitude. This result is in agreement with the works of Sreelanthakumary and
Rajamony (2004); Durner et al. (2002);Geleta (1998) and Faby (1997) who indicated that
, the inhibitory effect of high temperatureshould be considered during the flowering period. The
reduction in number of flowers recorded at the lower altitude could be attributed to the fact that

the higher temperature at the lower altitude reduced the duration of different growth stages, so
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that plants had less time to develop many flowers. Similar results were reported by Kutcher et
al.(2010) who found that high temperatures during vegetative growth reduced number of flowers

produced per plant.

4.2.2. Petal width (mm)

Very Highly Significant difference was observed from the interaction effect of altitudes with
genotypes at (p<0.0001) concerning petal width. Genotypes did differ with regard to petal width
when grown at different altitudes (Table 4 and appendix table 2).Consequently, genotypes
215187 and Holleta-1 scored the highest values for petal width (8.9mm and 8.83mm) at higher
altitude. Whereas the smallest width of petals was obtained from genotype 17547 (3.98 mm) at

lower altitude (Table 4).

In general most of the genotypes tend to produce wide petals at higher and mid altitudes than at
lower altitudes except for early maturing genotypes 21338 and 202488 which produced
significantly wide petals at the lower altitude than mid and higher altitudes (Table 4). Results
suggested that the width of petals may to a larger degree be related to the genetic character of the
genotypes than maturity grouping. Thus the variations were most probably being attributed to

their inherited traits or the growing altitude.

It is widely accepted that plant reproduction and reproductive organs are highly sensitive to
environmental factors from which temperature of the growing altitude is the most important
factor (Zinn et al., 2010; Hedhly et al., 2003). Petal width has direct relationship with altitude, in
which as the altitude increases petal width also increased. This idea is supported by (Qin et al.,
2016), who revealed that petal length and width decreased with increasing temperature at lower

altitude in different plant species.
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4.2.3. Petal length (mm)

Petal length was very highly significantly (p<0.0001) affected by interaction effects of altitude
and genotypes (Table 4 and appendix table 2). Genotypes did differ with regard to petal length
when grown at different altitudes (Table 4). In general most of the genotypes tend to produce
longest petals at higher and mid altitudes than at lower altitudes. Consequently, the longest petals
was recorded from genotype 215187 (18.17mm) followed by Holetta-1 (17.81mm) at higher

altitude whereas the shortest petal was obtained from genotype 21338 (9.01) at middle altitude.

However early maturing genotype 21338 produced longest petals at the lower altitude than mid
and higher altitudes. Results suggested that even if there exists difference in petal length between
genotypes, the differences are not stastically significant except for genotypes 21338 and
17547.This indicated that length of petals may to a larger degree be related to the genetic
character of the genotypes than maturity grouping. Thus the variations were most probably being
attributed to their inherited traits or the growing altitude. Differences in temperature of different
altitudes induce stress in plant tissues affecting the reproductive stage by delaying or accelerating
flowering, affecting differently male and female structures or inducing defects and deformities
38 on the reproductive structures (Zinn et al., 2010). Petal length has direct relationship with
altitude, in which as the altitude increases petal length also increased. This idea is supported by
(Qin et al., 2016), who revealed that petal length decreased with increasing temperature at lower

altitude in different plant species.
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4.2.4. Pistil height (mm)

Interaction effect of altitude by genotype on pistil height showed very highly significant
difference (p<0.0001) in this study (Table 4 and Appendix Table 2). Accordingly, the highest
pistil height was recorded from genotype Derashe (9.86mm) at mid altitude, whereas, the least
pistil height was observed from genotype 21338 (5.48mm) at mid altitude. Although in general
most genotypes showed an increase in pistil height with an increase in altitude from low to high
altitudes and genotypes S-67, 215187 and 21338 showed relatively higher Pistil height at lower
altitude than mid and higher altitudes. Early maturing genotypes 17547 and 21338 showed
relatively the least pistil height than the other genotypes across all altitudes. On the other hand, at
the mid altitude, mid maturing genotypes Tesfa and Derashe and early maturing genotype 17547
produced significantly highest pistil height than the other genotypes. Higher temperature of
lower altitudes also had a negative impact on pistil height in which as the temperature increase
the height of pistils is reduced for most of the genotypes. Reduced length of stigmatic receptivity

under higher temperature has been reported in other plant species also (Hedhly et al., 2003).
4.2.5. Short stamen height (mm)

Very highly significant difference was observed from the interaction effect of altitudes with
genotypes at (p<0.0001) concerning short stamen height. Genotypes did differ with regard to
short stamen height when grown at different Altitudes (Table 4 and appendix table 2). Most of
the genotypes tend to produce longest short stamens at higher altitudes than at mid and lower
altitudes. Consequently, the highest short stamen height was recorded from genotype 215187
(10.78mm) at higher altitude whereas the least short stamen height was obtained from genotype

21338 (4.67mm) at the mid altitude.
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Mid maturing genotypes Tesfa and Derashe and early maturing genotype 17547 produced
longest short stamens at the middle altitude than low and higher altitudes. On the other hand, at
the higher altitude, early maturing genotypes 21338 and 17547 produced relatively the least short

stamen height than the other genotypes.

Researchers investigated that reduced seed yield was a consequence of the reduced pollen
viability resulting from temperature effect that has been shown to reduce seed yield in a number
of crops such as A. hypogaea (Prasad et al., 2003), Cicer arietinum (Srinivasan et al., 1998),
cowpea (Vigna unguiculata) (Hall, 2004) and Capsicum species (Reddy and Kakani, 2007).
Higher temperature of lower altitudes had a negative impact on short stamen growth, in which as
the temperature increase the height of both short and long stamens is reduced for most of the
genotypes. This lack of filament growth resulted in anthers not extending above the stigma
which in consequence limited the deposition of pollen on to the receptive pistil and resulted in

reduced pollination (Zinn et al., 2010; Hedhly et al., 2003, 2009).

4.2.6. Long stamen height (mm)

Genotypes differ very highly significantly (p<0.0001) with regard to long stamen height when
grown at different altitudes (Table 4 and appendix table 2). The highest long stamen height was
recorded from genotype 215187 (12.77mm) at higher altitude whilst the shortest long stamen

height was obtained from genotype 21338 (6.6mm) at the mid altitude.

Even though most of the genotypes tend to produce longest long stamens at higher altitudes ,mid
maturing genotypes Tesfa and Derashe and early maturing genotype 17547 produced longest

long stamens at the middle altitude.
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Researchers investigated that reduced seed yield was a consequence of the reduced pollen
viability resulting from temperature effect that has been shown to reduce seed yield in a number
of crops such as A. hypogaea (Prasad et al., 2003), Cicer arietinum (Srinivasan et al., 1998),
cowpea (Vigna unguiculata) (Hall, 2004) and Capsicum species (Reddy and Kakani, 2007).
Higher temperature of lower altitudes also had a negative impact on long stamen height, in which
as the temperature increase the height of long stamens is reduced for most of the genotypes. This
lack of filament growth resulted in anthers not extending above the stigma which in consequence
limited the deposition of pollen on to the receptive pistil and resulted in reduced pollination
(Zinn et al., 2010; Hedhly et al., 2003,2009). In general the growing environment have impact
on the growth and development of plants in which flowering is the most sensitive stage. Most of
the time when plants grow at higher altitude they accumulate higher degree days which would

help them to grow bigger in size and to produce bigger reproductive organs.
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Table 4: Mean values of Reproductive traits of eleven Brassica carinata genotypes as affected

by the interaction of altitude and genotype tested at different altitudinal locations.

Source of variation Flower no(No) Petal Petal Pistil Short Long
Altitude Genotype width(mm) length(mm)  height(mm) stamen stamen
height(mm) height(mm)
S-67 90.67 "mn 7.99 abcdet 17.53%¢ 9,03 bcdeg 9.6° 10.77 %
Yellow Dodolla ~ 69.67 imnop 8.57 ¢ 16.73 3¢ 9.80° 9.3" 12.1%
Holeta 1 106.67 "k 8.83%® 17.81%® 9.67%® 0.8° 12.67°
26684 104.33 MK 8.67%° 17.6%° 9,37 e 9.53° 12.552
Tesfa 62.33"P 8.53 % 16.93 @ede 8.83 abcaefghi 8.88 "o 10.67 %
High Derashe 71.67 ™" 7.7 2bcdetan 15.05 €N 9.6 8.89 Pt 10.63 %"
215187 152.67 ¢ 8.9° 18.17° 9.53 % 10.78° 12.77°
202488 217.33° 7.77 3bcdefan 15,63 cdefan 8.6 cdefani 8.97 11.88 ¢
17547 200.67 5.03™ 9.62™ 5.87" 5.57/ 6.05’
23601 218.67°2 7.5 cdefghi 16.03 bedefy 9,07 3bcdefy 9.73° 11.43 0
21338 181" 4.75"™ 0.13" 5.81™M 5.21 % 8.87!
S-67 g2 Jkimnop 7.67 Pederant 17.3%° 8.35 1M 9.27° 10.63 %"
Yellow Dodolla 78 Kimnep 8.07 bedef 15.25 defoni 9,29 abcdef g9Pe 11.02 ¢
Holeta 1 9g lkim 8.3 abede 16,12 Pedef 9,03 ?bedefo 9.43° 11.47°<
26684 93.67 Ik 8.15 abedef 16,18 20cdef 8.65 Pedefan 8.88 bede 10.46 %
Tesfa 58.33 % 7.6 Pedefoni 17.25 2 9.57 %« 9.15° 10.96
Mid Derashe 77 'mnop 7.98 abcdef 15.03 °foni 0.86° 9.25° 11.15 Pede
215187 108.67 9 7.18°fon 13.57 'k 7.93 ik 7.06 9" 8.7!
202488 173.330« 4.73'™ 13.4 8.05 9Nk 6.67' 8.87"
17547 152 ¢ 6.7 9" 9.59™ 8.52 defani 7.53 foni 9.12"
23601 143.67 %f 5.7 13.1 g8.17 9" 7.43 "N 9.39 9"
21338 134,33 °fn 411" 9.01" 548" 4.67 6.6
S-67 70.33™0P 7.13 ™M 15.05 ©*o 9,33 ahcdet 8.08 °% 10.47 %
Yellow Dodolla  69.67 ™ 7.93 abedefy 13.98 Mk 7.95 "k 7.58 foni 9.39 9
Holeta 1 83.33 Jkimnop 6.6 11.53'M 7.5k 7.17 N 9.11"
26684 74,33 Kimnop 5.75 11.44"™ 7.8 7 9.23 9N
Tesfa 52.33° 6.45" 13.63 M 7.084 7.98 €% 977
Low Derashe 63.33"° 7.01 "M 14.07 9"k 9,23 abcdel 8.13 e 9.27 %M
215187 80.33 Jkimnop 7.3 defani 15,27 defon 8.93 ancdefn g defo 10.86
202488 141.67 % 6.4k 14,58 fonik g8.3 "o 7.53 N 10.23
17547 120.33 ¢foni 3.98™M 9.57™ 591™M 5.57} 6.93!
23601 120.67 ©fon 5.7 12.5¥ 7.97 "k 7.06 9" 9.33%M
21338 111.67%" 5.174m 9.27" 6.33'™ 5.53! 7.03!
LSD(0.05) 33.89 1.25 2.02 1.06 0.98 1.05
CV (%) 18.71 11.00 8.66 7.8 7.57 6.45

Means in the table followed by the same letter(s) are not significantly different at 5% level of
significance; LSD (0.05) = Least Significant Difference at 5% level;, CV= Coefficient of

Variation
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4.3. Growth Parameters

4.3.1. Leaf Number per plant

The main factors altitudes and genotypes caused very highly (p<0.0001) and highly (p<0.001)
significant differences on leaf number per plant, but there was no interaction effect of altitudes
with genotypes concerning leaf number per plant. Accordingly, the highest leaf number per plant
(50.78) was recorded from genotype 23601 followed by 21338 (42.33), while the smallest leaf
number per plant (22.89) was attained from genotype Yellow dodolla (Table 5 and Appendix
table 3). With regard to the growing altitudes the highest leaf number per plant was recorded at
the lower altitude and the smallest leaf number per plant was produced at higher altitude. This
may be due to the prevalence of higher temperature at lower altitude which facilitates the

vegetative growth of plants.

Previous research work by Cordell et al. (1998) showed that many plants have smaller number of
leaves at high altitudes. These morphological adaptations are presumably associated with
decrease in temperature as well as nutrient and water limitations (Kao and Chang, 2011; Cordell
et al., 1998). It may also be an adaptive strategy against the hazardous impact of strong wind that
normally blows at high altitude, thereby improving photosynthetic activities of plants (Kofids et
al., 2003; Korner and Cochrane,1983). Another works by Heide et al. (2020) revealed that Shoot

growth and leaf number per plant increased with increasing temperature in apple.

At the higher temperature, there is a smaller plastochrone interval (a regular time intervals in
which new leaves are produced) between the initiations of successive leaves (Hunter et al., 1977)

in maize.
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Table 5: Main effects of genotype and altitude on leaf number per plant at flowering stage
eleven Brassica carinata genotypes tested at different altitudinal locations.

Genotype Leaf No per plant
S-67 36.56 ™
Yellow Dodolla 22.89¢
Holeta 1 27.11%
26684 39.11 ¢
Tesfa 28.00 ™
Derashe 27.44
215187 38.22 ¢
202488 31.44%
17547 31.78"
23601 50.78°
21338 42.33%
LSD(0.05) 12.82
CV (%) 39.88
Altitude

High 20.94°¢
Mid 34.54°
Low 46.97°
LSD(0.05) 6.69
CV (%) 39.88

Means in the table followed by the same letter(s) are not significantly different at 5% level of
significance; LSD (0.05) = Least Significant Difference at 5% level; CV= Coefficient of

Variation

4.3.2. Plant height (cm)

Plant height was very highly significantly (p<0.0001) affected by interaction effect of altitude by
genotype in the present study (Table 6 and Appendix Table 3). Accordingly, the highest plant
height was recorded for genotype Holleta-1 (124.87cm) at lower altitude, whereas, the least plant
height was recorded from genotype 17547 (34.37cm) at higher altitude. Nevertheless, genotypes
Holleta-1, Derash and Tesfa showed relatively higher plant height at higher altitudes as
compared to the remaining genotypes (Table 6). Although all genotypes showed a decrease in
plant height with an increase in altitude from low to mid and high altitudes, highly significant
differences in plant height were found with early and mid-maturing genotypes

23601,202488,17547,21338 and 215187 respectively but the remaining genotypes showed little
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response to the different altitude treatments and these genotypes were characterized by rapid
stem elongation. The result from this study showed that, early and mid-maturing genotypes
showed a large response to altitude difference which reveals that they are more adaptable to

lower altitudes.

The present study revealed that the plants growing at low altitudes are comparatively taller and
produce more number of leaves. The results are supported by the observations of Bresson et al.
(2011); Johnson and Cook (1968) and Hickman (1975) who observed a reduction in plant height,
length, breadth and area of leaves with an increase in altitude. These results are also in agreement
with the findings of Izumi et al. (2007);Qaderi et al. (2006) and Osada et al. (1973) who reported

that lower altitudes increased the height of canola plants through temperature effects.

Korner (2007) and Willis and Hulme (2004) revealed that plant height is decreased with an
increase in altitude which is an adaptive phenomenon to protect the plant against the severe
conditions at higher altitudes. The harsh climatic conditions and longer growing period results in
the overall slow growth rate, which in turn enables the plants to efficiently utilize the available
resources (Benningto and McGraw, 1995). The reduced plant height at higher altitude prevents
the damaging effects caused by the strong winds prevalent at high elevations and keeps the
leaves closer to warmer soil to enhance its photosynthetic efficiency (Korner and Cochrane,

1983).

4.3.3. Pedicel Length

Significant difference was observed for pedicel length due to the interaction effect of altitudes
with genotypes at (p<0.05). Genotypes did differ with regard to pedicel length when grown at

different altitudes (Table 6 and appendix table 3). The longest pedicel was recorded from
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genotype 215187 (17.12mm) at higher altitude while the shortest pedicel was obtained from

genotype 21338(3.18mm) at lower altitude (Table 6).

In general most of the genotypes tend to produce longest pedicels at higher and mid altitudes
than at lower altitudes. Nonetheless, early maturing genotypes 17547 and 21338 produced
shortest pedicels than the other genotypes at all growing altitudes. On the other hand, at the
lower altitude mid maturing genotype 215187 produced significantly shortest pedicels as
compared to mid and high altitudes. Pedicel length and orientation (angle) contribute to the
diversity of inflorescence architecture and is important for optimal positioning of the flowers.
Results suggested that length of pedicels be related to the maturity grouping of the genotypes in

which late and mid maturing genotypes give relatively longest pedicels across all altitudes.

Table 6: Mean values of Growth parameters of eleven Brassica carinata genotypes as affected
by the interaction of altitude and genotype tested at different altitudinal locations.

Plant height Pedicel length
(cm) (mm)

Genotype High Mid Low High Mid Low
S-67 89.27 96.77'9"k 98.60%"" 12.13 N 10.87 9 8.77%
Yellow Dodolla  92.7 "k 103.18 efoni 120.62 % 17.07% 14.67 bede 12.52 ¢fan
Holeta 1 114,27 3bcce 121.31% 124.87° 14.47 12.33 %N 10.53 9"
26684 99,27 cdefoni 112.67 20cdet 123.16° 14.33 %f 12.8°% 10.1M
Tesfa 95.989"k 98.55 ik 110.63 2cdefy 14.6 oot 11.389" 9.67
Derashe 106.27 bedefan 112.65°%0cdef0 120.00% 16.93%°¢ 15.55 2 11.43 9"
215187 109.47 ébcdeton 85,21 JKm 109.47 2cdefy 17.87° 14.46 8.57k
202488 71.58™ g81.1Kmn 98.2 ¢ 10.87 9 10.38 9" 7.184
17547 34.37° 75.89'M 106.93 Pedefon 5.36™ 4.18™ 3.67M
23601 70.3™ 88.93 115.33%¢ 16.67 2 15.43 2 9.77"
21338 445° 83.85KIM 114.6 2 3.93™M 3.65™M 3.18™M
LSD(0.05) 16.21 2.52
CV (%) 10.3 13.98

Means in the table followed by the same letter(s) are not significantly different at 5% level of
significance; LSD (0.05) = Least Significant Difference at 5% level, CV= Coefficient of

Variation
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4.4. Yield and Yield Related Parameters and Oil Content
4.4.1. Pod length (mm)

Very highly significant difference was observed between altitudes and genotypes at (p<0.0001)
on pod length, but there was no interaction effect of altitudes with genotypes concerning pod
length (Table 7 and appendix table 4). The length of pods was measured at a stage of 90%
physiological maturity and ranged from 12 to 54 mm. Accordingly, the highest pod length was
recorded from genotype S-67 (54.11 mm) followed by Yellow dodolla (50.6 mm). The shortest
pod length was attained from genotype 17547 (11.94 mm). With regard to the growing altitudes
highest pod length was produced at the higher altitude and the shortest pods were produced at
lower altitude. The variations in pod length might be due to the temperature effect of the
growing environments in which the higher temperature effect of lower altitudes specially on the
reproductive development stage, which is more sensitive to high temperature (day and night

temperature) than vegetative development .

This result is in line with Lemma (1998) and Marcelis and Baan Hofman-Eijer (1997), who
pointed that seed number per pod is one factor that determine pod size. Furthermore, this report
is consistent with that of Russo (2003) and Aleemulah et al. (2000), who observed positive
relationship between seed number and pod size, where fruit weight increased linearly with seed

number in sweet pepper.
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Table 7: Main effect of genotype and altitude on pod length at 90% maturity of eleven Brassica
carinata grown at different altitudes

Genotype Pod length
S-67 54.11°
Yellow Dodolla 50.6°
Holeta 1 49.71"
26684 47.47°¢
Tesfa 48.60"
Derashe 21.41¢
215187 48.64 "
202488 40¢
17547 11.94°
23601 42.87°
21338 16.87°
LSD(0.05) 3.09
CV (%) 7.98
Altitude

High 45.77°
Mid 40.46"°
Low 37.04°¢
LSD(0.05) 1.61
CV (%) 7.98

Means in the table followed by the same letter(s) are not significantly different at 5% level of
significance; LSD (0.05) = Least Significant Difference at 5% level; CV= Coefficient of

Variation

4.4.2. Number of pods per plant

Numbers of pods per plant is a major yield determining component of Brassica species and
contribute substantially towards seed yield. Results from analysis of variance indicated a highly
significant interaction (p<0.001) effects of altitudes and genotypes on number of pods per plant
(Table 8 and Appendix Table 4). In general, the number of pods per plant has ranged from 31 to
194 pods per plant) at physiological maturity. The genotypes responded differently with respect
to the number of pods per plant when grown at different altitudes. Genotype 202488 had the
highest number of pods (194.33) at higher altitude while the least number of pods per plant was
recorded from genotype Holleta -1 (31) at lower altitude. With the exception of genotypes

23601,202488 and 17547 all genotypes produced significantly less pods per plant at the lower
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altitude as compared to the mid and high altitudes. Although all genotypes showed a reduction in
number of pods per plant as altitude decrease from high to low, highly significant (p<0.001)
differences in number of pods per plant were found with early maturing genotypes
23601,202488,17547 and 21338 (Table 8). However, differences between late and mid maturing
genotypes were not significant at all altitudes (Table 8). With the exceptions of 26684 and
215187, late maturing and mid maturing released varieties showed less reduction in the number

of pods per plant at lower altitude than early maturing genotypes.

The variations in number of pods per plant might also be due to the temperature effect of the
growing environments and the capability of each genotype to with stand the higher temperature
effect of lower altitudes especially on the reproductive development stage, which is more
sensitive to high temperature (day and night temperature) than vegetative development. This
outcome can be explained by the work of Sato (2005), who reported that, the reduction of fruit
set under moderately elevated temperature was mostly due to a reduction in pollen release and

viability in tomato plant (Lycopersicum esculentum Mill.).

The potential and final pod numbers are related to cumulative dry matter production of canola
(Brassica napus L.) until the beginning of flowering and the end of flowering, respectively
(Faraji, 2012; Habekotte, 1993). Hence, in this study a decrease in dry matter accumulation due
to higher temperature could be one of the reasons behind the reduced pod numbers at lower
altitude. In wheat, reproductive organ development in later tillers when coincided with higher
temperature exposure resulted in less grain number per plant (Impa et al., 2019; Garcia et

al.,2015).

On the other hand, number of pods can be affected by flower abortion due to higher temperature

and predation have all been proposed as factors explaining low pod number in plants. This also is
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in agreement with Schemske (1980) who reported that, Pollination can be the first factor limiting
seed and fruit production. In general the relative earliness in flowering and maturity could also
have enabled early maturing genotypes to produce relatively more pods per plant at higher

altitudes, which contributed for higher productivity of the genotypes per unit area.

4.4.3. Number of seeds per pod

Interaction effect of altitude by genotype had a very highly significant effect (p<0.0001) on
number of seeds per pod (Table 8 and Appendix table 5). The highest number of seeds per pod
(18.67) was recorded from genotype 215187 at higher altitude. Whereas the least number of
seeds per pod (6) were recorded from genotype 21338 at high and mid altitudes. Late maturing
genotypes showed higher reductions in number of seeds per pod than mid and early maturing
genotypes with a decrease in altitude. In general the result of this study showed, except 23601
and 21338, all genotypes showed a significant reduction in number of seeds per pod at lower

altitude as compared to the mid and higher altitudes.

The number of seeds per pod significantly decreased with increases in temperatures at lower
altitude in this study. The number of seeds per pod was reported to be one of the yield
components affected by environmental conditions, including temperature of the growing altitude
(Barker et al., 1989). The result of the study is in agreement with the works of Puteh et al.
(2013); Whigam et al. (2013) and Tischner et al. (2003) who revealed that the number of seeds
per pod is reduced by seed set failure, due to unfertilized ovules and the abortion of fertilized
ovules from environmental stress, such as high temperatures during flowering and early seed

developmental stages in soya bean.
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The result is also supported by Kutcher et al. (2010) who reported that increased mean
temperature during vegetative development reduced the number of seeds per pod and size of seed
per flower and consequently resulted in seed yield reduction, the view is also shared by findings

of Morrison and Stewart (2002).

4.4.4 Thousand seed weight (gm.)

Thousand seed weight was very highly significantly (p<0.0001) affected by interaction effects of
altitude and genotype (Table 8 and Appendix Table4 ).The maximum thousand seed weight
(6.36gm) was attained from genotype Tesfa at higher altitude and the least seed weight (1.1gm)
was registered from genotype 21338 at lower altitude. The early maturing genotype 21338
produced significantly lower thousand seed weight than the other genotypes at higher altitude.
On the other hand ,except genotypes 26684 and 215187 late and mid maturing genotypes gave
the maximum thousand seed weight than the early maturing at all altitudes which might indicate

wider adaptability of the late and mid maturing genotypes.

The result of the study shows that, at the higher altitude with extended growth period genotypes
tend to produce the highest seed weight. This might be attributed to the genetic makeup of
genotypes and/or the agro ecological factors especially temperature of the growing altitude.
Moreover seeds with higher weight can be considered as those receiving higher percentage of
assimilate, due to the extended growth period. In addition, the reduced duration of crop growth
stages at lower altitudes, increased rate of respiratory breakdown of accumulated dry mass and
accelerated leaf senescence due to the higher temperature might be the reason for the reduced
seed weight at lower altitude. Final seed weight is determined by both rate and duration of grain
growth. The result of this study is in line with the works of Prasad et al. (2008) who got that seed

weight was highly sensitive to increasing temperature and it is decreased due to reduced grain-
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filling duration in wheat. Other studies in rice have also observed that higher temperature is more
detrimental to grain weight (Morita et al., 2005; Morita et al.,2002).The result of this study is
also supported by Garica-Inza et al. (2018) who found that olive fruit dry weight showed a
tendency to decrease with increasing mean temperature at lower altitudes. Bosland and Votava
(2000) also indicated that, in some cultivars of Chili seed can contain up to 60% of the dry

weight of the fruit which makes it an important economic part of the crop.

4.4.5. Seed yield (Kg/ha)

Interaction effects of altitude and genotype were very highly significant (p<0.0001) on total seed
yield (Table 8 and Appendix Table 5). Accordingly, the early maturing genotype 23601 gave
maximum seed yield (1945.56 kg) at higher altitude and 1944.24 kg at mid altitude followed by
genotypes 202488 (1538.89 kg) and 215187(1503.33 kg) at mid altitude. While the least total
seed yield was recorded from genotype Yellow dodolla (560 kg) at the lower altitude (Table 8).
The result of this study shows that, at the higher altitude with extended growth period genotypes
tend to give higher seed yield than mid and lower altitudes and this might be due to the higher
temperature at lower altitudes (Table 8). And also temperatures higher than needed increase
respiration, sometimes above the rate of photosynthesis thus, photosynthates are used faster than
they are produced but for growth to occur, photosynthesis must be greater than respiration. The
result of this study is supported by the finding of Hatfield et al. (2011) who describes that an
increase in temperature may cause yield decline between 2.5% and 10% across a number of
agronomic species throughout the 21st century. It is also in agreement with work showing that
seed yield decreased when soybean, canola and Arachis hypogaea plants were exposed to high

temperature (Gan et al., 2004; Prasad et al., 2003; Gibson and Mullen, 1996)
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Decreased fruit- set at higher temperature was mainly due to poor pollen viability, reduce pollen
production and poor pollen tube growth, all of which lead to poor fertilization of flowers (Prasad
et al., 2003). Flower abortion also has been attributable to the decreased seeds per plant and seed
yield in other crops such as Brassica napus (Angadi et al., 2000), Brassica Rapa (Morrison and

Stewart, 2002) and Brassica Juncea (Gan et al., 2004).

Previous works by McGregor (1981) indicated that the seed yield of canola (Brassica napus L.)
is primarily determined by the number of pods, seeds per pod and seed weight. Photo-assimilate
supply during fertilization determines seeds per pod, whereas seed weight depends on the
continued supply of photosynthates after fertilization until maturity. In addition, other studies
have indicated that the number of flowers that translate into pods is a key determinant of seed
yield. Therefore, flower numbers and pod/flower ratio are also important factors that determine
canola seed yield (Gan et al., 2004; Morrison and Stewart, 2002; Angadi et al., 2000). Higher
temperatures at lower altitudes increased the rate of senescence and decreased the ability of the
plant to efficiently produce grain (Hatfield and Prueger, 2015). Reproductive organs of canola
plants exposed to higher temperature are affected negatively, resulting in reduced male and
female reproductive organ viability (Polowick and Sawhney, 1988), which affects pollen
viability, fertilization and grain or fruit formation (Hatfield et al., 2011). The prevalence of
higher temperatures at lower altitude decrease seed set, grain number, grain-filling duration,

grain-filling rate and individual grain weight and ultimately result in reduced grain yield.

Other studies have also examined the impacts of increasing temperatures on soybean seed
production. Higher temperatures caused lower net photosynthetic carbon assimilation and
biomass production, which were attributed to declines in stomatal conductance and intercellular

carbon dioxide and resulted in yield reduction (Ruiz-Vera et al., 2013).
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4.4.6. Oil content

The analysis of variance with interaction effect of altitude and genotype showed very highly
significant difference (p<0.0001) for QOil content (Table 8 and Appendix Table 4). Accordingly
the highest oil content was scored from genotype Yellow dodolla (41.79) at higher altitude while
the least was from genotype 215187(20.51) at lower altitude. The result from this study showed
that, the oil content of all Genotypes was increased with Increasing altitude from low to mid and
then to high. Genotypes gave significantly more percentage of oil when grown at higher altitude
than at mid and lower altitudes. On average genotypes gave 34.89% oil at higher altitude,
30.59% at middle altitude and 22.63% at lower altitude. The result of this study showed that for
all genotypes, oil content and seed yield parameters decreased significantly with decrease in
altitude. This may be due to the higher temperatures at lower altitude which accelerates the time
of seed maturity and hence hindered dry matter accumulation (Nissim et al.,2020).The rate of
synthesis of oil during seed development was found to be affected by the temperature of the
growing environment because high temperature environment can repress seed development
which reduces oil yield and quality in olive plants (Nissim et al.,2020). Previous works by Singer
et al. (2016) and Zhu et al. (2012), also corporates that higher temperatures during the pod-filling
stage have been reported to reduce seed oil concentration in oilseed rape. This is partly due to the
fact that higher temperature at lower altitude promotes vegetative growth but negatively affects

oil concentrations Misrere et al. (2018) and Trentacoste et al.(2012).
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Table 8: Yield and yield related parameters and oil content of eleven Brassica carinata as
affected by the interaction of altitude with genotype tested at different altitudinal locations.

Source of variation Number of pods Number of seeds 1000 seed Seed yield Oil content
Altitude Genotype per plant (No) per pod(No) weight (gm.) (Kg/ha) (%)
S-67 65 IKm 12.67™ 4.89° 1240 41.25%®
Yellow Dodolla 60 ™" 15.33 %™ 5.34° 1118.89% 41.79°
Holeta 1 86.33" 15.33 %o 4.72f 1307.78°¢ 40.24"
26684 78.33 Mk 15.67 ™ 3.89" 1156.67 % 33.41
Tesfa 43.33'™ 12.67M 6.36° 753.33M 37.21%
High Derashe 54 Jkimn 14.33 1" 5.65° 1066.67 ¢ 39.27°¢
215187 122,67 18.67°2 3.29X 1220 3157
202488 194.33° 16.33 Pede 3.57! 1355.56°¢ 30.58"
17547 183.33% 6.67" 3.4k 723.33 Mk 31.98°¢
23601 176.67% 16.67 2« 4.03" 1945.56° 29.12!
21338 159.67 ™ 6.00" 2.6" 773.33" 27.39%
S-67 60.33 KImn 11.67 % 4.75°% 704.44MK 37.97¢
Yellow Dodolla ~ 58.33 'Im" 13.67 9" 3.55" 634.44 36.58°
Holeta 1 85.33 " 14.33°fn 4319 642.22 1 34.57'
26684 78.33 "k 140 3.46" 635.56 1 29.48"
Tesfa 52.33KIm" 11.33" 5.06¢ 1073.33¢ 33.73f
Mid Derashe 66 14.33°fn 5.30°¢ 942.22™ 34.48°
215187 102 fn 17.67%¢ 3.06' 1503.33" 26.774
202488 164.67 ¢ 17.67%¢ 3.4 1538.89° 25.73'M
17547 138 6.33" 3.0L™ 797.78%" 25.97'M
23601 128.67 %f 14T 3.41% 1924.44° 26.03'M
21338 119.33°1 6" 1.98° 797.78%" 25.19™
S-67 33.33™ 9.67 M 2.6" 577.78 K 26.459
Yellow Dodolla  32.67" 11.67 % 2.99'm 560" 23.44"
Holeta 1 51 Kimn 10Km 3.42'K 654.44 "MK 20.73™
26684 40.33'™" gm 2.48" 560" 23.95"
Tesfa 36.67'™ 9.33'™ 3.87" 607.78 21.92°
Low Derashe 35.67'™ 10.33Km 1.9° 628.89 ! 23.75"
215187 61.67 UKimn 16 cdef 2.86™ 645.56 1 20.519
202488 106 ©fn 15.67 ¢l 2.97'™ 568.89 1! 20.619
17547 98.67 " 9.67 KM 2.54" 631.11 20.88 "™
23601 109 o 18.33% 291 623.33" 22.99™
21338 90.33 %" 6.67" 11" 595.56 ¢ 23.77"
LSD(0.05) 32.06 2.11 0.16 146.66 1.2
CV (%) 21.98 10.19 2.67 9.71 2.52

Variation
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4.5. Correlation

The correlation analysis was performed to determine simple correlation coefficient between
phonological, reproductive, growth, yield and yield related parameters and oil content as affected
by genotype and altitude interactions. The present study has indicated that phenological
parameters were found to be strongly and positively associated with each other and with days to
maturity. Date of emergence was highly and positively correlated with days to first flowering(r =
0.71***), days to 50% flowering (r = 0.72***), days to flower completion (r = 0.68*%*),
flowering period (r = 0.43**) and days to maturity (r = 0.63**). Days to first flowering was
highly and positively correlated with days to 50% flowering (r = 0.98***), days to flower
completion (r = 0.97***), flowering period (r = 0.66**), days to maturity (r = 0.89***), plant
height (r = 0.63**), oil content (r = 0.51**) and thousand seed weight (r = 0.42**). Many
phenological parameters and plant height contributed to the length of days to maturity because
days to maturity was found to be strongly and positively associated significantly with date of
emergence (r = 0.62**), plant height (r = 0.69**), days to first flowering (r = 0.89**), days to
50% flowering (r = 0.89***), days to flower completion (r = 0.93***) and flowering period (r =
0.80***). Days to maturity contributed to the increment of oil percentage and thousand seed
weight because it is highly and positively correlated with oil content (r = 0.66**) and thousand
seed weight(r = 0.57**). Petal width was positively correlated with petal length (r = 0.85**%*),
pistil height (r = 0.83***), short stamen height (r = 0.85***), pod length (r = 0.71**), pedicel
length (r = 0.66*%*), oil content (r = 0.57**), thousand seed weight (r = 0.54**) and plant height
(r = 0.54**). Number of flowers was highly and positively correlated with number of pods per
plant (r = 0.96***) and positively correlated with seed yield (r = 0.46**) .The present finding

also showed that number of seeds per pod was positively correlated with pod length (r = 0.60**),
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thousand seed weight (r = 0.30**) and seed vyield (r = 0.46**). Leaf number is inversely
(negatively) correlated with plant height and days to maturity (r = -0.56**), thousand seed

weight (r = -00.42**) and oil content (r = -0.48**) (Fig 3 and Appendix Table5).

Awal et al. (2015) and Khan et al.(2000) notified significant positive relationship between pod
numbers per plant with seed yield in Brassica napus. Rameeh (2015) and Sabaghnia et al. (2010)
also discussed and elaborated a positive correlation between seeds per pod and seed vyield of
plants. Thousand Seed weight possessed positive and significant relation with percentage of oil.
This correlation is supported by Singh et al. (2016) who elaborated the positive significant

correlation of weight of seeds and number of pods per plant and oil percentage.

Singh et al. (2016) and Golparvar (2011) also noticed the same results and identified the positive
and significant correlation between oil content and seed yield. In general, Positive correlations
recorded among the traits suggest that these traits can be used as selection criteria for genotypes
with high seed yield and also selection of these parameters of yield could be fruitful for

improvement of yield.
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Fig 3: Correlation coefficients among parameters in Brassica carinata at high, mid and low
altitudes. The size of circles and color intensity indicate the magnitude of statistically significant
(p < 0.05) correlations and the cells with no circles indicate non-significant correlations; the red

circles are for negative and blue are for positive correlations.
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5. SUMMARY AND CONCLUSION

Ethiopian mustard (Brassica carinata A. Braun), locally known as “Gomenzer”, is a native
species to Ethiopia commonly cultivated for its leaves and oil seeds since ancient times.
Recently, with increased interest to minimize the effects of greenhouse gas emission, utilization
of green energy such as biofuels has been on the rise. Brassica carinata has become one of
potentially exploited feedstock for biofuel production around the world especially in Europe,
Australia and Canada. Besides, the crop is thought to have wider adaptability and comparative
tolerance to biotic and abiotic stresses than other Brassica species grown as oilseeds. Nonetheless
its production and productivity is still far below the national averages due to various factors. The
yield of the crop is affected by many factors such as the growing environmental conditions
(abiotic conditions), the genotype, pest and diseases (biotic conditions), agronomic practices and
etc. Therefore, studies are needed to understand and compile comprehensive knowledge to
increase the production potential. This particular study is therefore, mainly focused on the study
of different genotypes under varying in growing altitude to see the crop responses. To this
effect, the study was conducted to assess the phenological, reproductive, growth and yield
responses as well as the oil content of 11 Brassica carinata A. Braun genotypes and the
interaction effect of altitude with genotype on the responses at three different altitudes such as
Bale Goba (2743 masl), Arsi Negele (2043 masl) and Dilla (1416 masl) during 2011 dry season.
The study was comprised of factorial combinations of three altitudes and 11 Brassica carinata
genotypes which resulted in 33 treatments. The experiment was laid out in a CRD design with

three replications as a pot experiment in controlled edhaphic environment.

The results of the study revealed that the interaction effects of altitude and genotypes had

considerable influence on phenological, reproductive, growth, yield and yield components as
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well as oil content of Brassica carinata except for leaf number per plant and pod length.
Phenological Parameters were very highly significantly affected by the interaction effects of
altitude and genotype. Accordingly, the shortest days to 50% emergence (6.33days) was
recorded from genotype 23601, shortest days to first flowering (43.3 days) and 50% flowering
(50 days) were obtained from genotype 202488 and shortest days to flower completion (66 days)
,Flowering period (19.67 days) and 90% maturity (92.67 days) were recorded from genotype
21338. The shortest days for all the phenological parameters were recorded at Lower altitude
(1416 masl).

Reproductive traits also exhibited highly significant differences for interaction effects of
altitudes and genotypes. Genotypes 215187 and Holleta-1 scored the highest values for petal
width (8.9mm and 8.83mm) and petal length (18.17mm and 17.81mm) at higher altitude. The
highest value for pistil height (9.86 mm) was exhibited from genotype Derashe at mid altitude.
The highest records for short stamen height (10.78mm) and long stamen height (12.77mm) were
obtained from genotype 215187 at high altitude. Similarly the highest number of flowers per

plant was obtained from genotypes 23601 (218.67) and 202488 (217.33) at the same altitude.

The interaction effect of altitude and genotype very highly significantly (P < 0.0001) influenced
the growth parameters of Brassica carinata. Thus the highest value for plant height (124.87 cm)
was recorded from genotype Holleta-1 at lower altitude whereas higher record for pedicel length

(17.87 mm) was recorded from genotype 215187 at higher altitude.

Yield and yield components of Brassica carinata were also affected with the interaction of
genotype and altitude. Highest number of pods per plant (194.33), seeds per pod (18.67) and
thousand seed weight (6.36 gm) were obtained at higher altitude from genotypes 202488, 215187

and tesfa respectively. Increasing the altitude from low to high strongly increased seed yield
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from 1945.56 kg/ha to 560 kg/ha. The early maturing genotype 23601 gave maximum seed yield
(1945.56 kg/ha) at higher altitude followed by genotypes 202488 (1538.89 kg/ha) and 215187
(1503.33kg/ha) at mid altitude. Similarly maximum oil percentage (41.79%) is also obtained

from genotype yellow dodolla at high altitude.

Therefore, it can be concluded that different genotypes responded differently to different altitude
ranges and their interaction have a significant impact on phenology, reproduction, growth and
yield of Brassica carinata. Therefore from the result one can conclude that decrease in altitude
from high to low reduces number of days from planting to all the studied phenological stages. In
line with this early maturing genotypes required less days to reach all of the phenological stages
as compared with late and mid maturing genotypes. Reproductive traits showed an increase with
increasing altitude and early maturing genotypes gave the lowest values for those traits across all

altitudes except for flower number per plant.

Increase in altitude reduces the number of leaves per plant and plant height. On average, early
maturing genotypes produced more leaves per plant and shorter plants as compared to late and
mid maturing genotypes. Even if they scored relatively the shortest plant height through all

altitudes the highest values are scored at lower altitudes for both growth parameters.

Yield and yield components are also increased with increasing altitude. Brassica carinata grown
at higher and mid altitudes produced higher seed and oil yields than when grown at lower
altitudes. Hence, high and mid altitudes respectively were appropriate to maximize Brassica
carinata seed and oil yield. In general, the result of the study in tells us using appropriate
genotype and altitude interaction can be important for screening of genotypes for seed and oil

yield based on the studied parameters. Besides, the study also showed the availability of Brassica
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carinata accessions with comparable performance, i.e. Acc 23601,202488 and 215187 as the

released varieties.

However, to come up with a plausible recommendation it requires repeating the experiment over
different seasons with more number of genotypes intensively at field condition to verify the present
results and the consistence performance of these parameters over different seasons and with

more genotypes.
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APPENDICES

Table 1. Mean square values of days to 50% emergence, Days to first flowering, Days to 50%
flowering, Days to flower completion and Flowering period as affected by interaction of Altitude
with Genotype tested at different altitudinal locations.

Source of Degrees of Date of 50%  Daysto first Daysto50%  Days to flower Flowering Days to
Variation freedom emergence flowering flowering completion period maturity

(No) (No) (No) (No) (No) (No)
Altitude 2 67.76*** 2583*** 3557*** 5528*** 558.8***  7189***
Genotype 10 36.47*** 453.6%** 716*** 551*** 24.8%** 392%**
Altitude*Genotype 20 3.50*** 45 5x** 76*** T4*** 9.3*** 139***
Error 66 0.77 4.9 6 6 25 8

Ns =non-significant,*= significant, **= highly significant, ***= very highly significant

Table 2. Mean square values of petal width, petal length, pistil height, short stamen height and
long stamen height as affected by interaction of Altitude with Genotype tested at different
altitudinal locations.

Source of Variation Degrees of  Flower no Petal width ~ Petal length  Pistil height ~ Short stamen  Long stamen

freedom (No) (mm) (mm) (mm) height(mm) height(mm)
Altitude 2 17054***  15,03*** 66.15%** 5.74%** 16.21%** 19.36***
Genotype 10 15735***  12.26*** 40.67*** 10.15%** 15.05%** 18.72%**
Altitude*Genotype 20 946** 2.08*** 7.80%** 1.92%** 3.16*** 3.97***
Error 66 432 0.59 1.54 0.42 0.36 0.41

Ns =non-significant,*= significant, **= highly significant, ***= very highly significant

Table 3. Mean square values of Flower no, Leaf no, Plant height, Pedicel length and Days to
maturity as affected by interaction of Altitude with Genotype tested at different altitudinal
locations.

Source of Variation Degrees of Leaf no Plant height Pedice length
freedom (No) (cm) (mm)

Altitude 2 5594*** 8728*** 161.29***

Genotype 10 596** 2048*** 132.77%**

Altitude*Genotype 20 258" 396*** 4.45*

Error 66 4.9 99 2.39

Ns =non-significant,*= significant, **= highly significant, ***= very highly significant
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Table 4. Mean square values of Number of pods per plant, Number of seeds per pod, Pod length,
1000 seed weight, Seed vyield per block and Oil content as affected by interaction of Altitude
with Genotype tested at different altitudinal locations.

Ns =non-significant,*= significant, **= highly significant, ***= very highly significant

Source of Variation Degrees of  Number of Number of Pod length 1000 seed  Seed yield Oil content
freedom pods per seeds per pod  (mm) weight (gm) (%)
plant(No) (No) (gm)
Altitude 2 21480*** 24 58*** 639.5*** 28.4%** 210.39*%**  1276.4*%**
Genotype 10 15991 *** 110.78*** 1736.1***  8.18*** 42.61%** 119.8***
Altitude*Genotype 20 705* 11.05*** 18.1"™ 1.65*** 17.39*** 22.4%**
Error 66 387 1.67 10.8 0.01 0.65 0.5
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Table 5. Correlation coefficients among parameters in eleven Brassica carinata genotypes tested at different altitudinal locations.

NSP (0]
DE DFF DF DFC FP PW PL PSH SSH LSH FN LN PH PEDL DM NPP P PODL TSW  SY C
DE
DFF  0.71%**
DF 0.72***  0.98***
DFC 0.68**  0.97*** 0.96***
FP 0.43 0.66**  0.69 0.81***
PW 0.09 0.28* 0.33* 0.31* 0.34*
PL 0.13 0.24* 0.30* 0.31* 0.41*  0.85***
PSH 0.02 0.12 0.17 0.16 0.25*  0.83*** (0.84***
SSH 011 0.22* 0.28* 0.27* 0.34*  0.85*** (0.92*** (.84***
LSH 0.15 0.20* 0.24* 0.25* 032* 0.8 0.88**  0.83***  0.94***
FN 0.27* 0.10 0.05 0.15 0.22* -0.31 -0.2 -0.29 -0.24 -0.19
LN -0.16 -0.45* -0.44 -0.52 -0.58 -0.32 -0.29 -0.21 -0.29 -0.25 -0.8
PH 0.26* 0.63**  0.64**  0.67**  0.62** 0.54**  0.48* 0.41* 0.50* 0.48*  -0.07 -0.56
PED 0.11 0.25* 0.30* 0.29* 0.33* 0.66**  0.63** 0.68**  0.74** 0.72** -0.2 -0.26  0.58**
L
DM 0.62**  0.89*** (0.89*** (0.93*** (0.8 0.41* 0.38* 0.25* 0.38* 0.35*  0.16 -0.56 0.69** 0.42*
NPP  0.26* 0.11 0.06 0.15 0.22*  -0.33 -0.2 -0.3 -0.26 -0.21 0.96*** -0.05 -0.1 -0.2 0.15
NSP  0.08 -0.11 -0.08 -0.09 -0.01 0.43* 0.51* 0.55* 0.53** 0.6 0.05 -0.01 0.14 0.60** 0.05 0.07
P
POD 0.43* 0.16 0.23* 0.22* 0.29* 0.71**  0.72**  0.68**  0.76**  0.76** -0.36 -0.26 0.53* 0.78** 0.35* -0.39 0.6**
L
TSW 0.12 0.42* 0.43* 0.49* 0.56** 0.54* 0.58* 0.49* 0.56**  0.52** -0.26 -042 053* 0.6** 057 -021 0.30* 0.55**
SY 0.23* 0.10 0.12 0.20* 0.38* 0.14 0.29* 0.27* 0.28* 0.29*  0.46* -0.19 0.23* 048* 0.29* 0.50* 0.46* 0.26* 0.28*
ocC 0.21* 0.51**  0.53**  0.60**  0.69** 0.57**  0.59**  0.49* 0.57**  0.52** -0.12 -0.48  0.59** 0.54** 0.66** -0.07 0.18 048* 0.75** 031

DE=Days to 50% emergence,
FP=Flowering period, PW=Petal width, PL=Petal length, PSH=Pistil height, SSH=Short stamen height, LSH=Long stamen height,
FN=Flower Number, LN=Leaf number, PH= Plant height, PEDL=Pedicel length, DM=Days to maturity, NPP=Number of pods per
plant, NSPP=Number of seed per pod, PODL=Pod length, TSW=Thousand seed weight, SY=Seed yield, OC=0il content

DFF=Days to first flowering,

DF=Days to 50% flowering, DFC=Days to flower completion,
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