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Abstract
Millets are C4 annual grasses that are mainly used for food and feed. This thesis
describes two studies that evaluated drought tolerance of pearl millet cultivars (Pennisetum
glaucum [L.] R. Br) grown for grain. A third study is also included in the thesis that evaluated
foxtail millet (Setaria italica [L] Beauv) and pearl millet grown as cover crops and forage during
a pasture renovation. The main focus of the thesis involved evaluation of Senegalese pearl millet
cultivars for drought tolerance. Drought is one of the most important threats to pearl millet
production in Senegal as it limits yield in most parts of the country. Although water stress on
pearl millet is common during the growing season, a little is known about how terminal drought
affects yield in Senegalese pearl millet cultivars. To address this issue, two field experiments
were conducted in 2014 and 2015. The first field study evaluated 20 pearl millet cultivars under
water stress and categorized based on their yield response. Whereas the second year field trial
used four cultivars from the first field trial in a more detailed study to give recommendations for
farmers in Senegal. The experiments were complete randomized block designs. Pearl millet
cultivars were grown under irrigation until flowering then the stress treatment was applied by
stopping the irrigation in half of the plots. Eleven cultivars showed a statistical indifference to
water stress and considered the most drought tolerant. Four cultivars were selected from the 11
for the second year experiment. Of these, cultivar 4 (ICMV IS 89305) and 10 (SOSAT c 88)
exhibited higher tolerance to terminal water stress based on evaluation of yield components and
drought stress indices. These cultivars could be a good target for further breeding and selection
in Senegal. Although the cultivars were more drought tolerant, both had relatively low total
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biomass. When used in a larger scale, these cultivars could potentially benefit farmers in Senegal
and enhance food security.
The second part of this thesis addressed use of a forage type millets – specifically foxtail
and pearl millet. In the US, these millets are primarily serve as a summer cover crops that can be
used for forage. The objective of this experiment was to compare yield and forage quality of
foxtail and pearl millet cover crops and their effect on subsequent pasture establishment. A field
experiment was conducted in Virginia in 2014 to address this objective. Pearl millet and foxtail
millet were randomly planted in 12 plots each and harvested in late summer. Plots were then
converted to tall fescue (Schedonorus phoenix (Scop.) Holub) pasture. Foxtail millet had a
significantly higher soil cover than pearl millet but the two species did not differ in terms of total
biomass, forage quality, or their effect on tall fescue pasture establishment.
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General Audience Abstract
The main part of this thesis describes two studies that evaluated the drought tolerance of
pearl millet cultivars (Pennisetum glaucum [L.] R. Br) grown for grain in Senegal (west Africa).
Pearl millet is one of the most cultivated cereal crops in Senegal and plays a major role in food
security. However, due to unstable rainfall, its yield has been decreasing for these passed years.
In addition, the increase in population is resulting in an increase in cereal demand. As a result,
pearl millet production is lower than the population need. For these reasons, strategies to
stabilized and or increase pearl millet production are more than needed in the country. With that,
this study aimed to evaluate Senegalese pearl millet cultivars under water stress after flowering
and to identify the most tolerant. to reach our aim, two field experiments were conducted in 2014
and 2015 in Bambey, Senegal. The first field study evaluated 20 pearl millet cultivars under
water stress after flowering. Whereas the second year field trial used four cultivars from the first
field trial in a more detailed study to provide recommendations for farmers. Eleven cultivars
showed a statistical indifference to water stress. Of these, cultivar 4 (ICMV IS 89305) and 10
(SOSAT c 88) exhibited higher tolerance to terminal water stress. These cultivars could be a
good target for further breeding and selection in Senegal. When used in a larger scale, these
cultivars could potentially benefit farmers in Senegal and enhance food security. The second part
of this thesis addressed use of a forage type millets – specifically foxtail and pearl millet. In the
US, these millets are primarily serve as a summer cover crops that can be used for forage. The
objective of this experiment was to compare yield and forage quality of foxtail and pearl millet
cover crops and their effect on subsequent pasture establishment. A field experiment was
conducted in Virginia in 2014 to address this objective. Foxtail millet had a significantly higher
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soil cover than pearl millet but the two species did not differ in terms of total biomass, forage
quality, or their effect on tall fescue pasture establishment.
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1
1.1

Literature Review
Introduction
Worldwide, drought has become a major problem that threatens sustainable crop

production (Farooq, et al., 2009). The negative effects of drought on crop production,
particularly on C4 crop such as pearl millet is more frequent and severe in arid and semi-arid
regions (Yadav, et al., 2012). Pearl millet, one of the main cereal crop grown in these areas
besides corn, sorghum and rice encounters tremendous yield loss due to water stress. Among
water stresses, terminal drought is the most important in term of limiting pearl millet yield
(Bidinger, et al., 1987b). Yadav, et al. (2012) further emphasized that millet production faces
other challenges such as low soil fertility, low input, high temperature, and salinity. According to
Wang, et al. (2003) these abiotic factors led to about 50% yield loss. As a results, millet
production failed to satisfy the population needs in West Africa, particularly in Senegal.
Moreover, Research on drought tolerant crops has focused on pearl millet during these last three
decades e.g. (Aparna, et al., 2014, Bidinger, et al., 1993, Bidinger, et al., 1987a, Bidinger, et al.,
1987b, Bidinger and Hash, 2004, Serraj, et al., 2005, van Oosterom, et al., 2003, Yadav and
Bhatnagar, 2001, Yadav, et al., 2012). However, most of the research has been conducted in Asia
and Europe. Meanwhile, West Africa, particularly Senegal, lacks information about terminal
drought tolerant pearl millet cultivars adapted to its environmental conditions. Indeed, drought at
the reproductive stage of crop development leads to major yield loss in the area because cultivars
resistant to this type of stress are not available for farmers yet. As mentioned by Takeda and
Matsuoka (2008) and Newton, et al. (2011) changes in environmental factors, in addition to
increase in crop need resulting from higher population, led to a necessity of stress tolerant crop
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genotypes. For these reasons, research about terminal drought tolerant pearl millet cultivars is
more than needed in areas like Senegal.
The objective of the study was to examine Senegalese pearl millet under terminal drought
and identify the best to be grown in arid and semi-arid tropical regions.
The next section will review the relevant general information about pearl millet before
introducing the challenges of its cropping system. Furthermore, specific attention will be paid to
pearl millet production systems in Senegal and to drought effects on the crop physiology and
yield components.
1.2

Pearl Millet
Millets, a group of several annual grasses produce small grain for food and feed, and are

believed to be the oldest grown crops worldwide (Oelke et al, 1990). Several species of millet
were domesticated in distinct parts of the world and have different histories. The most important
millet species are pearl millet, finger millet, proso millet and foxtail millet (FAO, 1996). Pearl
millet, also known as (Pennisetum typhoides, Pennisetum tyhpideum, and Pennisetum.
mericanum) or locally named (bulrush millet, babala, bajra, cumbu, sanio or souna ( ICRISAT
and FAO, 1996), is the most widely grown of all millets (Bidinger and Hash, 2004, Rai, et al.,
1999). This crop has a C4 photosynthesis pathway, is open pollinated with 75 to 80%
outcrossing, and can produce about 1000-3000 seeds with germination taking only 2 to 3 days
(Rai, et al., 1999). Yadav, et al. (2012) also mentioned that pearl millet has a high ability of
biomass production and can establish and produce reliable yield in areas with severe
environmental conditions where other cereal crops such as maize and sorghum will fail.
Moreover, Pearl millet nutritional value is comparable to that of maize, its protein content and
quality is typically higher than that of sorghum. This cereal crop has high concentration of iron
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and zinc, and is an affordable energy, and protein source (Vadez, et al., 2014). Morphological
traits of pearl millet have been changed during its domestication process so far the inflorescence
has increased in size, seeds became larger, and overall millet plants are larger than their wild
ancestors (Brunken, et al., 1977, Poncet, et al., 2002).
1.2.1

History and Domestication of Pearl Millet
Pearl millet is one of the oldest grown crops worldwide. For several years, research has

focused on the first domestication of pearl millet. The oldest piece of pearl millet in existence
was discovered in Mali and dated at about 4,500 years (Manning, et al., 2011). This crop was
likely domesticated from a wild grass species on West Africa grasslands (Harlan, 1975, Portères,
1976, Tostain and Marchais, 1993). In the case of pearl millet, there is a disagreement on the
number of domestication events. Some authors believe that this crop is a product of multiple
domestications events (Harlan, 1975, Portères, 1976) whereas, Tostain and Marchais (1993),
proposed a single domestication. The domestication processes took place in West Africa, on the
Sahel zone specifically in the northern-central Sahel (Brunken, et al., 1977, Harlan, 1975,
Oumar, et al., 2008). It resulted in morphological changes such as: increase in yield, reduction of
the number of tillers and length of the dormancy period (Poncet, et al., 1998). After its
establishment in the West African Sahel, pearl millet cultivation extended to East Africa and
then to India and widely spread in several eco-geographic regions.
1.2.2

Geographic Distribution, Production and Use of Pearl Millet
Pearl millet is one of the most extensively cultivated cereals in the world. Depending on

its economic importance, its role in food security and growth conditions, the area harvested of
cereal crops differs. In the classification based on harvested area, pearl millet ranks sixth,
preceded by rice, wheat, maize, barley and sorghum(Khairwal, et al., 2007). This crop is
3

cultivated in Asia, Africa, North America, South America and Australia. Pearl millet area of
production covers about 30 million ha distributed in 30 countries and more than 50% of these
lands are in India and Africa (Yadav, et al., 2012). Mainly, pearl millet is grown in India and
West Africa and less in other parts of Australia, Brazil, Mexico and the United States. The area
used for pearl millet production is estimated around 14 million ha in Africa. Primarily, India is
the first pearl millet producer, followed by Nigeria and Niger. Millet is the fourth most important
tropical cereal crop in sub-Saharan Africa after maize, rice, sorghum (Andrews and Bramel-Cox,
1993). In Africa, the main producing countries are Nigeria, Niger, Burkina Faso, Chad, Mali,
Mauritania and Senegal in the West and Sudan and Uganda in the East. Pearl millet plays an
important role on food security in poor countries where it is mostly grown and is a staple crop for
about 500 million people in Africa. Millet utilization varies depending on the part of the plant;
grains are generally used for food, while stems and leaves are used as livestock feed. Worldwide,
over 93% of pearl millet seeds are used for human food, the remainder being divided between
livestock and poultry feeding (Khairwal, et al., 2007). According to Hash, et al. (2003), pearl
millet is grown in Africa and India, as a source of grain for human food; however, its use as
fodder is increasing in crop-livestock systems. In the US and to a lesser extend in Australia, pearl
millet is grown as a summer crop for hay intended to the livestock and wildlife industry. In
addition to grain and forage uses, pearl millet crop residues are used as building material and for
cooking, particularly in dryland areas (Khairwal, et al., 2007). Recently, its use as a biofuel
source is being studied (Wu, et al., 2006). Even though pearl millet is grown in a broad area, its
growth requires optimum growth conditions.
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1.2.3

Growth stage and optimum conditions for pearl millet growth
Pearl millet has three growth phases: The first development stage or vegetative phase

(GS1), starts at planting and ends at panicle initiation (Maiti and Bidinger, 1981). Drought during
this phase can slow germination and induce seedling death. As a result, the overall millet yield
can be reduced (Yadav, et al., 2012). In addition to emergence, roots, leaves, and tillers develop
throughout this phase. The second development stage or panicle development phase (GS2), goes
from panicle initiation to flowering (Maiti and Bidinger, 1981). Leaf stem and panicle are
elongated during this phase; tillering is completed and stigmas start emerging on the panicle.
Water stress during this development stage has minor effect on yield because its lost will be
compensated by the secondary tillers (van Oosterom, et al., 2003). Finally, the third phase or
grain filling and maturity stage start at flowering and ends at physiological maturity. Also, most
of the plant`s energy is devoted to grain formation. A dark layer at the bottom of the seed
indicates the end of this phase (Maiti and Bidinger, 1981). When drought occurs during grain
filling, it reduces yield by reducing the number of panicle and grain weight (Bidinger, et al.,
1987b). Craufurd and Bidinger (1988) further emphasized that the average duration of growth
stages is a function of genotype, growing season, rainfall and temperature. In general, the length
of the vegetative stage is about 25 % to 65% of the cultivar life cycle length and depends on its
flowering time. Panicle development stage and grain filling usually have short and constant
duration within a species. Panicle development extends from 23 to 25 day at mean temperature
of 25oC.Furthermore, the length of GS3 is about 27 to 25 days.
Crop growth phases are necessary to understand management practices in agriculture
systems. Indeed, the effect of environmental conditions on crop plants depends on the stage of
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development it occurs. Thus, plants` behavior under such situations differs depending not only
on the species but also on the cultivars to be grown and the growth stage.
Like many agricultural crops, pearl millet can be grown in different agro-ecological
zones, across a wide range of temperatures and rainfall (Yadav, et al., 2012). Yet, one of the
challenges of cropping systems is reaching yield potential. So far, this can be realized if cropping
systems are established in areas with optimum climatic conditions in addition to adequate soil
management practice (Haferkamp, 1988). Some of the most important climatic factors for crop
production are temperature, day length, precipitation and growing degree days. Nonetheless,
plants behavior under these parameters varies as a function of not only the crop species but also
of the cultivar grown (Decoteau, 1998). Crops like pearl millet, sorghum corn and wheat are
sensitive to day length and temperature (Huda, 1987, Jamieson, et al., 1995). The optimum
temperature ranges for pearl millet germination and growth are 23 – 30°C and 30 –34°C
(Khairwal, et al., 2007). Additionally, this plant development at the end of its life cycle and its
yield quality are affected by high temperatures (Ashraf and Hafeez, 2004). In rainfed pearl millet
systems, the optimum rainfall is between 600 and 800 mm. Under irrigated conditions in the
Sahel, millet produce a higher grain yield due to larger numbers of productive tillers (Gregory
and Squire, 1979). In addition to temperature and rainfall, day length plays an important role on
grain yield of pearl millet. Most pearl millet cultivars are short-day plants; however, it is
important to have photoperiod information of selected cultivars. Finally, optimum growing
degree days also plays a major role in crop yield; for pearl millet the growing degree day
requirement varies as a function of the cultivars and could be between 2400 and 2600 degree
days (Krishna, 2013).
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Soils are major components of cropping systems; therefore, their physical and chemical
characteristics are vital to crops and contribute for an important part in yield. Soil type
requirements are specific for each crop; pearl millet yields best on fertile soils that are sandy or
loamy and well drained. Its optimum soil pH is between 5.5 and 7.5 (Khairwal, et al., 2007).
Unlike corn, pearl millet does not require soil with high nitrogen content. Nonetheless, under
nitrogen fertilizer it can yield as high as 6,041 kg ha-1 (Obeng, et al., 2012). In general, pearl
millet is grown in adverse agro-ecologic zones with low and unevenly distributed rainfall, high
temperatures, and on soil with poor fertility and water holding capacity. In spite of this, pearl
millet does well in optimum conditions and can produce remarkable yield as a result of its rapid
growth and short development stages (Yadav, et al., 2012).
Ultimately, pearl millet will give high yields in optimal conditions under good
management. Even though several factors influence pearl millet growth and production ability,
this crop is still able to grow under unfavorable conditions where other cereals such as sorghum
and corn will not be able to establish.
1.2.4

Factors influencing pearl millet production
Pearl millet production occurs mainly in the northwestern part of India and in the area

extending from Senegal to Eretria (Bidinger and Hash, 2004). These areas are characterized by
arid and semi-arid climates, poor soil fertility, specific weeds, insects and pests (Yadav, et al.,
2012). Thus, growing crops in this area has its challenges. Because water is only available in the
rainy season, cereal crops are primarily cultivated from May to October in West Africa (Yadav,
et al., 2012). This rainfed, cropping system faces the challenge of getting enough water for the
length of the growing season due to unpredictable and unreliable rains and elevated
temperatures. Yet, cereals such as pearl millet with a life cycle that varies between 70 and 120
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days still do well in this type of environment sine they have advantageous traits that allow it to
grow in areas with high temperatures, low soil moisture contents and low nutrient availability
(Andrews and Kumar, 1992, Vadez, et al., 2014). Even though pearl millet is a stress resistant
crop, its life cycle can be negatively affected by pests, insects, diseases and some environmental
factors.
In general, cereal crops are damaged by several biotic factors. The diversity and the
damage on plants is a function of the cultivated crop and biotic factors. The effects of these
limiting factors on cereal crop yield often result in a yield reduction of 10 to 100%. For pearl
millet, the fungi responsible for rust (Puccinia substriata var. Indica) and the root Knot
nematode (Meloidogyne arenaria) cause considerable yield losses (Timper and Hanna, 2005,
Wilson and Gates, 1993). In addition, insects such as corn ear worm (Helicoverpa zea) are found
to have a negative effect on pearl millet yield as noted by these same authors. Besides pest and
insects, weeds cause a major threat to millet cropping systems. The main weeds found in pearl
millet fields include perennial grasses, annual grasses, and many broad-leaved plants. Pearl
millet does not compete well against weeds during its early growth stages. For this reason, it is
imperative to control severe weed problems before planting (Khairwal, et al., 2007).
In addition to biotic factors, the development of millet plants and its yield depend on the
environment in which it is being grown. Photoperiod, temperature and water are important
factors for crop production(Wang, et al., 2003, Yadav, et al., 2012). Particularly, the crop life
cycle is negatively affected by long day length, low temperature and very low rainfall. Most of
pearl millet cultivars are photoperiod sensitive. For this group of genotypes, long day length will
negatively delay seed germination, leaves and panicle emergence, resulting in a late flowering
and grain filling period (Sanon, et al., 2014). Consequently, grain yield will be drastically
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reduced whereas biomass production will increase. Same as day length, temperature also affect
plant growth, Ashraf and Hafeez (2004) found that extreme temperatures usually delay plant
growth and maturity. Low temperatures (19.5 oC) limit pearl millet germination, growth and
development. Whereas high temperatures shorten photosynthesis and influence protein
transformation pathway (Nakamoto and Hiyama, 1999). Furthermore, leaves, panicleing
initiation and tillering increase with temperature. However, growth can reduce or stopped if
temperatures reach 45– 47o C (Ong and Monteith, 1985). Maiti and Wesche-Ebeling (1997) cited
that pearl millet seeds germinated exponentially from 10o C to 32-33 oC but at 45 oC–47oC the
germination rate decreases and can event reach zero. Likewise, extreme water conditions
negatively affect life cycle pearl millet. Unlike rice, pearl millet will not do well in flooded
conditions. Moreover, unstable and unreliable rainfall in areas of pearl millet production such as
the Sahel zone has negative consequences on yield (Fussell, et al., 1991).
1.3

Senegal
Senegal is in the Sahel zone of Africa, which also contains the following countries:

Mauritania, Mali, Niger, Sudan, and Chad. This area, located in West Africa, and has a semiarid
tropical climate (Zeng, 2003). The Sahel climate is characterized by two seasons; a rainy season
during which most crops are grown and a dry season. The minimum amount of rainfall is
sometimes as low as 250 to 300mm and the maximum can reach 750 to 800mm (Fussell, et al.,
1991, L'hote, et al., 2002). Because of the Sahel climate, rainfed cropping systems are mainly
developed in this zone. Several crops such as millet, rice, corn and peanuts are grown in Senegal.
Among the crops produced in Sahel, particularly in Senegal, pearl millet is the most suitable to
this region because this area susceptible to drought. As mentioned by Vadez, et al. (2014), pearl
millet is the most adapted cereal to dry areas. The drought events in Sahel result from an increase

9

in temperature which leads to a higher evapotranspiration and more water demand from crops
(Dai, et al., 2004) . Nonetheless, pearl millet, because of its origin, life cycle, morphological and
physiological traits is a reliable crop in the Sahel climate.
1.3.1

Pearl Millet Production in Senegal
The Sahel zone is the second largest growing area of pearl millet. Senegal is one of the

top countries in terms of millet production in this area. According to FAO STAT (2010) about
one-third of the crop land in Senegal is used for pearl millet production. This is because millet is
the most adapted crop to severe climatic conditions and poor soil fertility and the best crop for
rural communities in this area. Overall, the main crops produced in Senegal are pearl millet,
peanut (Arachis hypogaea), cowpea (Vigna unguiculata), and sorghum (Sorghum bicolor)
(Diangar, et al., 2004). These crops are mainly grown by small farmers and primarily for family
consumption. As a major food source in its growth areas, pearl millet plays a major role on food
security and it is not only an important source of iron and calcium but also protein (Vadez, et al.,
2014).
Cropping systems in Senegal are mostly characterized by crop rotation or intercropping.
These management practices allow farmers to increase soil nutrient availability and reduce
yield damages on crop (Bationo and Ntare, 2000). In some cases, pearl millet is grown in a
one-year rotation with peanut and sorghum or in an intercropping system with cowpea (Rachie
and Majmudar, 1980). Unlike corn production in the US, pearl millet production in Senegal
uses very few inputs. Chemical fertilizer use is very low due to high prices and accessibility.
Therefore, the main sources of fertilizer come from legume crops or domestic animal manure.
As mentioned by De Rouw (2004) farmers manure their fields by stocking the animals on the
field for the duration of the dry season. Similar to chemical fertilizer input, pesticides and other
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weed management strategies are used minimally. Thus, diseases and root parasites often limit
millet yield in Senegal. The most economically important disease is downy mildew (Singh and
Singh, 1995). Likewise, the root parasite Striga causes tremendous loses on crop yield (Parker,
1991).
Even though pearl millet production in Senegal is still at the subsistence level, this crop is
one of the most extensively grown crops in addition to rice, sugarcane and peanut. Pearl millet
production is around 600,000 tyear-1 and covers 60% of the total cereal production in Senegal;
but can satisfy only 52% of population needs (Diangar, et al., 2004). Like the trends observed in
most cereal yield worldwide, the demand in pearl millet products has been increasing for several
reasons: (1) population growth resulting in a higher food demand, (2) the increasing number of
wealthy people leading to a higher demand for animal products and, (3) with climate change,
people tend to grow pearl millet since it is more drought and heat tolerant than peanut and
sorghum(Vasil, 1999).
During the last three decades, cropping systems have been facing the challenge of climate
change related to increases in CO2, temperature and drought events. These unfavorable
conditions for crop production are expected to worsen (Sacks, et al., 2010). Accordingly, the
need for adapted cereal crops within new dry areas will increase. As a result, dry land crops such
as pearl millet are expected to be grown in larger areas. Even though pearl millet is adapted to
dry conditions, its yield loss under drought is still high and cultivars that maintain their yield
under drought conditions close to their yield potential are needed.
1.4

Drought

Because millet is mainly grown in rainfed production systems of arid and semi-arid areas,
drought can be a major yield limiting factor (Yadav, et al., 2012). According Dracup, et al.
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(1980) drought can be defined as a prolonged period of dryness harmful to crops, resulting from
an absence of rainfall . Worldwide, drought is a threat to crop production because it causes
reduction crop growth and yield (Araus, et al., 2002). Unfortunately, the effect of water stress on
cropping systems is expected to increase in the future(Kallis, 2008). Goyal (2004) mentioned
that the largest damages are likely to occur in the regions that are most prone to an increase in
temperature and to limitation of water resources. To address yield loss of cereals due to drought,
research about drought tolerant crops has continued for decades throughout the world e.g.
(Yadav and Bhatnagar, 2001). Yet more information is needed to fight negative consequences of
drought for cereals such as pearl millet and in areas like West Africa. Afterward, Yadav, et al.
(2012) emphasized that studying drought and identifying tolerant cultivars is complicated by
several factors; (1) water deficiencies can occur at different times of the growing season, (2) the
level of water stress can vary from year to year, and (3) the severity of water stress on crops such
as millet depend on the growth stage of the crop during which it occurs. Depending on the
growth stage, the plants can establish different mechanisms to resist drought. Plant responses to
drought could be summarized in three mechanisms:


Drought escape mechanisms, allow plants to complete their life cycle before the water deficit
event arrives. This strategy is mostly adopted by plants with short life cycles and early
flowering (Heschel and Riginos, 2005).



Drought avoidance or adaptation, is based on adaption of strategies to maintain high water
potential for plant and limit water loss. This strategy involves reducing leaf area, closing
stomata, increasing root area to uptake water deeper, and increasing root: shoot ratio
(Heschel and Riginos, 2005).
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Drought tolerance is a survival mechanism used by plants to increase intracellular
concentration through accumulation of solutes in plants cell (Heschel and Riginos, 2005).

1.4.1

Drought in Senegal
The climate of Senegal is unstable because it is highly influenced by the desert.

Additionally, authors like Nicholson (1985)found that the Sahel zone has encountered the most
extreme drought events since 1960. The susceptibility of the Sahel zone, particularly Senegal, to
drought results from large variation in rainfall. This unreliable rain is mainly explained by the
increase temperatures and the impacts of human activities which lead to ecosystem degradation
(Janicot, et al., 2001). For instance, rainfall in this area has decreased from 1931 to 1997 with a
reduction of 15% between 1992 and 1997 (Goni, et al., 2001). However, some authors found that
in 2003 the rainfall started to increase but this increase did not affect the susceptibility of the area
to drought (Dai, et al., 2004). In addition to these years to year droughts, some periods of dryness
usually occur during the rainy seasons in Senegal. As a result, pearl millet yield is negatively
affected in quantity and quality. Likewise, the conclusion of Porter and Semenov (2005) who
related the reduction in cereal yields and its quality to large variations in rainfall and high
temperature.
1.4.2

Relationships between Drought and Pearl Millet Growth and Productivity
Drought stress effect on plants is a function the growth stage at wish it occurred.

Researcher studied the effect of drought stress at different growth stage of pearl millet.
Mahalakshmi and Bidinger (1985a), when drought occurs before panicle initiation, grain yield of
the main shoot is not affected unlike the tillers which showed an increase in grain yield.
Additionally, grain yield loss of the main tiller due to drought during panicle development did
not affect the overall grain yield because of increases in productive tillers. Finally, the authors

13

noticed that water stress at the reproductive stage had negative effect on grain yield. Efficiency
of pearl millet compensation strategies for grain yield under drought depends on the plant growth
stage. In a follow up study by Mahalakshmi and Bidinger (1985b) compared yield compensation
strategies when drought occurs at panicle initiation and flowering. They hypothesized, that
compensation of yield loss was complete for drought at panicle initiation, but incomplete at
flowering stage. The duration of water deficit after flowering also influences its effect on grain
yield. As short duration water stress after flowering can have a slight yield reducing effect where
as long duration water stress after flowering can harshly reduce yield (Mahalakshmi, et al.,
1987). Grain yield reduction as a result of drought stress after flowering can be explained by a
reduction in grain production for both main shoot and tillers. As a result, 75% of pearl millet
yield loss under stress is explained by these two parameters. For instance, Mahalakshmi, et al.
(1988) found that one additional day of water stress caused a yield loss of 0.9% of the total yield.
This result shows the importance of choosing well adapted pearl millet cultivars for drought
prone areas.
Pearl millet grain yield varies between drought and non-drought environments. To
determine the sources of this variation, Bidinger, et al. (1987a) evaluated 72 pearl millet cultivars
under drought stress and found that 50% of the yield variation was due to two factors: overall
yield potential of the cultivar under irrigation and time to flowering. Their findings suggested
that grain yield alone may not be a good predictor of drought resistance because of the strong
effect of phenology. In a follow up study Bidinger, et al. (1987b), calculated a Drought
Resistance Index (DRI) using a linear model where time to flowering (drought escape), and yield
potential (yield under well-watered condition) were the parameters of the model. The authors
found that the correlation between DRI and yield parameters was not significant in the well-
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watered treatments whereas a strong relationship was noticed between grain number and yield
per panicle under drought conditions. Grain yield per panicle was identified as a significant
indicator of stress tolerance in pearl millet. A combination of short flowering time, large values
of DRI and high yield potential resulted in better drought tolerance of pearl millet genotypes.
Drought during flowering and grain filling has different effects on the plant. Genotypes
grown under water stress during flowering and grain filling period have different yield, this
difference in productivity was explained by their yield potential, drought escape and drought
tolerance. Fussell, et al. (1991) revealed that pearl millet yield response in non-stress conditions
explained 40% or more in yield differences observed under water limiting environment. Chiefly,
traits that reduce the magnitude of grain number response and grain production per panicle favor
drought escape. The results also suggest that the yield under stress conditions is about lower 47%
than well-watered conditions. This yield reduction was mainly explained by a lower grain yield
per panicles and to a lesser extent by the number of panicle under stress environment.
Drought stress indices have been use for quantitative evaluations of drought tolerance. To
evaluate the relationship between stress indices and crop yield, Yadav and Bhatnagar (2001)
studied thirty pearl millet cultivars in 22 locations. The stress indices were used to classify
genotypes depending on whether they were tolerant or sensitive to stress. Several common
indices were used in this experiment: arithmetic mean (AM) same as productive mean, geometric
mean (GM), stress susceptibility index (SSI), and drought resistance Index (DRI). The results of
this study show that AM and GM explained yield of cultivars, which tend to do well in a range of
environments. Furthermore, stress susceptibility index (SSI) when analyzed with yield in drought
conditions was a good indicator of drought tolerance. Finally, DRI was identified as the best
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parameter for selecting cultivars that do well under stress condition if they have different
flowering times (Yadav and Bhatnagar, 2001).
Difference in yield between genotypes under stress is explained from a genetic point of
view by the presence of drought resistance quantitative trait locus (QTL). This research study
used genetic mapping with QTL approach and yield component parameters to explain drought
tolerance in pearl millet and gives insight for yield improvement of pearl millet under water
stress. The authors found that 23% of the phenotypic difference was related to the presence of
QTL for drought tolerance and grain yield, which mainly affected the harvest index and biomass
productivity (Yadav, et al., 2002).
Based on yield in various water conditions, pearl millet cultivars can be classified in two
groups; tolerant and sensitive. According to Yadav (2010) tolerant cultivars have higher yield
and positive DRI where as sensitive cultivars have low yield and negative DRI. He also found
that adapted cultivars tend to produce many panicles, less grain per panicle and small seed,
whereas cultivars with low tiller numbers and large seed size will do well in favorable conditions
(Yadav, 2010).
Pearl millet plant morphology is a good indicator of stress under unfavorable conditions.
As a result, yield components have been used to evaluate differences in yield between tolerant
and sensitive cultivars. For instance, Aparna, et al. (2014) compared sensitive and drought
resistant cultivars using total seed weight, panicle number, 100-seed weight, seed number, and
stover biomass under stress and non-stress conditions. The author found that drought resistant
pearl millet cultivars have smaller seed per gram and a smaller grain weight per area than nonresistant cultivars under non-stress conditions. Additionally, the author noted that sensitive
cultivars lost about 45% of their stover biomass and 60% of grain yield under drought condition
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whereas the drought tolerant cultivars lost 20 and 25 %, respectively. All genotypes showed a
reduction in seed weight, however, the reduction was subtler for non-tolerant genotypes. Seed
number may be more sensitive to water stress than seed weight, and the degree of reduction of
seed number is higher than that effect on seed size (Aparna, et al., 2014).
1.4.3

Relationships between Drought and Millet Plant Physiology
Crops have several strategies to survive and provide harvestable yield under unfavorable

conditions. These survival methods can be morphological (change in plant growth rate and
structure), biochemical (production of Abscisic Acid (ABA), proline and reactive oxygen species
(ROS)), or physiological (regulate stomatal conductivity) (Zhang, et al., 2004). The main goal of
these strategies is to increase water uptake by the root through an increase in root mass or
reduction of water loss from the plant through decreased photosynthesis rate (Arndt, et al., 2001).
Pearl millet plants use different strategies to avoid water loss. These strategies vary depending on
the species, species genotype and degree of the water stress (Bray, 1997). Specifically, stomata
play a major role in conserving water loss in plants. Their role is regulated not only by
environmental factors but also biochemical processes (proline and ABA secretions).
Research has evaluated the control of stomata movement in plants. For instance,
(Henson, et al., 1981) found that the closing and opening of the stomata is related to biochemical
process in plants. Also it was observed in this study that plants secrete and store ABA, which
guide stomata opening and closing during stress event. Therefore, plants with high level of ABA
during drought event close their stomata to reduce water losses. Afterward, genotypes with lower
ABA accumulation were found to close their stomata a long time after the genotypes with high
ABA storage. This result suggests that ABA plays a major role for water balance in plant.
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Nevertheless, external application of ABA in this study did not have the same effect. (Henson, et
al., 1981) .
Limitation of water loss by transpiration is also a common adaptation strategy of plant
under drought. Kholová, et al. (2010a) hypothesized that pearl millet terminal drought tolerance
could be explained by its ability to limit water lost under well-watered conditions. To test their
hypothesis, the authors used four contrasting genotypes, two tolerant to drought and two
sensitive. They found that transpiration was lower for the tolerant pearl millet genotypes even
before the stress was applied. Still, differences in transpiration were not explained by the number
of stomata per leaf area. The authors concluded that traits limiting water movement out of the
plants in non-stress environments were related to pearl millet tolerance of drought occurring
during reproductive stage. These traits led to more water storage before drought and during grain
formation under water limited conditions (Kholová, et al., 2010a).
Previous studies showed that QTL markers for drought tolerance are present in pearl
millet cultivars tolerant to terminal drought. Also, these genotypes were shown to have a lower
transpiration rate under well-watered conditions. Kholová, et al. (2010b) study used physiologic
(transpiration at high VPD) and biochemical (ABA level) parameters to characterized tolerant
pearl millet genotypes. The authors found that tolerant genotypes had higher ABA level as well
as lower transpiration under non-stress conditions. They also noticed that under high VPD, the
tolerant pearl millet genotypes adopted a water saving mechanism by restricting transpiration
(Kholová, et al., 2010b).
Another adaptation strategy used by plants under drought is to reduce photosynthesis by
closing their stomata for a longer time or by decreasing stomatal conductivity. Additionally,
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photosynthesis also decreases under water stress because the stress destroys thylakoid
membranes and photosynthetic pigments (Anjum, et al., 2011, Huseynova, et al., 2009).
Leaf temperature and relative water content are good indicators of plants water stress.
Mainly pearl millet genotypes with high leaf temperature and low relative water content are
sensitive to drought (Singh and Kanemasu, 1983). Adapted genotypes will reduce leaf
temperature and keep the relative water content at a maintenance level for plant survival.
Moreover, stomatal conductance and leaf chlorophyll content are also physiological parameters
used to identify drought tolerant genotypes. Studies have shown that under water stress,
variation of stomatal conductance and leaf chlorophyll content occur. Drought sensitive pearl
millet genotypes exhibit low stomatal conductance and low chlorophyll content under water
liming conditions (Jnandabhiram and Sailen Prasad, 2012, Warren, et al., 2004).
Plant water uptake also affects yield in water deficit environments. To investigate the
effect of water uptake by plant on yield of pearl millet cultivars under different water conditions,
Vadez, et al. (2013) used a simulation of field conditions and planted different pearl millet
cultivars that varied in their adaptation to drought. Three different types of stress were used to
evaluate the water uptake. The results showed that productivity and water uptake of pearl millet
genotypes was about the same in well-watered. Furthermore, drought tolerant pearl millet
cultivars were shown to have 30 -100% more yield than non-tolerant cultivars under water stress.
In terms of water uptake, drought tolerant cultivars seem to extract more water from the soil
profile after anthesis contrary to the sensitive genotypes, which tend to absorb more water before
anthesis. Water uptake after anthesis is related to a stay-green character that leads to more water
availability for grain filling and higher yield (Vadez, et al., 2013).
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1.5

Conclusion
Drought tolerant pearl millet cultivars are required for food security in drought prone

areas. Many studies have examined the physiological and biochemical behavior of pearl millet in
addition to yield and yield components of pearl millet genotypes adapted to water stress in India,
whereas in West Africa, such information is lacking. As a result, yield loss of pearl millet may
continue to contribute to food shortages in areas like Senegal. Moreover, the demand for cereals
is expected to increase dramatically, particularly in the developing world where population is
increasing the fastest. In these countries, cereal production encounters the challenge of obtaining
reliable yields under variable conditions, mainly due to the frequency of drought. Because pearl
millet cultivars adapted to drought at the flowering stage are not available for farmers yet,
research on pearl millet adaptation to water stress is needed in this region. This study aims to
contribute towards helping improve food security in Senegal by identifying stable and high
yielding peal millet cultivars that are resistant to drought at the flowering stage.
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Chapter 1: Evaluation of Senegalese Pearl Millet Cultivars under Terminal Water
Stress.
Abstract
Pearl millet is a staple crop in West Africa. In Senegal, it is used as a food source, forage,

and building material. Millet production faces challenges because maintaining high and stable
yield under terminal water stress is difficult. The main goal of this experiment was to evaluate
yield and yield components of pearl millet cultivars when water stress occurred after flowering
(terminal water stress). To do so, a field experiment was carried out from April to July 2014 at
Senegal`s Institute of Agriculture Research (ISRA) in Bambey, Senegal. Twenty millet cultivars
were planted in a randomized complete block design with four replications. The experiment
initially was conducted under irrigation but after flowering the irrigation was stopped in half of
the plots. At maturity, information about yield and harvest index, tillers and panicles was
recorded. Seed germination of the cultivars also was evaluated. Grain yield and total
aboveground biomass were significantly affected by water stress with a respective reduction of
28 %, 25 %, respectively. Tiller and panicle weight were also negatively affected by terminal
water stress. In contrast, harvest index was unaffected by water stress. The main effect of cultivar
was significant for most traits (P < 0.01). Seed germination was also affected by water stress
with a reduction of 16 %, but no cultivar x treatment interaction was found. Overall, large
variability was noted on yield and yield components in terms of response to water stress among
the cultivars, which may be useful for future breeding efforts. Several cultivars exhibited good
drought tolerance and maintained seed quality. These cultivars (2, 3, 9, 12, 8, 6, 4, 10, 16, 5, and
20) could be developed for farmers to use in regions of Senegal that are susceptible to drought
during the wet season.
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2.1

Introduction
In Senegal, pearl millet production is critical for food and generate income. Because

millet is mainly produced in rainfed systems in the arid and semi-arid region of the country, its
productivity is largely influenced by variation in rainfall (Tuteja, et al., 2012). Pearl millet yield
fluctuation is induced by intra and extra-seasonal climate variation, which can lead to water
deficit during the growing season. For instance, in 2011 pearl millet yield decreased about 45%
compared to the five previous years, and this drop was attributed to the fluctuation in rainfall
(DAPSA, 2012).
A large collection of pearl millet cultivars is available in Senegal. This collection resulted
from two projects: ISRA/ NESLE project (national) and the Mobilization of Millet Genetic
(BMZ). The aim of these projects was to improve millet plant material. Several high yielding
cultivars were identified from these projects but information about their tolerance to water stress
is lacking. To fill this gap, 252 accessions of Senegalese pearl millet collection where tested
under high vapor pressure deficit in 2012 to indirectly evaluate their tolerance to terminal water
stress. Tolerance to water stress in pearl millet was found to be related to high vapor pressure
deficit (VPD) under irrigation (Kholová, et al., 2010b). Yield under stress, however, was not
included in this study.
Given the variable climate of Senegal, it is important to develop new pearl millet cultivars
that are able to produce acceptable yield under terminal drought conditions. This task cannot be
completed without yield information from a screening of the Senegalese pearl millet collections
under terminal water stress. According to Bidinger et al (1987a), identification of pearl millet
cultivars tolerant to water stressed environments is achieved through selection of genotypes that
exhibit the most favorable traits. For better understanding of the behavior of millet cultivars
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under water stress, this study was initiated in 2014. The objective of this experiment was to
evaluate 20 Senegalese pearl millet cultivars under terminal water stress and non-stress
conditions by comparing yield and yield components, and seed germination after harvest.
2.2
2.2.1

Materials and Methods
Study Site
This fieldwork was conducted in Senegal, specifically in the Sub-Saharan zone. The

study area was located in the center of the country, which is the peanut basin of Senegal. Most of
the cash crops produced in Senegal are grown in this semiarid dryland under rain fed systems for
instance, millet, groundnuts, cowpea, and maize. Other vegetation types such as grassland, shrub,
and wooded savanna are also present. The experimental plots at the Senegalese Institute of
Agriculture Research (ISRA) were used for this field trial. This location is in the Center of
National Agronomic Research CNRA Bambey /Diourbel region/ Senegal (14°42`N, 16°28`W)
(Badian and Khouma, et al., 2000) (Figure 2 .1.).
The climate in this region is semi-arid. It characterized by two seasons, a long dry season
of 8 to 9 months and a short rainy season of 3 to 4 months (June – September) during which most
crops are grown (Da Costa, et al., 2015). The dry season is divided into 2 subgroups— a humid
dry season and a hot dry season. During the humid dry season, temperatures can be as low as
23oC, whereas the maximum temperature during the hot dry season can reach 44oC.
Based on the 2014 climate data, the temperatures varied between a minimum of 15 to 28
°C and a maximum of 33 to 46 °C at the study location. Relative humidity ranged from a
minimum of 10 to 59% and a maximum of 45 to 100 % (Figure 2.2). During this study (between
April and July) no rain occurred. Drought stress during this period of elevated temperature is
usually associated with heat stress as temperature sometimes exceeds 40°C. Therefore, the
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occurrence of the high temperatures during the period of terminal water stress could have
amplified the adverse effects of drought stress on the cultivars.
Soil at the site was characterized as ferruginous tropical sandy “Dior”(Maignien, 1965) .
According to the Food and Agriculture Organization FAO (1998), these soils belong to the
Lixisol group, which are strongly weathered soil with minimal horizons. The soil at the site had a
pH between 6-6.5 with very low organic matter and nitrogen content respectively (0.27-0.34%).
Additionally, the soil is composed of (91-95%) sand and (3.5 -5.6%) clay. According to Badian
and al (2000), kaolinite is the main clay component of this soil and has a low cation exchange
capacity (1-3 cmol/kg), low organic matter (0.2 to 0.5%) and nitrogen content (0.31 g kg -1 )
(Badiane, et al., 2000).
2.2.2

Plant Material
Pearl millet cultivars used in this experiment were classified into three groups - tolerant,

medium and sensitive based on high VPD treatment. The field trial focused on screening of pearl
millet cultivars under different water regimes. For this study, twenty pearl millet cultivars were
selected from the 252 used in the first screening done for the tolerance to high VPD. The twenty
pearl millet cultivars consisted of 13 (12 medium and 1 sensitive) elites, high yielding cultivars
grown by farmers in Senegal with desirable grain color, size and taste. Seven accessions not
currently grown by farmers were also included. Of these, six were tolerant to high VPD under
irrigation and one cultivar considered sensitive high VPD (Table 2 .1).
2.2.3

Experimental Design
The field experiment was conducted from April to July 2014. Prior to the millet

experiment in 2014, cowpea was previously grown in the field. Before planting the millet, a
light plowing and harrowing was done initially, and the field was also irrigated. The millet was
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planted manually in hills during the dry season, using five seeds for each hill. Fifteen days after
emerging, millet planted were thinned and two plants were left at each hill. A week after, one
more plant was removed from the hill. Starter fertilizer was applied at 150 kg ha-1 using a 15-1515 mixture. Additionally, urea was applied at 50 kg ha -1 using 46-0-0 fertilizer after thinning and
bolting. Weed management was done by a hand pulling when hills were thinned.
The 20 millet cultivars were planted in randomized complete block arrangement with
eight replications. Each plot was planted with one cultivar and composed by 5 rows of 4 m
length. The rows were 90 cm apart from each other with 13 hills per row with 30 cm in between
them. Overall, each plot contained 65 plants. The plants were irrigated with about 40 ml of
water per week. Three plants in the middle of the plot were used for yield measurements. After
flowering, irrigation stopped in half of the plots. Three weeks later, three millet plants were
harvested in each plot for post-harvest measurement (Figure 2.3).
2.2.4 Measurements
•

Yield and Harvest Index
Grain yield was determined using the three plants harvested from the middle of the plot.

After drying the millet panicle, they were threshed manually. The millet seeds were oven dried
again for 12 hours before determination of their final weight. Yield then was calculated on an
area basis (t ha-1).
Pearl millet biomass is used to feed livestock, in building houses, and as an energy
source. The biomass considered here is the aboveground part of the millet plant. Biomass was
calculated using the sum dry weight of tiller and dry weight of panicles from each sub plot.
Stover yield was the dry weight of tillers per unit area.
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Biological yield for a cereal is the total aboveground yield and is an indication of the
photosynthesis capability of the crop (Yoshida, 1981). The harvest index is the ratio of the yield
of grain to the yield of the biological yield (Donald and Hamblin, 1976). The harvest index (HI)
was calculated as GY/ (GY+SY), where GY is the final grain yield and SY is the final stover
yield (Bacci, et al., 1999). The panicle harvest index, which is use when trying to identify
cultivars tolerant to stress, was also calculated. It is the ratio mean seed weight per panicle to the
overall weight of the panicle.
In cereal production, seed weight is a good indicator of seed quality; for this reason, seed
weight was determined at the end of the experiment for each cultivar. Because millet seeds are
small, a subsample of 100 seeds of each millet cultivar replication combination was taken and its
weight was recorded. We used three subsamples for each cultivar replication combination and
took the mean of our three replications to give the average seed number/gram.
•

Tillers and Panicles
According to Andrews, Majumdar and Doggett (1975), the tillers on pearl millet can be

divided into three groups: synchronous tillers, basal or nonsynchronous tillers, and sub-terminal
tillers. The first two groups of tillers grow from the auxiliary buds and the last group from the
basal leaf bud axil. To determine the number of tillers per plant, this difference among tillers was
not taken into account. The mean tiller number per plant was calculated by taking the average of
the total number of tillers for the harvested plants. After harvest, the tillers from three plants
were dried for one week in a chamber at 70 o C and weighed.
The mean number of panicles was obtained by counting the number of panicles for each
plant and calculating the average. The panicles were dried and weighed individually. The panicle
weight was taken as the average of the individual weight of the panicles from each plot. The
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length of each tiller and each panicle also was measured and recorded before drying. In addition,
stover yield was calculated by taking the difference between total aboveground biomass and
grain yield and finally, the panicle harvest index in the ratio of panicle grain yield and panicle
yield.
•

Seed Germination
A seed germination test was conducted on 100 seeds of each millet cultivar replication

combination with five replications. Seeds were placed on one half of a wet paper towel; the
second half was used to cover the seeds. The paper towel with the seeds was rolled up over a
pencil, placed in an identified plastic bag and stored at ambient temperature in the lab. Three
days later, the number of seedlings was counted and the germinated seeds were removed from
the paper. For the seeds that did not germinate, the same process was done for three more days to
check for additional seedlings. After the second round of the experiment, the percent of seed
germination for each subsample was determined by summing the number of seedlings at the third
day and the number of seedlings at the sixth day.
2.2.5

Data analysis
The data analysis was performed using JMP software. Initially, a two-way analysis of

variance was run to check the effect of water treatments, cultivar and the interaction between
water treatment and cultivar using a two factor factorial design with the following model.
Equation 2-1. Yij = μ + αi + βj + (αβj) + εij
where Y is the mean of the cultivars across water treatment for the parameter being tested,
overall mean α main effect water treatment i =1,2, representing the different levels of water
treatment, β= main effect cultivar and j = 1,2, 3………….20, representing the 20 cultivars, αβ =
interaction between cultivar water treatment, and ε= experimental error.
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A one-way analysis of variance also was done for each water treatment using this
following model:
Equation 2-2. Yi = μ + αi + εi
Where Y= mean of the cultivars for the parameter, α= main effect cultivar, i=1, 2, 3….20, are the
different levels of the cultivar treatment. Additionally, a stress response index was calculated for
each cultivar by taking the mean yield variable in the stress condition over the non-stress
condition. A linear contrast was done between stress and non-stress for each trait and for each
cultivar. Finally, a regression analysis was performed to evaluate relations between grain yield
and stress response.
2.3
2.3.1

Results
Yield and Harvest Index
A considerable variability in yield components was observed in 2014 for the twenty

cultivars grown under non-stress and terminal stress conditions. Significant cultivar and water
treatment effects were noted for grain yield (Table 2.2 and 2.3). The grain yield in the non- stress
environment also varied among cultivars (P= 0.0079). The minimum yield in this environment
was 3.7 t ha-1 for cultivar 6 and the maximum was 7.8 t ha-1 for cultivar 11. In the stress
environment, the same trend was noted with the lowest yield given by cultivar 1, 2.9 t ha-1 and
the highest yield cultivar 8, 6.1 t ha-1 (P = 0.0323) (2.4). Overall, the terminal water stress led to
a decrease 28% on grain yield but the interaction between water treatment and cultivar was not
significant (Table 2.2).
The aboveground biomass also showed a large variability among the cultivars in both
water treatments. The total aboveground biomass was negatively affected by the water stress
treatment and was reduced on average by 25% (Table 2.2 and 2.3). Again, the cultivar affect was
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significant for this trait (Table 2.2). In the non-stress field, maximum and minimum values were
12.2 t ha-1 for cultivars 6 and 29.3 t ha-1 for cultivar 1. Whereas in the water stress field, the mean
total aboveground biomass of the cultivars ranged from 9.6 for cultivar 1 to 24.6 t ha-1 cultivars 8
(P = 0.0056) (Table 2.4). The interaction between cultivar and water treatment was not
significant for total aboveground biomass (Table 2.2). Stover yield also showed a significant
difference among the twenty cultivars in the two treatments (Table 2.2). In the stress
environment, the mean stover yield was 7.7 t ha-1 with a minimum of 4.1 t ha-1 for cultivar 15,
and a maximum of 14.8 t ha-1 for cultivar 8. In the non-stress field, the mean stover yield was 9.9
with a minimum of 5.6 t ha-1 cultivar 6 and a maximum of 16.9 for cultivar 1.
The results of the two-way analysis of variance for harvest index did not show a main
effect of water treatment (Table 2.2). Similarly, there was not a cultivar effect and the interaction
between cultivar and water treatment was not significant (Table 2.2). The p-value of the main
effect cultivar, however, was close to the significance level of 0.05. Overall, the harvest index of
the field trial was low (Table 2.3). In the non- stress environment, harvest index was 0.28 and a
ranged of 0.20 cultivar 20 and 0.33 for cultivar 17 (P = 0.04). In the stress environment, harvest
index was 0.27 and a range of values from 0.19 for cultivar 18 to 0.34 for cultivar 4 ().
2.3.2

Tillers and Panicles
The water treatment had significant effect on most of the tiller and panicle parameters

except for tiller length, and panicle length (Table 2.2). The main effect cultivar was significant
for the all tiller and panicle parameters and none of the interactions were significant (Table 2.2).
The number of tillers were reduced on average by 19% under water stress (Table 2.3). The
number of tillers did not exhibit a significant difference within the non-stress environment; the
overall mean was 22.9 ± 0.53. However, this trait showed a significant difference within the
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stress environment (P= 0.006). The mean response was 18.8 ± 0.59 tillers m-1 with a range of 13
tillers m-2 for cultivar 15 to 23 tillers m-2 for cultivar 8. Mean tiller length was significantly
different among cultivars within stress environment (P < 0.0001) and within non-stress
environment (P = 0.0439). In the stress environment, the tiller length of the cultivars varied
from131 cm for cultivar 15 to 219 cm cultivar 8. In the non-stress environment, it varied from
138 cm, cultivar 15 to 229 cm cultivars 8. Overall tiller length was approximately 2 cm less
under water stress (Table 2.3).
The mean number of panicles also was significantly different among cultivars and for the
water treatment (Table 2.2). The water stress response for this parameter led to a decrease of
13.5% in panicle number (Table 2.3). From the one-way analysis of variance among cultivars, a
significant difference in panicle length was noted (Table 2.3; P <.0001 for both field conditions).
The minimum and the maximum values were 28 cm for cultivar 1 and 55 cm for cultivar 2 in the
stress environment. The water treatment also had a significant effect on the cultivar panicle
weight (Table 2.2 and 2.3). Cultivar 1 (27g) had the lowest panicle weight in the stress
environment and cultivar 6 (35 g) lowest in non- stress. The highest panicle weight in the stress
environment was for cultivar 20 (53.4 g) in stress, and cultivar 7 (60.2g) in non-stress. The 20
pearl millet cultivars differed significantly within water treatment in terms of panicle harvest
index (Table 2.2). The range in the non-stress environment was from 0.54 for cultivar 1 to 0.68
cultivar 10, with a mean response of 0.61 (Table 2.2). The panicle weight and the 100 seed
weight also were significantly affected by water stress treatment (Table 2.2) with a reduction of
15.9% was recorded on the panicle weight in the water stress environment (Table 2.3). Finally,
panicle harvest index also showed a significant cultivars effect as well as a significant water
treatment effect (Table 2.2).
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2.3.3

Cultivars Response to Water Stress
Overall, water stress decreased pearl millet yield for most of the cultivars (Figure 2.7 A,

Table 2.4). Only cultivars 20 and 8 had greater grain yield in the stress environment. Cultivars 9,
2, and 3 had about the same yield in both environments. From the linear contrast test, there was
a significant difference of the grain yield of the cultivars between environments for cultivars 1,
17, 19, 18, 7, 13, 11, 14, 15. Moreover, for total above ground biomass, all our cultivars had
lower total aboveground biomass in the stress environment except for cultivar 8 (Figure 2.7B,
Table 2.4). In terms of harvest index, cultivars 1, 2, 9, 12, and 20 had a higher harvest index in
the stress environment. The contrast test confirmed only cultivar 20 as having a significantly
higher harvest index in the stress environment (Figure 2.7C, Table 2.4).
Regression was used to evaluate relationships between water stress responses and yield.
The grain yield response to stress and total aboveground response to stress (Figure 2.8a) were
significantly and positively correlated (R2= 0.64). On the contrary, the grain yield response and
total above- ground biomass under non-stress were not correlated (Figure 2.8b). The relationship
between grain yield stress response and harvest index stress response was positive and
significant (R2 = 0.27) (Figure 2.8c). There was any significant relationship between yield
response to stress and harvest index (Figure 2.8d).
2.3.4

Seed Germination
The mean percent seed germination was higher in the non-stress treatment (58 %) relative

to the terminal stress treatments (42%) (P = 0.0002). Unlike the previous variables, there was no
cultivar effect (P = 0.7135). Finally, the interaction between cultivars and water treatments was
not significant (P < 0.05).
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2.4
2.4.1

Discussion
Yield and Harvest Index
From our results, we clearly see that grain yield was higher in the irrigated environment.

The difference in grain yield among cultivars was partly a result of their breeding process
because these cultivars come from different parents and breeders increase individual grain mass
to reach higher yield for some cultivars (Bidinger and Raju, 2000). Seed weight is a selection
criterion for pearl millet because large seeds are more desirable for farmers. The higher mean
grain yield in the non-stress environment was related to several other factors: (1) The number of
productive tillers in the non-stress environment was higher. This result is similar to that of
Aparna, et al. (2014), who found that water stress decreases panicle number. (2) Individual seed
weight and seed weight per panicle was greater in the non-stress environment. Several studies
found similar results of terminal drought stress on pearl millet (Bidinger, et al., 1987a, Fussell, et
al., 1991, Yadav, 2010). The lower mean grain yield in the stress environment was likely related
to the lower number of productive tillers as well as high level of embryo abortion because
terminal drought could have decreased assimilate availability for grain formation in pearl millet
(Yadav, et al., 2004). Also, a shortening of the grain filling period due to water stress also could
probably have led to a reduction in grain yield. As a result, the number of seed and the seed size
were possibly reduced. These results agreed with a previous study showing pearl millet grain
yield was lower in the stress environment compare with the non-stress environment due to lower
grain size and grain number in the stress environment (Fussell, et al., 1991). Bidinger et al
(1987) also found similar results in their study on factors affecting pearl millet yield under
drought conditions.
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The aboveground biomass also was higher in the non-stress environment. This result was
similar to other studies on pearl millet under water stress (Bidinger, et al., 1993, Yadav, 2010).
The difference in aboveground biomass was related to the ability of the cultivars to grow more
vegetatively and to produce more grain in non-stress condition. The biomass here is the total
aboveground biomass yield, which include tillers and panicles. The stover also contributed in
this difference since it consists of tillers that were higher in number and weight under non-stress
conditions. This result agreed with the findings of Aparna et al. (2014) who noted a reduction in
number of tillers under stress environment and concluded that the capacity of producing tillers
for pearl millet cultivars are reduced under water stress environment. Similarly, Winkel, et al.
(1997), studied the growth of pearl millet under different water regimes and found that in a water
deficit environment, pearl millet growth was slower, the stem growth was reduced and overall
the biomass was lower.
The harvest index depends mainly on the quantity of grain and stover biomass produced.
Overall, the harvest indices reported for this experiment were low because of a lower grain yield
compared to the total aboveground biomass. Even though the biomass was higher in the nonstress environment, there were not a significant difference in harvest index between stress and
non-stress treatments. The lack of treatment difference for harvest index may suggests that
assimilate partitioning between economic and biological yield does not change due to terminal
water stress. This represents a possible area where directed breeding and selection could be done
to improve harvest index under water stress.
2.4.2

Tillers and Panicles
The variability among cultivars reflects a difference in their genetic composition. These

differences have been noted in previous studies (Bidinger, et al., 1993, Vadez, et al., 2013,

40

Yadav, 2010, Yadav, et al., 2004). The pearl millet cultivars used in this experiment resulted
from different selection programs and a morphological difference was noticed among the
cultivars during the field experiment. For example, some of cultivars were very tall and had long
panicles (e.g, cultivar 2) whereas cultivars like number 10 had shorter panicles and tillers. It was
also noticed that some of the cultivars tend to produce more and larger tillers than the others.
Even though there was a clear difference among cultivars, the differences between these
parameters was not the same between irrigated and stress treatment. The difference in tiller
weight between stress and non-stress environment might be related to water availability and the
fact that tiller production in pearl millet occurs over a long length of time as mentioned by De
Rouw and Winkel (1998). Water stress during stem elongation or panicle development can
negatively affect tiller and panicle growth for late maturing cultivars. The number of panicles is a
function of the number of tiller in cereals. Pearl millet cultivars maintain reliable yield by
producing high number of tillers that maintain a high number of panicles (De Rouw, 2004). The
tiller number was significantly higher in the irrigated environment for most of the cultivars
according to De Rouw (2004), some pearl millet cultivars increase their ability to produce tiller
under irrigation. Also, the number of panicles was reduced in the stress environment. This may
have been related to the different developmental rates among the cultivars and that the stress was
applied before some of the tillers completed heading. The significant difference in stover weight
between stress and non-stress was a result of the difference number of tiller and tiller weight
whereas for panicle weight, it was mainly due to lower panicle size and lower seed weight.
Moreover, studies have found that late flower initiation or absence of flowering as well as
abortion of some florets can reduce grain filling and result in smaller panicle seed weight
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(Fussell, et al., 1991). Water stress also reduces assimilate production and can limit grain
formation (Mahalakshmi, et al., 1993).
2.4.3

Overall Cultivar Response to Water Stress
This study demonstrated that pearl millet cultivars varied in their response to terminal

water stress. Some cultivars increased their yield under stress conditions (cultivars 8 and 20). In
most cases, however, the yield was lower in the terminal stress environment. The variability of
cultivar response to stressful environments has been studied by several authors and some
conclusions were drawn. For example, significant differences among pearl millet cultivars for
grain production is usually related to their ability to maintain high grain yield per panicle
(Bidinger, et al., 1987). As mentioned by Bidinger, et al. (2005), terminal stress tolerance in pearl
millet favors cultivars that are able to maximize grain setting and filling with efficient use of
carbon assimilate from leaf, stem or soil. These cultivars also are able to pull the reminding
water from the soil profile during drought. So the ability of the cultivars to maximize water and
carbon utilization contributes to variability in their grain yield response to stress.
In this study, nine cultivars negatively responded to water stress: 1, 7, 11, 13, 14, 15, 17,
18, and 19. Because of their response to water stress, these cultivars were not targeted for the
second field experiment. The remaining cultivars were less affected by terminal water stress
since they did not show any significant difference between their yield under non-stress and
stress. These cultivars were 2, 3, 9, 12, 8, 6, 4, 10, 16, 5, and 20. Some selection criteria were
used on these cultivars to identify the one that seems most tolerant to drought. Additionally, the
difference stress response of the aboveground biomass between cultivars was also found in other
studies. According to Yadav, et al. (2002) the difference in aboveground biomass of pearl millet
genotypes is usually a result of a variation in the growth rate. In this study pearl millet cultivars

42

that showed high grain yield under stress also had high aboveground biomass under stress.
Similarly, an increase in harvest index response also result in an increase in grain yield response.
These results may be important for farmers in Senegal who also use vegetative biomass in
addition to grain.
2.4.4

Seed Germination
Overall, the mean germination was lower for seed from the stress environment compared

with seed from the non-stress environment. The lower seed germination in the stress
environment is due to the high number of immature seeds. Germination tests are usually done on
seed before planting, but for this study the germination test was done after harvest because it
aimed to simulate what happen if famer use seed that was produced during a growing season
with a terminal drought event. Thus, the germination test was different than what is typically
done since famers usually select large and mature seed to use for coming season and this was not
taken in account during the test. Regardless, this study shows that drought stress can reduce the
seed quality of pearl millet. There appears to be little genotypic variation for this trait, however,
so it is probably one that cannot be selected for easily in pearl millet.
2.5

Summary and Conclusions
This study yielded several findings related to Senegalese pearl millet cultivars under

terminal water stress for instance, we saw a large variability among the Senegalese pearl millet
cultivars in term of grain yield. Overall, most yield components were considerably reduced under
terminal water stress. Based on the results two mean groups of cultivars could be classified:
those that had a negative response to water stress (9 cultivars) and cultivars that behaved
similarly in both environments (11 cultivars). For the subsequent study summarized in Chapter 2,
four cultivars from the 11 were selected for more screening to identify at least two cultivars that
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can give reliable yield under terminal drought condition for farmers in Senegal. Overall, this
water stress experiment was a good tool to screen and select cultivars for future investigation and
recommendation for farmer use.
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Table 2-1.Twenty pearl millet cultivars used in 2014, their names, codes, and their classification
in high VPD condition.
Codes

Cultivars

Response to high VPD

1

Souna 2

Medium

2

Thialack 2

Medium

3

IBMV8402

Medium

4

ICMV IS89305

Medium

5

ICMV IS99222

Medium

6

ISMI 9507

Medium

7

PEO2830

Medium

8

PEO3089

Medium

9

PEO8030

Medium

10

SOSAT C88

Sensitive

11

ISMI9301

Medium

12

SL301

Sensitive

13

SL222

Tolerant

14

Gawane

Medium

15

ICMVIS99001

Medium

16

SL173

Tolerant

17

SL206

Tolerant

18

SL186

Tolerant

19

SL90

Tolerant

20

SL40

Tolerant
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Table 2-2. Results of two-way analysis of variance of the twenty pearl millet cultivars under
terminal stress and non-stress condition in 2014. P-values for respective variables are shown.
Parameters

Cultivar

Water treatment

Cultivar x Water treatment

Grain yield

0.0072

<.0001

0.0720

Aboveground biomass

<.0001

<.0001

0.2409

Harvest index

0.0619

0.4517

0.4599

Seed weight

<.0001

<.0001

0.9602

Tiller length

<.0001

0.4734

0.9900

Tiller #

0.0021

<.0001

0.1266

Stover

<.0001

<.0001

0.4508

Panicle length

<.0001

0.0629

0.2625

Panicle #

<.0001

0.0034

0.0547

Panicle weight

<.0001

<.0001

0.4574

Panicle harvest index

0.0006

0.0194

0.3268
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Table 2-3. Mean, SE, F ratio and P-values for yield and yield parameters measured under stress
and non-stress for the twenty pearl millet cultivars in 2014 Mean values for each parameter are the
overall mean for twenty tested cultivars in 2014.

Variable

Treatment

Mean

Standard
error

Grain yield (t ha -1)

Non-stress

5.26

0.19

Stress

3.76

0.19

Non-stress

18.63

0.67

Stress

14.14

0.62

Non-stress

0.29

0.007

Stress

0.27

0.009

Non-stress

0.79

0.019

Stress

0.67

0.022

Non-stress

168.8

3.06

Stress

166.3

3.51

Non-stress

22.98

0.53

Stress

18.82

0.59

Non-stress

9.929

0.41

Stress

7.746

0.38

Non-stress

46.94

1.05

Stress

45.13

1.02

Non-stress

21.01

0.55

Stress

18.03

0.54

Non-stress

45.86

1.21

Stress

39.34

1.21

Non-stress

0.613

0.0008

Stress

0.616

0.02

Aboveground biomass (t ha -1)

Harvest index

Seed weight (g 100-1)

Tiller length (cm)

Tiller # (m -2)

Stover (t ha -1)

Panicle length (cm)

Panicle # (m -2)

Panicle weight (g)

Panicle harvest index
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Table 2-4. Yield and yield components of pearl millet cultivars under water stress and non-stress conditions
Significant differences (P < 0.05) within cultivars are bolded.
Code
1

Cultivars
Name
Souna 2

2

Thialack 2

3

IBMV8402

4

ICMVIS89305

5

ICMVIS99222

6

ISMI9507

7

PEO2830

8

PEO3089

9

PEO8030

10

SOSAT c88

11

ISMI9301

12

SL301

13

SL222

14

Gawane

15

ICMVIS99001

16

SL173

17

SL206

18

SL186

19

SL90

20

SL40

Treatment

Grain yield

Harvest index

6.89 ±1.12
2.96 ±0.71
4.67 ±0.88
4.53 ±0.71
4.00 ±0.41
3.68 ±1.1
5.74 ±0.83

Aboveground
biomass
29.35 ±3.33
9.69 ± 4.68
19.33 ±2.91
17.53 ±2.07
12.86 ±1.70
16.52 ±5.56
17.33 ±1.93

Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress

3.82 ±0.55

Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress
Non-stress
Stress

4.38 ±0.66
2.98±0.92
3.74 ±0.61
2.55 ±0.15
6.35 ±0.51
3.63 ±0.74
5.3 ±1.51
6.16 ±1.17
4.97 ±0.54
4.55 ±0.50
4.50 ±0.58
3.20 ±.48
7.79 ±1.10
4.01 ±0.34
5.03 ±0.17
4.29 ±0.45
5.34 ±0.35
2.28 ±0.64
6.16 ±1.32
3.24 ±0.46
5.42 ±0.76
2.38 ±0.25
3.76 ±0.65
3.11 ±0.63
6.14 ±0.24
3.82 ±0.39
6.02 ±0.61
2.25 ±0.10
6.24 ±0.45
3.79 ±0.55
3.95 ±0.48
4.38 ±0.36
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0.233 ± 0.028
0.212 ± 0.140
0.237 ± 0.021
0.254 ±0.016
0.315 ± 0.014
0.346 ±0.037
0.328 ± 0.019

100-seed
weight
0.709±0.05
0.514±0.66
0.766±0.05
0.661±0.09
0.735±0.04
0.685±0.09
0.987±0.02

Panicle Harvest
index
0.540 ± 0.029
0.445 ± 0.032
0.571 ±0.469
0.541 ±0.018
0.619 ±0.024
0.646 ±0.055
0.682 ±0.022

12.72 ±1.82

0.344 ±0.093

1.033±0.08

0.590 ±0.041

13.18 ±0.55
10.48 ±1.49
12.23 ±1.6
10.99 ±0.63
23.70 ±1.87
13.06 ±2.09
20.48 ±4.55
24.62 ±2.70
16.37 ±1.59
13.96 ±1.57
13.68 ±1.02
11.57 ±1.72
25.55 ±2.57
16.08 ±2.58
19.75 ±1.78
14.55 ±2.72
12.73 ±0.43
10.80 ±1.11
18.88 ±3.09
12.44 ±2.03
16.54 ±1.83
8.32 ±0.93
15.47 ±1.43
12.92 ±1.49
19.74 ±2.55
13.31 ±2.98
22.28 ±2.02
17.45 ±2.09
22.32 ±1.74
14.48 ±0.95
19.26 ±1.75
15.01±1.95

0.329 ±0.037
0.269 ±0.045
0.305 ±0.02
0.233 ±0.014
0.274 ±0.032
0.276 ± 0.019
0.245 ± 0.021
0.244 ± 0.021
0.303 ±0.018
0.326 ± 0.006
0.332 ± 0.041
0.279 ± 0.023
0.304 ±0.024
0.271 ± 0.04
0.261 ±0.025
0.324 ± 0.06
0.279 ±0.018
0.268 ± 0.03
0.313 ±0.031
0.268 ± 0.035
0.326 ±0.028
0.290 ± 0.025
0.270 ±0.018
0.232 ± 0.023
0.330 ± 0.06
0.312 ± 0.037
0.270 ±0.023
0.192 ± 0.018
0.280 ±0.004
0.258 ± 0.24
0.201 ±0.016
0.299 ±0.023

0.836±0.08
0.721±0.01
0.757±0.03
0.543±0.04
0.891±0.02
0.619±0.04
0.732±0.04
0.677±0.06
0.869±0.08
0.782±0.04
0.893±0.10
0.757±0.13
0.716±0.05
0.633±0.05
0.799±0.05
0.542±0.04
0.828±0.07
0.679±0.02
0.662±0.06
0.628±0.08
0.894±0.03
0.867±0.07
0.722±0.08
0.626±0.03
0.974±0.17
0.807±0.23
0.599±0.05
0.519±0.07
0.615±0.08
0.603±0.06
0.778±0.09
0.585±0.05

0.666 ±0.362
0.52 ±0.053
0.581 ±0.018
0.511 ±0.021
0.542 ±0.078
0.596 ±0.027
0.628 ±0.010
0.637 ±0.20
0.604 ±0.024
0.656 ±0.04
0.686 ±0.016
0.580 ±0.03
0.652 ±0.03
0.668 ±0.09
0.616 ±0.005
0.627 ±0.03
0.590 ± 0.026
0.557 ±0.06
0.647 ±0.021
0.6002 ± 0.03
0.623 ±0.032
0.577 ±0.06
0.599 ±0.039
0.811 ±0.26
0.689 ±0.07
0.673 ±0.08
0.593 ±0.019
0.864 ±0.39
0.619 ±0.022
0.583 ±0.032
0.505 ±0.032
0.608 ±0.016

Figure 2-1. Study site and experiment area.
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Figure 2-2. Air temperature and relative humidity maximum and minimum during 2014 field
trial.
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Figure 2-3. Experimental design and plot layout in 2014.
Non-stress = NS and Stress = S
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Figure 2-4.Variation in grain yield response to stress (A), aboveground biomass response to
stress (B) and harvest index response to stress (C) for the twenty pearl millet cultivars in 2014.
The response values for each parameter are the ratio of the mean in stress condition and nonstress conditions. The bars are means ± 1 standard error. If a value is less than one, it indicates
that the cultivar variable was reduced by water stress. If greater than 1, the cultivar performed
better under stress. A single degree of freedom contrast comparing the mean under non-stress
and stress field was used to identify cultivars that express a significant difference between the
two water treatments. The stars above the bars mean significant difference between non-stress
and stress yield.
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(b)

(a)

Y= 0.08+1.09x
r 2 = 0.64.9

P= 0.685

(d)

(c)

Y=0.14+0.65x
r 2=0.27

P =0.21

Figure 2-5. Relationships between grain yield stress response and (a) aboveground biomass stress
response; (b) aboveground biomass; (c) harvest index stress response; and (d) harvest index.
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Chapter 2: Evaluation of Four Pearl Millet Cultivars Tolerant to Terminal Water
stress in Senegal
Abstract
In 2015, a follow up experiment was conducted with the four selected cultivars from the

field trial described in chapter one. The objective of this study was to identify resistant pearl
millet cultivars adapted to arid and semi-arid region of Senegal by comparing yield components,
seed germination, and selected physiological parameters under stress and non-stress
environments. This experiment was conducted from March to July 2015 using the same design
and management from 2014. In addition to yield and yield components data recorded in 2014,
physiological measurements (leaf temperature, relative water content and stomata conductance)
were collected and stress indices were calculated. The results showed significant differences
between terminal stress and non-stress environments for all variables except for seed
germination. The selected physiological parameters showed significant differences between nonstress and stress environments. Based on the parameters measured in this study, two groups of
cultivars were identified – one having high biomass production, good grain yield lower harvest
index under drought stress (2 and 12) and a second with low biomass production, good grain
yield, high harvest index (4and 10). Based on the stress indices, we were able to classify our
cultivars from the most to the least tolerant to stress. Despite their low biomass, cultivars 4
(ICMV IS 89305) and 10 (SOSAT C88) could be good targets for cultivation in Senegal as they
were most tolerant to drought. Wider use of these cultivars should benefit farmers in this region
of Senegal.
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3.1

Introduction
Pearl millet cultivars that are tolerant to water stress at the end of the growing season are

essential to maintaining and contributing to food security in the Sahel zone and particularly in
Senegal. In this region, traditional pearl millet cultivars are mostly grown. These cultivars
produce low and unstable yields, which can lead to lower food availability. Because pearl millet
cultivars grown in this area are mostly inbred lines, their yield potential and resistance to other
environmental factors (e.g., diseases, insects and weed invasion) is low. Also, rainfall instability
initiates water stress at the end of the growing season and, as a result, the grain-filling period of
pearl millet is negatively affected. According to Mahalakshmi, et al. (1987) water deficit from
flowering through maturity is the most devastating drought stress in pearl millet production
systems. It usually leads to food shortage sometimes during the year. For this reason, identifying
pearl millet cultivars tolerant to terminal drought in Senegal would help farmers to optimize
millet grain yield and assure food security for local population.
In 2014, 20 pearl millet cultivars were screened for their response to terminal drought
stress. From the 20 cultivars, four were targeted for more intensive analysis to better understand
their morphological and physiological traits and their response to stress. Such information is
needed to make better recommendations for use of pearl millet in farming system in Senegal.
The objective of this study was to evaluate four drought tolerant millet cultivars adapted to arid
and semi-arid regions of Senegal by comparing yield components, seed germination and selected
physiological variables under water stress conditions. The following hypotheses were tested:
•

Of the millet cultivars evaluated, at least one would exhibit higher grain and biomass yield
under moisture stress, but seed germination will not be affected by moisture stress.
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•

Pearl millet cultivars would exhibit physiological differences that allow them to tolerate
drought at different levels.

3.2

Material and Methods

3.2.1

Experimental design and plant material
This experiment was a follow up study to the 2014 field trial in chapter one and was

conducted in the same area with the same design. Four pearl millet cultivars selected from 2014
experiment were utilized in this research (Table 3.1). These four cultivars were selected based on
their yield under non-stress environment, yield under stress environment, and genetic stability
(based on identification of molecular markers for quantitative trait loci associated with drought
tolerance). Eleven of the 20 cultivars that did not show any significant difference between their
yield under terminal stress and non-stress the cultivars were identified. First, cultivars were
selected based on their high yield in both environments from the 2014 field trial. In this group,
the cultivars with a low yield reduction under stress were chosen. Among those cultivars with
low yield reduction, those with higher genetic stability were selected for the 2015 trial. So
among the four cultivars used for the field experiment, three (2-THIALACK2, 4- ICMV IS
89305, 10-SOSAT C88) are elite cultivars with proven drought tolerance and one (12-SL301)
that was considered a drought sensitive line.
3.2.2
•

Measurements
Yield and Seed Germination

The same methods used in the 2014 trial were used for yield and yield component data
collection. An exception was that instead of harvesting three plants, nine plants were harvested.
Data on tiller length, panicle length and individual weights of panicles and tillers were not
collected in 2015. The number of tillers and panicles of the nine plants were recorded as in 2014.
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After harvest, the respective plant parts were oven dried and the panicles threshed. The weight of
seed from the nine plants was used to calculate the grain yield, and the above ground biomass.
The percent of reproductive tillers were calculated as the ratio between seed panicles and tillers.
Threshing percent was calculated as the ratio between seed weight and seed panicle weight.
Finally, seed weight was measured on a 1000 seed basis. These parameters have been used by
several authors to understand the effect of terminal water stress on yield of pearl millet
(Bidinger, et al., 1987a, Serraj, et al., 2005, van Oosterom, et al., 2003, Yadav, et al., 2002).
•

Physiological Measurements
In the identification of drought tolerant crop cultivars , researchers have used several

measurements to understand physiological processes involved in drought tolerance and their
impact on yield under these conditions (Kholová, et al., 2010b). The variables used in this
experiment are listed below:
Leaf temperature
Leaf temperature was measured using an infrared thermometer. The measurements were
taken between 11:30 and 1:00 PM on three plants in each plot. On all plants, the most fully
extended flag leave was used to sample for temperature.
Stomatal conductance
Stomatal conductance was measured using a leaf porometer that measured the amount of
water released from the leaf in terms of relative humidity (RH). After stabilization of RH, the
porometer displays the value of the conductance. The higher value of stomatal conductance
indicated greater opening of stomata, increased transpiration and photosynthesis. Stomatal
conductance was also measured on the flag leaf for three plants in each subplot.
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Relative water content
To evaluate the cultivars water status, relative water contents (RWC) was estimated.
RWC is a measure of the amount of water present in the leaf. It is an assessment of water deficit
on plant leaves (González and González-Vilar, 2001). It gives an estimate of water present in the
leaf at the time of the sampling relative to the maximal amount of water in the leaf at turgidity
(Slatyer and Markus, 1968). The measurements were taken on flag leaf of three randomly
selected plants in each subplot between noon and to 2pm. A 1 to 5cm leaves sample was taken
from the flag leaf and stored at 10 - 15 oC temperature to avoid any water loss. Once at the lab,
the samples were weighed and submerged in water. After 24 hours in the lab, the leaf samples
were taken out of the water, cleaned for extra water on the surface area, and weighed again. The
samples then were oven dried for 48 hours and weighed. This method is adopted from (Sharper
et al. 1990).
Equation 3-1. RWC (%) = [(W-DW) / (TW-DW)] x 100
where: W – Fresh weight, TW – Turgid weight, DW – Dry weight.
Stress indices
Stress indices have been used for decades in research studies aiming to identify the most
accurate and quantitative way to identify cultivars tolerant to drought. Since 1981, several stress
indices have been identified and used in the process of selection for drought tolerance in the
following crops ; corn (Naghavi, et al., 2013), rice (Raman, et al., 2012), wheat (Golabadi, et al.,
2006); cowpea (Belko, et al., 2012, Yadav and Bhatnagar, 2001) and pearl millet (Yadav and
Bhatnagar, 2001). According to Fernandez (1992), the two types of stress indices: drought
resistant indices and drought susceptibility indices.
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Drought resistance defined by Hall (1993) is the ability of a cultivar to have higher
productivity under water stress conditions than non-stressed conditions. Whereas Blum (1988)
defined drought susceptibility as a cultivar that had reduced yield under drought conditions. The
most suitable stress indices were identified by their significant positive correlation with yield in
both environments (Fernandez, 1992). The most used stress indices are stress tolerance index
(STI), tolerance index (TOL), mean productivity (MP), stress susceptibility index (SSI),
geometric productive mean (GMP), yield index (YI), and yield stability index (YSI). According
to Rosielle and Hamblin (1981), tolerance index (TOL) and mean productivity (MP) are useful
indices when trying to identify pearl millet cultivars tolerant to drought. In fact, millet cultivars
tolerant to water stress tend to have low TOL as a result of a small yield reduction under water
stress conditions. Also, elevated MP is a useful trait for drought tolerant cultivars since mean
productivity is mean production for a given cultivar in a range of environments. Fischer and
Maurer (1978) proposed the stress susceptibility index (SSI) which informs on yield reduction
caused by the water stress relative to non-stress. Low yield reduction under these two conditions
will result in low SSI and resistance to drought. For example in wheat, drought resistance
cultivars have SSI lower than one (Guttieri, et al., 2001, Schneider, et al., 1997). Ramirez and
Kelly (1998) identified the geometric productive mean (GMP) as a suitable tool when testing
cultivars under stress and non-stress conditions. The geometric mean is obtained by calculating
the square root of the product between yield under stress and non-stress environment. Yield
Index (YI) was used by Gavuzzi, et al. (1997) and is the ratio between yield under terminal stress
for the cultivars and the mean yield under stress. Yield Stability Index (YSI) calculated by Nouri,
et al. (2011) in a study of drought tolerance in wheat is the ratio between yield of the cultivar
under terminal stress and under non stress environment. Bidinger, et al. (1982) developed
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drought tolerance index (DRI) which is also a good indicator for drought resistance of a given
cultivars.
These indices were calculated using the following equations where Ys and Yns are yields under
stress and non-stress conditions, respectively
�
�ns the mean grain yield in non-stress
Ys is the mean grain yield in stress environment, and Y
environment.

Equation 3-2: STI =
•

(𝑌𝑌𝑠𝑠 )(𝑌𝑌𝑛𝑛𝑛𝑛 )
(𝑌𝑌�𝑛𝑛𝑛𝑛 )2

High value for this index are sign of stress tolerance.

Equation 3-3: TOL= 𝑌𝑌𝑛𝑛𝑛𝑛 − 𝑌𝑌𝑠𝑠
•

Low values for this index reflect yield stability in different environment.

Equation 3-4: MP =
•

(𝑌𝑌𝑠𝑠 +𝑌𝑌𝑛𝑛𝑛𝑛 )
2

High value of this index is more desirable for cultivars tolerant to stress
1−𝑌𝑌 /𝑌𝑌

Equation 3-5: SSI = 1−𝑌𝑌�𝑠𝑠 /𝑌𝑌�𝑛𝑛𝑛𝑛
•

𝑠𝑠

𝑛𝑛𝑛𝑛

1 − 𝑌𝑌�𝑠𝑠 /𝑌𝑌�𝑛𝑛𝑛𝑛 is the stress intensity, the lower the value of this index is compared to 1, the
more the cultivar is tolerant stress.

Equation 3-6 : GMP = �(𝑌𝑌𝑠𝑠 )(𝑌𝑌𝑛𝑛𝑛𝑛 )
•

High value of this index is more desirable for cultivars tolerant to stress
𝑌𝑌

Equation 3-7 : YI = 𝑌𝑌� 𝑠𝑠
•

𝑛𝑛𝑛𝑛

High with high value of this index is more tolerant to stress
𝑌𝑌

Equation 3-8: YSI = 𝑌𝑌 𝑠𝑠
•

3.2.3

𝑛𝑛𝑛𝑛

High for this index is more desirable
Data Analysis
The statistical analysis for the study was performed using JMP version 2012 Initially, the

two water treatments were analyzed together by a two-way analysis of variance to test for
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differences among cultivars, water treatment effect and their interaction using the following
model.
Equation 3-9: Yij = μ + αi + βj + (αβ)ij + εij
Where Y is the grain yield, total aboveground biomass, or harvest index or any other
yield component measured, μ the grand mean of the parameter to be tested, α is the effect of
water treatment, i = 1,2; β is the cultivar effect, j = 1, 2….4; αβ is the cultivar by water treatment
interaction; ε is the experimental error. Significance was considered at P = 0.05. Secondly, a
one-way analysis of variance was conducted within each water treatment to evaluate cultivar
differences for the variables tested in the first model.
Equation 3-10: Yi = μ + αi+ εi
Where Y is the response variable e.g (grain yield, total above ground biomass), μ is the
mean response, α is the effect of cultivar, i = 1, 2…4, i representing the cultivars and ε is the
experimental error. Turkey`s HSD was used to separate means. Contrasts were done for each
cultivar between the two water treatments. A correlation analysis was run to evaluate
relationships among variables.
To evaluate the stress response of yield and harvest index to stress, the ratio between
yield under stress and yield under non-stress for each variable were calculated, and using a
contrast test between cultivars that showed a significant difference between water stress and nonstress for a given variable were identified.
To calculate the drought resistance index (DRI) a regression model created by Bidinger,
et al. (1987b) was used. According to this model, yield in terminal stress environment (YSi) of a
given cultivar is explained by yield in non-stress environment (YNSi,) the number of days from
planting to flowering (F), and the drought response of the cultivars.
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Ysi = a + bYNSi + cF + DRI +ɛ Where Ysi = Grain yield in stress, Ynsi = grain yield in nonstress, F= number of days from showing to flowering, DRI= drought resistance index, and ɛ=
random error, a, b, and c are the regression coefficients of the model.
To calculate DRI, Ysi on YNS and F was fitted, then the estimated value of Ys for each
cultivar was calculated. Then another regression between the stress yield recorded in the
experiment and the estimated stress yield calculated from the first regression was run. Finally,
DRI is the ratio between the residual of the last model which is Ys- �
Ys and the standard error of

the second model. The DRI values are obtained by saving the studentized residuals from the last
regression. Cultivars with positive value of drought resistant index are more tolerant to stress
than cultivars with negative values.
To compare the stress indices of our cultivars, they were ranked using the method from
(Farshadfar, et al., 2012) . Cultivars with the highest value of these indices (Ys, Yns, STI, GMP,
MP, YSI and YI) received a rank of one, the second most elevated value a rank of two and so on.
Afterward, a mean rank was calculated as well as the standard deviation. At the final rank used
to classify the cultivars is the sum between mean rank and standard deviation.
3.3
3.3.1

Results
Yield and Harvest index
The results showed a significant effect of water treatments on grain yield (Table 3.2). A

large reduction in yield (60 %) from the non-stress to the terminal stress treatments was noted
(Figure 3.2). Unlike the water treatments, the main effect of cultivar and its interaction with
water treatment did not show a significant effect on grain yield (Table 3.2, Figure 3.2). The oneway analysis of variance on grain yield within the non-stress environment did not show any
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cultivar effect on grain yield and mean grain yield of the cultivars ranged from 3.8 t ha-1 for
cultivar 2 to 4.8 t ha- 1 for cultivar 12. A significant main effect for cultivar was not found in the
terminal stress environment. The range of yield in this treatment was between 1.5 t ha-1 for
cultivar 10 to 1.96 t ha-1 for cultivar 4 (Figure 3.2). Total aboveground biomass also was
significantly affected by water treatment (Table 3.2) with a reduction of 36 % noted from the
non-stress to the terminal stress environment (Figure 3.3). Total aboveground biomass differed
among cultivars in contrast to grain yield and the interaction between water treatment and
cultivar was not significant (Table 3.2). In the stress environment, the cultivars were separated in
two groups: cultivars 2 and 12 had higher total biomass production than cultivars 4 and 10. The
two-way analysis of variance on harvest index showed a significant effect of water treatment
(Table 3.2). The terminal water stress reduced the mean harvest index by 7% relative to the nonstress environment (Figure 3.4). Also, the effect of cultivar on harvest index was significant
(Table 3.2). Within the non-stress environment, the cultivars 4 and 10 had a higher harvest index
relative to cultivar 12 but cultivar 2 appeared similar to both of them. A similar result was found
in the one-way analysis on the terminal stress environment except that here we had two clearly
distinct groups where cultivar 4 and 10 showed higher harvest index than cultivars 2 and 12
(Figure 3.4). Seed weight was clearly affected by water treatment and cultivar (Table 3.2). For
seed weight, cultivars 4 and 10 were grouped together whereas cultivars 2 and 12 had lower seed
weight.
3.3.2

Tillers and Seed Panicles
Other parameters measured included tiller number and panicle number, threshing %, and

percent of reproductive tillers (Table 3.2). On average, tiller # was not affected by water stress
but threshing % was reduced by 20 %, panicle number by 27 %, and reproductive tiller by 39 %.
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The panicle number, tiller number and percent of productive tillers differed among cultivars
(Table 3.2). Relative to threshing percent, cultivars were significantly different in both
environments, cultivars 4 and 10 exhibited higher threshing percent and cultivar 12 lower
threshing % and cultivars 2 is similar to both groups (Table 3.3). For tiller number no significant
difference was found in the non-stress environment but in the stress environment the cultivars
were classified into two groups, again cultivars 4 and 10 lower tiller number and cultivars 2 and
12 higher tiller number (Table 3.3). The number of seed panicles showed a similar trend. The
percent of reproductive tiller, did not differ in the non-stress environment but were separated in
to distinct groups with 4 and 10 higher than 2 (Table 3.3).
3.3.3

Yield and Harvest Index Stress Response
The stress responses of grain yield appeared to differ among the cultivars used in this

experiment. All cultivars were affected by water stress but cultivars 12 was the most affected by
stress in term of grain yield (Figure 3.5). Contrast tests showed that cultivar 12 exhibited a
difference in yield from the stress to the non- stress environment. For total biomass, the response
to stress also varied among cultivars (Figure 3.5). The total aboveground biomass was less
affected by terminal stress compared with grain yield as most responses were close to 1. The
rank of the cultivars relative to their aboveground biomass response to terminal stress was
cultivar 2, 12, 4, and lastly cultivar 10. Cultivar 12 showed a significant difference between total
aboveground biomass under terminal stress and non-stress. Harvest index also showed variability
among cultivars. The rank of the cultivar relative to harvest index stress response was 2 followed
by 12, 10, and lastly 4. Cultivars 10 and 4 were the least affected by stress in terms of their
harvest index response to terminal stress. Only cultivar 10 exhibited a significant difference for
its harvest index under terminal stress and non-stress environment (Figure 3.5).
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3.3.4

Seed Germination
Seed germination differed among cultivars but was unaffected by water treatment (Table

3.2). Within the stress environment, cultivars 4 and 12 were significantly different with cultivar 4
having the higher germination percent and 12 the lower germination percent. Cultivar 10 and 2
were similar and not significantly different from the two others.
3.3.5

Physiological Measurements
Relative leaf water content was significantly affected by water treatment (Table 3.4) with

the stress treatment reducing leaf water treatment by 15%. Cultivar main effect and its
interaction with water treatment were not significant. Water stress reduced stomata conductance
by 43 % compared with the non-stress environment. Additionally, there was a significant cultivar
x treatment interaction (Table 3.4) meaning that our cultivars behaved differently depending on
water stress. Temperature was also influenced by water treatment and increased by 7% under
water stress (Table 3.4).
3.3.6

Stress Indices
To classify the cultivars based on these quantitative stress parameters, they were ranked

based on each index. The final rank of the cultivars was determined by its average rank across all
indices and the standard error of the rank. The ranking of the cultivars using stress indices and
drought resistance index showed that cultivar 4 and 10 had the lowest mean rank so were more
tolerant to terminal stress then cultivar 2 and 12 (Table 3.5).
3.4
3.4.1

Discussion
Yield and Harvest Index
The differences in yield and other yield parameters between stress and non-stress

environments for all of our cultivars reflected the negative effect of terminal water stress on pearl
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millet. These results confirmed the findings of several other authors (Bidinger, et al., 1993,
Vadez, et al., 2013, Yadav, 2010, Yadav, et al., 2004). The lower grain yield in terminal stress in
these studies were mainly attributed to a reduction in individual grain mass, number of grain per
panicle (Yadav, et al., 1999), and higher reproductive tiller in non-stress environment. Moreover,
Singh (1995) in a research study on sorghum, maize and pearl millet under irrigation and stress
conditions related the lower grain yield in stress environment to a reduction in carbon availability
for grain formation and maturity. Furthermore, the magnitude of difference for these traits in the
non-stress environment is different in the terminal stress environment. This leads us to believe
that the four cultivars used in this experiment tend to behave differently. In terms of total above
ground biomass, the difference noticed between the group of cultivars 4 and 10 and the group of
cultivars 2 and 12 showed that under stress conditions cultivar 2 and 12 had higher stover
biomass than cultivar 4 and 10 which tended to invest more resources on producing seed. As a
result, cultivars 4 and 10 had significantly different and higher harvest index compared with
cultivar 2 under stress. The higher aboveground biomass of cultivars 2 and 12 was also related to
their life cycle as their time to maturity was significantly different than that of the other cultivars.
The later development likely led to a higher number of tillers in both water treatments. In
contrast, cultivars 4 and 10 developed more rapidly and had a lower tiller number and higher
number of reproductive tillers in terminal stress. In summary, cultivars 4 and 10 maximized their
energy for grain yield whereas cultivars 2 and 12 tended to allocate more energy to biomass
production.
3.4.2

Tillers and panicles
The results of this experiment showed a large variability of these parameters among

cultivars. Thus, whether in the terminal stress or non-stress environment, the cultivars mainly
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divided into two groups: group 1 with cultivars 4 and 10 and group 2 with cultivars 2 and 12.
The main differences noticed between these cultivars are related to their ability to maintain a
certain level of total aboveground biomass under terminal water stress. Since many variable
(grain yield, seed weight and stover) contribute to aboveground biomass in plant any changes
affecting them will affect the total aboveground biomass. As stated in other studies, significant
differences among these parameters between water treatments and among cultivars resulted in
the differences recorded in harvest index and total aboveground biomass. However, these
differences were not strong enough to lead to a difference in grain yield between the four
cultivars, which will facilitate recommendation for farmers.
3.4.3

Seed Weight and Seed Germination
The higher seed weight and seed germination of cultivars 4 and 10 likely resulted from

seed morphology. These cultivars had bigger seed size than cultivar 2 and 12. Larger seeds tend
weigh more and store more carbohydrate to use for germination. Another point that contributes
to this difference is the seed panicle size as cultivars 4 and 10 had shorter seed panicles than
cultivar 2 and 12. Pearl millet cultivars with long seed panicles tend to produce small seed size
whereas pearl millet cultivars with short seed panicle tend to produce big seed size. Finally, the
life cycle of cultivar 2 and 12 also might justify their small seed weight since late maturing
cultivars tend to produce high total aboveground biomass but small seed
3.4.4

Cultivars Stress Response
Among the pearl millet genotypes used in this experiment, three (4, 10, 2) are elite

cultivars and one is a line (12). The cultivars showed a significant difference for their yield and
yield components trait except for grain yield. The result on stress response of grain yield to water
stress was confirmed by a contrast test showing that cultivar 12 was most sensitive to terminal
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stress in terms of grain yield. The significant difference in term of total aboveground biomass
also suggested the cultivars response to stress was related to a variation in biomass yield but not
grain yield. Indeed, cultivar 12 also responded negatively to terminal water stress in terms of
total biomass production. Yadav, et al. (2002) found that differences in total aboveground
biomass production is not only explained by a variation in growth rate of the cultivars but also in
their flowering time.
3.4.5

Physiological Measurements
The differences in physiological parameters of pearl millet from the non-stress to the

terminal stress environment reflected the ability of the cultivars to use processes that allow them
to produce reliable yield under water stress conditions. The reduction in RWC from non-stress to
stress environment was in agreement with the findings of Addisie and Yemane (2011) who used
two pearl millet genotypes under variable stress conditions and noticed that RWC decreased with
the severity of the water stress. A similar result was also reported in wheat (Siddique, et al.,
2000) and rice varieties (Pirdashti, et al., 2009). The lower relative water content noticed in the
terminal stress environment was probably a result of lower water availability in the soil profile.
However, this could also be related to the fact that the cultivars were limited in their ability to
extract water from the soil profile due to lower expansion of their root system. The lack of
cultivar difference for this parameter suggested that the plants were equally water stressed. The
significantly higher temperature in the stress environment resulted from a reduction in
transpiration under stress environment leading to more accumulation of heat. The reduction in
transpiration was related to stomata closing as a response to water deficit in the soil profile. This
process also lowered stomata conductance, which is an adaptation strategy of the cultivar under
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terminal stress. Overall, these physiological responses to water stress help explain the lower
production of the cultivars in this environment (Henson, et al., 1981).
3.4.6

Stress Indices
Based on the ranking of the cultivars, we clearly saw that cultivar 4 and 10 were the most

tolerant to stress, which supports the data on yield and yield components. The results from this
study suggest these cultivars are the most suitable for use under terminal drought conditions. In
his study on wheat Golabadi, et al. (2006) used a similar ranking method to identify wheat
genotypes that were more tolerant to water stress. Finally, Yadav and Bhatnagar (2001) used
these indices as a selection criteria for pearl millet cultivars adapted to terminal water stress
condition but instead of ranking the cultivars based on the indices, the used a correlation
analysis.
3.5

Summary and Conclusions
In sum, the four pearl millet cultivars used in this experiment were classified in two

groups based on most of the variables. One group with cultivar 2 and 12 was characterized by
high total aboveground biomass and low harvest index and a second group 4 and 10 with high
harvest index and low total aboveground biomass. Even though there was not a significant
difference in the grain yield among cultivars, we were able to classify them based on their yield
response under stress. This analysis discriminated cultivar 12 since it was shown as having a
significant grain yield difference from stress to non-stress environments. Furthermore, the
ranking based on the stress indices also identify cultivars 2 and 12 as the most sensitive to water
stress. Overall, this study showed that cultivar 4 and 10 would be the best to grow in arid and
semi-arid region of Senegal to help farmers with occasional drought conditions that occur after
flowering.
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Table 3-1. Code and corresponding names of pearl millet cultivars used in 2015
Cultivars

Code

THIALACK2

2

ICMV IS 89305

4

SOSAT C88

10

SL301

12
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Table 3-2.Two-way analysis of variance of yield and yield components measured in terminal
stress and non-stress environments for the four cultivars.
Parameters

Cultivars

Treatment

Cultivar x treatment

Grain yield

0.9532

0.0007

0.9334

Total aboveground
biomass

0.010

0.0067

0.3803

Harvest Index

<.0001

0.0004

0.3139

1000 Seed weight

<.0001

<.0001

0.1951

Threshing %

<.0001

0.0027

0.9242

Germination

<.0001

0.1678

0.3924

Tiller # m-2

0.0002

0.1361

0.7691

Panicle # m-2

0.0013

0.0013

0.9500

% productive tiller

0.1341

0.0008

0.8800
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Table 3-3: Mean and standard error of the four cultivars used in 2015 for growth and yield
components measured in the terminal stress and non-stress environment. Abbreviations are:
TH%- threshing %, RT%- % of reproductive tillers. Bold numbers indicate significant
differences based on single degree of freedom contrasts.
Code

Treatment

TH%

Tiller #

Panicle #

RT %

Seed weight
g/10-3

Germination %

2

Non-stress

0.56±0.05

26.18±5.5

10.83±1.39

0.49±0.16

7.5±0.21

76.2±1.3

Stress

0.43± 0.1

32.95±2.3

7.6±1.67

0.23±0.12

4.8±0.27

95.9±0.5

Non-stress

0.70±0.04

20.78±1.1

12.19±1.21

0.62±0.04

9.57±0.20

96.9±1.2

Stress

0.58±0.06

21.77±4.1

8.91±2.34

0.40±0.09

6.675±0.17

66.4±7.1

Non-stress

0.66±0.07

17.37±1.5

12.64±0.26

0.72±0.02

10.49±0.59

77.3±4.0

Stress

0.58±0.03

18.95±0.9

8.01±1.32

0.42±0.05

6.87±.39

92.8±2.9

Non-stress

0.45±0.05

31.25±0.6

17.49±0..21

0.56±0.02

7.8±0.09

83.9±2.3

Stress

0.31±0.02

35.35±2.8

13.69±0.6

0.39±0.05

3.67±0.08

67.4±6.9

4

10

12

78

Table 3-4. Means and P-Values from two-way analysis of variance on physiological parameters.
Abbreviations are: leaf temperature ( LT) , relative water content (RWC) , and stomatal
conductance (SC)
Code

Treatment

LT O C

RWC%

SC ms-2

2

Non-stress

31.1

79.2

47.7

Stress

35.4

55.5

47.7

Non-stress

31.3

85.2

52.8

Stress

33.2

71.0

27.7

Non-stress

31.9

77.4

53.72

Stress

33.9

77.1

28.24

Non-stress

31

82.45

50.8

Stress

33.3

70.58

30.4

Treatment

0.0004

0.0021

0.0001

Cultivar

0.91

0.14

0.032

Interaction

0.92

0.18

0.04

4

10

12
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Table 3.5: Rank of the four cultivars based on stress indices, standard deviation and sum rank. 1
reflects most stress tolerant and 4 least tolerant for SSI and TOL, for the other indices 1 mean
most higher value for the index.
Abbreviations are: stress tolerance index (STI), tolerance index (TOL), mean productivity
(MP), stress susceptibility index (SSI), geometric productive mean (GMP), yield index (YI), and
yield stability index (YSI), grain yield under terminal stress, (GYS) , and grain yield under nonstress (GYNS).
Cultivar

GYS

GYNS

TOL

MP

GMP

STI

SSI

YI

YSI

DRI

Rank

SD

SUM

2

3

4

1

4

4

4

2

3

2

1

2.8

1.03

3.83

4

1

2

2

1

1

1

1

1

1

2

1.3

1.05

2.35

10

2

3

3

2

2

3

2

2

3

4

2.6

0.7

3.3

12

4

1

4

3

3

2

4

4

4

3

3.11

1.26

4.37
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Figure 3-1: Experimental design 2015 for the four selected cultivars
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Figure 3-2.Grain yield in non-stress and terminal stress environment for 2015. Different
lowercase letters indicate significant difference between cultivars ɑ = 0.05
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Figure 3-3: Total aboveground biomass in non-stress and terminal stress environment for 2015.
Different lowercase letters indicate significant difference between cultivars ɑ = 0.05
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Figure 3-4: Harvest index in in non-stress and terminal stress environment for 2015. Different
lowercase letters indicate significant difference between cultivars ɑ = 0.05
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Figure 3-5: Grain yield response to stress (a), total aboveground biomass response to stress (b),
and harvest response to stress in 2015
 Bars are the ratio yield in terminal stress and yield in non-stress (a), the ratio of total
aboveground biomass in terminal stress and non-stress (b), and the ratio harvest of the
harvest index in terminal stress and in non-stress.
 Star above the bars showed result of the contrast test between terminal stress and non-stress
for corresponding cultivars.
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4

Chapter 3: Cover Crop and Forage Characteristics of Foxtail and Pearl Millet in
Virginia
Abstract
Millet, a C4 annual grass, is being used more as a cover crop in the United States. The

purpose of this study was to compare the characteristics of two millet species used as a summer
cover crop for pasture renovation. Foxtail (Setaria italica [L] Beauv) and pearl millet
(Pennisetum glaucum [L.] R. Br) cover crops were planted at the Shenandoah Valley
Agricultural and Research Extension Center in Steeles Tavern, Virginia in May 2014 at 25 kg ha1

and harvested in August. Millet percent germination, seedling density, percent ground cover,

and yield were measured during the summer of 2014. Nutritive value of millet species was
evaluated later that year. Foxtail millet has smaller seeds than pearl millet, and this could have
affected pasture establishment. Pearl millet contains 128 seeds g-1 while foxtail millet contains
384 seeds g-1. Germination percentage was 90% for pearl millet compared with 71% for foxtail
millet. The higher number of seeds in foxtail millet, led to a higher seedling density (156 plants
m-2 compared with 38 plants m-2), though the foxtail millet had a lower percent of germination.
The percent cover of the foxtail and pearl millet, respectively, was 76% compared with 54% and
was significantly different (P= 0.0001). Even though foxtail had a higher seedling density and
higher percent cover, its higher biomass yield (7762 kg ha-1) was not significantly different from
that of pearl millet (6666 kg ha-1). Additionally, the weight (9660 kg) and the number of bales
(9) for pearl millet were significantly higher, P= 0.0003 than that of foxtail millet (5680kg) and
number of bales (6). Furthermore, the nutritive value parameters, ADF, NDF, and CP did not
show any significant difference between foxtail and pearl millet but were at an acceptable level
for most classes of livestock. Fescue establishment was unaffected by the millet cover crop type.
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Foxtail millet seems to be more efficient in covering the soil but did not show any advantage in
terms of yield, forage quality and fescue establishment when compared to pearl millet.
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4.1

Introduction
Generally, warm season annual grasses are cultivated for grain production mainly

destined to human food or forage production for the livestock industry. When the production is
intended for forage production it can be grazed in the field or cut for hay. During the summer
these crops can play two major roles: (1) Cover the soil, limit erosion, reduce nitrogen leaching
and interrupt weed life cycle, and increase soil organic matter so they are considered cover crops
(Wang and Noite, 2010) or (2) be grazed or harvested for hay to increase food availability and
choices for animals. Because of their tolerance to heat, drought, and low inputs, in addition to
their rapid growth rate and forage quality, millets are suitable to grow during the summer in
temperate areas (Schonbeck and Morse, 2006). Among millets, pearl millet and foxtail millet are
some of the most cultivated in the US.
Most cool-season pastures are planted in the fall in the US, particularly Virginia, so a
cover crop is often needed during the summer before the pasture is planted in the fall. Pearl
millet and foxtail millet could satisfy this need because they have high growth rate, short
growing period, and the ability to survive stressful conditions, allowing these plants to cover the
soil quickly (Schonbeck and Morse, 2006). Furthermore, they have high nutritive value, can be
harvested after 50 to 60 days, and used for summer forage when emergency feed is needed for
livestock.
Foxtail millet and pearl millet are some of the oldest cultivated cereals worldwide; they
are staple crops for millions of people in areas where they were domesticated (Lu, Zhang et al.,
2009). The most widely grown millet, pearl millet and foxtail millet originated in West Africa
(Mali) and in south-central China (Chengtoushan), respectively. They were domesticated 4500
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(pearl millet) and 5800 (Foxtail millet) years ago (Manning, Pelling, et al., 2011, Nasu,
Momohara, et al., 2007).
Even though pearl and foxtail millet are mainly cultivated for human food in Africa,
India and China, they are grown as a main source of forage in the US and Australia. Millets can
give reliable yield when used as a forage crop. Unlike sorghum, millet does not produce
cyanogenic glucosides, however it can accumulate high amount of nitrate, which can be harmful
for animals (Andrews and Kumar, 1992). Foxtail and pearl millet production are used in
livestock and wildlife industries in the US. Moreover, they are well suited as a summer cover
crop when converting land into pasture in areas like Virginia. Therefore, it is important to
understand the impact of different millet species on pasture establishment and their effect on
livestock when used as forage. The main objective of this chapter was to compare two millet
species (foxtail and pearl millet) for use as a cover crop in pasture renovation and also to
evaluate their potential as livestock feed.
4.2
4.2.1

Material and Methods
Study Location
The field experiment was established on existing pasture land at the Virginia Tech

Shenandoah Valley Agricultural Research and Center (SVAREC) near Steeles Tavern, VA
(37°N latitude, 79°W longitude). Soils at the site are predominately Frederick-Christian silt
loams, fine, mixed, semiactive, mesic Typic Paleudults. Climate is considered temperate with
mean air temperature of 17oC ranging from 4.7 o C in January to a high of 28.5 o C in July.
Precipitation at the site predominately falls as rain with an annual mean of 987 mm and peaking
between May and September.
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4.2.2

Field Management
The millet cover crop experiment was conducted on 24, 0.4 ha pastures. Existing cool-

season grasses and legumes on each pasture were killed with glyphosate (Roundup, Monsanto
Co., St. Louis, Missouri) in April 2014. In May, the pastures were planted with a cover crop of
millet species at a rate 25 kg ha-1 using a seed drill. Foxtail or pearl millets were planted into 12
randomly selected pastures, respectively (Figure 4.1). The millet crops were mechanically
harvested in August 2014 after flowering, followed by tall fescue establishment in early
September.
4.2.3

Measurements

4.2.3.1 Seed Germination and Seedlings
Seeds weight as well as the seed germination was measured at the start of the experiment.
Because millet seeds are very small, a subsample of one gram of each millet species was taken
and the number of seeds was counted. We used three replications for each millet species; as a
result, the mean of our three replications gave us the average seed number/gram.
Additionally, a seed germination test was conducted on 100 seeds of each millet species
with five replications. A subsample of 100 seeds was placed on one half of a wet paper towel,
and the second half was used to cover the seeds. The paper towel with the seeds was rolled up
over a pencil, placed in an identified plastic bag and stored at ambient temperature in the lab.
Three days later, the number of seedlings was counted and the germinated seeds were removed
from the paper. For the seeds that did not germinate, the same process was done for three more
days to check for additional seedlings. After the second round of the experiment, the percent of
seed germination for each subsample was determined by summing the number of seedlings at the
third day and the number of seedlings at the sixth day.
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Seedling density in the field was determined one week after planting in each plot using a
0.5m-2 rectangular quadrat. The rectangular quadrat was randomly placed in each plot in three
locations. For each subsample, the number of millet seedlings was counted. The seedling density
was determined by taking the mean number of seedlings for the three quadrants over the area
4.2.3.2 Percent Ground Cover
The percent of ground covered by millet, weed, and bare ground was estimated visually
at the same time seedling density was estimated. Three subsamples within each plot were
randomly taken using the 0.5m-2 rectangular quadrats.
4.2.3.3 Forage Yield
At ing stage, millet biomass was harvested in the beginning of August. For each plot,
three 0.5 m-2 rectangular quadrats were harvested to a 10 cm stubble height. A composite
subsample of millet biomass from all the harvested quadrats was dried and weighed to calculate
millet dry matter yield. Additionally, the hay was mechanically harvested, dried and bailed using
a conventional round-baler the week following quadrat sampling. The number of bales and their
weight were used to estimate the total biomass yield.
4.2.3.4 Forage Nutritive Value
•

Sample Preparation
A composite forage subsample from each pasture was saved, dried and ground through a

Thomas -Wiley mill 2-mm screen. Dry matter and standard forage nutritive value indices acid
detergent fiber (ADF), neutral detergent fiber (NDF) and crude protein (CP) were measured
using wet chemistry.
•

Forage Nutritive Value Analysis
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Dry matter
A 0.5 g of millet sample was placed in a crucible with known weight. The crucible with
the sample was weighed and placed in an oven at a temperature of 105 o C for one night. The
crucible containing the sample was removed from the oven and set in the desiccator to cool for
20min before being weighed. The percent dry mater was calculated by taking the difference
between wet and dry weight.
Neutral Detergent Fiber (NDF)
The reagents used were neutral detergent solution, sodium sulfite, heat stable alpha
amylase and acetone. We used F57 fibers bags, a digestion apparatus under high temperature,
and a filter. The fiber bags, with known weight containing 0.5 millet samples were placed on a
bag suspender and put into the digestion vessel. The neutral detergent solution (in a range of
100ml /bag) and 20g of sodium sulfate were added in the digestion vessel. The bags stayed in the
digestion vessel under heat for 75 min, then the solution was removed. Heated water (90-100 o
C) and 4ml of alpha-amylases were added to rinse the bags. After rinsing, the bags were
submerged in acetone solution, taken out and put in the oven at 105o C for four hours. The dry
weight of the bag was used to calculate NDF in a dry mater basis.
Acid Detergent Fiber (ADF)
The ADF analysis followed the NDF. After taking the dry weight of the fiber bags from
the NDF, the percent of ADF in a dry matter basis was determined. The same process as
described above was used, however an acid detergent fiber solution was added to the digestion
unit instead and sodium sulfate and amylase were not use in this process.
Crude Protein (CP)
The crude protein was measured indirectly using the combustion method to estimate the
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percent of N and then applying a conversion factor of 6.25 to convert to CP.
4.2.3.5 Pasture Establishment
Two tall fescue cultivars were planted into all 24 pastures in early September following
millet harvest. After planting, tall fescue establishment was quantified on each pasture by visual
estimation. The number of plants within six, randomly located 0.5 m-2 rectangular quadrats was
estimated. Moreover, the percent ground cover of weeds and bare ground was evaluated as
described for the millet plots. Visual estimation of tall fescue was done in mid- October 2015.
•

Data Analysis

The data was analyzed on JMP using a two sample t-test assuming that there was equal
variance at a significance level of 0 .05.
4.3
4.3.1

Results and Discussion
Seed Weight and Number
The mean number of seeds was significantly different between our two millet cultivars

(P < 0.0001; Fig 4.2). Foxtail millet contained on average 245 more seeds than pearl millet. The
higher number of seeds in foxtail millet can be explained by its smaller seed size and seed
weight. These results were similar to the findings of De Wet et al. (1992) who have shown that
the higher the number of seeds in pearl millet, the smaller the grain size and weight will be.
4.3.2

Seed Germination
The mean germination of pearl millet was 19 % higher than that of foxtail millet (90 % vs

71% Figure 4.3 and 4.4; P = 0.0006). When pearl millet and foxtail millet seeds are planted at the
same depth, pearl millet seeds are expected to germinate sooner because they are bigger, and
likely have more carbohydrate storage.
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4.3.3

Seedling Density
The number of seedlings that emerged for pearl millet was lower than for foxtail millet (38

vs 156, P <0.0001 (Figure 4.5). This result makes sense because the two millet species were
planted at the same rate 25kg/ha. Moreover, the number of seeds in one gram of foxtail millet is
more than double of the number of seeds in one gram of pearl millet. So even though the percent
germination was higher for pearl millet, it was not high enough to compensate for the lower seed
number of this species. However, the greater seed number in foxtail millet allows it to
compensate for the lower germination.
4.3.4

Percent Ground Cover
In both species, millet cover was highest for foxtail millet (76%) compared with pearl

millet plots (59%) (Table 4.1). Furthermore, there was a significant difference between foxtail
millet and pearl millet in terms of millet cover (P < 0.05). The weed cover on the two millet
treatments was 18 % for foxtail and 25 % for pearl millet plots, but the difference was not
significant. Similar to the weed cover, the bare cover (6 % for foxtail and 16 %for pearl millet)
did not differ statistically (P = 0.086).
The cover for foxtail millet could be explained by its higher seedling density. Even though
the weeds were killed before the experiment, we had many weeds emerge in our experimental
plots. Weed seeds of the seed bank likely were able to germinate and establish at the same time
as the millet plants. Since the ground cover adds up sums to 100 % and is mostly composed of
millet plants and weeds, the bare cover was very low for both treatments.
4.3.5

Millet Yield
For total biomass yield, there was not a significant difference between the two millet

species (P = 0.3113, Figure 4.6) although foxtail millet had higher ground cover. This could be
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explained by the fact that even though there were more foxtail millet plants that emerged in
pastures, the tillers were smaller than pearl millet. The high number of plants in foxtail millet
plots was not enough to compensate for the larger pearl millet tillers.
4.3.6

Millet bale weight
The mean weight of round bales for pearl millet was significantly different than the mean

weight of bales for foxtail millet 9660 kg and 5680 kg respectively (P= 0.0003, Figure 4 7). The
difference in weight could be explained by the fact that pearl millet tillers are thicker than foxtail
millet tillers. If the hay was not allowed to dry completely the pearl millet bales may have
contained more water. Another explanation is that the hay harvest encompassed the entire plot,
while the quadrats only covered a comparatively small area. Possibly, we did not collected
enough quadrats to account for the variation in yield between pearl and foxtail millet.
4.3.7

Forage Nutritive Value
For nutritive value parameters ADF, NDF, CP, we did not detect any significant

difference between the two millet species (P > 0.05, Table 4.2). One exception was ADF where
foxtail millet averaged 316 g kg-1 and pearl millet 276 g kg-1. This difference was marginally
significant (P = 0.0684). Between the two species, NDF and CP values were more similar. One
explanation for the lack of differences is the fact that the species were harvested at the same
maturity stage. However, if the two species were harvested at different maturity level, we might
see a difference in terms of nutritive value. A research study conducted in the islands of the
Caribbean and Reunion on the comparison of nutritive value at different growth stage and
between 1313 forage species presented growth stage as a main source of variability for forage
nutritive value (Aumont, Caudron, et al., 1995).
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4.3.8

Tall Fescue Establishment
Tall fescue establishment was not differentially affected by the previous millet cover crops

(P > 0.05, Table 4.3) based on the parameters we evaluated Weed cover and bare ground cover
percent were also similar. These results suggest that pearl millet and foxtail millet cover crops
have a similar effect on the following tall fescue establishment. A similar result was found by
Haramoto (2005), using Brassica cover crops.
4.4

Conclusion
We found that pearl millet and foxtail millet species used in this experiment had

significant differences in seed weight, percent germination and seedling density when planted at
a same rate. However, these variations did not affect their biomass yield, forage quality and the
establishment of the following tall fescue pastures. Furthermore, foxtail millet was better at
providing a higher soil cover, so it should be more efficient in reducing soil erosion.
Additionally, due to its smaller tillers, foxtail millet should be easier to harvest compared with
pearl millet. Since yield and nutritive values were similar between these two species, farmers in
Virginia might choose foxtail millet as a summer cover crop to prevent soil erosion and to make
harvest easier.
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Table 4-1. Mean percent ground cover of millet, weeds, and bare ground measured in June
2014

Ground cover Parameters
Millet species

Millet

Weeds

Bare

%
Foxtail millet

76

18

6

Pearl millet

59

25

16

P-value

0.0115

0.2585

0.0867
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Table 4-2. Forage nutritive parameters for the two millet species

NDF

ADF

CP

Millet species
g kg -1
Foxtail millet

589

316

189

Pearl millet

596

296

198

SE

0.87

0.73

1.41

P-value

0.309

0.0684

0.215

Abbreviations: ADF: acid detergent fiber; NDF: neutral detergent fiber; CP: crude protein
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Table 4-3 . Mean percent cover for fescue, bare ground, and weed following millet cover crop in
May 2015
Cover measurements
Fescue

Bare

Weed

Previous
Millet Species
%
Foxtail millet

42

45

14

Pearl millet

41

42

17

P-value

0.898

0.607

0.193
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Figure 4-1. Photo of the study site at SVAREC in Steeles Tavern, VA
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Figure 4-2. Mean number of seeds in one gram of millet, lowercase letters indicate significant
difference between cultivars ɑ = 0.05
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Figure 4-3. Percent germination for Foxtail millet
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Figure 4-4. Percent germination for Pearl millet
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Figure 4-5. Mean seedlings /square meter for foxtail and pearl millet lowercase letters indicate
significant difference between cultivars ɑ = 0.05
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Figure 4-6 . Mean biomass yield in kg/ha for the two millet species.
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Figure 4-7 . Mean weight of bales for foxtail and pearl millet in kg lowercase letters indicate
significant difference between cultivars ɑ = 0.05.
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