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Foreword

Recent advances in sorghum research and development in enhancing their yields,
adaptation, stress resistance, single and multi-cut nutri-forages, sweet stalk and high
biomass sorghums for first- and second-generation biofuels and the manifested
nutritional value, processed value-added products and establishment of sustainable
value chains contribute to increased economic value of these crops to the producers.
The Sub-Saharan Africa, Asia, the Americas and Oceania together accounting for
95% of the harvested sorghum areas across the globe have seen productivity
enhancement, but focused reorientation is also needed for end use-specific crop
improvement to enable sorghum for diverse industrial and food uses to make it more
remunerative to farmers and processors. This calls for increased interest and invest-
ment from national governments and the private sector for developing a viable
integrated value chain. Increasing industrial utilization, greater use as quality fodder
and as adjunct in food and feed mixes can dramatically enhance the demand of
sorghum. A climate resilience-based strategic planning estimate anticipates 20%
increase in sorghum acreage over the current levels by 2050 AD. It can be inferred
that the maximum production gains will be attained through policy interventions and
diversified utilization, and such gains will enable meeting both food and nutritional
security of millions. Thus, productivity improvement across semi-arid tropics lies
within the realms of reality soon.

During the past decades, sorghum crop improvement has made rapid strides in
enhancing adaptation and productivity using both classical and novel methods in
genetic improvement. Modern technological tools that aid precision and efficiency in
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crop production as well as management of biotic and abiotic stresses resistance have
found a place in sorghum crop management research as well as scientific farming
practices. The Indian Council of Agricultural Research is proud of its contributions
in the journey of sorghum research in India that improved the crop genetic potential
from 467 kg/ha in 1970 to 1051 kg/ha in 2020. Similarly, the fodder potential of
kharif sorghum varieties increased from 75 g/ha to 110 g/ha. Sorghum researchers in
ICAR Institutes and State Agricultural universities have made substantial efforts to
achieve these milestones.

The efforts to mitigate malnutrition and zero hunger being the most important
developmental goals, the quality of sorghum grain and fodder and the utilization of
sorghum products for better nutrition and health have been addressed by researchers
in developing countries. Novel industrial applications of sorghum would make
sorghum traders to look beyond feed and beverage markets. The contributions of
distinguished and learned sorghum researchers from all disciplines of research from
nations all over the world make this a unique book of its kind in recent times.

The book entitled Sorghum in the 21st Century: Food, Feed and Fuel for a
Rapidly Changing World published by Springer is an all-inclusive volume after the
classical publications Sorghum in Seventies and Sorghum in Eighties. This publica-
tion is aimed at understanding the present state of advances in research in sorghum
comprehensively and encompasses the progress made in sorghum research during
the past three decades by researchers across the globe in diverse areas of production,
processing and utilization of sorghum.

I am sure that this book would be of immense use for researchers, policy makers
and academicians.

Indian Council of Agricultural Research Trilochan Mohapatra
New Delhi, India



Sorghum [Sorghum bicolor (L.) Moench], also known as great millet, Indian millet,
milo, durra or shallu, ranks fifth among the world’s most important food crops.
Sorghum is a dietary staple for millions of people living in 30 countries in the
subtropical and semi-arid regions of Africa and Asia where the crop is grown with
limited resource inputs. It is a source of food and fodder, mostly in the traditional,
smallholder farming sector. Sorghum also finds a place in high-input commercial
farming as a feed crop and is fast emerging as a biofuel crop. Although sorghum is
cultivated on 42 million ha in more than 100 countries widely spread across Africa,
Asia, Oceania and the Americas, only in eight countries—Nigeria, Ethiopia, Sudan,
India, United States of America, Mexico, China and Argentina—sorghum covers
more than one million ha each. These countries together contribute to over 60% of
world’s sorghum production.

Crop improvement and other researchable issues in sorghum are being addressed
at a global level by many international institutions and national research programs,
e.g. United States Department of Agriculture, International Sorghum and Millet
Collaborative Research Support Program, ICRISAT, Food and Agriculture Organi-
zation, United Nations Development Program, Indian Council of Agricultural
Research—Indian Institute of Millets Research and many other national research
organizations in countries such as India, Africa, United States of America, Australia,
Brazil, Japan and China. Substantial advances are being made, to modernize
sorghum-breeding programs, to understand genetic control of traits and identify
quantitative trait loci and genome-editing technologies to improve tolerance to
abiotic/biotic stress and nutritional quality. Significant progress has also been

vii
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made in developing tools at a high-throughput scale to measure the complex traits to
match the genomic data, as well as progress in accessing the novel traits via wide
hybridization, improved understanding of the concept of biological nitrification
inhibition particularly in sorghum and integrating Genetics x Management x Envi-
ronment (GXExM) knowledge to develop cultivars suitable for markets in targeted
regions. There is an improved understanding of the potential of the diverse uses of
sorghum as a health food, medicinal, potential bio-energy crop. There is abundant
published literature over the last two decades covering the above issues besides the
generated knowledge from research and development on different aspects of sor-
ghum around the world.

This book, jointly edited by researchers from ICAR-IIMR, ICRISAT and Kansas
State University, documents recent research efforts and the progress made to date in
sorghum research. These are presented in 36 chapters encompassing eleven major
disciplinary areas. The information in each of the chapters has been compiled by
leading groups of researchers from across the globe, who have deep knowledge and
experience in their respective areas of expertise. I am confident that this book will be
useful to students, teachers and researchers working on the research and develop-
ment of sorghum, and crop sciences in general. I firmly believe that this book will be
of great practical use to scientists in developing strategies and research programs to
improve production, productivity and utilization of this climate smart crop.

International Crops Research Institute Jacqueline Hughes
for the Semi-Arid Tropics
Patancheu, Telangana, India



Sorghum [Sorghum bicolor (L.) Moench] is one of the important food and fodder
crop across semi-arid regions and is the key for a world that is increasingly becoming
populous and malnourished and facing large climatic uncertainties. Sorghum that is
cultivated globally in an area of 42 million hectares is adapted to wide range of
temperatures, moisture regimes and input conditions supplying food and feed to
millions of dryland farmers in the developing world. In the developed world,
sorghum has been one of the important source of feed and forms important raw
material for potable alcohol and starch. The Sub-Saharan Africa, Asia, the Americas
and Oceania together account for 95% of the harvested sorghum area across the
globe. Harvested sorghum area in Sub-Saharan Africa is more than four times the
area planted in Asia and five times that of the Americas and Caribbean illustrating
the continental importance of crop. Besides productivity enhancement, focused
reorientation is also needed for end-use-specific crop improvement to enable sor-
ghum for diverse industrial and food uses to make it more remunerative to farmers
and processors. This calls for increased interest and investment from national
governments and private sector for developing a viable integrated value chain.
Increasing industrial utilization, greater use as quality fodder and as adjunct in
food and feed mixes can dramatically enhance the demand of sorghum. A climate
resilience-based strategic planning estimate anticipates 20% increase in sorghum
acreage over the current levels by 2050 AD. It can be inferred that the maximum
production gains will be attained through policy interventions and diversified utili-
zation, and such gains will enable meeting both food and nutritional security of
millions. Thus productivity improvement across semi-arid tropics lies within the
realms of reality in the near future.

More than three decades ago, two international symposia on sorghum research
were organized in India. The first international symposium on sorghum was
organized by All India Coordinated Sorghum Improvement project under the joint
auspices of the Indian Council of Agricultural Research (ICAR), Andhra Pradesh
Agricultural University Hyderabad and the Rockefeller Foundation at Hyderabad,
India. The second symposium was hosted by ICRISAT, jointly sponsored by
ICRISAT, ICAR and USAID. The proceedings of these two international symposia
were documented in two books titled Sorghum in Seventies and Sorghum in Eighties.
The present book Sorghum in the 21st Century: Food, Feed and Fuel for a Rapidly
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Changing World was supposed to be published for release during the third interna-
tional conference on Sorghum held at Century City Conference Centre in Cape
Town, South Africa during April 2018, but was deferred to bring out an updated
all-inclusive volume after the conference to suggest a clear-cut way forward for
research, development and policy initiatives to position sorghum for food, feed,
fodder, biofuel and other industrial uses and as a crop for nutrition—secure world,
reducing malnutrition and zero hunger.

We have made an effort to document the entire developments till date in Sorghum
R&D initiatives and policy perspectives across the globe to bridge the knowledge
gap by documenting information on range of topics encompassing trends in global
production, consumption and utilization of sorghum, enabling markets, trade and
policies for enhancing sorghum uptake; global status of sorghum genetic resource
conservation and utilization in breeding programmes, crop improvement research
including grain, forage, feed and other end-uses, multi-trait improvement and resis-
tance to stresses, advances in research on abiotic stresses, biological nitrifications
inhibition, sorghum crop modelling, sorghum crop management systems and pro-
duction technologies, commercial breeding, hybrid seed production and quality
management have been dealt with, besides information on high-throughput
phenotyping methods to support modern breeding efforts, current status and future
opportunities for sorghum genomics resources, genetic transformation and gene
editing in sorghum. Recent advances in status, diagnosis, approaches and strategies
for the management of major pests and diseases, weed management, enhancing
sorghum forage utilization, harmonization of quarantine regulation and legislation
for global exchange of sorghum germplasm, and developing sustainable seed system
for higher productivity have been covered by various authors. From industrial
utilization perspective, sorghum as first-generation biofuel feedstock and its com-
mercialization; high-biomass sorghums as a feedstock for renewable fuels and
chemicals; pre-treatment methods for biofuel production from sorghum; genetic
enhancement perspectives and prospects for grain nutrients density; approaches for
enhancing the bioavailability of nutrients; functional characteristics and
nutraceuticals of grain sorghum; and novel processes, value chain and products for
food, feed and industrial uses have been addressed. The last chapter summarizes the
perspectives and prospects for sorghum in the twenty-first century. The technology
progress, management and policy options, and envisaged benchmarks in this volume
are expected to result in significant improvement in productivity, profitability and
even export earnings to translate sorghum farming into a healthy and prosperous
enterprise, justifying the public and private support and investment for sorghum
research and development initiatives across the globe.

It is our duty to place on record our wholehearted thanks to all the learned
contributors for their cooperation in compiling latest, highly useful, precious and
updated information on all the aspects of research and development in sorghum. We
are grateful to our colleagues Drs C Aruna, R Madhusudhana, AV Umakanth, KBRS
Visarada, T Nepolean, R Venkateshwarlu, K Hariprasanna, R Swarna, IK Das and
PG Padmaja for reviewing the chapters. We place on record our sincere thanks to Dr
Trilochan Mohapatra, Director General, Indian Council for Agricultural Research
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(ICAR) and Dr TR Sharma, Deputy Director General (Crop Science), ICAR for their
encouragement and support. We are confident that this compendium would be a one
major updated resource for all aspects of research on sorghum and would be useful to
students, teachers, researchers and policymakers worldwide.

Hyderabad, Telangana, India Vilas A. Tonapi
Hyderabad, Telangana, India Harvinder Singh Talwar
Patancheru, Telangana, India Ashok Kumar Are
Hyderabad, Telangana, India B. Venkatesh Bhat
Patancheru, Telangana, India Ch. Ravinder Reddy

Manhattan, KS, USA Timothy J. Dalton
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Abstract

Global production and consumption of sorghum has remained constant over the
past decade but has shifted continentally and regionally. Despite cultivation
across the globe, 20 nations account for 90% of all land allocated to sorghum
and of those nations, ten account for 80%. Global patterns of plantings and
production indicate that both reached lows in the early 1990s but are increasing
through 2018. The long-term patterns also show that there is a statistically
significant decline in sorghum production in Asia and the Americas and Carib-
bean while an increase in production in Sub-Saharan Africa. Across the globe,
sorghum production has shifted away from Asia, and in particular India, and the
United States, toward two separate groups of nations: those emerging as surplus
producers and serving as granaries feeding the international marketplace for
industrialized usage and secondly, nations consuming the grain locally, primarily
as a foodstuff with local market appeal and trade with neighboring nations.
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One important factor to the sustainable development of markets and global
trade in sorghum is to ensure that multi- and bilateral barriers to trade are not
created to limit the flow of sorghum from those nations with a comparative
advantage in its production to those nations with demand. The bifurcated usage
of sorghum has important implications for technological change. Increased crop
productivity, through genetic gain and cost of production savings, will be impor-
tant as sorghum competes for land that could be occupied by alternative cereals
supplying similar physical and chemical products especially in nations with low
FSI consumption. By contrast, nations where sorghum is consumed as a human
food will require innovation that preserves the value of the grain in environments
with highly heterogeneous usage.

Keywords

Sorghum - Production - Consumption - Trade

1 Introduction

National trends in sorghum area, production, consumption, and utilization have
changed substantially over the past decade on one hand, yet at the same time,
aggregate global area, production, and utilization have remained relatively stable.
These patterns are examined through visualization of disaggregated geographical
data on national and regional trends describing the global sorghum economy.

At the regional and national scale, production and area have shifted around the
global but the total amount of sorghum produced in 2018 is not significantly
different from the amount produced in 2008. Over the same period of time, several
nations have reduced their production of sorghum while many nations, especially in
Sub-Saharan Africa, have increased production. Few nations around the globe
produce surplus sorghum that is sold on the global market. Over the past decade,
the volume and value of sorghum trade has hit an historic high and an historic low.
Shifts in consumer demand, the availability of substitute commodities for feed and
industrial usage, and international trade policy and tariffs have affected the flow of
sorghum around the world.

The objective of this chapter is to document the global pattern of production,
consumption, utilization, and trade of sorghum to establish a perspective on patterns
from the 2018 year and to compare these patterns against those from 2008. National
data for this chapter is extracted from the United States Department of Agriculture,
Foreign Agricultural Service Production, Supply and Distribution database.' Where

"Two adjustments to the data were required for mapping purposes. Since data for all European
nations are aggregated into a single observation, data for the entire European Union are mapped to
France since it is the largest producer of sorghum. Secondly, the analysis compares data from 2008
to 2018. In 2008, the nation of South Sudan did not exist so it is not possible to compare it between
time periods. Since both Sudan and South Sudan are important producers and consumers of
sorghum, we create an artificial aggregation of the two nations and map this data within the
boundary of Sudan prior to 2011 where comparisons between the two time periods are required.
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Table 1 Area planted to sorghum by region and percentage of global total in 2018

Region Hectares (‘000) Percentage of global area
Sub-Saharan Africa 28,017 68.0
Asia 6174 15.0
Americas and Caribbean 5599 13.6
Middle East and North America 677 1.6
Oceania 540 1.3
European Union 127 0.3
Former Soviet States 42 0.1
Global Total 41,176 100.0

possible, figures follow a similar categorization process with the five most important
nations, followed by five additional nations that cumulative accounts for about 80%
of the focus statistic, a third group of eight to ten nations that cumulatively account
for 90% of the global share and then the remaining nations.

2 Land Allocation to Sorghum

Sorghum is grown on approximately 42 million hectares of land in 66 countries
spread across the globe. The greatest area of harvested sorghum is located in
Sub-Saharan Africa followed by Asia, the Americas and Caribbean. Combined,
these three regions account for 95% of the harvested sorghum area across the
globe (Table 1). Harvested sorghum area in Sub-Saharan Africa is more than four
times the area planted in Asia, and five times that of the Americas and Caribbean
illustrating the continental importance of the crop.

Despite cultivation across the globe, 20 nations account for 90% of all land
allocated to sorghum and of those nations, ten account for 80%. Thirteen of the
twenty top producers are located in Sub-Saharan Africa, four are located in the
Americas, two in Asia and one in Oceania (Australia). Within these regions, there is
considerable variation in sorghum plantings between nations (Fig. 1). The five
nations with the highest acreage include Sudan, Nigeria, India, Niger, and the United
States illustrating the global adaptation of the crop from tropical to temperate
environments. These five nations account for 63% of all global acreage and the
next five nations with the highest acreage, when combined with the first five, account
for nearly 80% of global area. Following these top ten nations, an additional ten,
distributed globally, harvested sorghum from less than 850,000 ha each and, when
combined, account for an additional 10% of global area. Global area is concentrated
when viewed at a continental scale (using the aggregations in Table 1) with a
Herfindahl index of 50%, while at a national scale it can be considered as diversified
with a Herfindahl index of 8.5%. This national diversification is overshadowed by
the regional concentration in the Sahel of Africa.

Since 2008, there has been a numerical reduction in global area of harvested
sorghum; however, this decline is not significantly different from zero (p < 0.36). At
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Fig. 1 Sorghum area harvested in 2018 (‘000 ha)

the national level, using a pairwise comparison, there are significant differences
between the area planted to sorghum in 2008 and 2018 (p < 0.001). While a few
nations have dramatically reduced area, these declines are offset by nations that
increased area (and those that have not changed) illustrating that there is not a major
decline in sorghum area at the global level, but an areal shift from one nation to
another.

The global distribution of this shift is not easily isolatable to one continent or
subregion of a continent (Fig. 2). In Asia, harvested area in India has declined by
nearly 31% between 2008 and 2018 while it has increased in China by 47%, albeit
from a small area in 2008. Many Southern African nations have deemphasized
sorghum plantings while area in several East and West African nations has
increased. The exception to this trend is in Nigeria where there has been a 24%
decrease in the area allocated to sorghum. In the Americas and Caribbean, the area in
the United States and Mexico has declined while it has expanded in South America
especially in the Southern Cone.
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Fig. 2 Percentage change in area allocated to sorghum between 2008 and 2018 by nation

3 Global Sorghum Production

Over the past 40 years (1979-2018), global production of sorghum reached a peak of
70.5 million metric tons in 1981 and a minimum of 53.8 million metric tons in 1991.
Despite the variations in annual output, 61.0 million metric tons of sorghum, on
average, has been produced each year. There is a significant nonlinear “U”-shaped
trend in global output over this time period where global sorghum output declined
between 1979 and 2000, and then increased to 2018. Throughout this latter period, at
least 90% of all sorghum production is concentrated in Asia, Sub-Saharan Africa and
the Americas and Caribbean with a Herfindahl concentration index of between
30 and 37%, much lower than the area concentration index reflecting regional
productivity differences (Fig. 3). Trends in production across the three most-
important producing regions vary but are increasing by approximately 3% per year
in Sub-Saharan Africa, while decreasing for the Americas and Caribbean (—1%),
with the greatest proportional decreases occurring in Asia (—4.8%) when evaluated
at the median over the 40-year period.

Similar to the current status of where sorghum is grown, 18 nations produce more
than 90% of all global output. Production of sorghum is led by the United States,
Nigeria, Mexico, Ethiopia, and Sudan with these five countries producing over half
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Fig. 3 Global and regional sorghum production trends from 1979 to 2018 (‘000 MT)

of global output in 2018 (Fig. 4). Following these nations, the next five
top-producing nations include India, China, Argentina, Brazil, and Burkina Faso
and they cumulatively contribute an additional 25% of global output. An additional
ten nations, spread across the globe, contribute a cumulative 15% to global produc-
tion and complete the list of nations producing approximately 90% of total global
output.

Over the past decade, several significant shifts in production have occurred
(Fig. 5). The five nations reporting the largest increases in production include
China, Ethiopia, Argentina, Bolivia, and Niger. We do not include South Sudan
which became a nation in 2011 and did not exist in 2008. However, if we combine
production in both South Sudan with Sudan and compare it against figures from
2008, these two nations, for comparison purposes, would have created one of the
largest increases across the globe. By contrast, the five nations with the largest
absolute decrease in sorghum output include India, the United States, Nigeria,
Mexico, and Australia. The largest proportional declines occurred in Australia and
India.
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Fig. 4 Sorghum production by nation in 2018 (‘000 MT)

4 Global Consumption of Sorghum

To a large extent, global consumption of sorghum follows production patterns, but
with one major exception. Most of the world’s largest producing nations—Nigeria,
the United States, Mexico, Sudan, and Ethiopia—are among the largest consuming
nations while China has more than doubled its consumption over the past decade and
India has halved its usage. The increase in consumption in China began in 2012 and
reached a peak in 2014 at 12.9 million MT but has subsequently decreased to levels
that are only double its consumption in 2008 (Fig. 6).

Consumption patterns present a similar perspective as the shift in production
patterns. In 2008, slightly more than 50% of global production was consumed in just
four nations: Nigeria, Mexico, the United States, and India, followed by Sudan,
Ethiopia, Brazil, China, and Australia bringing the cumulative total consumption to
nearly 75% of total consumption. In 2018, the China rose to the fourth largest
consumer of sorghum globally, but this was down from the highest position in
2014 when the nation consumed nearly 20% of global production, nearly twice the
amount consumed by any other nation. During the same period, traditional
consumers of sorghum, such as the United States, reduced its consumption to 25%
of the levels observed in 2008. Figure 6 reflects 2018 patterns and are different from
extremes observed in 2014 when China dominated global consumption.
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Fig. 5 Comparative national sorghum production between 2008 and 2018 (‘000 MT)
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Fig. 6 Comparative national sorghum consumption between 2008 and 2018 (‘000 MT)
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Fig. 7 Usage of sorghum as food, seed, and industrial purposes (% of total consumption)

Global consumption patterns are bifurcated into nations that consume sorghum
primarily as human food and those that consume it as animal feed, forage, and for
industrial purposes including ethanol production. Nations in Sub-Saharan Africa, the
Middle East and North Africa and India consume nearly all of their sorghum as food
while Europe, Australia, China, and Western Hemisphere nations, with the excep-
tion of Haiti and El Salvador, utilize sorghum for ethanol, in animal production and
other non-human food purposes. These patterns have changed over time and this has
several implications for future consumption patterns® (Fig. 7). Those nations that
consume sorghum as a human food are likely to follow patterns where population
growth, food preferences, and income will drive demand and consumption, much in
the same manner that it has affected India. Nations consuming sorghum for feed and
other industrial purposes will rely upon its value as a source of carbohydrates relative
to other sources, plus intrinsic value-driven characteristics embodied in sorghum but
not found in other grains.

Figure 7 maps consumption of “FSI” or “Food, Seed and Industrial Usages.” The latter usage
includes sorghum used as a sweetner, beverages, and alcohol for beverages.
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Fig. 8 Nations producing more sorghum than domestic consumption (% surplus)

5 Patterns of Global Trade

Rising industrial usage will place emphasis on nations that hold a comparative
advantage in the production and distribution of sorghum. Only a few nations around
the world produce more sorghum than they consume and these nations lead sorghum
exports and trade (Fig. 8). In the past decade, there have been few changes in those
nations producing significantly more sorghum than they consume, with the excep-
tion of several countries that fluctuate around the borderline of self-sufficiency.
Surplus producing nations turn to international trade and supply the world with
sorghum destined for food, feed, and other usages. Four nations around the world
supply over 90% of the global trade in sorghum: the United States, Australia,
Argentina, and Ukraine and this is consistent between the two time periods. In
2018, two-thirds of the global supply of sorghum traded on international markets
was produced in the United States and Australia supplied approximately 15%.
Prior to the dramatic increase in Chinese consumption of sorghum in 2014, slight
more than 11% of the total global production in sorghum was traded internationally.
Strong export promotion activities on the part of the United States combined with
shifts in the Chinese diet toward the consumption of more meat and processed
products led to the sharp increase in global sorghum trade. In 2014 and 2015, the
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Fig. 9 Comparative analysis of sorghum imports by nation between 2008 and 2018 (MT ‘000)

global volume of traded sorghum topped 18% of global production, a figure not
observed since the late 1980s. In 2018, as a result of trade tensions between the
United States and China, the global trade of sorghum has declined to the lowest level
observed over the past 50 years. This reduction in the demand for sorghum by China
has provided new opportunities for importing nations (Fig. 9).

6 Conclusion

This chapter has presented information on the production, consumption, utilization,
and trade of sorghum at a global level by focusing on national and regional statistical
patterns on key features of the economy and comparing patterns from 2018 with
patterns from 2008. In addition, longer-term statistical trends in area and production
revealed that there are statistically significant convex patterns on area and output.
Patterns of both indicate that area and production reached lows in the early 1990s but
are increasing through 2018. The long-term patterns also show that there is a
statistically significant decline in sorghum production in Asia and the Americas
and Caribbean while an increase in production in Sub-Saharan Africa. In 1996,
sorghum production in Sub-Saharan Africa surpassed output in Asia. And since the
early 2000s, sorghum production in Sub-Saharan Africa has equaled the amount
produced in the Americas and Caribbean. For the past 3 years, the region has been
the largest producer of sorghum.

Across the globe, sorghum production has shifted away from Asia, and in
particular India, and the United States, toward two separate groups of nations:
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those emerging as surplus producers and serving as granaries feeding the interna-
tional marketplace for industrialized usage and secondly, nations consuming the
grain locally, primarily as a foodstuff with local market appeal and trade with
neighboring nations. In 2015/2016, international trade of sorghum has reached an
historic high and in 2018 an historic low, reflecting the volatility of the global
marketplace and the impact of trade barriers and tariffs.

One important factor to the sustainable development of markets and global trade
in sorghum is to ensure that multi- and bilateral barriers to trade are not created to
limit the flow of sorghum from those nations with a comparative advantage in its
production to those nations with demand. The recent declines in global trade are an
obvious effect of such anticompetitive policies. Secondly, while there continues to
be an increase in harvested area of sorghum, it is not clear whether this is occurring
as sorghum is substituted for crops already farmed or whether it is occurring through
extensification. For nations where sorghum area is in decline, that area is being
occupied by alternative crops. A more sophisticated analysis should focus on the
expansion of sorghum in Sub-Saharan Africa and determine the relative importance
of increased factor usage, namely land, versus increased total factor productivity,
that is embodied technical change and intensification, to ensure that strategic
investments in research are targeted toward efficient outcomes and profitable factor
usage.

The bifurcated usage of sorghum has important implications for technological
change. Increased crop productivity, through genetic gain and cost of production
savings, will be important as sorghum competes for land that could be occupied by
alternative cereals supplying similar physical and chemical products especially in
nations with low FSI consumption. By contrast, nations where sorghum is consumed
as a human food will require innovation that preserves the value of the grain in
environments with highly heterogeneous usage. This requires primary emphasis on
maintaining and improving organoleptic characteristics found in localized contexts
since it is a primary foodstuff. In addition, since trade of sorghum in these areas is
thin, varietal development will require adaptation to localized agroecologies that
take advantage of the adaption of, and preference for, the diversity of sorghum races.

The global sorghum economy is evolving and examination of global scale
information masks the diversity of continental and national changes in the produc-
tion, consumption, utilization, and trade. Over the past decade, sorghum production
has shifted from Asia, Oceania and the Americas and Caribbean toward Sub-Saharan
Africa. The exception to this generalization lies in the Cone of South America where
production is increasing. The future of the global economy is more certain for
nations in Sub-Saharan Africa where the production and consumption of sorghum
is increasing and has been for several decades. In these nations, population and
income growth, combined with food consumption preferences, will be primary
determinants affecting demand. It is less clear in other areas of the world. In nations
where domestic FSI consumption is less important, there are competing cereals
supplying many of the same raw materials, and global markets have been stifled
by trade barriers. The future for many of those nations lies within the complex
calculus of the crop’s economic value relative to substitutes and the re-liberalization
of agricultural trade.
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Abstract

A number of dynamic changes are taking place in the sorghum economies
globally in the last two to three decades both in developed and developing regions
where the crop is grown. In Asia, its use as a staple food crop is declining with a
shift in consumption towards rice and wheat. Rising per capita incomes, urbani-
zation, change in tastes and preferences are driving this change. However, at the
same time, its demand in alternative uses like poultry feed and potable alcohol
manufacture is growing. In recent years driven by the greater awareness of the
health benefits of sorghum, there is also a growing demand for processed
sorghum products particularly in India for ready to use and eat food
products mainly in urban areas (from a low base). To sustain the change in the
sorghum economies (plate to plough), there is a need to reorient the marketing
system by linking farmers to the end users through innovative institutional
arrangements. Policies should ensure sorghum competitiveness on farm and
directly or indirectly promote its use in food processing and alternative
non-food uses.

In developed countries and in Latin American countries, sorghum is mainly
used as feed but its use is fluctuating and variable depending on its price
competitiveness and policies related to trade in feed crops. In the last one to
two decades with governments mandating use of renewable fuels for blending
with gasoline, sorghum along with maize are being used for ethanol production
that has implications for the livestock sector. Policies related to ethanol produc-
tion will have implication for sorghum production and trade.

Keywords

Sorghum utilization - Trade - Marketing - Value-addition - Policies

1 Introduction

Sorghum (Sorghum bicolor (L.) Moench) is the fifth largest produced cereal crop in
the world and one of the staples of the world’s poorest, particularly in the developing
countries of Africa and South Asia (FAOSTAT 2018). In these regions, sorghum is
mainly grown by small-scale farmers under rainfed conditions (Srivastava et al.
2010). Variable rainfall increases the income risk that sorghum producers face, as a
result of which they tend to underinvest in fertilizers or seed of improved varieties
(Parthasarathy Rao et al. 2004; Rao and Kumara Charyulu 2007). Sorghum grain
and stover are of economic value—the grain is used as food, while its stover is an
important dry fodder resource for large ruminants. In India, for example, the stover
value accounts for nearly 30-40% of the total value of the crop (Parthasarathy Rao
and Hall 2003; Parthasarathy Rao and Birthal 2008; Kumara Charyulu et al. 2016).
However, a number of dynamic changes are taking place in the sorghum economies
in developing countries in the last two to three decades driven by changing patterns
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of its grain utilization from food use to non-food alternative uses as poultry and cattle
feed, manufacture of potable alcohol and ethanol.

Sorghum is also grown in developed countries particularly in the USA and more
recently in Australia where it is mainly used as feed grain or exported as feed grain in
the global market. Sorghum grain in the last decade or so is finding niches in the
ethanol industry (USDA 2017a, b). Thus, both in developed and developing
countries price competitiveness of sorghum vis-a-vis substitutes like maize, market-
ing, trade and policies related to cereal crops, besides technology, will drive the
sorghum economies in the near future (Bhagavatula et al. 2013; Orr et al. 2016).

The focus of this paper will be on sorghum trade, prices, markets/institutions and
policies that promote or hinder uptake of sorghum crop. To get a holistic picture of
the crop from production to its end use, in the first few sections we will briefly look at
the trends in sorghum area, production and utilization patterns. The last section will
provide summary and conclusions of the key findings.

2 Sorghum Area, Production and Yield
2.1 Distribution of Area and Production

Bulk of the global sorghum crop is grown in developing countries (92%). Among the
developing country regions Africa accounts for 65% of the global sorghum area and
43% of global production followed by Asia (17% area and 13.5% production) and
Latin America (10 and 20%) (FAOSTAT 2018). The bulk of the crop in Africa is
grown on marginal lands under low input conditions and, consequently, yield levels
are relatively low (Orr et al. 2016). In contrast, yield levels are high in Latin America
due to more intensive cultivation practices like in developed countries (Table 1).

Developed countries with only 8.6% of global sorghum area produce 24% of
global production since the yield levels are about two to three times higher than the
global average yield of 1500 kg/ha (FAOSTAT 2018). Intensive cultivation of
sorghum with high input usage is the mainstay for sorghum production in North
America, Oceania and Europe (Table 1). As per the latest FAO data (FAOSTAT
2020) in 2018 sorghum production was 59.3 million t down from 66.0 million t in
2014-2016, mainly due to decline in yields in the developed country regions. The
share of developed countries in sorghum area declined to 6.6% and to 19.5% for
production. Among the developing countries, the share of Africa increased signifi-
cantly both for area and production.

Although sorghum is produced across several countries, the top 10 countries
account for 76% of global area and production (Table 2). The USA is the largest
producer while Sudan has the highest area. Among the top 10 sorghum growing
countries, based on share in global area, seven countries are in Africa, but for the top
10 countries based on production share, only 3 countries are in Africa, followed by
3in LAC, 2 in Asia and 2 in developed countries.

Sorghum yields are close to 4.5 t/ha in the USA and China., Argentina and
Mexico (3.5 t/ha), Brazil and Australia (2.8 t/ha). For Africa yield levels are >1t
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Table 2 Top 10 sorghum growing and producing countries

Area share Production share
(% in global (% in global
Country area) Country production)
Sudan 17.3 United States of 19.4
America
India 13.4 Nigeria 10.5
Nigeria 133 Mexico 9.4
Niger 8.1 Sudan 7.8
United States of 6.3 India 7.8
America
Ethiopia 4.3 Ethiopia 7.0
Mexico 4.0 Argentina 4.8
Burkina Faso 3.5 China, mainland 4.1
Mali 3.2 Brazil 2.8
Chad 2.6 Australia 2.7
5000 75773527
4000 3574 3484
33000 2864 1720 2698
)
=
= 2000
2 1408 1120
- 1092 1012 968
1000 867 697
0

=
-
>

China
USA
Argentina
Mexico
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Australia
Ethiopia
World
Nigeria
Burkina Faso
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Sudan

Fig. 1 Sorghum yield in selected countries, 2018

per ha in Ethiopia, Nigeria and Mali; and <1 t per ha in Chad and Sudan (Fig. 1)
Yields are closer to the global average (1.5 t/ha) in Asia as improved seeds and
fertilizers are used, though area has been falling as farmers shift to other, more
remunerative crops. Furthermore, there is a large disparity in yield levels within Asia
in the major sorghum-growing countries with yields in China nearly four times those
in India and Pakistan.
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Table 3 Annual growth rates in sorghum area, production and yield (percent / annum)

Area Production Yield

Region 1980-1996 | 1997-2016 | 1980-1996 |1997-2016 | 1980-1996 | 1997-2016
Africa 34 1.3 2.6 2.1 —0.8 0.8
North —2.6 -2.1 —-1.5 —1.8 1.1 0.3
America

LAC -33 0.4 -3.3 1.2 0.0 0.8

Asia —2.8 -3.1 -1.0 —-1.9 1.8 1.2
Europe —4.5 5.2 —-0.3 33 4.2 -1.9
Oceania | —1.3 —0.1 -0.7 1.2 0.6 1.3
World -0.3 0.0 -0.7 0.5 —-0.4 0.5

2.2 Historical Trends in Area and Production

Global sorghum production declined between 1980 and 1996 (—0.7%/annum) but
increased marginally by 0.5%/annum since then (Table 3). Thus on average produc-
tion remained at 66 million t during 1980-1982 and 2014-2016. Production trends
between 1997 and 2016 indicate a growing trend in Africa, and Europe (from a low
base) and Oceania. In contrast, production declined sharply in North America and
Asia. Overall, the developed countries share in global sorghum production declined
from 32% in early 1980s to 24% in 2016 mainly due to decline in production in the
USA. Their share further declined to 19.5% in 2018 (FAOSTAT 2020).

For developing countries their global share in sorghum production increased from
68% in 1980 to 76% by 2016 mainly due to a doubling of production in Africa from
12 million tin 1980-1982 to 28 million t in 2014-2016. In 2018, Africa’s production
further increased to 29.7 (FAOSTAT 2020). Area expansion was the main driver
during 1980-1996 (3.4%/annum) while during 1997-2016 a combination of area
and productivity increase (1.3 and 0.8/annum respectively) contributed to the pro-
duction growth of 2.1%/annum. In Latin America, production declined from 13 mil-
lion tin 1980-1982 to 10.3 million t in 1994—1996 but recovered since then and was
again at 13 million t in 2014-2016. Yield growth of 0.8%/annum contributed to the
increase in production even as its area growth remained stagnant.

In contrast, sorghum area and production decreased in Asia despite yield growth
of >1.2%/annum between 1997 and 2016. The region is dominated by the trends
prevailing in China where the average yield levels were the second highest in the
world at 4.5 t ha~! in 2016. Thus, China accounted for nearly 3.6% of global
sorghum production despite accounting only for 1% of global area.

Much of the area decline in Asia can be attributed to sharp decline in sorghum
area in India. Decline in food demand for sorghum and policies favouring production
and consumption of fine cereals were the main reasons. Also, area from sorghum
cultivation was diverted since the 1980s to oilseeds such as sunflower and soybeans
and cash crops such as cotton that were more profitable due to higher yields and
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prices driven by growing consumer demand (Nagaraj et al. 2012; Bhagavatula et al.
2013).

3 Utilization
3.1 Food Use

Sorghum has been used as a food and feed crop for centuries all over the world. In
the early 1980s, 37% of sorghum grain was used as food globally but increased to
40% in 2015-2017 (Table 4). Globally, however, the per capita availability of
sorghum for food use has declined from 5.3 kg/capita/annum to 3.3 in 2017
(FAOSTAT 2020). In most African countries where sorghum is grown, food use
accounts for more than 60% of total domestic production (78% in Nigeria and
Sudan, 61% in Ethiopia). As a close substitute of teff, consumption of sorghum in
Ethiopia declines when teff prices decline and vice versa (Demeke and Di
Marcantonio 2013). The per capita availability of sorghum is also highest in Africa
at 16.7 kg/capita/annum in 2016 and has remained stable over the years despite
population growth (Orr et al. 2016). The per capita consumption of sorghum has
increased in areas affected by adverse climatic conditions which favour the produc-
tion of sorghum instead of other cereals.

In Asia, food use of sorghum has declined driven by increases in income,
urbanization and changing consumer preferences. In India, sorghum is a traditional
cereal staple but its use has been declining over time, particularly in urban areas
(Basavaraj and Parthasarathy Rao 2012). Per capita availability for food declined in
India from 13.9 kg/capita/annum to 3.6 kg/capita/annum (GOI 2016). In India,
sorghum is grown in two seasons, rainy and post-rainy season. Post-rainy season
sorghum grain prices are higher by 20-30% compared to rainy season sorghum, due
to its superior grain quality with bold grain, lustrous white colour and sweeter taste
and hence is mainly used for food. In contrast, bulk of the rainy season sorghum is
finding its way for alternative non-food uses (Marsland and Parthasarathy Rao 1999;

Table 4 Global trends in utilization of sorghum for different uses

Production/supply

(000 t) Share in production/supply (%)
Uses 1980-1982 | 1994-1996 |2015-2017 |1980-1982 |1994-1996 |2015-2017
Feed 35,332 31,390 28,455 55.4 50.3 453
Food 23,371 25,069 24,888 36.6 40.2 39.6
Other uses 32 53 2196 0.1 0.1 3.5
Processing 1251 1957 3452 2.0 3.1 55
Seed 894 912 996 1.4 1.5 1.6
Waste 2947 2986 2890 4.6 4.8 4.6

All uses 63,827 62,367 62,877 100.0 100.0 100.0
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Kumara Charyulu et al. 2014). During the last decade there is growing ‘new market’
for coarse grains among ‘health conscious’ urban Indian consumers. Sorghum and
millet are rich in micronutrients Fe and Zn, dietary fibre, antioxidant nutrients and
starch and also one of the cheapest sources of these nutrients (Parthasarathy Rao
et al. 2006). Small quantities of sorghum are being used by the food manufacturing
industry for making flakes, rawa, biscuits, breads, noodles and cakes. The demand
for such products is increasing from a low base with growing awareness of the
nutritional value of sorghum grain (Basavaraj et al. 2014).

China is another important sorghum growing country where its food use declined
sharply. Per capita consumption of sorghum declined steadily from 4.4 kg capita™"
in 1980-1982 to 1.3 kg in 2016. However, it continues to be consumed in the rural
semi-arid and arid regions as porridge, substituting for rice.

3.2 Feed Use

The demand for sorghum grain as feed is concentrated in the developed countries
and the middle-income countries of Latin America and Asia (USA, Mexico, Japan,
China, etc.) where the demand for livestock products is relatively high. For example
in 2015-2017, feed use accounted for 58% in the USA, 97% in Mexico and 79% in
China (Table 5). As animal feed, sorghum grain is considered to be a close substitute
for maize, and sorghum feed grain prices generally track those of maize very closely.
Sorghum provides nearly the same metabolizable energy as maize, is rich in niacin,
and has higher crude protein content than maize (ICRISAT 1996).

In Asia, Japan and China are the main consumers of sorghum grain for feed. In
Japan, where there is a preference for white meat, sorghum is an important ingredient
in compound feed rations for poultry, pork and some beef cattle. In India, sorghum
grain is used as poultry feed and is generally substituted to the extent of 10-25% of
maize if its price is 10-15% lower than maize price (survey data under the project
(2008-2013) on promoting sorghum for poultry feed). The quantities involved are
still small. However, FAO database has not fully factored in the growing feed use of
sorghum in India. We surmise that some of the grain quantity shown under ‘waste/
losses’ category would actually be for feed use.

In Africa, the use of sorghum as animal feed is limited. However, in countries like
Ethiopia in recent years with the gradual emergence of cattle fattening and poultry
operations, corn has started to be used in greater quantities in livestock feed. Feed
experimental studies conducted in Ethiopia also proved that the substitution of corn
with sorghum up to 45% appear to be biologically better and not having any adverse
effect on broiler performance (Mohamed et al. 2015).

3.3 Other Uses

In Africa, sorghum beer is an important cottage industry. Sorghum beer is popular as
it provides a cheaper alternative to barley-based beverages in these countries. In
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Asia, the use of sorghum in alcohol production is most popular in China to make
beverages such as kaoliang and mao-tai. In India, the use of sorghum grain in
making commercial grade alcohol is increasing in popularity with the lifting of the
ban on the use of food grains for the manufacture of alcohol, used for potable liquor
and other industrial uses (Dayakar Rao et al. 2003).

4 International Trade in Sorghum

On an average about 16% of sorghum was traded in 2016 relative to its production
compared to 20% in 1980 (FAOSTAT 2018). Export volumes too fell from 13 mil-
lion t in the early 1980s to 6.9 million t by 1994—1996 but jumped to 10.4 million t in
2014-2016 owing to sudden spurt in import demand from China. Global exports
were as high as 13.2 million t in 2015 and then declined to 8.7 million t in 2016 and
further to 7.2 million t in 2017. This is mainly due to the tapering down of import
demand from China. In contrast, exports of maize spurted and nearly doubled from
80 million t in 1980 to 147 million t in 2016 (Fig. 2).

Sorghum exports are dominated by five countries in 2014-2016 that account for
96% of global sorghum exports, with the USA accounting for 76% of the exports
followed by Australia, Argentina, Ukrine, and France (Table 6). Similarly, for
imports five countries account for 87% of global sorghum imports with China
accounting for 74% of global imports followed by Japan (7.5%), Mexico (3.1%)
and Ethiopia and Sudan 1% each. China became a major importer only from 2014. If
we consider 2011-2013 average data China’s sorghum imports were only 7% of
global imports. Mexico and Japan were the main importers accounting for nearly
50% of global sorghum imports.

Global trade in sorghum grain is mainly to meet demand for livestock feed,
primarily Japan (for poultry feed) and Latin America. For livestock feed sorghum
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Fig. 2 Trends in global export of maize and sorghum (million tons)
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Table 6 Top five sorghum export and importing countries
2014-2016 2014-2016
Share in Share in
Quantity global Quantity global
Country (000 tons) | exports (%) Country (000 tons) | imports (%)
United States of 7971.7 76.3 China 7707.4 73.9
America
Australia 897.2 8.6 Japan 780.7 7.5
Argentina 895.1 8.6 Mexico 318.2 3.1
Ukraine 143.2 1.4 Ethiopia 146.0 1.4
France 142.6 1.4 Sudan 139.0 1.3
World (share of |10,441.4 96.3 World (share of | 10,429.4 87.2
top five top five
countries) countries)
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has to compete with maize which is a preferred feed grain. Sorghum is substituted
partially for maize only when its price is below maize price. Thus sorghum trade is
sensitive to sorghum-maize price differentials. The price of sorghum tracks the price
of maize and is, on an average, lower than that of maize price by 5-10% (Fig. 3).
Between 1980 and 2000 the maize to sorghum price ratio was >1 and thereafter it
came down though still above 1 or close to 1, and declined to around 0.8 in 2015. As
the maize to sorghum price ratio came down since 2001, maize exports increase at a
fast pace as sorghum prices became uncompetitive compared to maize. Sorghum
exports spurted in 2014 and 2015 mainly due to the surge in import demand from
China. This has however started reversing to some extent since 2016 (Fig. 4).
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Fig. 4 Trends in sorghum exports from USA and imports to China
4.1 Exports

North America is the largest exporter of sorghum and has dominated the interna-
tional trade market since the early 1980s. In 2014-2016 it accounted for 77% of
global sorghum exports (Table 7). However, exported volumes fell from 7 million
tin 1980-1982 to 5.4 million tin 1994-1996. The reduction in export volumes was a
result of the sharp cutback in sorghum production in the USA in the late 1980s to
early 1990s owing to agricultural policies that favoured maize production over
sorghum. However, in 2014-2016 export volumes spurted to 8 million t driven by
the large import demand from China.

Latin America is the second largest exporter of sorghum, but the exported
volumes have reduced drastically and are reflected in its global share of exports
that came down from 30.4% in 1980—-1982 to 9% in 2014-2016 (and further to 6.6%
in 2017). The export volumes of Argentina, the main exporting country in the region,
came down from 3 million t in 1980-1982 to 0.51 million t in 2016. The lifting of
import restrictions on maize in various Latin American countries such as Mexico,
Colombia and Venezuela and in the former USSR resulted in export volumes
declining (USDA 2017c¢). Oceania/Australia is another important exporter of sor-
ghum, exporting 0.9 million t, i.e., about 9% of global exports in 2014-2016
compared to 6% in 1980-1982. However, its share has come down to 4% in 2017
(FAOSTAT 2020).
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4.2 Imports

For imports, Asia has been, and continues to be, the largest importer (Table 7).
Imports are mainly to Japan where sorghum is a preferred feed ingredient in the
poultry and pork industry. However, the volumes have been declining from 3.6 mil-
lion t in 1980-1982 to 0.78 million t in 2014-2016.

Since 2014, however, there has been a dramatic increase in imports to Asia with
imports to China increasing from 0.18 million t in 2012 to 5.8 in 2014, 10.8 in 2015
and 6.71 in 2016, i.e., an average of 7.8 million t during 2014-2016. Consequently,
Asia accounted for 83% of global imports of sorghum in 2014-2016 compared to
40% in 1980—1982. The bulk of the imports to China came from the USA since they
have lower tannin content and are more suitable as feed (Fig. 4). However, the
imports to China are on a declining trend since 2016 and projected to decline further
in 2017 (USDA 2017d). As per latest available FAOSTAT (2020) data imports to
China were 5.1 million t in 2017 indicating a further decline since 2016.

China’s agriculture and trade policies in the corn sector are driving much of the
growth in sorghum demand and imports. China introduced a temporary reserve
program for corn in 2007 and a price support policy in 2011. Under this program
both corn production and price increased as the government purchased corn for
storage and stocking. At the same time, it imposed tariff rate quotas on corn imports.
Due to higher domestic corn price and costlier imports, the use of cheaper substitutes
like sorghum started to increase. In 2015 China’s imports accounted for 80% of the
world total sorghum imports. In 2016, China terminated its temporary reserve
program for corn and price support policy. Instead it implemented a direct payment
subsidy policy towards corn which is tied to corn planting. This led to lower corn
prices (Wang 2017). US sorghum is gradually losing its price advantage to Chinese
domestic corn. Consequently, sorghum imports started to decline from 2016. It
declined by 33% compared to 2015 and this trend is projected to continue (USDA
20174d).

LAC was the second highest importer in 1980-1982 with 25% share in global
imports that increased to 38% in the 1990s but has since come down to 5% in
2014-2016. Thus for imports to LAC, the volumes have declined from 3.2 million
tin 1980 to 0.5 million t in 2016. This is largely due to decline in imports to Mexico
which was the largest importer in the region. This might be due to increase in
domestic sorghum production over time due to increasing domestic demand.

In the early 1980s Africa had a small export surplus, but the region turned into a
net importer accounting for 8% of global imports with Sudan and Ethiopia account-
ing for the bulk of these imports, probably as food aid (USDA 2017e). Its share in
imports further increased to 11.3% in 2017 (FAOSTAT 2020). In Africa, there is
considerable informal cross-border trade in sorghum that is often unrecorded and is
underestimated in official statistics.

Uganda is the region’s biggest informal exporter of sorghum (329,000 t of
informal exports in 2013). South Sudan is the region’s biggest informal importer
(317,000 tin 2013) (FSNWG 2014a, b). Informal sorghum imports to Kenya in 2013
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were only 14,000 t. Ethiopia also exported sorghum but mostly to Eritrea, Djibouti
and Somalia (Orr et al. 2016).

5 Markets and Policies

Domestic policies and institutional support play an important role in determining the
prevailing trends in production, utilization and trade in agricultural commodities in
the major growing countries. Over the years, sorghum as also other coarse cereals
(other than maize) have been neglected on this front with policies favouring rice,
wheat and maize. For example, in Africa, farmers preferred maize over sorghum, as
government support measures for sorghum are relatively small compared to maize
(Orr et al. 2016). In Asia, particularly in India, irrigation and fertilizer subsidies have
increasingly favoured rice, wheat and cash crops at the expense of coarse grains on
the production front. On the consumption side favourable procurement policies for
rice and wheat and their distribution at subsidized price through public distribution
system dented their consumption (Nagaraj et al. 2012; Kumara Charyulu et al.
2016). At the same time on the demand side, for example, in India, changing food
preferences owing to rising income and growing urbanization are leading to a
substitution of coarse grains like sorghum with fine cereals (Basavaraj and
Parthasarathy Rao 2012). In China consumption of livestock products rose
sharply due to urbanization.

5.1 Marketing System for Sorghum: Need for Innovation

In developed countries where sorghum and millets are grown for feed use, the value
chain for sorghum is highly developed with large volumes and stringent quality
standards for both domestic use and export markets. In contrast in developing
countries, particularly in Africa, sorghum and millets are usually grown for domestic
consumption and stored in small quantities, mostly in traditional storage containers/
structures. Only small surpluses make its way to the markets. Thus domestic markets
for sorghum and millets in Africa and Asia are characterized by low and variable
volumes, high transaction costs and long distances to larger markets (Marsland and
Parthasarathy Rao 1999; Orr et al. 2016). Also, compared to other cereal grains,
sorghum and millets are not widely traded internationally for food use and there are
very few quality standards that are met. For example, in Ethiopia, the marketing of
sorghum offers low financial returns due to weak and limited market opportunities.
This is because of lack of connection between producer, industry and international
markets. Over the last decade, formal imports and exports represented less than 1%
of production (USDA 2017e). The local and international markets are disconnected
owing to very low amount of sorghum traded.

In Asia, dynamic changes are taking place in the utilization pattern of sorghum
with a decline in food use while its use as poultry feed and for manufacture of grain
alcohol is growing. Under the changing pattern of utilization of sorghum grain there
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is a need for innovation in the marketing system by linking farmers to the end users.
The traditional marketing system that caters to use of sorghum as food is not
designed to meet the industrial demand for sorghum. Hence, innovative institutional
arrangements are being piloted to promote sorghum for industrial uses involving
bulk marketing through farmers’ association, contract farming between farmers and
end users (Parthasarathy Rao et al. 2009). Under a project on linking sorghum and
millet farmers to poultry feed industry, ICRISAT pilot tested a Coalition Approach
involving all stakeholders in the value chain for bulk marketing of sorghum grain for
poultry feed in India, Thailand and China (Parthasarathy Rao et al. 2009). The
stakeholders included both research and non-research stakeholders, i.e., sorghum
research institute, seed industry, input suppliers, feed manufacturers, supply chain
functionaries and sorghum farmers. The project impact was encouraging with the
farmers able to find a steady market for their produce and the feed industry assured of
supplies of required quantity and quality.

In China, contractual arrangements between the sorghum growers and alcohol
industry are in place involving the sorghum research institute for supply of quality
seeds. The alcohol industry procures seed of required quality from the sorghum
research institute and supplies to the farmer with a buy back arrangement for the
grain—a win-win situation for both the farmers and the industry (Ravinder Reddy
et al. 2012).

5.2 Food Processing and Value Addition

While food use of sorghum grain as staple food has declined in India at the same time
its demand for ready to use (RTU) food products or convenience foods is growing
(albeit from a low base). Urbanization, growing numbers of working women,
diversification of diets, and the growth of the middle-class are the main drivers.
However, value addition in the existing value chain of sorghum is limited to physical
processing involving cleaning for foreign matters and limited grading. Thus, product
upgradation of the value chain through production of RTU products is an option to
grow the value chain that will provide benefits across different stakeholders of the
value chain including farmers (Basavaraj et al. 2014).

Against the background of growing demand for RTU products, a renewed effort
has been made by the Indian Council of Agricultural Research (ICAR), to create
demand for sorghum for food uses by bringing in processing interventions. Cur-
rently, IIMR (Indian Institute for Millets Research) is marketing processed sorghum
products (multi-grain atta; vermicelli; biscuit; flake and pasta) under the brand name
DSR-Eatrite (Chavan et al. 2016; Dayakar Rao et al. 2015). These products are
marketed through Heritage Fresh retail outlets and Choupal Fresh (ITC) and through
unorganized retail stores in Hyderabad. Under this value chain the farmers are
benefited by technical support for intensive cultivation and market assurance for
their produce while consumers are benefitted by the choice of sorghum products
available for ensuring their nutritional security.
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53 Policies in Sorghum-producing Countries

Policies related to cereal crops/cereals in sorghum-producing countries and their
implication on sorghum production, consumption and prices are reviewed and
summarized for select sorghum-producing countries.

5.3.1 India

Policies favouring fine cereals on the production and consumption end have
adversely effected production and consumption of coarse cereals including sorghum.
On the production side, besides subsidies on fertilizers and irrigation favouring fine
cereals and other irrigated crops on the price front too, the minimum support price
(MSP) announced by the government before planting of the crop was is generally
low (lower than that for coarse variety of paddy). Since 2012-2013, MSP for
sorghum has been rising (Fig. 5). However, unlike for paddy and wheat coarse
cereals were not procured nor did the government intervene when prices fell below
the MSP as the government does not have any buffer stock commitments for coarse
grains. On the consumption front subsidies provided by the Government of India
(GOJ) for rice and wheat under the Public Distribution System (PDS) have led to the
substitution of coarse cereals by the fine cereals in the consumption basket of both
the rich and the poor as well as urban and rural consumers (Kumara Charyulu et al.
2016). This is rectified to some extent under the Food Security Mission with
inclusion of coarse grains under the PDS. However, ground level implementation
is wanting.

The GOI does not allow the use of food grains, including coarse cereals, to
produce biofuels. The Indian approach to biofuels is based on non-food feedstock to
deliberately avoid a possible conflict between food and fuel. However, grains
certified not fit for human consumption can be used to produce potable alcohol for
industrial use, including use for ethanol (Basavaraj et al. 2012; USDA 2017f).
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Fig. 5 Trends in minimum support prices (MSP) for selected cereals in India
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5.3.2 USA

Under the 2014 Farm Bill, that cover feed grains also payments are made to
producers when market prices fall below the reference market prices set in Farm
Bill under Price Loss Coverage (PLC) to farms when there is a difference between
per acre guarantee and actual revenues for the covered commodity' under Agricul-
ture Risk Coverage (ARC).

For ethanol policy incentives underlie the interest for its production. The Energy
Policy Act of 2005 established a renewable fuel standard (RFS), which mandated the
use of renewable fuels in gasoline. Corn is the primary feedstuff used to produce
ethanol; however, other grains (especially sorghum) are also important.

Corn used for ethanol production increased from less than 1% of total
U.S. domestic corn use in 1980/1981 to about 40% of total U.S. domestic corn use
by 2011/2012 (Walsh 2011). This large and rapid expansion of U.S. ethanol produc-
tion affects virtually every aspect of the field crops sector, ranging from domestic
demand and exports to prices and the allocation of acreage among crops. The use of
grains for ethanol production has implications for the livestock sector t0o.”

5.3.3 Mexico

In 2008, Mexico opened its borders to inexpensive, subsidized U.S. grains. The
imports of both corn (yellow) and sorghum have increased substantially till 2011.
Each grain’s international price played a central role in modifying the feed industry’s
grain demands. Later Mexican government has encouraged the use of white maize
for animal feed by providing subsidies to companies for commercialization, trans-
port and storage (Huacuja 2013). Research analysts stated that sorghum, corn, and
eventually wheat will all continue competing with each other, in some degree, to
meet Mexican feed demand, and ultimately usage will depend on the market price
situation. For ethanol production in 2015, Pemex, Mexico’s state-owned petroleum
company, announced its plan to introduce a pilot program that would blend gasoline
with ethanol. This has implications on the use of sorghum as feed stock for ethanol.
This will further enhance the demand for sorghum in the country (USDA 2017g).

5.3.4 Nigeria
Sorghum production occurs mostly within the northeastern part of Nigeria where
Boko Haram insurgencies continue to limit land for sorghum production. However,
farmers have continued production due to increasing prices and rising sorghum
demand—both for food and for industrial use. Private sector industrial consumers
are also expected to increase their support to farmers through some out-grower
arrangements that will support local farmers with inputs, improved seeds/seedlings,
storage and processing facilities, credits, etc. (USDA 2017h).

The government attempted to introduce a Guarantee Minimum Price (GMP) for
cereals including sorghum but it is barely applied because of funding and logistic

1https://www.ers.usda.gov/topics/crops/corn/background/
Zhttps://www.ers.usda.gov/topics/crops/corn/policy/
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constraints. To boost the sorghum domestic production, Agricultural Transformation
Action Plan (ATAP) was started in 2011 (Gourichon 2013). ATAP focuses on
improving the production in terms of quantity and quality in order to develop the
brewery industry within the country.

5.3.5 Ethiopia

The sorghum value chain is long and involves too many small operators.
Disincentives are substantial during normal years and arise from: (1) overvalued
exchange rate, (2) export ban, (3) distribution of imported wheat at subsidized price
(with negative implications for sorghum), and (4) weak market structure (and high
transportation costs). Sorghum production and marketing are affected by lack of
government attention and inadequate support from research, agricultural programs
and rural development policies. Overall, sorghum production has increased in recent
years owing to area expansion but an improved and stable policy environment is
needed to enhance investment in yield-enhancing technologies (USDA 2017e).

5.3.6 Argentina

Despite improved seed technology and policy support for corn at the expense of
sorghum, area under sorghum held on since it has the advantage of drought and it is
excellent for crop rotation. ‘Import substitution strategy’ was an important plank of
agricultural policies of the government. This strategy favours local production,
dismisses the importance of exports and opening of the economy for improving
the competitiveness. The emphasis was on increasing fiscal revenues through high
tax rates imposed on agricultural products’ exports, e.g., 20% on sorghum since
2002 to current. The export of primary products was taxed at a higher rate than
processed products in order to promote local value addition (USDA 2017c).

5.3.7 China

As already alluded to China’s agricultural and trade policies in the corn sector are
driving much of the growth in sorghum demand and imports. Due to the policies
related to corn production and trade, livestock producers in China not only faced
higher domestic feed prices but also constraints on their ability to import corn from
abroad. In response, the livestock industry has shifted its feed inputs towards
low-priced sorghum, sidestepping GM restrictions and a variety of import trade
barriers (Wang 2017). However, with the reversal of the policies related to corn,
sorghum competitiveness is declining in the face of falling corn prices. In 2016/2017
sorghum imports are forecast to fall 500,000 tons to 4.5 million tons due to lower
price competitiveness in the face of falling corn prices.

5.3.8 Australia

Government subsidies, import tariffs and capital grants fuelled proposals for new
ethanol projects. As and when the new ethanol projects take off as planned, there
would be a significant increase in domestic grain demand. This would raise grain
prices particularly lower priced grains such as sorghum. Any increase in domestic
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sorghum prices would benefit grain producers but would be detrimental for other
grain users such as the livestock industry (Cuevas-Cubria 2012).

The Dalby ethanol plant in Queensland has announced that it is expanding
operations because of the new Queensland ethanol mandate. Currently, around
200,000 MT a year of sorghum is used for ethanol production when the Dalby
operation is running at full capacity and this amount could increase in the future. The
biofuel plant also produces DDG which is sold mainly as a high-protein stock feed
for pigs, dairy cows and lot-fed cattle (USDA 2017b).

6 Conclusions and Way Forward

Sorghum is primarily used for feed in developed countries and its use will be largely
driven by its price relative to competing substitutes like maize, wheat, etc. Hence it is
pertinent to reduce the per unit production cost of sorghum by promoting high
yielding improved cultivars. At the same time ensuring that policies relating to the
feed sector are not biased against sorghum as it was in several countries in the past.
Another area where there is potential for sorghum demand is its use in bioethanol
industry. Many governments in developed countries are mandating blending of
gasoline with ethanol in varying proportions. To meet these objectives, policies
and subsides are being designed for promoting the biofuel industry. The growth of
the bio-ethanol industry would stimulate use of grains including sorghum for ethanol
production.

In developing countries with decline in food use of sorghum its use is growing in
alternative non-food uses like poultry feed, alcohol manufacture, etc. (In Africa,
sorghum is still an important staple crop.) Developing varieties with traits suitable
for different uses should be an important priority of crop improvement programs to
meet end user requirement (for example, varieties for alcohol manufacture). Indus-
trial users of sorghum need bulk quantities of specified quality. Hence, institutional
arrangements linking farmers to end users for bulk marketing, contract farming, etc.
would ensure an assured price and market for the growers and assured supplies for
the end users. A number of models for linking farmers to markets have been tried and
lessons learnt. However, sustainability of these models after completion of the
project and scaling up for wider coverage is a big challenge. Here, policies for
promoting institutional arrangements can provide the necessary stimulus for scaling
up and scaling out the linkages. These could include registration of farmers
associations/producer companies with defined by-laws, pledge financing and finance
against warehouse receipts, assured market/by back options, and capacity building
of small-scale farmers association in price negotiation and bargaining skills to get a
fair share in the consumer price.

With increasing awareness of the health benefits of sorghum in the last decade or
so the demand for processed products made from sorghum is growing, though from a
low base (particularly in India). Process and product upgradation of traditional value
chain for sorghum will enable production and marketing of RTU products. Policies
promoting public—private sector participation would enable greater private sector
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participation that would bring in product diversification and visibility and would
further stimulate their demand.
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Abstract

Sorghum genetic resource conservations involve multiple strategies and collabo-
ration to ensure the continued safeguarding of this valuable genetic resource.
Curations of such worldwide collections require commitments to the acquisition,
maintenance, distribution, evaluation, and utilization of such collections. In
sorghum, a major challenge to its curation has been the standardization of
protocols and techniques that each country deploys in evaluating their own
collections. Information and documentation of these various collections has
been a challenge; however, the two largest collections from the USA and
ICRISAT have attempted to update their databases to reflect the rich sources of
information available on their collections. In 2007, a panel of sorghum experts
met to develop a “Strategy for the Global Ex Situ Conservation of Sorghum
Genetic Diversity” and from this a review of the various collections is presented
within this chapter. This review looked at various collections and evaluated the
collections based on passport and characterization data. Collections reflected
sorghum accessions from many different parts of the world and highlight some
of the genetic stocks and phenotypic information available for utilization. As
world populations increase and climate change challenges our ability to feed our
population, the safety and curation of these types of collection allow us to respond
to both biotic and abiotic stresses that will put pressure on the world’s population
to feed itself. These irreplaceable collections are in greater need of curation than
ever before, but in order to understand the needs, one must first understand what
is already present in these collections.

Keywords

Accessions - Curation - Genetic variation - Acquisition - Maintenance -
Distribution - Utilization - Collections - Biotic - Abiotic - Food - Feed

1 Introduction

In its broadest sense, sorghum [Sorghum bicolor spp.] genetic resource conservation
involves a series of strategies that help to acquire, maintain, distribute, and uti-
lize global sorghum germplasm to preserve the integrity of the genetic variation that
can be found within the sorghum species. This genetic variation can then be used to
address biotic and/or abiotic stresses that confront sorghum as the crop and its
farmers respond to new threats posed by climate change, insect and disease pressures
and the continued need to produce more food to feed an ever-expanding world
population. In 2016, sorghum was cultivated in 4477 mha worldwide with an
average productivity of 14,279 kg ha~' (FAOSTAT 2018). This has ranked sorghum
as the fifth most important cereal crop in the world behind wheat [Triticum spp.],
maize [Zea mays (L.)], rice [Oryza sativa (L.)], and barley [Hordeum vulgar (L.)].
Because of its wide adaptation, primarily driven by its course of domestication, it can
be and is used in a wide arrangement of processes such as human food production
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systems, animal feed, either as a grain or forage source, building materials, converted
to both high and low value alcohols, and as a biofeed stock for numerous renewable
products (see Klein et al. 2015 for excellent review of dispersal and diversification).

In March of 2007, a panel of sorghum experts met in ICRISAT to develop a
“Strategy for the Global Ex Situ Conservation of Sorghum Genetic Diversity”
(https://www.croptrust.org/wp/wp-content/uploads/2015/05/Sorghum-Strategy-
FINAL-19Sept07.pdf). This became one of the most comprehensive evaluations of
worldwide sorghum collections. The stated purpose of the strategy was to “contrib-
ute to an efficient and effective conservation system for sorghum genetic resources”
and articulated five major objectives:

1. Identification and assessment of the global, regional and national collections of
sorghum genetic resources meeting the international standards for conservation
and playing a key role in a global conservation system.

2. Identification of critical gaps in existing world collections of sorghum genetic
resources and development of strategies to fill these gaps.

3. Development of a model for collaboration, cost sharing, and international
responsibilities for the effective and efficient management of key sorghum
genetic resource collections which will become the International Sorghum Germ-
plasm Collection (ISGC).

4. Identification of information needs for a comprehensive integrated global data-
base network that enhances the maintenance, sharing, and utilization of the ISGC.

5. Capacity building in order to upgrade and enhance various collection repositories
to ensure the maintenance, regeneration, and sharing of the ISGC.

From their survey of genetic resources worldwide, the Global Crop Diversity
Trust reviewed the Germplasm Holding Database maintained by Bioversity Interna-
tional and showed that 19 collections represented 86% of the total accessions known
worldwide, with the USDA-ARS-PGRCU and ICRISAT accounting for 41.1% of
the total (Table 1).

There was a wide range of information and documentation of these collections,
with some institutes having excellent passport, characterization, evaluation, and
availability records that could be easily accessed and utilized. The two best datasets
were from the US and ICRISAT; however, documentation is somewhat variable, and
most datasets are not accessible, and this remains true today. Because of the
difficulty in collecting updates on these various collections, the three major
collections, located at the ICRISAT, USDA-ARS-PGRCU and ICARNBPGR
New Delhi India were detailed below.

2 The ICRISAT Collection

The ICRISAT genebank maintains 39,948 accessions originating from 93 countries
and comprises 34,615 landraces, 4775 advanced breeding lines, 97 cultivars, and
461 wild and weedy relatives. The ICRISAT sorghum collection is the largest (about
17% of the total sorghum collections conserved globally) followed by the


https://www.croptrust.org/wp/wp-content/uploads/2015/05/Sorghum-Strategy-FINAL-19Sept07.pdf
https://www.croptrust.org/wp/wp-content/uploads/2015/05/Sorghum-Strategy-FINAL-19Sept07.pdf

46 J. Dahlberg et al.

Table 1 Collections of sorghum according to replies of the Sept 2006 survey (Atoyebi 2007)

Number of % of total holdings (194,250
Country Institute accessions acc.)
USA USDA-ARS-PGRCU 43,104 22.19
Global ICRISAT 36,774 18.93
India NBPGR 18,853 9.71
China CAAS 18,250 9.40
Ethiopia IBC 9772 5.03
Brazil EMBRAPA 8017 4.13
Russia VIR 7335 3.78
Zimbabwe NPGRC 7009 3.61
Australia DPI 5403 2.78
Sudan PGRU-ARC 4191 2.16
Mali IER 2975 1.53
France CIRAD 2690 1.38
Kenya NGBK 1320 0.68
Zambia NPGRC 1005 0.52
South Africa | NPGRC 428 0.22
Malawi NPGRC 401 0.21
Nigeria NCGRB 159 0.08
Serbia Inst. Field and Veg 152 0.08
crops
Global ILRI 52 0.03
TOTAL 19 institutes | 167,890 86.43%

USDA-ARS, Georgia, USA (~15%), while the ICS-CAAS, China and ICAR-
NBPGR, New Delhi, India conserves about 7-8% each (Upadhyaya and
Vetriventhan 2018). Germplasm accessions are conserved as active collection
(medium-term storage) and base collection (long-term storage). The active collection
is stored under medium-term storage condition at 4 °C and 20-30% relative humid-
ity, which remains viable for 10-20 years with >85% viability, and are used for
distribution, utilization, and multiplication purpose. Accessions in base collection
are vacuum sealed in an aluminum foil pouch and stored at —20 °C and 5-7%
moisture content after confirming initial germination (>90%). Seed viability of each
germplasm is regularly monitored at 5—10-year intervals in the active collection and
10-20-year intervals in the base collection, and accessions are periodically
regenerated when the seed quantity or viability goes below the standard limits, to
maintain sufficient seed quantity and viability. The wild and weedy relatives of
sorghum that are perennial types and vegetatively propagated are being maintained
as live samples in the field genebank. About 91% of sorghum collection conserved in
the ICRISAT genebank has been safely duplicated at Svalbard Global Seed Vault
(SGSV), Norway, which guarantees the availability of a genetically identical sub-
sample of the accession to mitigate the risk of its partial or total loss caused by
natural or human caused catastrophes.
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Table 2 Geographical and racial distribution of sorghum collection conserved at the ICRISAT
genebank, India

Oceania- Unknown
Race/region | Africa | Asia Americas | Europe | Pacific origin Total
Bicolor 602 512 336 114 4 3 1571
Caudatum 6552 684 384 94 15 27 7756
Caudatum- 1145 570 211 75 5 33 2039
bicolor
Durra 3660 4032 184 98 2 11 7987
Durra- 1447 843 62 83 2 3 2440
bicolor
Durra- 2409 1987 322 85 7 9 4819
caudatum
Guinea 4081 838 77 8 4 5008
Guinea- 281 39 21 4 1 2 348
bicolor
Guinea- 3214 715 228 50 5 62 4274
caudatum
Guinea- 128 79 18 7 2 234
durra
Guinea- 36 5 65 106
kafir
Kafir 925 71 306 11 1 1 1315
Kafir- 53 45 46 2 1 147
bicolor
Kafir- 250 45 119 3 4 421
caudatum
Kafir-durra 142 53 76 2 273
Wild 330 33 69 7 22 461
Un- 696 36 1 14 2 749
classified
Total 25,951 |10,587 | 2525 655 67 163 39,948

Geographical and racial distribution: The ICRISAT sorghum collection is
largely from Africa (65.0%) and Asia (26.5%), and about 87% of the accessions
were landraces. The cultivated sorghum is represented by five races and ten interme-
diate races, and all of these races were present in the ICRISAT sorghum collection,
and the collection is dominated by accessions belonging to durra (accounted for
20.0%), caudatum (19.40%), guinea (12.5%), durra-caudatum (12.1%), and
guinea-caudatum (10.7%), while the remaining races/intermediate races represent
<6.1% of total collection (Table 2). Accessions belonging to the race bicolor, durra,
and durra-caudatum were largely from Africa and Asia; guinea-kafir and kafir from
Africa and the Americas; kafir-bicolor from Africa, Asia and the Americas; while
other races were largely from Africa.

Distribution and impact: The ICRISAT genebank has been the major source of
supplying sorghum germplasm accessions worldwide for use in crop improvement
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programs. Following the International Treaty on Plant Genetic Resources for Food
and Agriculture (ITPGRFA), germplasm is supplied under the Standard Material
Transfer Agreement (SMTA). Since 1974, the ICRISAT genebank has distributed
268,783 samples of sorghum germplasm accessions to 110 countries (Asia 55.0%,
Africa 27.4%, the Americas 12.9%, Europe 4.3%, and Oceania 0.4%) with the
majority of these samples distributed during the 1980s and 1990s. Twenty-one
accessions have been distributed over 100 times, of which IS 18758 (a high yielding
cultivar and released in Burkina Faso and Burundi) has been distributed about
250 times. The global collections held at the ICRISAT genebank also serve the
purpose of restoration of germplasm to the source countries when national
collections are lost due to natural calamities, civil strife, etc. The [CRISAT genebank
has supplied >22,000 sorghum samples globally for the purpose of restoration of
germplasm. It includes 14,615 accessions to India, 362 to Botswana, 1827 to
Cameroon, 1723 to Ethiopia, 838 to Kenya, 1436 to Nigeria, 445 to Somalia, and
977 to Sudan. Thus the national programs of several countries have regained their
precious plant germplasm heritage which could have been lost if this was not
conserved in the ICRISAT genebank. Of the germplasm distributed from the
ICRISAT genebank, 39 sorghum accessions originating from 14 countries have
been released directly as 41 cultivars in 18 countries (Upadhyaya and Vetriventhan
2018).

Characterization and evaluation: The sorghum germplasm collections conserved
at the ICRISAT genebank has been characterized for many morpho-agronomic
descriptors, 42-44% of accessions screened for shoot fly, downy mildew and stem
borer; 18-22% to grain mold, leaf blight, rust and striga, and 10% to anthracnose.
For grain quality, approximately 26-29% of the accessions were evaluated for
protein and lysine contents (Upadhyaya et al. 2014a). Photoperiod and temperature
sensitivity, and latitudinal patterns of adaptation were assessed in the sorghum
landraces (20,710 accessions). The results revealed that the lower latitudes
(0.00-25.00°) were found to be important regions for sorghum collections. The
differences in days to 50% flowering and cumulative growing degree days
requirements during long-day rainy season and short-day post-rainy seasons were
used and classified the landraces into three groups: (1) photoperiod and temperature
insensitive (1697 accessions), (2) photoperiod sensitive and temperature insensitive
(18,766  accessions), and (3) photoperiod- and temperature-sensitive
(247 accessions). This study indicated the insensitive landraces were found in higher
proportions at 0.00-25.00° N and 15.00-35.00° S, and the selective adaptation of
photosensitive and temperature insensitive landraces either to rainy or post-rainy
season, while those identified as insensitive to both photoperiod and temperature
were adapted to both long-day rainy and short-day post-rainy seasons (Upadhyaya
et al. 2018).

Core and Mini-Core Collections: Germplasm diversity representative sets of core
collection (Prasada Rao and Ramanatha Rao 1995; Grenier et al. 2001) and mini-
core collections (Upadhyaya et al. 2009) have been established to enhance the
utilization of these accessions. The sorghum mini-core collection (Upadhyaya
et al. 2009) has been extensively evaluated for agro-morphological and grain
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nutritional traits (Upadhyaya et al. 2016a), bioenergy traits (Upadhyaya et al.
2014b), disease resistance (grain mold, downy mildew, anthracnose, leaf blight,
and rust diseases, Sharma et al. 2010, 2012), resistance to insect pests (Stem borer,
shoot fly and aphids; ICRISAT, unpublished), low temperature stress tolerance
(Upadhyaya et al. 2016b), and post-flowering drought tolerance (Upadhyaya et al.
2017) and identified germplasm sources for utilization in sorghum improvement.
Several of the mini-core accessions were sources for multiple traits and these
accessions have been utilized in hybridization programs for introducing novel
diversity into sorghum cultivars.

3 USDA-ARS-PGRCU Sorghum Collection

In 1757, Benjamin Franklin mentioned sorghum in a letter to a Mr. Ward. He
brought back seed from Europe because of its unique panicle formation, lending
itself to broom manufacturing and began sharing the seed with friends. By 1810, The
Philadelphia Agricultural Society mentioned Guinea Corn (Quinby 1974) and
references to sorghums such as sorgo, Chinese amber cane, white and brown durras,
milo, feterita, and hegari can be found in various publications between 1853 and
1908 (Doggett 1988). The United States Department of Agriculture began formal
collections around 1905 and prior to the introductions of hybrids in the late 1950s,
13,611 accessions of sorghum had been introduced into the United States; however,
serious curation of the crop did not take place until the early 1980s. Since then a total
of 32,012 accessions have been added to the collection for a total of 45,623
accessions (Table 3; GRIN-Global, Germplasm Resources Information Network
2018). Several groups have reviewed the status of the U.S. collection (Duncan
et al. 1991; Dahlberg and Spinks 1995). The collection is also broken down by
species within the National Collection (Table 4; GRIN-Global, Germplasm
Resources Information Network 2018).

Maintenance and Distribution: The working collection of sorghum is maintained
at USDA-ARS Plant Genetic Resources Conservation Unit and S-009 Multi-State
Project, in Griffin, Georgia, while the long-term backup collection is maintained at
NCGRP at Fort Collins, Colorado. Accessions are maintained at —18 °C at both
Griffin and NCGRP. Seed quantities and weights are recorded for each accession
before entering long-term cold storage facilities. Priority for increase in the working
collection is based on low seed numbers and low viability as determined by
germination testing. The increases are primarily conducted at the Tropical Agricul-
ture Research Station (USDA) in Mayagiiez, Puerto Rico, and St. Croix.

The total number of accessions distributed from PGRCU to the United States and
other countries from 1997 through 2017 has been 278,132 accessions of which
27,498 accessions have been to foreign scientists (Table 5). The sorghum collection
continues to be one of the most active collections within the U.S. National Plant
Germplasm System. Though the bulk of the seed has been distributed to
U.S. scientists, some requests have been initiated from foreign scientists. Breeders
from around the world can query the Germplasm Resources Information
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Table 3 U.S. sorghum collection by country of origin (GRIN-Global, Germplasm Resources

Information Network 2018)

Country Number of accessions Species
Afghanistan 9 2
Africa 1 1
Algeria 42 4
Ancient Palestine 1 1
Angola 3 1
Argentina 90 3
Armenia 1 1
Australia 111 16
Barbados 1 1
Belgium 1 1
Benin 417 1
Botswana 178 1
Brazil 3 2
Burkina Faso 355 2
Burundi 151 2
Cameroon 263 5
Central African Republic 12 1
Chad 120 4
Chile 2 2
China 1158 2
Colombia 3 1
Congo 1 1
Costa Rica 7 1
Cote D’Ivoire 1 1
Cuba 1 1
Cyprus 1 1
Denmark 1 1
Dominican Republic 2 1
Egypt 18 2
El Salvador 5 2
Eritrea 2 2
Ethiopia 7206 7
Former Serbia & Montenegro 2 1
France 15 1
French Equatorial Africa 5 1
French Guiana 1 1
Gambia 66 3
Georgia 6 1
Germany 7 1
Ghana 52 2
Greece 4 1
Guadeloupe 11 1

(continued)
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Table 3 (continued)
Country Number of accessions Species
Guatemala 14 1
Guinea 1 1
Honduras 70 1
Hungary 43 2
India 2178 5
Indonesia 24 3
Iran 12 2
Iraq 6 2
Israel 24 2
Italy 147 3
Jamaica 28 1
Japan 72 1
Jordan 3 1
Kazakhstan 3 1
Kenya 903 5
Korea 15 1
Korea, North 5 2
Korea, South 22 1
Lebanon 32 1
Lesotho 18 1
Liberia 3 2
Libya 22 2
Madagascar 10 1
Malawi 548 1
Maldives 6 1
Mali 2416 3
Mauritania 17 1
Mexico 386 3
Morocco 1 1
Mozambique 22 1
Myanmar 8 3
Nepal 9 1
New Zealand 2 1
Nicaragua 2 1
Niger 520 1
Nigeria 584 3
Oman 54 1
Pakistan 33 2
Papua New Guinea 1 1
Paraguay 1 1
Peru 2 1
Philippines 6 1
Portugal 21 2

(continued)



52

J. Dahlberg et al.

Table 3 (continued)

Country Number of accessions Species
Puerto Rico 7 1
Rhodesia 5 1
Romania 2 2
Russian Federation 51 1
Rwanda 86 1
Saudi Arabia 21 1
Senegal 356 2
Sierra Leone 27 1
Somalia 107 1
South Africa 1101 5
Soviet Union 133 3
Spain 14 1
Sri Lanka 2 1
Sudan 3998 5
Swaziland 17 1
Syria 6 1
Taiwan 20 1
Tanzania 345 4
Thailand 6 2
Togo 564 3
Turkey 107 3
Uganda 1421 3
Ukraine 3 1
United Kingdom 12 1
United States 4825 6
Unknown 32 4
Uruguay 1 1
Venezuela 16 1
Yemen 4642 2
Zaire 54 3
Zambia 577 3
Zimbabwe 1227 5
No data available 7207 7
Total 45,623 N.A.

N.A. not appropriate for summation since accessions for the same species may come from different

countries

Network-Global (GRIN-Global) for information on any of the 45,623 accessions in
the system and can place orders for germplasm through GRIN-Global. Internet
access to GRIN is available through the World Wide Web at http://www.ars-grin.

gov/npgs.

Characterization and evaluation: The U.S. sorghum collection has been screened
for many abiotic and biotic stresses over the years. The evaluation of sorghum
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Table 4 U.S. sorghum collection by species (GRIN-Global, Germplasm Resources Information
Network 2018)

Sorghum species Number of accessions
Sorghum angustum 8

Sorghum bicolor 495

Sorghum bicolor nothosubsp. Drummondii 88

Sorghum bicolor subsp. Bicolor 44,661

Sorghum bicolor subsp. Verticilliflorum 60

Sorghum brachypodum

Sorghum bulbosum 7

Sorghum ecarinatum 1

Sorghum exstans

Sorghum halepense 72
Sorghum hybr. 36
Sorghum interjectum 2
Sorghum intrans 5
Sorghum laxiflorum 2
Sorghum plumosum 9
Sorghum propinquum 1
Sorghum purpureosericeum 3
Sorghum spp. 127
Sorghum stipoideum 3
Sorghum timorense 4
Sorghum versicolor 4
Sorghum x almum 30
Total 45,623

collections for major pest, diseases, and nutrient evaluations is outlined in Table 6.
As with most of the sorghum collections worldwide, the collection is roughly XX%
photoperiod sensitive which makes it difficult to screen in temperate regions of the
world.

Unique Collection: The USDA has put together for maintenance and curration of
series of sorghum collection special groups, work groups, and genetic stocks. These
are available by request from the GRIN database.

4 Collections by ICAR-NBPGR-New Delhi, India

The first major effort in the assembly of a World Collection of sorghum germplasm
was in the 1960s by the ICAR-Rockefeller Foundation’s Agricultural Research
Programme in India. A total of 22,701 exotic germplasm have been introduced in
India from different countries of the world for various sources of important traits.
The major contribution is from Ethiopia, Sudan, Nigeria, Uganda, Zimbabwe,
Cameroon, and the USA, Ethiopia, Uganda, and Sudan in East Africa, Nigeria,
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Table 5 Distﬁbution of U.S. distributions Foreign distributions

sorghum accessions Year (no. of accessions) (no. of accessions)

1997-2017 (GRIN-Global,

Germplasm Resources 1997 729 o7

Information Network 2018) 1998 1749 381
1999 716 462
2000 26,611 203
2001 7364 1254
2002 17,123 141
2003 33,227 1887
2004 3318 151
2005 1843 203
2006 1980 211
2007 9284 213
2008 13,801 2199
2009 17,054 2330
2010 11,954 1922
2011 11,514 1514
2012 15,997 4690
2013 13,561 1540
2014 14,835 2563
2015 13,242 1368
2016 21,984 2669
2017 12,748 1340
Total 250,634 27,498

Mali, and Burkina Faso. Resistance to several diseases is found in the conspicuum of
Nigeria. Alleles for high productivity with prospects for increased yield due to nodal
tillering appear to be in combinations of caudatum, durra, and caffrorums from both
West and East African regions. The Ethiopian durras are an excellent source for the
stay-green (non-senescence) trait related to post-flowering drought-tolerance trait.
In addition, 14,475 accessions of exotic germplasm received from 45 countries
viz. Algeria, Angola, Australia, Botswana, Brazil, Burkina Faso, Barundi,
Cameroon, Canada, Central African Republic, Chad, China, Cuba, Israel, Italy,
Japan, Kenya, Korea, Lesotho, Madagascar, Malawi, Mali, Mexico, Morocco,
Nepal, Nicaragua, Niger, Nigeria, Russia, Rwanda, Senegal, Somalia,
South Africa, Sri Lanka, Sudan, Swaziland, Syria Arab Republic, Tanzania,
Thailand, Uganda, United States of America, Venezuela, Yemen, Zambia,
Zimbabwe are conserved in the National Genebank, NBPGR, New Delhi.
Germplasm experts attempted thorough explorations several times in different
Indian states and made substantial collections. At present, National Genebank of
ICAR-NBPGR holds and preserved 11,646 accessions of indigenous sorghum
collections from collected from all the Indian states (Table 7). Out of these preserved
accessions, substantial part (18.1%) is of unknown origin for which passport data on
their origin is not available. Out of remaining 71.9%, the majority part of accessions
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Table 6 Partial list of pest or disease resistance, nutrient toxicity, and nutritional values (additional
phenotypic data can be found at: https://www.ars-grin.gov/npgs/descriptors/sorghum)

Evaluation Number of accessions
Acid detergent fiber % 2510
Aluminum toxicity 10,384
Anthracnose 16,399
Crude protein % 2914
Sorghum downy mildew (P1) 4186
Sorghum downy mildew (P3) 5966
Ergot 2022
% Fat 2910
Fall army worm 8942
Grain weathering 15,126
Gray leafspot 306
Greenbug biotype E 14,580
Greenbug biotype I 1455
Ladder spot 1470
Leafblight 340
Manganese toxicity 7334
Metabolizable energy for swine (Mcal/cwt) 2914
Net energy gain for cattle (Mcal/cwt) 2914
Net energy gain for lactating cattle (Mcal/cwt) 2914
Phosphorous % 2914
Photoperiod sensitivity 18,571
Restorer A; cytoplasm 656
Restorer A, cytoplasm 585
Restorer Az cytoplasm 585
Race designation 23,011
Rust 17,402
Sorghum yellow banding virus 210
Sugarcane mosaic virus 427
Total digestible nutrients % 2914
Working group designation 15,262
Yellow sugarcane aphid 5564
Zonate leaf spot 1470

(~50%), majority part of accessions was collected from the four major sorghum
growing states i.e. Maharashtra (19.9%), Karnataka (9.9%), Andhra Pradesh
(10.2%) and Madhya Pradesh (9.7%).

In addition, trait-specific sorghum germplasm lines introduced from other
countries in India are conserved at National Genebank, NBPGR, New Delhi.
Majority of these germplasm lines were having desirable traits like male sterility
and, resistant to biotic and abiotic stress (Table 8).
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Table 7 State-wise Indian sorghum collections conserved at National Genebank, ICAR-NBPGR,

New Delhi
S.
No. Indian state

1
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4.1

Andaman & Nicobar
Islands

Andhra Pradesh
Arunachal Pradesh
Assam

Bihar
Chhattisgarh
Delhi

Gujarat

Haryana
Himachal Pradesh
Jammu and Kashmir
Jharkhand
Karnataka

Kerala

Madhya Pradesh
Maharashtra
Manipur
Meghalaya
Mizoram

Odisha

Punjab

Rajasthan

Tamil Nadu
Telangana
Tripura

Uttar Pradesh
Uttarakhand
West Bengal
Unknown origin
Total

Number of
collections

3

1188
19

254
143
78
499
45

12
80
1150
17
1129
2320

239
127
458
569
566

16
499
73

35
2109
11,646

0.0

10.2
0.2
0.0
2.2
1.2
0.7
4.3
0.4
0.1
0.1
0.7
9.9
0.1
9.7

19.9
0.0
0.0
0.0
2.1
1.1
3.9
4.9
4.9
0.1
4.3
0.6
0.3

18.1

% of total holdings (11,646
acc.)

Characterization of Sorghum Germplasm at ICAR-Indian
Institute of Millets Institute Hyderabad

A total of 12,345 accessions were characterized at ICAR-IIMR (ICAR-Directorate
of sorghum research) Hyderabad. Data on 8 quantitative and 15 qualitative traits
were collected. The plant height was the most variable character followed by grain
yield, days to 50% flowering, leaf length, etc., 573 potential trait-specific
germplasms are identified for early maturing, high biomass, high fodder yield and
grain yield viz., 17 acc. Are identified as early flowering (<57 days), 13 acc. With
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Table 8 Trait-specific introduction of sorghum germplasm lines from other countries in India by
ICAR-NBPGR

EC No. Country Trait

EC242786- Sudan Drought hardy

91

ECI91789 Australia | High lysine content

EC315823- USA Acid soil tolerant

52

EC 331138- | USA Resistance to army worm and anthracnose

48

EC 428874 Nigeria Disease-tolerant lines

EC 466525- | USA Tx2911. TAMBPK-59, varieties resistant to green mold, downy
526 mildew & head smut

EC4826705- | USA Male sterility & fertility restorer lines for immediate application for
97 basic research

EC496845- Canada Multi cutting purpose type fodder

854

EC538941- USA Maintainers of the Al cytoplasmic genetic male sterility system
46

EC558947- USA Restorers of the Al cytoplasm genetic male sterility system

55

EC587422- USA Striga-resistant

509

EC568885- USA Male sterile line

86

EC562509-

I3

EC568887 USA Maintainer line

EC582502- USA Isogenic lines for brown mid rib genes

508

EC 416988 Nigeria Early open pollinated variety
Source: Plant Germplasm Reporter (1975-2006)

more number of leaves (>20), 40 acc. With longer leaves (>90 cm), 27 acc. With
wider leaves (>10 cm), 42 acc. With taller height (>300 cm), 48 acc. With longer
ear head (>45 cm), 60 acc. With wider ear head (>8 cm), 305 acc. With higher grain
yield (>100 g/plant), and 21 acc. With more 100-seed weight (>5 g).

4.2 Potential Sorghum Genetic Resources for Biotic and Abiotic
Stress

Among 3585 sorghum genetic resources evaluated at ICAR-Indian Institute of
Millets Research (IIMR), 63 accessions were reported as the potential sources of
resistance for different biotic stresses. This includes genetic resources for combine
resistance to stem borer + shoot bug shoot fly + stem borer, grain mold, and leaf
diseases (Table 9). Similarly, genetic resources with improved tolerance to various
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Table 9 Potential genetic resources identified for multiple biotic and abiotic stresses

Traits No. of accessions
Biotic stresses

Shoot fly and stem borer 12
Shoot fly, stem borer, and head bug 3
Shoot fly, stem borer, and midge 1
Shoot fly, stem borer, and shoot bug 1
Stem borer and shoot bug 18
Shoot bug and aphids 2
Aphid and shoot bug 1
Shoot fly and charcoal rot 3
Shoot fly and stripe disease 4
Grain mold and leaf diseases 1
Grain mold and downy mildew 15
Stripe disease and charcoal rot 1
Charcoal rot 1
Abiotic stresses

Post-flowering drought tolerance 26
Resistance to post flowering drought and lodging

High relative water content (RWC) and low leaf senescence 5
Mid-season drought tolerance 3
Herbicide tolerance

Salinity tolerance 10
Stay green trait 8

abiotic stresses like drought, high temperature, frost, cold, salinity, and other edaphic
factors have been identified. The accessions identified for the multiple resistance to
grain mold and leaf diseases are originated from India except one from Nigeria. The
accessions identified for the rust resistance originated from India except one from
Nigeria. Some of these sources of resistance for biotic and abiotic stresses are
registered with [CAR-NBPGR (Table 10) and involved in the breeding programs
at ICAR-Indian Institute of Millets Research (IIMR).

5 Special Groups

Core Collection: The core collection consists of 2438 accessions. The core collec-
tion was formed by Jeff Dahlberg and John Erpelding.

Sorghum Association Panel: There are 406 accessions in the Sorghum Associa-
tion Panel (SAP). The description of the SAP available on GRIN-Global is the
following: The Sorghum Association Panel is a set of diverse and historically
important sorghum lines characterized for genotypic and phenotypic diversity and
suitable for association mapping studies. The accessions in the panel represent all
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Table 10 Sorghum germplasm registered for potential valuable traits at ICAR-NBPGR

Accessions
IC 345715, IC 569675, NRCSFR 07-5
EC 434430

IC 570245, IC 570246, IC 570247, IC 570248,
IC 570249, IC 570250, IC 570251, IC 570252,
IC 584513, IC 584514, IC 584515, IC 584516,
IC 0584517, IC 584518

IC 345703, IC 345733, IC 345734, IC 345772

IC 567687, IC 567688, IC 567689, IC 567690,
IC 567691, IC 567692, IC 567693, IC 567694,
IC 567695, IC 567696, IC 572931, IC 572932,
IC 572933, IC 572934, IC 572930, IC 584519,
IC 584520, IC 584521, IC 584522, IC 584523,
IC 584524, IC 584525, IC 584526, IC 584527,
IC 584528, IC 584529, IC 584530, IC 584531,
IC 584532, IC 584533, IC 584534. IC 584535,
IC 584536, IC 612149, IC 612150, IC 612157,
IC 612158, IC 594687

IC 584056, IC 595529, IC 597771, SPV 2018,
IC 632083, IC 471842, IC 565017, IC 585921

IC 549901, IC 392140
IC 432861, IC 432862)

IC 568489
IC 560414, IC 561243

IC 585920
IC 632070

Source: Elangovan (2020)

Novel unique features

Shoot fly resistance with other desirable traits
Sugarcane aphid Melanapsis sacchari,
resistance

Grain mold resistance with desirable specific
traits on plant height, duration, grain color,
shape, and size

Multiple foliar diseases-rust, anthracnose,
zonate leaf spot, sooty stripe, and downy
mildew

Male sterility lines in different types of
sorghum (rainy, post rainy, sweat sorghums)
with desirable traits required in each type

Improved quality traits

Improved drought adaptation

CMS, Thermos-insensitive with high yield and
long panicle

Basmati Jowar (scented sorghum)

Converted male & female parents of dual-
purpose sorghum hybrids, SPH 1148 with high
yield

Somaclonal mutant in postrainy sorghum
Sorghum forage line derived from intergeneric

cross between sorghum X maize, low HCN
and high IVDMD

major cultivated races (tropical lines from diverse geographic and climatic regions),
and important U.S. breeding lines and their progenitors.

6 Work Groups

Sorghum Converted: There are 422 accessions in the group. Converted lines
developed in the Sorghum Conversion Program conducted cooperatively by
USDA/ARS at Mayaguez, Puerto Rico and the Texas Agricultural Experiment

Station.

Researcher of Project: Rosenow, Darrell T, Texas A&M University.
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Other Work Groups: Which includes various evaluations performed on selected
germplasm accessions at a defined location including Ethiopian (1998 and 2000),
Honduran (1989), Isabela (1993 and 1994), Mali, Mayaguez (1993 and 1994),
St. Croix\Virgin Islands (1992-1997, 1993 with Sudan).

7 Sorghum Genetic Stocks

Cold Tolerant Subset: This collection contains 171 accessions. Description of
methods and environmental conditions for screening of cold tolerant mapping
population available on GRIN-Global is the following: For the cold-tolerant popula-
tion RTx430/PI610727 (Gaigaoliang), both cold and optimal germinability were
assessed under laboratory conditions. Briefly, 25 seeds were sown in polystyrene
Petri dishes lined with filter paper moistened with sterile distilled water. Seeds were
allowed to incubate/germinate at a constant 12 °C (cold germination) or at 30 °C
(optimal germination) for 8 h in the light, in separate controlled temperature
chambers and then both treatments were exposed to 20 °C for 16 h in the dark.
Germination under laboratory conditions was determined visually based on protru-
sion of radicle to approximately 1 mm length. Final germination was counted at 4 or
7 days after sowing for optimal and cold temperature test. To determine variation in
field emergence, the RILs and parents were sown in 5 x 1 m plots at the USDA-ARS
farm in Lubbock, TX (101° 90" west longitude; 33° 59’ north latitude) and at Texas
Agrilife farm at New Deal, TX (101° 82 west longitude; 33° 69’ north latitude). A
total of 50 manually selected high-quality seeds were sown on top of well-prepared
beds on April 1, 2009 for both locations. Plots were uniformly irrigated using a drip
system after sowing. Seed emergence was measured based on the number of
seedlings per plot at 14, 21, and 30 days after sowing. The mean field soil and air
temperature during the experimental period was 14.9 °C and 16.6 °C, respectively.

Researchers on Project: Franks, Cleve, DuPont Pioneer; Burow, Gloria B.,
CSRL, USDA-ARS; Burke, John, USDA, ARS; Xin, Zhanguo, USDA-
ARS, PSGD.

RIL BTX623 X PI567946 (HKZ) Subset: These collections contain
226 accessions. A description of this subset available on GRIN-Global is the
following: In early spring of 2011, the BTx623HKZ_recombinant inbred mapping
population including the two parents and eight commercial checks were planted in
replicated plots in three locations representing the US sorghum belt temperate
region, USDA zones 4b to 6b between April 1 and 18 (differing due to latitudes of
location and precipitation) to evaluate variation for early season field traits for cold
tolerance based on field emergence and seedling vigor, biomass. The locations used
for field testing were: Lubbock, Texas (33.6°N-101.88°W, 2381 ft. elevation),
Manhattan, Kansas (39.21°N-96.51°W, 1053 ft. elevation) and Wall, South Dakota
(43.99°N-102.24°W, 2208 ft. elevation). The mean ambient and soil temperatures
for all three locations at the time of planting were: Lubbock, TX—18.3; 17.7 °C;
Manhattan, KS—12.2; 14.4 °C; Wall, SD—12.6; 12.5 °C. Each entry was planted in
10 m long plots with 100 cm spacing between plots and equal number of seeds were
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planted per plot. Field emergence was evaluated on a weekly basis and at 30 days
after planting as % field emergence. Seedling vigor was rated on a 1-5 scale, with
rating of 1 as robust vigor and 5 as poor vigor. Subsequently, five seedlings in the
inner section of each plot were harvested for above-ground biomass to determine dry
weight.

RIL BTX623 X PI568016 (NSZ) Subset: This collection contains 292 accessions.
A description of this subset available on GRIN-Global is as follows: The parents of
the population are BTx623, which is a combine type elite line that germinates poorly
during the early cool season of the year crossed to Niu Sheng Zui (PI 568016) which
is a Chinese landrace that exhibit >70% germination under cool conditions in
temperate regions of the U.S. sorghum belt (USDA hardiness zones 4b to 6b). The
BTx623NSZ_Recombinant Inbred Mapping Population (RIMP) was developed by
hand emasculation of the female parent BTx623 and pollination with pollen from.
The resulting F1 hybrid was intermediate in height, with brown seed color. A total of
300 F2 plants were planted, but only 292 lines were advanced single seed descent
breeding technique in Lubbock, Texas from F3 to F4 generations. From F5 to F7,
seeds were produced alternately between Lubbock, Texas, and Puerto Rico. At the
F6:7 stage of development, ten representative uniform plants were tagged and seeds
were bulked from the 10 tagged plants to compose each line. A total of 292 RILs
were generated and are used to represent the BTx623NSZ_RIMP. In spring of 2015
through 2017, the BTx623NSZ_RIMP including the two parents and eight commer-
cial checks were planted in replicated plots in three locations representing the
U.S. sorghum belt temperate region, USDA zones 4b to 6b between April 1 and
18 (differing due to latitudes of location and precipitation) to evaluate variation for
early season field traits for cold tolerance based on field emergence and seedling
vigor, biomass. The locations used for field testing were; Lubbock, Texas (33.6°N-
101.88°W, 2381 ft. elevation and Manhattan, Kansas (39.21°N-96.51°W, 1053 ft.
elevation). The mean ambient and soil temperatures for all three locations at the time
of planting were: Lubbock, TX—18.3; 17.7 °C; Manhattan, KS—12.2; 14.4 °C;
Wall, SD—12.6; 12.5 °C. Each entry was planted in 10 m long plots with 100 cm
spacing between plots and equal number of seeds were planted per plot. Field
emergence was evaluated on a weekly basis and at 30 days after planting as %
field emergence. Seedling vigor was rated on a 1-5 scale, with rating of 1 as robust
vigor and 5 as poor vigor. Subsequently, five seedlings in the inner section of each
plot were harvested for above ground biomass to determine dry weight.

Schertz Mutants Subset: This collection contains 455 accessions. A description of
this subset available on GRIN-Global is as follows: The late Keith Schertz, USDA,
ARS collected 536 sorghum lines consisting of natural and induced mutants, linkage
analysis lines, and chromosome translocation lines from various sources around the
world. In order to make this mutant collection available for sorghum genetic and
genomic studies, the seed inventories were categorized, replanted, and phenotypes
confirmed based on Dr. Schertz’s original notes. Seeds were replanted at Halfway,
Texas in 2004, and at Lubbock, Texas in 2006 and 2009. Standard cultivation
practices were followed and irrigation was applied as needed. Phenotyping was
conducted several times during the growing season at seedling, vegetative,
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reproductive, and maturity stages. Days to flowering, plant height, and exertion were
recorded.

RIL BTX623 X IS3620C: This subset contains 431 accessions. A description of
this subset available on GRIN-Global is as follows: Phenotypic evaluation of the
original 137 F2-derived F6-8 generation inbred lines from the BTx623/IS3620C
population was conducted as early as 1994. The population was planted in a
randomized complete block design with two replications in College Station, Texas
(30.5°N, 96°W) and Lubbock, Texas (33.6°N, 101.9°W). The population was
evaluated for 28 traits in both locations and QTL analyses for these traits were
performed (Hart et al. 2001; Feltus et al. 2006). In 2004, 119 of the F7 to F9 RILs
were cultivated and phenotyped at College Station, Texas (30.5°N, 96°W), Halfway,
Texas (34°N, 101.5°W), and Weslaco, Texas (26°N, 98°W). Utilizing these 119 F7
to FO9 RILs, 15 agronomic traits including primary, secondary, and tertiary branching
were measured and QTL analyses for these traits were performed by Brown et al.
(2006). Laboratory studies were also conducted on a subset of the population at the
USDA-ARS Plant Stress & Germplasm Development Unit in Lubbock, TX in 2004
and 2005 for seedling tolerance to chilling and high temperatures.

8 Conclusions

The ICRISAT and U.S. collections remain the largest and most active international
collections of sorghum germplasm. These are followed by the collection by ICAR-
National Bureau of Plant Genetic Resources (NBPGR) which is the nodal agency for
plant genetic resources management in India. All the three collections continue to
enhance their collections through further evaluations and characterizations of their
respective collections and will continue to explore genetic variation utilizing new
genomic and high-throughput evaluation technologies. Smaller collections still face
many obstacles that were identified in the “Strategy for the Global Ex Situ Conser-
vation of Sorghum Genetic Diversity” in 2007. These include lack of funding for
germplasm maintenance, inadequate storage facilities for maintaining long-term
viability of collections, lack of descriptor and evaluation data, and lack of personnel.
These continue to be long-term issues that plague the international efforts to preserve
these important collections.
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Abstract

The process of wide hybridization refers to hybrids created through interspecific
or intergeneric crosses of related species to extract useful and novel traits that
protect or enhance the yield or quality of the domesticated crop. Sorghum
contains approximately 25 recognized species that show significant variation in
plant morphology, genetic and genomic diversity with an eightfold range in DNA
content, and geographic distribution. Traits that increase the value of sorghum
production have been reported in many of these species including resistance to
sorghum midge, shootfly, and spotted stem borer. However, introgression of any
traits has only been possible with species in the section Eusorghum due to pre-
and post-fertilization barriers that isolate the other species. Now the creation of
wide hybrids has been expanded beyond section Eusorghum. The Inhibition of
Alien Pollen (lap) gene that makes it possible to overcome pre-fertilization
barriers by reducing adverse pollen—pistil interactions has been used to produce
additional interspecific hybrids with species from sections Chaetosorghum,
Parasorghum, and Stiposorghum. Post-fertilization barriers can be eliminated
through embryo rescue techniques and the use of 2n gametes. Using 2n gametes
as a vehicle to transfer genes by creating bridges that overcome ploidy and
genomic differences between species is now being explored. With the chemical
hybridizing agent trifluoromethanesulfonamide (TFMSA) the number of parental
combinations and the number of florets that are emasculated are no longer
limiting factors when developing strategies for creating wide hybrids. Accessing
via wide hybridization novel traits that were previously unavailable is now
possible.

Keywords

Cytogenetics - Cytological analysis - Cytometry - Embryo rescue - Eusorghum -
Pollen—pistil interaction

1 Introduction

Successful breeding relies on genetic variability from which traits of agronomic
importance are selected. Breeders access this variability from domestic lines,
landraces, weedy accessions, and if variability is absent, from other species. Wild
relatives have been exposed to biotic and abiotic stresses for a very long time and
have acquired a full range of genetic traits that have ensured their survival. By
comparison domesticated crops are fairly new, are usually derived from genetically
restricted isolates and lack the range of traits found in its wild relatives (Harlan
1976). Use of these wild relatives therefore has the effect of increasing genetic
diversity in the domestic crop. Species that have been isolated either by genetic
incompatibility or geographic isolation can add diversity that was not previously
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available (Dwivedi et al. 2008; Dempewolf et al. 2017). However, many useful traits
documented in wild species have yet to be introgressed into their crop relatives due
to barriers that inhibit the transfer.

Wide hybridization refers to hybrids created through interspecific or intergeneric
hybridization of distantly related species in an attempt to extract useful and novel
traits that protect or enhance the yield or quality of the domesticated crop. The
benefits of wide hybridization have been recognized for at least a century (Vavilov
1938). While Vavilov recognized intraspecific hybridization as the principal means
of crop improvement, he also recognized that interspecific and intergeneric hybrids
could potentially contribute important traits that enhance resistance to biotic and
abiotic stresses. As a wheat breeder, he was especially interested in its wild and
weedy relatives, Aegilops, Secale, Haynodia and Agropyrum (Vavilov 1949/1950).
In the past 40 years, the introgression of alleles from wild relatives has accelerated.
These alleles from wild relatives condition disease and pest resistance, adaptation to
a wider range of growing conditions, and improved quality and yield (Harlan 1976).
Among the major domesticated crops, wheat, rice, potato, and tomato breeders have
established successful programs focused on exploiting beneficial traits from related
species (Hajjar and Hodgkin 2007; Dwivedi et al. 2008; Dempewolf et al. 2017).

Over 80% of the traits introgressed from related species into cultivated crops are
for disease and pest resistance. This may reflect the limited pool of effective
resistance genes within the crop while very high levels may be available in its
wild relatives (Hajjar and Hodgkin 2007). One of the first documented examples
of the benefit of an introgressed trait was to address the Irish potato blight famine of
1846-1851 in Europe. The famine was a direct result of susceptibility of the potato
(Solanum tuberosum L.) to Phytophthora infestans (Mont.) de Bary (Salaman 1985).
Resistance was initially introgressed from a wild Mexican species Solanum
demissum Lindl. (Singh et al. 1993). Modern sugarcane cultivars are interspecific
hybrids of Saccharum officinarum L. and S. spontaneum L. (Berding and Roach
1987). S. spontaneum is the source of disease resistance and vigor while
S. officinarum provides high-quality sugar traits. Prescott-Allen and Prescott-Allen
(1986) and Dwivedi et al. (2008) have listed many examples of wide hybridization
and introgression in wheat (Triticum aestivum L.), rice (Oryza sativa L.), maize (Zea
mays L.), barley (Hordeum vulgare L.), and other crops wherein resistance to pests
and environmental stresses have been improved and agronomic potential and quality
have been enhanced. Resistance to bacterial blight (Xanthimonas oryzae pv. oryzae)
in rice was transferred from Oryza longistaminata A. Chev. & Roehr. (Brar and
Khush 1997) and brown plant hopper (Nilaparvata lugens (Stal) resistance was
derived from O. officinalis Wall. Ex Watt (Jena and Khush 1990). Resistance to corn
leaf blight (Cochliobolus heterostrophus Drechsler) in maize was introgressed from
Tripsacum dactyloides (L.) L. (Goodman et al. 1987) and hessian fly (Mayetiola
destructor Say) resistance present in goatgrass, Triticum tauschii (Coss.) Schmalh.
was transferred to wheat T. aestivum (Cox et al. 1994). Goatgrass was also a source
of drought tolerance for wheat (Gororo et al. 2002). Sources of cytoplasmic male
sterility have been transferred to rice from O. rufipogon Griff. (Hoan et al. 1997).
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The introgression of desirable traits can be difficult due to pre- and post-
fertilization barriers that isolate the species. These barriers may exist in any part of
the reproductive cycle including pollen—pistil incompatibilities, lack of fertilization,
endosperm failure, embryo abortion, seedling lethality, hybrid sterility, and linkage
drag (Stebbins 1958; Price et al. 2005a). Methods used to overcome barriers include
ploidy manipulation, crossability traits, somatic hybridizations, and genetic
engineering.

Formal taxonomic descriptions have been useful for providing a framework for
classification of plants into related groups, but taxonomy is sometimes less useful in
terms of classification of species for their potential utility for crop improvement. To
address this issue, Harlan and de Wet (1971) described a simple pragmatic system
using taxonomic classification for defining relationships of wild relatives and related
species for their potential use to breeders. Three informal gene pool classifications
(primary, secondary, and tertiary) are based on ease of hybridization and the
potential for introgression with the domesticated species. The primary gene pool
(GP-1) includes cultivated, wild, and weedy types of the biological species which are
easily hybridized, produce fertile progeny, and have good allelic recombination. The
secondary gene pool (GP-2) consists of species that will hybridize with the crop
where gene transfer is possible but barriers must be overcome. Sterility issues, poor
chromosome pairing, or weak hybrids are difficulties that are commonly encoun-
tered in the GP-2 pool. The tertiary gene pool (GP-3) includes the outer extremes of
the related genera and or species (Harlan and de Wet 1971). Hybrids of these species
with the domesticated type may be recovered but they are usually sterile or do not
survive to maturity. Further processes such as embryo culture, chromosome dou-
bling, or the use of a bridge species are usually necessary to move beyond the hybrid
generation.

Sorghum (Sorghum bicolor L. Moench) has a broad genetic base that has been
made more accessible through several systematic introgression approaches. One
approach has been to convert tropical photoperiod-sensitive sorghums to photope-
riod insensitive types. In 1963, a continuing program was initiated to provide
breeders in the temperate zone environments greater access to this genetic base
(Stephens et al. 1967). Recently, a method to effectively introgress this allelic
diversity into elite breeding material has been described (Jordan et al. 2011). For
these approaches, sorghum breeders have relied almost exclusively on the primary
gene pool (GP-1) for allelic diversity (Duncan et al. 1991; Rosenow and Dahlberg
2000). There has been interest in accessing the secondary gene pool (GP-2)
(S. halepense (L.) Pers., S. propinguum (Kunth) Hitch., and Sorghum x almum
Parodi) but success in this case has been modest (Price et al. 2006). Finally, to date,
no traits have been introgressed from the tertiary gene pool (GP-3). Within that
context, this chapter presents the taxonomic status, traits of utility present, and
factors that influence the success of interspecific and intergeneric hybridization in
Sorghum.
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2 Sorghum Genus
2.1 Species and Distribution

Sorghum L. Moench contains approximately 25 recognized species that show
significant variation in plant morphology, genetic diversity, and geographic distri-
bution. The genus is separated into five taxonomic subsections based upon node,
panicle, and spikelet morphology. Eusorghum (containing the domesticated, pro-
genitor, and weedy GP-1 and GP-2 species), Chaetosorghum, Heterosorghum,
Parasorghum, and Stiposorghum that contain the undomesticated GP-3 species
(Garber 1950; Lazarides et al. 1991).

The Eusorghum include the cultivated species and their closest wild relatives:
Sorghum bicolor subsp. bicolor, S. almum Parodi, S. bicolor subsp. verticilliflorum
(Steud.) de Wet ex Wiersema and J. Dahlb (a progenitor of cultivated sorghum),
S. bicolor subsp. drummondii (Steud.) de Wet ex Davidse, the widespread weedy
species S. halepense (L.) Pers. and S. propinquum (Kunth) Hitchc. The Eusorghum
originate from Africa and Asia and are 2n = 20 or 40 chromosomes (Table 1)
(de Wet and Harlan 1971; Doggett 1988; Duvall and Doebley 1990; Price et al.
2005b).

The monotypic sections Chaetosorghum and Heterosorghum contain
S. macrospermum E. D. Garber and S. laxiflorum F. M. Bailey with the former
endemic to a small area of the Northern Territory and the latter native to northern
Australia and Papua New Guinea. Both species have 2n = 40 chromosomes
(Table 1) (Garber 1950; Lazarides et al. 1991; Price et al. 2005b). The Parasorghum
section consists of seven species: S. grande Lazarides, S. leiocladum (Hack.) C. E.
Hubb., S. matarankense E. D. Garber and Snyder, S. nitidum (Vahl) Pers.,
S. purpureosericeum (Hochst. ex. A. Rich.) Asch. and Schweinf., S. timorense
(Kunth) Buse, and S. versicolor Andersson. These species vary in ploidy from
2n = 10 or 20, and are native to northern monsoonal Australia, Africa, and Asia
(Table 1) (Garber 1950; Lazarides et al. 1991; Phillips 1995; Price et al. 2005b).

Section Stiposorghum (Table 1) contains ten species that range in ploidy from
2n = 10, 20, 30 or 40, with all endemic to northern Australia: Sorghum amplum
Lazarides, S. angustum S. T. Blake, S. brachypodum Lazarides, S. bulbosum
Lazarides, S. ecarinatum Lazarides, S. exstans Lazarides, S. interjectum Lazarides,
S. intrans F. Muell. Ex Benth., S. plumosum (R. Br.) P. Beauv., and S. stipoideum
(Ewart and Jean White) C. A. Gardner and C. E. Hubb (Garber 1950; Lazarides et al.
1991; Price et al. 2005b).

The geographic distribution of Sorghum species, which span a wide range of
environments and climatic conditions, is shown in Fig. 1. These distributions show
the natural geographic origin of species, and do not include the cultivation areas or
the non-native distributions of the weedy species. Most of the tertiary gene pool
species are native or endemic to Australia (Lazarides et al. 1991). The natural
environments and climatic conditions where Sorghum species inhabit have imposed
abiotic and biotic stresses that have resulted in a range of traits that could potentially
be used to improve the production of cultivated sorghum. Wild sorghums are
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established across diverse microenvironments with variable soil and moisture
conditions, including very hot, dry, nutrient-limited environments, and have a strong
ability to adapt and survive. Many of the wild Sorghum species have developed
resistance to the suite of pests and diseases that affect global sorghum grain
production. Many Australian wild species contain resistance to the major pest/
diseases of Africa and America, which are not yet present within Australia that are
yet to be exploited by plant breeders (Bapat and Mote 1982; Franzmann and Hardy
1996; Kamala et al. 2002; Komolong et al. 2002; Sharma and Franzmann 2001).

A number of studies have been undertaken to determine the genetic relationships
among Sorghum species using either cytology (see next section) or molecular
techniques. The majority of molecular studies have identified two major clades in
Sorghum, one containing the Eu/Chaeto/Heterosorghum and the second consisting
of the Para/Stiposorghum species (Duvall and Doebley 1990; Sun et al. 1994;
Spangler et al. 1999; Dillon et al. 2004, 2007a; Ng’uni et al. 2010; Liu et al. 2014;
Hawkins et al. 2015). Most of these studies included a limited number of
non-Sorghum taxa for comparison and as such had insufficient resolving power to
evaluate the infrageneric relationships and monophyly of the genus.

The most recent study of genetic relationships among Sorghum species used
sequence data from eight low copy number nuclear loci and confirmed the two
distinct clades within Sorghum as the Eu/Chaeto/Heterosorghum and the second
consisting of the Para/Stiposorghum species, with the genus again identified as
polyphyletic in origin (Hawkins et al. 2015). This study was able to show the
hybridization and polyploidization events that produced the Eusorghum species
recognized today. The resolving power of the sequences used was also able to
show the clear genome-specific association of the orthologous polyploid alleles of
S. macrospermum and S. laxiflorum, the two members of Chaeto/Heterosorghum
(Hawkins et al. 2015). The second clade was strongly resolved of Para/
Stiposorghum species; however, the infrageneric relationships among the species
were difficult to delineate but followed similar clustering to previous studies (Dillon
et al. 2007a; Hawkins et al. 2015). Additional analysis by Hawkins et al. (2015)
including a wide range of Andropogoneae taxa explored the infrageneric
relationships between Sorghum and closely related genera and confirmed the two
distinct clades and the polyphyletic nature of Sorghum. The first clade contained the
Eu/Chaeto/Heterosorghum, confirming the close relationships between these spe-
cies. The second strongly resolved clade encompassed the Para/Stiposorghum and
included a basal sister sub-clade of Miscanthus and Saccharum. The inclusion of
these species into this Sorghum clade provides support to the proposal of Spangler
(2003) for the reclassification of the Para/Stiposorghum species into the distinct
genus Sarga.

Saccharum, Miscanthus, and Erianthus are within the Saccharum complex, an
interspecific breeding group within Andropogoneae tribe, with Sorghum considered
to be one of the closest relatives of this complex (Dillon et al. 2007b; Hodnett et al.
2010; Kim et al. 2014). Within Andropogoneae, the divergence of the
Saccharinae-Sorghinae occurred c. 5.4 million years ago (MYA), with the
Miscanthus-Saccharum polyploidization event c. 3.8 MYA, and the divergence of
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Miscanthus-Saccharum c. 3.1 MYA (Kim et al. 2014). Genome analysis shows that
whole-genome duplication is shared by Miscanthus and Saccharum, but after their
divergence from Sorghum, and that x = 10 is ancestral in Saccharinae-Sorghinae
species (Kim et al. 2014). The close genetic relationships between Sorghum,
Saccharum, and Miscanthus indicate that hybridization between the Saccharinae-
Sorghinae species with a common ancestor has significant potential for the improve-
ment of sorghum. Within Sorghum, the tertiary genepool species in Chaeto/
Heterosorghum offer the best potential for introgression of traits into cultivated
sorghum and are discussed in the later hybridization section of this paper.

2.2 Cytology and Cytogenetics

The genus Sorghum is divided into two groups based on genome size (Table 1).
Sections Eusorghum, Chaetosorghum, and Heterosorghum have smaller
chromosomes and less DNA, the x = 5 genome ranging from 0.26 to 0.42 pg, a
1.6-fold difference, while Parasorghum and Stiposorghum have larger
chromosomes with an x = 5 DNA content of 0.64-2.3 pg (Price et al. 2005b).
Owing to their similarities to Eusorghum, Wu (1993) has proposed
S. macrospermum Garber and S. laxiflorum F. M. Bailey of sections Chaetosorghum
and Heterosorghum be included in section Eusorghum. Most reported chromosome
counts in Sorghum are in agreement but multiple ploidy levels have been reported
for S. amplum (2n = 10, 30), S. leiocladum (2n = 10, 20), S. nitidum (2n = 10, 20),
S. plumosum (2n = 10, 20, 30, 40), and S. timorense (2n = 10, 20) (Table 1). DNA
content ranges from 1.27 to 10.30 pg, an 8.1-fold variation in the Sorghum genus
(Price et al. 2005b).

Most cytology has focused on the Eusorghums as interspecific hybrids readily
occur among the Eusorghum species. In this group, the domesticated species
S. bicolor is classified as a diploid (2n = 2x = 20) and is meiotically regular with
10 bivalents at metaphase I with rare multivalent formations. There has been
discussion as to whether S. bicolor is a diploid or tetraploid (Garber 1950; Hadley
1953; Endrizzi and Morgan 1955; Doggett 1988; Tang and Liang 1988; Gomez et al.
1998; Zwick et al. 2000). Brown (1943), Kidd (1952), and Endrizzi and Morgan
(1955) observed meiotic bivalents in haploid sorghums while others have reported
quadrivalents in diploids (Bennett and Merwine 1966). A tandemly repeated DNA
centromeric sequence (CEN38) bound differentially to the centromeres of S. bicolor
chromosomes with a strong signal from 10 of the chromosomes and little or no signal
from the other 10 (Gomez et al. 1998; Zwick et al. 2000). Gomez et al. (1998) have
proposed the differential binding of CEN38 to sorghum chromosomes is evidence of
two subgenomes supporting a polyploid origin of sorghum. Tang and Liang (1988)
have assigned S. bicolor the genomic formula AABB;.

Sorghum propinquum is interfertile with S. bicolor, but is considered a distinct
species due to spatial isolation; S. bicolor is from Africa and S. propinquum is found
in southern India, south-eastern Asia, and the southeast Asian islands (de Wet 1978).
Sorghum halepense (2n = 4x = 40) also known as Johnsongrass has been considered
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an autotetraploid (Casady and Anderson 1952; Duara and Stebbins 1952), an auto-
octoploid (Bennett and Merwine 1966) and an auto-allo-octoploid (Hadley 1953;
Tang and Liang 1988) assigning a genomic formula of AAAAB;B;B;B,, the
subgenomes A and B; having homology with S. bicolor. These two species can
hybridize producing triploid and tetraploid progeny. Sorghum almum (2n = 4x = 40),
also known as Columbusgrass, is considered a naturally occurring hybrid of
S. bicolor and S. halepense but is difficult to separate from S. halepense (Parodi
1943; Endrizzi 1957). One study has compared the genomic relationship of the
intersectional species S. bicolor, a Eusorghum, and S. macrospermum of section
Chaetosorghum. Kuhlman et al. (2008) noted homology exists between the two
species in the A and B1 genome, with higher homology in the A genome, proposed
the S. macrospermum genomic formula as AABB,YYZZ, the Y and Z genomes
having no known relation with other sorghum species. Genomic formulae of other
sorghum species are lacking. With the rapid developments of genomic methods our
increased understanding of Sorghum genomic relatedness will provide data useful
for establishing effective introgression strategies.

3 Desirable Traits in Other Sorghum Species

Access to the secondary and tertiary gene pools in sorghum has been limited due
primarily to pollen—pistil interactions (Hodnett et al. 2005). Other sorghum species
within FEusorghum have been assessed for a few traits, principally traits of
perenniality (Cox et al. 2002; Jessup et al. 2017a, b; Washburn et al. 2013). As in
most other crops, sources of pest resistance are a priority and resistance has been
reported in other Sorghum sections. A number of species (Table 2) have been tested
for resistance to the insect pests sorghum midge [Contarinia sorgicola (Coquillett)],
shootfly (Atherigona soccata Rondani), and stem borer [Chilo partellus (Swinehoe)
(Lepidoptera: Pyralidae)].

3.1 Resistance to Sorghum Midge

Sorghum midge is one of the most damaging insects in sorghum production world-
wide (Young and Teetes 1977). In the 1970s, resistance to midge was bred into
commercial cultivars with resistance due to ovipositional preference or antixenosis
(Franzmann 1993). However, the effectiveness of ovipositional preference is limited
under no choice conditions such as in large acreages of a crop (Henzell et al. 1994).
In 1985, a sorghum accession with antibiosis resistance, DJ 6514, was developed at
ICRISAT and has been incorporated into breeding programs (Sharma 1985). DJ
6514 was not effective in all locations; it and its derivatives were susceptible to
midge in Kenya (Sharma et al. 1999). Resistance to pests break down over time and
therefore, the search for new sources of resistance is ongoing in this case to sorghum
midge (Sharma and Franzmann 2001). In Australia the sorghum midge is restricted
to S. bicolor; midge do not infest the native sorghum species. As such, they have
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potential to contribute additional resistance (Harris 1979). Fifteen sorghum species
indigenous to Australia were tested in no choice conditions (Franzmann and Hardy
1996; Sharma and Franzmann 2001) (Table 2). Midge females did not lay eggs on
accessions of 10 species. Sorghum macrospermum had a moderate number of eggs
that were oviposited on a single panicle (Franzmann and Hardy 1996). Oviposition
was very low on all other species. While these species appear to have midge
tolerance, there are no reports of their introgression into S. bicolor.

3.2 Resistance to Shootfly

Several of the same wild sorghum species also possess effective resistance or
immunity to shootfly (Table 2) through ovipositional non-preference and antibiosis
(Kamala et al. 2009). Plants were screened 3 weeks after inoculating the young
seedlings at the coleoptile or one-leaf stages during the rainy seasons of 1990, 1991,
1998, and 1999 at ICRISAT (Kamala et al. 2009). Under no choice conditions
shootfly females did not lay eggs on S. matarankense, S. exstans, or S. stipoideum.
Overall, very little damage occurred to the species in the section Stiposorghum with
the number of plants with eggs, eggs per plant, and dead hearts being very low.
Within section Parasorghum, accessions of S. purpureosericeum and S. versicolor
had little damage while other accessions were more susceptible to shootfly. Several
traits present in these species may contribute to ovipositional antixenosis through
absence of attractants, the presence of repellent compounds and physical barriers
such as hairiness of the leaves and pubescence of the leaf blade (Kamala et al. 2009).
Antibiosis was present in all Stiposorghums and in accessions of
S. purpureosericeun. When inoculated with shootfly eggs, accessions of
S. matarankense, S. purpureosericeum, S. exstans, and S. stipoideum had no dead
hearts, and no adult emergence. Stiposorghum species overall had no or very low
incidents of dead hearts, the highest proportion being 5.4% in S. ecarinatum. While
larvae did feed on these plants they did not complete their life cycle (Kamala et al.
2009). No adults emerged from dead hearts of accessions of S. nitidum,
S. purpureosericeum, or S. versicolor although the proportion of plants with dead
hearts was 51.8, 12.7, and 19.4% respectively.

33 Resistance to Spotted Stem Borer

The spotted stem borer Chilo partellus is one of the most damaging pests in Africa
and Asia (Kamala et al. 2012). While moderate levels of stem borer resistance have
been bred into sorghum cultivars, more effective sources of resistance are needed.
Antixenosis and antibiosis were assessed in 17 sorghum species (Kamala et al.
2012). Under no choice conditions, females of the spotted stem borer were capable
of laying eggs on all species ranging from 0.1 to 4.3 egg masses/plant and 2.7-64.8
eggs/egg mass. Chaetosorghum and Eusorghums incurred extensive damage and
were susceptible to and had a great deal of damage from the stem borer while Stipo-,



Wide Hybridization and Utilization of Wild Relatives of Sorghum 77

Para-, and Heterosorghums had low or no levels of damage. No damage occurred
from leaf feeding larvae on any of the Stiposorghums (S. angustum, S. ecarinatum,
S. extans, S. interjectum, S. intrans, S. stipoidium) nor in an accession of
S. purpureosericeum. While there was slight damage on accessions of
S. australiense, S. matarankense, S. timorense, and S. versicolor, no dead hearts
developed and no larvae were recovered. In the Heterosorghum, Parasorghum, and
Stiposorghums, all larvae died before becoming adults. Resistance to the stem borer
may be due to an antibiosis effect or to the inability of larvae to feed due to
anatomical features of the plant (Kamala et al. 2012).

34 Variations in Starch Physicochemistry

Cereal starch development and its physico-chemistry are distinct for each species.
Rice and oats have compound starch granules where multiple small granules develop
within a single amyloplast while in wheat a single large granule forms within and
smaller granules form independently of the amyloplasts (Shapter et al. 2008). Within
the amyloplast of S. bicolor, a single large starch granule forms. The size of these
starch grains is the primary indicator of how it will be used in foods or other
industrial applications (Ji et al. 2004). Variation in the number of pores and channels
on the surface of starch granules as well as protein bodies and the protein matrix can
affect digestibility (Fannon et al. 2004; Benmoussa et al. 2006). In S. bicolor, there
are two regions to the endosperm, a vitreous outer layer and a central floury
endosperm. The floury endosperm is more loosely packed with the presence of
protein bodies but no matrix (Duodu et al. 2002), while the vitreous endosperm
has closely packed starch granules surrounded by a protein matrix embedded with
protein bodies (Serna-Saldivar and Rooney 1995). Higher proportions of vitreous
endosperm increase the hardness of the grain and are more resistant to diseases and
pests but reduce digestibility (Tesso et al. 2006). A recent study on the nature of the
starch of several native species of Australia that included wild sorghum relatives was
conducted (Shapter et al. 2008). Variation exists in the vitreous endosperm of four of
the 13 wild sorghum species examined while all the species varied from S. bicolor in
the nature of its floury endosperm. The distribution of the matrix and protein bodies
was also variable as was the occurrence of pores and channels. Sorghum leiocladum
produces a rice-like starch granule which might be used to improve digestibility of
the grain (Shapter et al. 2008). Sorghum amplum, S. nitidum, and S. extans had
properties that made them potentially more digestible than S. bicolor. Their starch
granules were more spherical, had pores and channels and a lower proportion of
protein bodies in the matrix. Sorghum laxiflorum was uniform throughout the
endosperm with no distinct layers and few protein bodies. Sorghum matarankense
and S. timorense have a uniform starch distribution throughout the grain but also a
larger volume of protein bodies (Shapter et al. 2008). These unique combinations of
starch, matrix, protein bodies, pores, and channels may provide additional genetic
options for the breeder depending on the end-product requirements.
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4 Factors Influencing Wide Hybridization in Sorghum
4.1 Pollen-Pistil Interactions

Pollen—pistil incompatibility in wide crosses is a common occurrence, so an under-
standing of the process is useful when developing strategies to eliminate or promote
fertilization. Successful hybridizations occur when the male and female gametes,
housed in a pollen grain and pistil, unite forming a seed with good embryo and
endosperm development. The pistil not only houses the female gamete which is
embedded in the ovary, but also determines what kind of male gametes will be
welcomed (Bedinger et al. 2017). It possesses the ability to allow or stop pollen tube
growth. Pollen—pistil incompatibility provides a species a means of species continu-
ity, allowing only pollen of the same species access as the male parent in seed
production. It is not surprising then that recovering interspecific and intergeneric
hybridizations can be difficult. These interactions can be extremely complex with
numerous peptides involved (Qu et al. 2015). Over the last two decades, our
understanding of the interaction between a pollen grain and a pistil has dramatically
increased. For more details on this important topic please refer to Sanchez et al.
(2004), Dresselhaus and Franklin-Tong (2013), Qu et al. (2015), Dresselhaus et al.
(2016), and Higashiyama and Yang (2017). The process of pollination to fertiliza-
tion can be divided into several general steps (Hiscock and Allen 2008; Lausser and
Dresselhaus 2010; Dresselhaus et al. 2011). Pollen must be captured (adhesion) by
pistils usually on a stigma branch. Pollen grains must hydrate followed by germina-
tion of a pollen tube that penetrates the stigma branch on which it is bound. Pollen
tubes then grow through the stigma and style and into the ovary which houses the
egg and central cell. At the base of the ovary, the pollen tube will enter the micropyle
and grow into one of the synergids of the egg apparatus and discharge its sperm. The
sperm then enter the egg and central cell from the intercellular space between them
fusing with the female nuclei from which an embryo and endosperm develop.

4.2 Pre-fertilization Factors

4.2.1 Pollen Adhesion, Hydration, and Germination

Pollen adhesion does not appear to be a strong barrier between species within a
genus nor within a family. However, the more distant the relationship, the weaker the
adhesive forces may be. Reciprocal interspecific pollinations within the
Brassicaceae family among Brassica oleracea L., B. napus L., Cheiranthus cheiri
L., Hirschfeldia incana (L.) Lagr.-Foss, Raphanus raphanistrum L., and Sinapis
arvensis L. had similar levels of adhesion but with reciprocal crosses of B. oleracea
and Arabidopsis thaliana (L.) Heynh., adhesive forces were significantly reduced
(Luu et al. 1998). Pollinations of A. thaliana also showed an increased reduction in
pollen adhesive forces with increasing distance in relationship of dicot relatives and
virtually no adhesion with monocot pollen (Zinkl et al. 1999).



Wide Hybridization and Utilization of Wild Relatives of Sorghum 79

Interspecific and intergeneric pollen adhesion also differs when pollinating
S. bicolor. Fourteen sorghum species were used as pollinators with ATx623 as the
sorghum seed parent. On average there were 70 pollen grains per stigma (Hodnett
et al. 2005; Price et al. 2006). Pollen germination values ranged as low as 52.2%.
The remaining un-germinated pollen grains remained attached, an indication of
strong adhesive forces. In contrast, pollen germination of the more distantly related
species was reduced (Bartek et al. 2012). Using accessions of Zea, Pennisetum, and
Miscanthus as pollinators, 144 sorghum pistils were pollinated, with an average of
1.5 pollen grains per pistil remaining on the stigmas after panicles were fixed in a 3:1
solution of ethanol:acetic acid and then excised. Contrary to Zinkl et al. (1999), who
found 1 M acetic acid removed all pollen grains from Arabidopsis stigmas, pollen
grains from species within the Sorghum genus remained attached indicating strong
adhesive forces are present. However, more distantly related species exhibited low
or no adhesion (Bartek et al. 2012).

Pollen hydration in grasses is loosely controlled but also highly susceptible to
ambient humidity (Heslop-Harrison et al. 1984a). When pollinating maize, Sorghum
bicolor and Pennisetum americanum pollen had similar levels of germination as did
maize pollen at given levels of humidity. Very few pollen grains hydrated at low
humidity (5-10%) but at 70% and 90-95% humidity hydration and germination
readily occurred (Heslop-Harrison et al. 1984b).

Of particular interest is the increase in pollen grains adhering to the stigma,
hydrating and germinating when using a sorghum line recessive for the Inhibition
of Alien Pollen (lap) gene. Bartek et al. (2012) compared pollen grains remaining
after fixation on stigmas of Tx3361(iap) and ATx623(lap) when pollinated with
accessions of the distant relatives Zea, Miscanthus, and Sorghastrum. Comparable
amounts of pollen were used for each pollination but the difference in the number of
pollen grains that remained on the stigma was striking. Pollen adhesion for ATx623
(Iap) was similar to results of Luu et al. (1998) and Zinkl et al. (1999) when making
very wide crosses. Very few pollen grains remained demonstrating weak adhesion.
In contrast, more pollen grains remained on the stigmas of Tx3361(iap) for each
pollination averaging three to 300 times more pollen. While 85% of the more than
22,000 pollen grains adhering to the pistils of Tx3361(iap) germinated, the 3000+
that did not germinate remained attached to the stigma by adhesive forces only.

The Iap allele in ATx623 inhibited adhesion with distant relatives but iap, in
Tx3361, removed inhibition as demonstrated by pollen of Zea, Miscanthus, and
Pennisetum species. It may be the result of a recognition of mechanisms that trigger
an inhibitory response independent of the adhesion process and when removed,
adhesion can proceed. Whatever the cause, the use of iap provides a method to
increase pollen adhesion events in extremely wide crosses opening the door for
many more species combinations. Because they have a similar genetic background
the differences for pollen adhesion mentioned above are very likely influenced by
iap. Tx3361 is a BCF3 from a cross between BTx623(lap) and NR481(iap) (Laurie
and Bennett 1989).
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4.2.2 Penetration of the Stigma and Pollen Tube Growth

While very loose controls are present for pollen adhesion, hydration, and germina-
tion, penetration of the stigma is tightly controlled and could be considered the “first
gatekeeper” (Dresselhaus et al. 2011). After stigma penetration two other barriers
immediately arise; the pollen tube must find the transmitting tissue and then, once
pollen resources are exhausted, receive nutrients from the pistil. Poa nemoralis L.,
Lolium multiflorum Lam., and Oryza sativa pollen germinated on maize and
Tripsacum dactyloides stigmas, but pollen tube growth was arrested prior to entering
the transmitting tract (Lausser and Dresselhaus 2010).

Pollen tubes readily grow with little resistance in interspecific pollinations among
the Eusorghums. However, attempted hybridizations between S. bicolor and species
from other sorghum sections failed. Only a few reports address these reproductive
barriers but they show inhibition of pollen tube growth is a primary barrier to
hybridization. In pollinations of S. bicolor with S. versicolor only a few pollen
tubes grew into the ovary and most did not grow beyond the stigma. While no
hybrids were recovered there were significant differences among the sorghum lines
for pollen tube inhibition indicating pollen tube growth was influenced by genotype
(Sun et al. 1991). Shivanna and Seetharama (1997) made reciprocal pollinations of
S. bicolor and S. purpureosericeum, but the pollen tubes were inhibited from
entering the stigma. In a broader study by Hodnett et al. (2005), 14 species were
used as pollen parents with sorghum line ATx623 as the female parent. Most of the
alien sorghum species exhibited very strong pollen tube inhibition in the stigma.
Seventy-one percent of the pollen grains germinated but only 28% entered the
stigma branch and 6% grew to the stigma axis. While all species had some pollen
tubes reach the stigma axis, pollen tubes of only six of the species (S. angustum,
S. ecarinatum, S. macrospermum, S. matarankense, S. plumosum, and
S. purpureosericeum) grew into the style. In three of these six species,
S. ecarinatum, S. macrospermum, and S. matarankense, a small number of pollen
tubes had entered the ovary. Embryos from additional pollinations of these three
species were found in 0.9% of S. ecarinatum pistils, 0.08% of S. macrospermum
pistils, and 0.2% of S. matarankense pistils. Just one seedling, a
S. bicolor x S. macrospermum hybrid, was recovered (Price et al. 2005a).

4.2.3 Genes That Control Some Aspect of the Pollen-Pistil Interaction
Only a few genes have been identified in grasses that control some aspects of the
pollen—pistil interaction. Four crossability genes, Kr;, Kr,, Kr3, and Kr, identified in
hexaploid wheat are used extensively in wide hybridizations (Lein, as reported in
Riley and Chapman 1967; Krolow 1970; Luo et al. 1992). It was determined that the
dominant form of these alleles inhibits crossability of alien species with wheat.
Using substitution lines, Kr/ actively inhibited pollen tubes from penetrating the
stigma and growing in the stigma, style and ovary wall while the recessive allele did
not (Riley and Chapman 1967). No contribution to crossability either positive or
negative could be attributed to the recessive allele (Riley and Chapman 1967; Lange
and Wojciechowska 1976; Jalani and Moss 1980; Koba 1997). An additional gene in
wheat (Triticum aestivum), Pairing homeologous (Ph), found on the long arm of
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chromosome 5B inhibits homeologous chromosomes from pairing, but when 5B is
replaced with an alien homeologue, homeologous pairing occurs (Chapman and
Riley 1970). Chromosome translocations of alien chromosome segments have been
instrumental in the introgression of important traits into wheat cultivars (Zhang et al.
2017). A Ph-like locus in sorghum has not yet been reported.

Inhibition of alien pollen (lap) in sorghum has a similar function as Kr genes in
wheat. The Iap (dominant) allele increases pollen—pistil incompatibilities that pre-
vent hybridization among divergent species of the Sorghum genus (Price et al.
2006). Laurie and Bennett (1989) demonstrated the inhibition of maize pollen tube
growth on the sorghum stigma is genetically controlled. In an initial study of three
sorghum genotypes maize pollen tubes never grew more than 100-300 pm even
though the maize pollen grain has enough endogenous reserves to grow about
20 mm (Heslop-Harrison et al. 1984b), an indication that maize pollen tube growth
in sorghum was inhibited. An additional 10 diverse accessions were selected and one
single accession (Nr481) did not inhibit maize pollen tube growth (Laurie and
Bennett 1989). Pollen of five genotypes of maize germinated and grew through
Nr481 stigmas and at least to the base of the style. Out of 469 ovaries pollinated with
the maize line Seneca 60, five showed entry of pollen tubes into the embryo sac with
endosperm development in three of them. Evidence of a hybrid endosperm was
reported in one of the three ovaries where approximately 30 chromosomes were
observed during mitosis. Additional crosses were left on the panicles to develop but
no embryos were recovered. It was determined that maize pollen tube growth on
sorghum stigmas was inhibited by a single dominant allele (Laurie and Bennett
1989). Iap,lap x iap,iap sorghum hybrids inhibited maize pollen tubes but the
BC,of Nr481 segregated 1:1 inhibiting:noninhibiting demonstrating the trait was
controlled by a single allelic variation at a single locus.

Among Sorghum species, a Chaetosorghum (S. macrospermum, 2n = 4x = 40), a
Parasorghum (S. nitidum, 2n = 2x = 20), and a Stiposorghum (S. angustum,
2n = 2x = 10) were used to pollinate male sterile sorghum line ATx623(lap) and
a male sterile derivative of Nr481 homozygous for iap. ATx623 was not receptive to
S. nitidum or S. angustum and only slightly receptive to S. macrospermum pollen
where pollen tubes entered the ovaries of two of 15 pistils (Price et al. 2006). In
contrast, seven of eight pistils pollinated with S. angustum pollen, nine of 11 pistils
pollinated with S. nitidum pollen and all four pistils pollinated with
S. macrospermum pollen had pollen tubes in the ovary of the Nr481 derivative.
The iap genotype removed some inhibition but was not as successful as
S. bicolor x S. bicolor where more pollen tubes reached the ovary than pollen
tubes from the three sorghum relatives. Pollen tubes from the intraspecific pollina-
tion grew straighter and were smoother in appearance than species pollen tubes
which tended to meander. However, inhibition was reduced enough that some pollen
tubes of at least one accession of Z. mays, Z. mays subsp. Mexicana, Pennisetum, and
Sorghastrum entered ovaries of the Nr481 CMS derivative (Bartek et al. 2012). It
was also clear that successful pollen tube growth is genotype-dependent.
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4.24 CHA, Genetic Male Sterile, and CMS Lines

One of the limitations when screening sorghum is the small number of genotypes
that possess genetic or cytoplasmic male sterility (Laurie and Bennett 1989). Small
quantities of seed of any cross can be produced with mechanical sterility induction
methods such as hand removal of anthers or emasculation with plastic bags (Schertz
and Clark 1967) but it is limited by the time and skill needed to perform the task. To
overcome these limitations, the use of a chemical hybridizing agent (CHA) that
induces male sterility would be useful. In a greenhouse study,
trifluoromethanesulfonamide (TFMSA) effectively induced temporary male sterility
in two sorghum lines BTx623 and ARG-1 (Hodnett and Rooney 2018). As little as
2 mg TEMSA applied to the leaves induced sterility in BTx623 and as much as
40 mg were applied to ARG-1 without any observed phytotoxic effects on the plant
or on the progeny. The larger quantities were effective even when applied 30 days
prior to flag leaf emergence. TEFMSA affects the free amino acid ratios in anthers and
pollen and in particular proline (Loussaert 2004). While proline is the most abundant
free amino acid in pollen, including sorghum pollen, accounting for more than half
of the free amino acid pool (Bathurst 1954; Kern and Atkins 1972; Krogaard and
Andersen 1983; Leport and Larher 1988), proline levels are low in male sterile
sorghums (Kern and Atkins 1972; Brooking 1976). Proline has been identified as a
key amino acid required for pollen development (Funk et al. 2012; Mattioli et al.
2012; Biancucci et al. 2015). Loussaert (2004) induced temporary male sterility in
maize therefore it is not unreasonable to expect TFMSA to be effective on all
sorghum species as well as other grasses. With effective CHAs any wide
hybridizations of interest can be explored.

4.3 Post-fertilization Barriers

Post-fertilization barriers include ploidy differences, cytoplasmic incompatibilities,
hybrid breakdown, or a lack of genetic recombination (Price et al. 2005a; Dwivedi
et al. 2008). When working with polyploids a reduction of ploidy can be accom-
plished by backcrossing with the crop species as the recurrent parent. This may
reduce any extra chromosomes through the next generations to the desired ploidy
level (de Wet et al. 1976). For example, the triploid F; hybrid of sorghum
(2n = 20) x Johnsongrass (2n = 40) was pollinated with diploid sorghum
recovering 20 and 21 chromosome progeny (Hadley and Mahan 1956).

Parental ploidy differences usually cause endosperm failure thus they must be
addressed simultaneously. The most common interploidy post-fertilization barrier of
wide crosses is degeneration of the endosperm which leads to embryo death (Brink
and Cooper 1947a, b). Lin (1984) demonstrated the importance of a 2:1 maternal:
paternal genomic ratio for developing endosperm in maize also demonstrating the
endosperm develops independently of the embryo. Since the endosperm and the
embryo develop independently, if the endosperm fails to develop the embryo can be
rescued, a process that is commonly used. However, since it is always more
productive to produce viable seed, fully developing endosperm is preferred. Because
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there are exceptions to a 2:1 ratio for normal endosperm development, the concept of
Endosperm Balance Number (EBN) in Solanum (Johnston and Hanneman 1980) and
the Polar-Nuclei Activation (PNA) in Avena species (Nishiyama and Yabuno 1983)
were independently developed but are considered to be the same biological concept
(Katsiotis et al. 1995). Instead of the 2:1 genomic ratio of the endosperm the EBN or
PNA number predicts endosperm development irrespective of ploidy. Now that
hybrids outside of the Eusorghums are possible, applying this concept in sorghum
for both interspecific and intergeneric crosses may be useful. In sorghum the 2:1
maternal:paternal genome ratio of the endosperm produces healthy endosperm.
However, S. bicolor (2n = 20 chromosomes) x S. macrospermum (2n = 40
chromosomes) seed produces well developed endosperm and a viable triploid
embryo (Price et al. 2006). Other interspecific hybrids may be predicted by EBN
when a 2:1 maternal:paternal ratio does not function. Genomic imbalances can be
overcome in several ways. An F, hybrid that is sterile due to pairing failure will not
produce viable gametes, but may have fertility restored by doubling its
chromosomes. With fertility restored it can be used in a backcross program to
introgress traits of interest. Alternatively, selfing over several generations, which
also provides opportunities for additional recombination, may reduce ploidy
(Dwivedi et al. 2008).

For species that do not produce fertile hybrids or that breakdown in succeeding
generations the use of a bridge species prior to increasing ploidy may be possible.
Simpson (1991) introgressed a high level of resistance to early (Cercopsora
arachidicola Hori) and late [Cercospridium personatum (Berk. And Curt.)
Deighton] leaf spot in groundnut Arachis hypogaea L., a tetraploid composed of
genomes A and B. Simpson (1991) used three diploid species by first creating a
hybrid of A. cardenasii Krapov. & W. C. Greg. x A. chacoensis Krapov. & W. C.
Greg., diploids composed of the A genome and which carry separate resistance
mechanisms for leafspot, and then making the tri-species hybrid A. batizocoi
Krapov. & W. C. Greg. X (A. cardenasii X A. chacoensis) to include the B genome
of A. batizocoi. It was necessary that both parents possessed the A and B genomes
for successful introgression of these traits. Bridge species in Sorghum may be a
method for trait transfer. Although hybrids of S. bicolor x S. angustum and
S. nitidum were created, they did not develop beyond the juvenile growth phase as
a result of genomic differences (Price et al. 2006). Including species with common
genomes may reduce or eliminate these conditions thus eliminating hybrid break-
down. As genomic relationships within Sorghum are better understood effective
strategies to overcome post-fertilization barriers such as hybrid breakdown will
provide additional tools for this work.

Increasing the ploidy of the lower ploidy parent to match that of the upper ploidy
parent prior to crossing is another method. This can be accomplished in two ways.
The chromosomes of the parent can be doubled using a spindle poison preventing
chromosomes to migrate during anaphase or when present 2n gametes can be used.
2n gametes, gametes with the somatic chromosome number, are widespread among
plants and are thought to play a major role in polyploid formation in nature (Harlan
and de Wet 1975; Kreiner et al. 2017). Harlan and de Wet (1975) compiled a list of
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hundreds of species from 85 genera in which 2n gametes are produced including
wheat, maize, rice, sorghum, and Saccharum. They principally form from
irregularities in meiosis that disrupt segregation either during meiosis I or meiosis
IT and are respectively termed First Division Restitution (FDR) and Second Division
Restitution (SDR) (Mok and Peloquin 1975). If the disruption occurs during FDR
chromosomal segregation does not occur thus the somatic chromosome number is
retained. If the irregularity occurs during SDR, the somatic chromosome number is
restored (Bretagnolle and Thompson 1995). FDR will retain most of the allelic
heterozygosity present in the parent while SDR will contain less. It has been
determined 2n gamete production is genetically controlled in both the pollen and
egg (Bretagnolle and Thompson 1995). Unreduced (2r) gametes are commonly used
to overcome ploidy imbalances to avoid endosperm failure. Potato breeders have
used 2n gametes extensively for moving favorable traits into the cultivated species
Solanum tuberosum (2n = 4x = 48) from diploid to hexaploid relatives (den Nijs and
Peloquin 1977). This system is an effective method not only for trait improvement
but also for increasing allelic diversity and maximizing heterozygosity (Carputo
et al. 1999). Using this strategy improved potato cultivars have expanded to
environments previously unsuitable for them.

In sorghum, Endrizzi (1957), Hadley (1958), McClure (1962, 1965), and
Sengupta and Weibel (1968) reported recovering a total of 166 tetraploids and
51 triploids from sorghum x Johnsongrass implying the presence of 2n gametes
but because they were limited studies, inferences could not be made. Although there
has been little attention regarding 2n gametes for sorghum improvement, they offer a
means to transfer traits from wild to domestic sorghum. In addition to eliminating
genomic imbalances, polyploids are generally more tolerant of chromosomal
manipulations including aneuploidy which provides a mechanism for alien chromo-
some translocations. As an illustration, Saccharum officinarum accepts a wide
variety of interspecific and intergeneric hybrids because of its high ploidy level
(Dwivedi et al. 2008). Hybrids have been created using all of the species within
Saccharum as well as Erianthus, Miscanthus, and Sorghum (Sreenivasan et al.
1987).

44 Confirming Hybrids by Flow Cytometry and Cytological
Analyses

In the process of creating wide hybrids multiple ploidies may be created from the
same cross. Seedlings recovered from diploid sorghum x tetraploid Johnsongrass
are triploid, tetraploid, or hexaploid (Hadley 1958). Hexaploids are the union of a 2n
gamete from each parent (Harlan and de Wet 1975) or have undergone a somatic
chromosome doubling event. Flow cytometric analysis provides a powerful method
for rapidly identifying the ploidy of these seedlings. By using a standard of known
DNA content ploidies can be estimated and then confirmed by cytological analysis
of a small subsample. In this way the ploidy of large numbers of interspecific
sorghum hybrids is quickly determined in our lab.
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4.5 Embryo Rescue

The most desirable outcome of a cross is to produce viable seed. If endosperm failure
does occur, a common practice is to rescue the embryo by excising it and placing it
on an artificial medium designed to provide the nutrients needed for embryo
development (Price et al. 2005a). Seedlings recovered from S. bicolor X S. angustum,
S. bicolor x S. nitidum, and S. bicolor x Saccharum ssp. are examples of wide
hybridizations that were successfully rescued (Price et al. 2006; Hodnett et al. 2010).

5 Interspecific/Intergeneric Hybridization in Sorghum
5.1 Hybridization Within the Eusorghums

5.1.1 Sorghum propinquum

Sorghum propinquum is the closest relative of S. bicolor. They both are 20 chromo-
some species, have about the same amount of DNA and are fully interfertile.
Sorghum bicolor x S. propinquum hybrids have been used to produce genetic
maps that identify QTLs associated with useful traits related to senescence (Feltus
et al. 2006). QTLs for rhizomatousness, tillering and regrowth were found in
S. propinquum that may benefit forage and biomass genotypes (Paterson et al.
1995). Studies of rhizomatousness and overwintering resulted in the release of
S. bicolor x S. propinquum hybrid PSH12TX09 for forage and biofuel feedstock
development that survives temperatures as low as —12 °C (Washburn et al. 2013;
Jessup et al. 2017b). Kong et al. (2014, 2015) found QTLs for rhizomatousness and
vegetative branching. An understanding of branching may be used to produce lines
with better apical dominance or for increased branching depending on the require-
ment of the crop (Kong et al. 2015).

5.1.2 Sorghum halepense (Johnson Grass)

The most commonly reported interspecific hybrid is sorghum X Johnsongrass.
While they differ in ploidy they readily hybridize and have been used to develop
forage lines Silk (CSIRO 1978a), Sucro (CSIRO 1978b), and Co27 (Surendran et al.
1988). Jessup et al. (2012) report the use of S. halepense for improvement of
Columbusgrass (S. almum) and have registered a seed sterile Columbusgrass hybrid
PSHO9TX15 for developing perennial hay, forage, and biofuel cultivars (Jessup
et al. 2017a). PSHO9TX15 has good leaf production and survives temperatures as
low as —12 °C and of particular interest, does not flower in Texas latitudes ensuring
no gene flow to weedy relatives (Jessup et al. 2012).

5.1.3 Perennial Grain Sorghum

The Land Institute in Kansas has an ongoing program for breeding perennial grain
sorghum using S. halepense as a source of perenniality (Piper and Kulakow 1994;
Cox et al. 2002). Proposed benefits of perennial sorghum are reduced soil erosion
and fertilizer inputs, conservation of soil organic matter and reduced tillage
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operations (Cox et al. 2006). In 2016 the project determined that they can simulta-
neously select for perenniality and yield (Nabukalu and Cox 2016). Progress has
been made in grain size, grain yield, and over wintering but excess branching
continues to limit their progress (Cox et al. 2018b). However, with the development
of additional QTLs for branching and perenniality selection against excessive
branching may be possible (Washburn et al. 2013; Kong et al. 2014, 2015). An
interesting development has been the production of diploid progeny from a dip-
loid x tetraploid cross with introgression from S. halepense (Cox et al. 2018a). A
diploid interspecific hybrid of S. bicolor x S. halepense had previously been
reported by Dweikat (2005). The mechanism for diploid progeny is still to be
resolved but producing diploid progeny from a diploid x tetraploid cross would
increase the efficiency of trait transfer.

5.2 Interspecific Hybrids Beyond the Eusorghums

Until recently strong reproductive barriers have eliminated any interspecific
hybridizations, except within the Eusorghums (Garber 1950; Schertz and Dalton
1980; Doggett 1988; Hodnett et al. 2005). However, a few accounts of attempted
intersectional hybridizations have been reported. Sun et al. (1991) made reciprocal
pollinations with three lines of sorghum and S. versicolor. While no hybrids were
recovered, there was differential pollen tube growth among the genotypes. A few
pollen tubes of S. versicolor reached the ovary with some near the micropyle of two
genotypes but not of the other, while S. bicolor pollen tubes were limited to the
stigma and style. Huelgas et al. (1996) were not successful in obtaining hybrids of
S. bicolor and S. macrospermum, S. timorense, S. matarankense, or S. stipoideum.
Embryo rescue techniques were used in an attempt to rescue any putative hybrids but
none were recovered. Hodnett et al. (2005) excised hybrid embryos of S. bicolor and
S. ecarinatum, S. macrospermum, or S. matarankense with the frequency being
respectively 10/1119, 1/1237, and 13/533 embryos/pollinated florets. Only the
S. bicolor x S. macrospermum hybrid survived (Price et al. 2005a). This hybrid
was morphologically intermediate between the parents and was as expected triploid
(2n = 30 chromosomes).

Viable seeds developed on 10% of S. bicolor (iap) florets when pollinated with
S. macrospermum eliminating the need for embryo rescue (Price et al. 2006). When
using the same seed parent, pollinations with S. nitidum and S. angustum of sections
Parasorghum and Stiposorghum formed embryos on 18.8 and 10.2% of the florets,
but embryo rescue was necessary. Hybrids were confirmed by chromosome analysis.
Each hybrid had the expected chromosome number of 2n = 30, 20, and 15 (Fig. 2).
Hybrids of S. macrospermum were partially fertile while hybrids of S. nitidum and
S. angustum never developed beyond the juvenile growth stage. As mentioned
previously, S. bicolor and S. macrospermum have homology in genomes A and B,
which promises to be useful for introgressing traits of interest. Introgression of up to
18.6% was found on a S. bicolor x S. macrospermum BC,F; and in some families
introgression was random indicating its potential as a source for genetic
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Fig. 2 Somatic chromosomes of hybrids between S. bicolor 2n = 2x = 20) and S. angustum
2n = 2x = 10), S. bicolor and S. nitidum (2n = 2x = 20), and S. bicolor and S. macrospermum
(2n = 4x = 40). (a) Chromosomes of a hybrid between S. bicolor and S. angustum consisting of five
large chromosomes from S. angustum and 10 small chromosomes from S. bicolor. (b)
Chromosomes of a S. bicolor x S. nitidum with 10 large chromosomes from S. nitidum and
10 small chromosomes from S. bicolor. (¢) Chromosomes of a S. bicolor x S. macrospermum
hybrid with 20 chromosomes from S. macrospermum and 10 from S. bicolor. Upper arrow shows
two chromosomes. Lower arrow shows a chromosome in which the centromere is not fully
condensed and appears as a strand. Scale bars = 5 pm. (Source: Price et al. 2006)

improvement (Kuhlman et al. 2010). The recovery of new hybrid combinations and
additional hybrids of existing wide crosses aids in maximizing genetic recombina-
tion and increases the probability that genomic regions can be introgressed from wild
species into S. bicolor, as demonstrated by Kuhlman et al. (2008, 2010).

5.3 Intergeneric Hybridization

5.3.1 Saccharum

The Saccharum complex is considered a close relative of Sorghum having diverged
from a common ancestor about 5.4 million years ago (Al-Janabi et al. 1994; Kim
etal. 2014). Since this close relationship has been recognized, Saccharum x Sorghum
crosses have been attempted with some success (Venkatraman and Thomas 1932;
Bourne 1935; Moriya 1940; De Wet et al. 1976; Subramonian 1991). In an analysis
of a BC4 population with a tetraploid S. bicolor as the recurrent parent, tetraploid
progeny were recovered with 2n = 40 chromosomes that retained some of the
characteristics of Saccharum (de Wet et al. 1976; Gupta et al. 1978). While
univalents, bivalents, trivalents, and quadrivalents formed during diakinesis,
40, 41, and 42 chromosome seedlings were recovered (Gupta et al. 1976). Recently,
S. bicolor has been used in an attempt to broaden the genetic base of sugarcane in
India (Singh et al. 2002). Clones of Saccharum officinarum x S. bicolor were
recommended for production of biomass in Japan (Terajima et al. 2007). Expression
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profiling of sucrose metabolizing genes function similarly in sucrose accumulating
sugarcanes, sweet sorghums, and in sugarcane x sorghum (Ramalashmi et al. 2014).
Other traits of interest may be pursued without compromising sugar accumulation in
the stems.

Sorghum x Saccharum crosses have been attempted with limited success
(Bourne 1935; Nair 1999) the primary barrier being pollen tube inhibition (Hodnett
et al. 2010). When using a sorghum parent homozygous for iap, an average of
56 seed were produced per sorghum panicle with seed set as high as 53%. Because
the seeds were viviparous and the germinated seedlings were unable to penetrate the
seed coat, embryo rescue was necessary. Seedling recovery was 33% while 39% of
the seed had no embryo and another 28% were not viable. Hybrids have also been
created from Miscanthus spp. and Erianthus spp. (author unpublished data). The
genetic and phenotypic variation among these hybrids was extensive providing
opportunities for selection. The genetic variation that exists in sorghum and sugar-
cane provides opportunities to introgress valuable quantitative traits for either
species or for producing Sorghum-Saccharum hybrids with enhanced water use
efficiency and high sugar-accumulating capacity (Hodnett et al. 2010).

5.3.2 Maize

Attempts by Bernard and Jewell (1985) and Dhaliwal and King (1978) to hybridize
maize X sorghum were not successful. Reger and James (1982) and Heslop-Harrison
et al. (1984b) observed sorghum pollen tubes near the micropyle in maize ovules but
no entry into the egg apparatus was seen. Ramesh and Reddy (1984) report two
putative maize x sorghum hybrids that were male sterile. In two studies by James
(1978, 1979) 32 hybrids were recovered from about 43,000 pollinations. Since
endosperm breakdown occurred embryo rescue of the hybrids was necessary.
Other putative hybrids were made but they were not recovered as the embryo was
not viable. All of the recovered hybrids had 20 maize chromosomes, assumed from
2n gametes, and from two to ten sorghum chromosomes. Morphologically the
hybrids exhibited unusual traits such as male and female sectors in the inflorescence.
Two of the hybrids were recovered from a tetraploid maize parent but all other
hybrids were from diploid parents. While sorghum chromosomes were eventually
lost in backcrosses of the progeny and no introgression was documented, abnormal
morphology was observed in some of the seedlings even after six generations of
intercrosses among the backcross progeny. When making the reciprocal pollination,
maize pollen tubes rarely grew beyond the stigma branches of sorghum (Dhaliwal
and King 1978; Laurie and Bennett 1989). Maize pollen tubes would grow a short
distance and stop due to interactions that inhibited pollen tube growth. However,
with the use of the iap mutant, Laurie and Bennett (1989) observed possible
endosperm development but no embryos or seed were recovered.

5.3.3 Other Species

Sixteen accessions of species belonging to the genera Pennisetum Rich.,
Sorghastrum Nash, Miscanthus Andersson, and Zea L. were used as pollen parents
by pollinating sorghum line Tx3361 (iap). No attempts to recover hybrids were
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made and a limited number of pistils were examined. Even so pollen tubes of seven
of the 16 accessions, two accessions of Zea mays, two accessions of Zea mays subsp.
Mexicana (Schrad,) Lltis, two accessions of Pennisetum ciliare (L.) Link and one
accession of Miscanthus floridulus (Labill.) Warb. ex K. Schum.&Lauterb., grew
into the ovary (Bartek et al. 2012). Pollen grains of distantly related grass species
will germinate, pollen tubes will grow and may result in hybrids.

6 Manipulating Gene Flow in Sorghum

6.1 Pollen-Mediated Gene Flow from Sorghum Crop to the Wild/
Weedy Congeners

Pollen-mediated gene flow produces a change in allele frequency in a population due
to the movements of gametes or individuals. Gene flow within a species has a
homogenizing effect against genetic drift (Slatkin 1987) but may result in novel
evolutionary trajectories when interspecific hybrids are created.

Genome recombination may lead to the development of hybrids that are fertile
and environmentally fit enough to reproduce and evolve as a new taxon (e.g.,
Johnsongrass). Heterosis or hybrid vigor and invasiveness of Columbusgrass is
attributed to heterosis due to hybridization between Johnsongrass and sorghum
(Ejeta and Grenier 2005). In most cases, hybridization and gene flow will not
produce distinctive hybrid entities but rather may act as a conduit between species
through which alleles and their associated traits introgress into the other species
(Rieseberg and Wendel 1993). Such introgression is commonplace among the
eusorghums where there is a long history of introgression between cultivated
sorghum and Johnsongrass (Arriola and Ellstrand 1997; Morrell et al. 2005; Mutegi
et al. 2010; Jessup et al. 2012). Gene flow is a concern when allelic combinations
that confer a fitness advantage to cultivated crops, such as abiotic and biotic stress
tolerances, are transferred into the wild or weedy species growing in the vicinity.
Any fitness advantage conferred to the crop can be lost if these traits are introgressed
into populations of weedy relatives (Ellstrand 2014). No matter how the gene of
interest is incorporated into the crop (i.e., conventional breeding vs. genetically
engineered), gene flow can encompass some direct and indirect consequences.
Large-scale and continuous cultivation of crops increase the chance of gene escape
to weedy congeners. In the case of resistance genes where selection pressure is high
(such as herbicide resistance), a rapid shift in the frequency of resistance could occur
in the weed populations. This would ultimately eliminate the benefit of the trait in the
crop. A well-known example of crop-to-weed gene transfer is the hybridization
between cultivated and weedy rice and the escalation of herbicide-resistant
(ALS-inhibitor-resistant) weedy rice in less than 5 years after the release of an
herbicide-resistant rice cultivar (Burgos et al. 2008). Further, if populations of
wild species carrying the traits develop highly invasive forms, they can spread
rapidly across different environments (Ohadi et al. 2017). If these invasive
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genotypes become dominant, diversity in the wild gene pool may be reduced due to
selective sweep and genetic swamping (gene contamination) (Ellstrand 2014).

While breeding programs seek methods to increase hybridization for accelerating
the development of new cultivars, gene flow prevention requires methods that
minimize crossability between the crop and wild or weedy relatives. Given that
interspecific gene flow between sorghum and its weedy/wild congeners does occur,
methods and techniques to reduce or eliminate gene flow should be considered.
While physical isolation of sorghum from its weedy/wild congeners is not practical,
effective weed management inside and at the edges of the field before planting,
during growth, and after crop harvest, can decrease flowering overlap of crop and
weed and reduce the seedbank size minimizing the probability of the establishment
of hybrid progenies (Della Porta et al. 2008).

Gene flow containment methods attempt to decrease or eliminate the pollen/ovule
availability during the flowering period. Development of cleistogamous, self-
fertilizing cultivars is one containment strategy (Yoshida et al. 2007; Leflon et al.
2010). While cultivated sorghums are not cleistogamous, S. laxiflorum
is. Introgression of the cleistogamy trait in S. laxiflorum might be a useful contain-
ment strategy. Another form of containment is to increase pollen—pistil incompati-
bility where pollen grain germination and pollen-tube growth is inhibited by the
recipient sorghums/weeds (Rooney 2016). Pollen—pistil incompatibility traits might
be found in sorghum lines, mutant populations (Ukai and Nakagawa 2012) or in
other sorghum species. Cytoplasmic male sterility (CMS), widely used in sorghum
breeding, is considered a viable tactic for gene flow containment by incorporating
the gene of interest into the cytoplasmic genome reducing the chance of gene escape.
However, maternal inheritance of the cytoplasmic genome is not absolute and a
small rate (<0.4%) of cytoplasmic transmission can still occur (Avni and Edelman
1991). There is also evidence that cytoplasmic male sterility breaks under stress
conditions (Weider et al. 2009). Finally, it is common for sorghum grain to be lost
during harvest and transportation which produces seedlings that are receptive to
pollen from nearby Johnsongrass populations thus providing an additional avenue of
escape (Ohadi et al. 2017).

Given that most of the field-scale management techniques and to some extent
containment techniques do not entirely prevent the gene flow, molecular transgenic
techniques could be more effective for gene flow prevention. However, most of these
techniques have been tested at small scales. In general, in these techniques the gene
of interest to be inserted into the crop is accompanied by a deleterious
malfunctioning, blocking construct (Kuvshinov et al. 2005) or genes that decrease
the hybrids fitness (Gressel 2015). The deleterious construct should be chosen in
such a way that it is neutral for the crop but detrimental for the hybrids. The tandem
of transgene trait-deleterious trait can be inserted into a cytoplasmic genome, nuclear
genome, or into the transposon elements (Kuvshinov et al. 2004; Gressel and Levy
2014; Gressel 2015). Genetic use restriction technology (GURT) (Hills et al. 2007)
and the use of tissue-specific promoters (Roque et al. 2007) are some other plausible
methods that can be used for sorghum improvement.
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7 Conclusion

A study of wide hybridization must look beyond the success or failure of seed set.
An understanding of pollen—pistil interaction and the reasons for success or failure of
a hybridization must be assessed identifying pre- and post-fertilization barriers.
Ploidy and genomic relationships and their use are necessary for successful intro-
gression strategies. Sorghum breeders have had no tools at their disposal for wide
hybridizations with species outside of the Eusorghums. Now some of the recently
characterized genes and techniques should facilitate greater capacity to create addi-
tional interspecific and intergeneric hybrids to extract traits of value from those
species for introgression into S. bicolor. For example, the discovery of the lap locus
has facilitated the study of genomic relationships beyond the Eusorghums. The
presence of iap does not assure any given wide hybridization will succeed but
increases the possibility. A second example is the development of chemical
hybridizing agent trifluoromethanesulfonamide (TFMSA) (Hodnett and Rooney
2018). This CHA eliminates the need for hand emasculation or male sterility
which opens hybridization potential to increased accession and/or numbers of
florets. Finally, it is evident that 2n gametes are a major driver of polyploidy and
exploiting them in Sorghum is just now beginning to be explored. Ploidy manipula-
tion may prove to be key in creating bridges over which gene transfer will be
possible. As we continue to define the genetic and genomic structure of each species,
ploidy may be a significant player in the manipulation of the wild species as genes
are introgressed into sorghum.
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Abstract

Sorghum [Sorghum bicolor (L.) Moench] is an important crop in the semi-arid
tropics and being cultivated in about 110 countries. The rate of genetic gain in
sorghum has been slower compared to other field crops, that could be because the
crop is grown under marginal environments with limited resources, and often
affected by biotic and abiotic stresses, besides other constraints such as poor crop
management and low research priority than other cereals. Globally, a large
number of sorghum germplasm accessions have been conserved in genebanks,
and they are source of genetic variation to potentially raise genetic gain, and
have played a key role in improving sorghum productivity. This chapter detailed
about major constraints in sorghum production and research domains, germplasm
diversity, capturing germplasm diversity in the form of representative subsets,
mini core collection as a source of variation for important traits, wild and weedy
relatives for sorghum improvement, and enhancing genetic gains. This informa-
tion could greatly help sorghum researchers in planning and prioritizing traits for
enhancing productivity and nutrient density of sorghum cultivars that can deliver
genetic gains in the farmers’ fields.

Keywords

Sorghum - Germplasm - Genetic gains - Diversity - Genebank - Mini core
collection

1 Introduction

Sorghum [Sorghum bicolor (L.) Moench] is a staple food crop for millions of the
poorest and most food-insecure people in the semi-arid tropics. Globally sorghum
was cultivated in 44.8 million ha with a production of 63.9 million tons during 2016,
largely comes from Africa which contributes about 68% of area and 47% of total
global sorghum production; followed by about 13% and 16% area in the Americas
and Asia, contribute 36% and 13% to production, respectively. The world sorghum
productivity is about 1428 kg ha™' in 2016, which is very low, mainly because
sorghum is largely cultivated in marginal lands with limited inputs, often damaged
by several insect pests and diseases and abiotic stresses (Upadhyaya and
Vetriventhan 2018). The genetically improved hybrids and varieties of sorghum
were reported to be less diverse compared to the wild and weedy relatives and
landraces (Jordan et al. 1998, 2003; Mace et al. 2013; Murray et al. 2009; Mutegi
et al. 2011; Smith et al. 2010). Low diversity of cultivars is mainly because of low
use of existing variability in sorghum breeding, for example, post rainy sorghum in
India. Such a narrow genetic base of cultivars may result in an increased risk of crop
vulnerability, such as crop failure due to insect pests and disease epidemics or
unpredictable climatic effects, and leads to low productivity (Upadhyaya and
Vetriventhan 2018).
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In sorghum, a significant number of germplasm accessions have been conserved
globally that could be potentially utilized to enhance quality and productivity of
sorghum. Lack of reliable information on traits of economic interest is one of the
main reasons for limited use of germplasm, besides other reasons such as restricted
access to the germplasm as a result of regulations governing international exchange,
the linkage load of many undesirable genes, etc. Efforts have been made to establish
germplasm diversity representative subsets and trait-specific sources have been
identified in sorghum. Utilization of such diverse trait-specific sources could poten-
tially enhance productivity and quality of sorghum cultivars and increase rate of
genetic gains. This chapter details about constraints in sorghum production and
research domains, germplasm diversity, capturing germplasm diversity in the form
of core/mini core collections, mini core collection as a source for economic impor-
tant traits, wild and weedy relatives for sorghum improvement, utilization of germ-
plasm in breeding and genetic gains.

2 Constraints in Sorghum Production and Sorghum
Research Domains

Sorghum is largely cultivated on marginal soils with limited inputs as compared to
major cereals such as wheat, maize, and rice. In addition, sorghum production is
affected by many factors leading to significant losses to farmers. Broadly four major
production constraints in sorghum can be categorized into biotic, abiotic, crop
management, and socio-economic factors, of these biotic and abiotic stresses cause
severe crop losses. From a crop management point of view, most of sorghum crop in
Africa and to some extent in Asia is under fertilized and grown with limited crop
care. Socio-economic constraints especially poor access to agricultural information
and inadequate farmer knowledge and training result in limited adoption of
improved technologies.

2.1 Biotic Stress

Around 150 insect species attack the sorghum crop throughout its life cycle (Sharma
1993). Among them, sorghum shoot fly (Atherigona soccata), stem borers
(Chilo partellus, Busseola fusca, Eldana saccharina, and Diatraea spp.),
armyworms (Mythimna separata, Spodoptera frugiperda, and S. exempta), shoot
bug (Peregrinus maidis), aphids (Schizaphis graminum and Melanaphis sacchari),
spider mites (Oligonychus spp.), grasshoppers and locusts (Hieroglyphus, Oedaleus,
Aliopus, Schistocerca, and Locusta), sorghum midge (Stenodiplosis sorghicola),
mirid head bugs (Calocoris angustatus and Eurystylus oldi), and head caterpillars
(Helicoverpa, Eublemma, Cryptoblabes, Pyroderces, and Nola) are the major pests
worldwide. The damages caused by them have been estimated to be $1089 million in
the semi-arid tropics (SAT), $250 million in the United States, and $80 million in
Australia (ICRISAT 1992). In India, nearly 32% of sorghum crop is lost due to insect
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pests (Borad and Mittal 1983). Sorghum shoot fly, Atherigona soccata, is an
important pest of sorghum in Asia, Africa, and the Americas. Shoot fly females
lay cigar-shaped eggs singly 5-25 days after seedling emergence below the surface
of the leaves. After 1-2 days the eggs hatch and the larvae crawls toward the growing
tip and feed the growing tip thus resulting in typical dead heart. The dead heart can
be pulled out easily. The damaged plants produce side tillers, which may also be
attacked leading to reduced yield. The lifecycle of shoot fly is completed in
17-21 days. The shoot fly infestation is high when sorghum plantings are staggered
due to irregular rainfall. Shoot fly infestation is normally high in the late sown post-
rainy season crop planted in September to October. It is observed that the shoot fly
infestation is lower at temperatures above 35 °C and below 18 °C. Spotted stem
borer, Chilo partellus, also feeds on the growing point resulting in dead heart
formation. Stem borer is common in Asia and East and Southern Africa. The stem
borer larvae feed on the young whorls of leaf creating elongated holes, and the third
instar larvae bores into the stem and continue to feed inside the stem throughout the
crop growth. Extensive tunneling of the stem and peduncle leads to drying up of the
panicle, production of a partially chaffy panicle or peduncle breakage. Stem borer
infestation starts about 20 days after seedling emergence, and dead hearts appear on
30-40 days old-crop. Another important insect is sugarcane aphid, Melanaphis
sacchari, mostly occurs in Asia, Africa, and the Americas. Aphids colonize under
the leaf surface and suck the sap from the leaf which results in stunted plant growth.
The damage proceeds from lower to the upper leaves. Their population increases
rapidly during the end of rainy season. This aphid also reproduces by
parthenogenesis.

Diseases such as downy mildew, grain mold, charcoal rot, anthracnose, leaf
blight, and rust are important causing considerable loss to grain and forage sorghum
production worldwide. Grain mold, caused by a complex of many fungi, is a major
disease on sorghum that causes severe grain losses when the crop harvesting
coincides with the rains (Thakur et al. 2006). Damage resulting from early infection
includes reduced kernel development; discoloration of grains; colonization and
degradation of endosperm; and decreased grain density, germination, and seedling
vigor (Sharma et al. 2010). Charcoal rot of sorghum caused by the fungus
Macrophomina phaseolina is a soil-borne pathogen usually attacks plants with
compromised plant immunity caused due to unfavorable growing conditions (Das
et al. 2008). Drought stress is the main factor that predisposes sorghum to charcoal
rot. In diseased roots and stalks, M. phaseolina is often associated with other fungi,
suggesting that the disease is of complex etiology. Anthracnose, caused by
Colletotrichum sublineolum Hann. Kabat et Bub. (syn. C. graminicola (Ces.)
G.W. Wilson), weakens the plant, severely reducing grain yield and quality (Sharma
et al. 2012). Leaf blight, caused by Exserohilum turcicum (Pass.) K.J. Leonard &
Suggs, is widely distributed and, at times, one of the most damaging foliar pathogen
of sorghum, causing significant grain losses due to the reduction of the photosyn-
thetic leaf area (Sharma et al. 2012). Rust (Puccinia purpurea Cooke) is another
foliar disease of sorghum that reduces forage quality and grain yield. It occurs in
almost all sorghum-growing areas of the world. Under favorable conditions, rust
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development is fast and affects panicle exertion and grain development, resulting in
poor grain yield (Sharma et al. 2012). Downy mildew, caused by Peronosclerospora
sorghi, can cause severe epidemics, resulting in considerable yield losses, and
economically important and widespread in many tropical and subtropical regions
of the world where sorghum and maize are grown, and its systemic nature of
infection, resulting in the death of plants or lack of panicle initiation (Sharma et al.
2010).

Besides insect pests and diseases, in sub-Saharan Africa, Striga is the major biotic
constraint which competes with the crop for nutrients thus causing fertility reduction,
N deficiency necessitating the use of higher quantity of fertilizer to balance the yield.

2.2 Abiotic Stress

Sorghum is an important crop in semi-arid tropics because of their better adaptability
to abiotic stresses, as it is mainly grown in areas of low rainfall and resource-poor
agronomic conditions. Owing to its ability to survive in water-limiting conditions,
sorghum has majorly been studied for its drought resistance mechanism. The
drought response in sorghum differs depending on the occurrence of stress during
pre-flowering and post-flowering. Post-flowering drought is a major production
constraint in sorghum. Stay-green (non-senescence or delayed senescence) under
moisture stress is an important trait in sustaining a positive nitrogen balance in
sorghum and for sustaining yield under stress during grain filling (Borrell and
Hammer 2000; Sanchez et al. 2002). Efforts were made to identify several genomic
regions of sorghum associated with pre- and post-flowering drought tolerance using
several donors such as B 35, QL 41, and SC 56 (Sabadin et al. 2012). Researchers at
Patancheru selected six candidate QTLs for the stay-green trait from donor B 35,
using published results including Stgl, Stg2, Stg3, and Stg4 reported by Subudhi
and Nguyen (2000), Sanchez et al. (2002), and Harris et al. (2007) as well as
additional QTLs on SBI-01 (StgA) and SBI-02 (StgB), and initiated marker-assisted
backcross to transfer these QTLs into a number of genetically diverse, tropically
adapted elite sorghum varieties of Asia, Africa and Latin America, having a range of
drought tolerance (Hash et al. 2003). Reddy et al. (2014) reported 61 QTL
controlling stay-green trait in sorghum. Another donor parent for stay-green, E
36-1, a cultivar of Ethiopian origin, has also been used to map QTLs for the stay-
green trait in two RIL (recombinant inbred line) mapping populations from which a
total of seven QTLs were identified (Haussmann et al. 2002), with three of them
being common to both populations. So, overall, six sources of the stay-green trait
(B 35,E36-1,QL 41, SC 56, SC 283, and SDS 1948-3) have so far been used for the
identification of QTLs, and QTLs have been identified on all ten sorghum linkage
groups. Recurrent parents included highly senescent rabi adapted durra variety R
16, 2-dwarf tan white-grained caudatum variety ISIAP Dorado, and 2-dwarf tan
white-grained sweet-stemmed caudatum sister-line varieties S 35 and ICSV 111.
Several of the stay-green QTLs identified have been validated in different
backgrounds (Harris et al. 2007; Kassahun et al. 2010; Vadez et al. 2011). The
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stay-green QTL Stgl in sorghum has also shown its capacity to enhance water
uptake in senescent S 35 background (Vadez et al. 2011). However, the effect of
Stg1 was not visible in R 16 background. This highlights the importance for future
research on stay-green to precisely decipher the mechanisms involved, and whether
any of these mechanisms is already available in target recipients. In most sorghum
improvement programs globally, E 36-1 and B 35 have been extensively used for
developing hybrid seed parents (B-lines) and pollen parents (R-lines) and cultivars.

3 Sorghum Research Domains (SRDs)

The sorghum research domains provide scope for better utilization of results and the
data obtained for prioritization of the research and facilitating the interaction among
the sorghum researchers. The research domains were designed based on different
agro-ecologies, which are analogous to current day product profiles. In sorghum, a
total of eight research domains have been designed in terms of soil and climatic
conditions regardless of national boundaries (Bantilan et al. 2004). These domains
are: (1) SRD I: Production of rainy season and dual purpose sorghum with main
emphasis on feed and fodder. The constraints to be focused in SRD I are grain mold,
shoot fly, head bug, and post-flowering drought tolerance. (2) SRD II: Rainy season
dual-purpose sorghum (grain and fodder), and the constraints focused includes stem
borer, grain mold, midge, shoot fly, and drought. (3) SRD III: Emphasis is to
improve dual purpose and fodder sorghum along with their associated pests and
diseases. (4) SRD IV: Emphasis is on forage sorghum and their associated pests and
diseases. (5) SRD V: Early-sown post rainy sorghum, (6) SRD VI: Late-sown post
rainy sorghum. (7) SRD VII: Irrigated sorghum. (8) SRD VIII: Extreme altitude
sorghum.

More recently specific product profiles were developed for sorghum improve-
ment. For example, in Asia program at ICRISAT, there are four product profiles:

Post-rainy season sorghum for food and feed: The estimated area under post rainy
sorghum production is 4.0 million ha, focusing on Indian sub-continent, predom-
inantly Maharashtra, Karnataka, Telangana, Andhra Pradesh, and Madhya
Pradesh states in India. Must-have traits include high grain yield, white bold
globular lustrous grains, with maturity duration of 120-130 days and plant height
2-2.2 m and resistant to shoot fly and charcoal rot, and tolerant to post-flowering
drought stress.

Rainy season sorghum for food, feed, and industrial uses (brewing): The estimated
area for production is 2.5 million ha. This product profile covers the Indian states
of Maharashtra, Rajasthan, Madhya Pradesh, Karnataka, Telangana, Andhra
Pradesh, Tamil Nadu, and Gujarat with spillover benefits in other parts of Asia
and Africa. High grain yield and stover yield, with maturity duration of
110-120 days, white bold grains for food and feed use, and high starch
(>68%) and medium protein (8—10%) for industrial use, and resistant to shoot
fly, stem borer and grain mold, are must-have traits.
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Sorghum for forage: Targeting Punjab, Haryana, Uttarakhand, Uttar Pradesh, Bihar,
Madhya Pradesh, Tamil Nadu, and Gujarat states of India with spillover benefits
in countries such as Ethiopia, Eritrea, Kenya, Uganda, Tanzania, Sudan,
Zimbabwe, Malawi, Zambia, China, and Thailand. High stalk yield, tan plant,
fast growth, high tillering, in vitro organic matter digestibility >52%, plant height
2.2-2.5 m with single cult/multi-cut types and resistant to shoot fly, stem borer,
anthracnose and leaf blight, are must-have traits.

Sorghum for biofuel: Across India, with spillover benefits in countries such as
Ethiopia, Eritrea, Kenya, Uganda, Tanzania, Sudan, Zimbabwe, Malawi, Zambia,
and China. Must-have traits include high fresh stalk yield and high Brix (%), with
maturity duration of 120-130 days, plant height over 2.5 m, and resistant to shoot
fly and stem borer.

4 Germplasm Diversity

Plant genetic resources (PGR) are conserved under in situ and ex situ conditions. In
situ conservations aim to protect, manage, and monitor the selected populations in
their natural habitats so that the natural evolutionary process can be maintained and
allows new variations to be generated. Conservation of crop wild relatives in natural
habitat/genetic reserves and on-farm conservation of landraces are two forms of in
situ conservation. On-farm conservation of sorghum landraces is practiced by
farmers, and the genetic diversity of on-farm conserved landraces were investigated
by several researchers (Abdi et al. 2002; Mutegi et al. 2011; Ngugi and Onyango
2012; Okeno et al. 2012; Rabbi et al. 2010). Due to the evolutionary process, the
landraces and wild and weedy relatives continue to evolve and adapt to the
prevailing environmental conditions. Because of replacing the traditionally grown
landraces with the modern high yielding cultivars resulted in loss of landraces,
causing genetic erosion of important genes. Therefore, it is essential to collect and
conserve crops’ diversity ex situ. Ex situ conservation aims to conserve components
of biological diversity outside their natural habitats, such as seed storage, in vitro
storage, DNA storage, pollen storage, field genebank, and botanical gardens.
Sorghum germplasm accessions are largely stored as seeds in genebanks under
medium (active collection) and/or long-term (base collection) storage conditions.
Over 236,000 germplasm accessions of sorghum have been conserved in genebanks
globally (Upadhyaya and Vetriventhan 2018). The major genebanks which conserve
the largest collection of sorghum germplasm are (1) International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), India (>41,000 accessions),
(2) Plant Genetic Resources Conservation Unit, USDA-ARS (36,173 acc.), (3) Insti-
tute of Crop Science, Chinese Academy of Agricultural Sciences (ICS-CAAS)
(18,263 acc.), and (4) ICAR-National Bureau of Plant Genetic Resources
(NBPGR), New Delhi (17,466 acc.), together conserve about 47% of total sorghum
germplasm collections conserved globally. The ICRISAT genebank conserves a
major part of sorghum germplasm conserved globally (about 17%) and supplying
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them worldwide for use in crop improvement programs following Standard Material
Transfer Agreement (SMTA) (Upadhyaya and Vetriventhan 2018).

4.1 Phenotypic Diversity

Sorghum germplasm accessions conserved globally reported to harbor a large
diversity. The ICRISAT genebank conserves over 41,000 germplasm accessions
of sorghum originating from 93 countries and representing all five basic races and
ten intermediate races of sorghum (http://genebank.icrisat.org/). The ICRISAT sor-
ghum collection shows a large variability for morpho-agronomic traits: mid-rib color
(white, dull green, yellow, brown); panicle compactness and shape (very loose stiff
branches, very loos drooping branches; loose stiff branches, loose drooping
branches, semi-loose drooping branches, semi-loose stiff branches, semi-compact
elliptic, semi-compact oval, compact elliptic, and compact oval); glume color (white,
straw, yellow, light brown, brown, reddish brown, light red, red, purple, black, grey,
partly straw and brown, partly straw and purple); glume covering (grain uncovered,
one-fourth grain covered, half grain covered, three-fourth grain covered, grain fully
covered, glumes longer than grain); seed color (chalky white, white, straw, yellow,
light brown, brown, reddish brown, light red, red, grey, purple, white and red mixed,
black, and straw and red mixed); days to 50% flowering varies from 31 to 199 days
in rainy and 36-154 days to 50% flowering in post-rainy; plant height from 50 to
655 cm in rainy and 50-580 cm in post-rainy; basal tillers number from 1 to 14;
panicle length from 3 to 90 cm; panicle width from 1 to 80 cm; seed size from 0.8 to
6.0 mm; and hundred seed weight from 0.1 to 9.4 g.

Investigation on geographical pattern of trait diversity using sorghum collection
conserved at the ICRISAT genebank provided information on specific regions to
focus for certain traits. The landraces from India were late flowering, tall and
produced stout panicles and larger seeds, while landraces from Pakistan flowered
early in both rainy and post-rainy seasons and produced stout panicles. Accessions
from Sri Lanka were late flowering and tall in both seasons, produced more basal
tillers and stout panicles (Upadhyaya et al. 2016b). The landraces from Ethiopia
were early flowering and short plant height, high panicle exertion, panicle width and
100 seed weight; Kenya for high basal tiller number; Sudan for early flowering and
tall height in rainy season and larger seeds; and Tanzania for long panicles
(Upadhyaya et al. 2017c). The collection from Sierra Leone flowered late in both
rainy and post-rainy seasons, produced more basal tillers per plant and longer
panicles. The collection from Central African Republic grew significantly short in
rainy season and tall in post-rainy season. The collection from Gambia is for panicle
exertion and panicle width, Nigeria for seed width, and Cameroon for seed weight
(Upadhyaya et al. 2017b).
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4.2 Genetic Diversity

The genetic diversity assessment of global sorghum composite collection (3367
accessions) using 41 SSRs (simple sequence repeats) revealed a large diversity,
with an average gene diversity of 0.674, and the highest numbers of alleles were
detected among the accessions of African origin (Billot et al. 2013). In Africa,
Eastern African exhibited the largest gene diversity followed by Central Africa
and the lowest was in Southern Africa. In Asia, Middle East origins showed higher
gene diversity than India and East Asia. Among races, the race bicolor had highest
gene diversity (0.669), followed by guinea (0.628), caudatum (0.626), durra
(0.600), and least in kafir (0.410). The cultivated sorghum structured according to
geographic regions and race within the region (Billot et al. 2013). In an another
study, Morris et al. (2013) characterized a large number of sorghum germplasm
including the U.S. sorghum association panel (Casa et al. 2008), sorghum minicore
collection (Upadhyaya et al. 2009), and the sorghum reference set (Billot et al. 2013)
through genotyping-by-sequencing (GBS) approach and showed that the sorghum
diversity is structured along both morphological types and geographic origin: the
kafir sorghums that predominate in southern Africa showed the strongest pattern of
population subdivision relative to other races; durra type sorghums, found in warm
semi-arid or warm desert climates of the Horn of Africa, Sahel, Arabian peninsula
and west central India, formed a distinct cluster that was further differentiated
according to geographic origin; bicolor types are not remarkably clustered, except
those from China; Caudatum types, which are primarily found in tropical savanna
climates of central Africa, are diverse and showed only modest clustering according
to geographic distribution; guinea types, which are widely distributed in tropical
savanna climates, show five distinct subgroups, four of which cluster according to
their geographic origin (far west Africa, west Africa, eastern Africa, and India),
while the fifth guinea subgroup formed a separate cluster along with wild genotypes
from western Africa.

5 Capturing Germplasm Diversity

The management and use of germplasm collections in breeding program can be
enhanced if a small sample of a few hundred germplasm lines, which represent the
entire diversity present in the crop species, were selected. Germplasm subset could
possibly benefit breeders by providing a subset of sorghums from different areas of
the world that have been carefully described and characterized. Frankel (1984)
proposed a “core collection” represents a limited set of accessions (about 10%)
derived from an existing germplasm collection, chosen to represent the genetic
spectrum in the whole collection. Core collections in some cases are still large in
size (over 2000 accessions), restricts effective and precise evaluations for traits of
interest. To overcome this, Upadhyaya and Ortiz (2001) developed the concept of
mini core collection (10% of core or 1% of entire collection). Following these
approaches, core and mini core collections have been established in sorghum.
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Core collection in sorghum consists of 3475 accessions (Prasada Rao and
Ramanatha Rao 1995), 2247 accessions (Grenier et al. 2001) or 3011 accessions
(Dahlberg et al. 2004) while mini core collection consisted of 242 accessions
(Upadhyaya et al. 2009).

In addition, under the Generation Challenge Program (GCP), Global Composite
Germplasm Collection (GCGC) of sorghum was established, which consists of 3384
accessions (http://www.generationcp.org/issue-59-march-2012/32-research/sor
ghum/180-sorghum-products). This GCP sorghum GCGC included 280 breeding
lines and elite cultivars from public sorghum breeding programs, 68 wild and weedy
accessions, and over 3000 landrace accessions from collections held by CIRAD or
ICRISAT that were selected either from previously defined core collections (Grenier
et al. 2001; Upadhyaya et al. 2009) for resistance to various biotic stresses, and/or for
variation in other agronomic and quality traits. Further sorghum GCGC was
genotyped with 41 SSR markers and formed a genotype-based reference set of
383 accessions that captured 78.3% of the SSR alleles detected in the sorghum
GCGC (Billot et al. 2013).

6 Mini core Collection for Trait Enhancement
and for Broadening the Genetic Base of Cultivars

Identification of trait-specific germplasm from large ex situ collection is a key to
successfully introgressing new diversity in crop improvement programs (Billot et al.
2013). Greater use of diverse germplasm in sorghum breeding to develop cultivars
with broad genetic base will result in sustainable sorghum production. The sorghum
mini core collection consisting of 242 accessions originating from 57 countries was
established (Upadhyaya et al. 2009) from sorghum core collection (Grenier et al.
2001). The mini core collection represents all the five basic races (caudatum 16.1%,
durra 12.4%, guinea 12%, kafir 8.7%, and bicolor 8.3%) and 10 intermediate races
(caudatum-bicolor 12.4%; guinea-caudatum 11.2%; durra-caudatum 7.9%; durra-
bicolor and kafir-caudatum each 2.9%; kafir-durra 1.7%; guinea-kafir 1.2%; and
guinea-bicolor, guinea-durra, and kafir-bicolor each 0.8%) of sorghum. Following
the establishment of sorghum mini core collection, researchers have started utilizing
it to evaluate and identify germplasm sources’ early flowering and high grain
yielding (Table 1), for resistant to abiotic stress such as anthracnose, leaf blight,
rust, grain mold, downy mildew, charcoal rot (Borphukan 2014; Radwan et al. 2011;
Sharma et al. 2010, 2012) and tolerance to abiotic such as drought and low
temperature (Kapanigowda et al. 2013; Upadhyaya et al. 2017a) stresses, and also
for grain nutritional (Upadhyaya et al. 2016a) and bioenergy traits (Upadhyaya et al.
2014; Wang et al. 2011). Further, utilizing agronomic performance of mini core
accession and SNP data, 28 genetically diverse agronomically desirable multiple
trait-specific germplasm sources have been identified (Upadhyaya et al. 2019). This
multi-trait accessions include IS 23684 (nutrition traits, diseases, insect pests), IS
1212 (earliness, nutrition traits, drought, seedling vigor, diseases), IS 5094 (yield,
drought, diseases, insect pests), IS 473 (earliness, diseases), IS 4698 (yield, Brix,
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Table 1 Germplasm sources identified in sorghum minicore collection for grain nutritional and
bioenergy traits and for biotic and abiotic stress tolerance

Trait
Agronomic traits
Early maturing

High grain yield

Grain nutritional traits
Fe, 40.3-48.6 mg kg™
seed

Zn, 32.2-36.4 mg kg™

seed

Fe, 40.8-48.9 mg kg~!
seed and Zn,
32.8-42.6 mg kg~ seed

Protein (12.2-13.8%)

Lysine (3.1-4.3%)

Bioenergy traits

Stalk sugar content (Brix:

14.0-15.2%)

Dual purpose

(grain and sweet stalk)
High saccharification
yield

Biotic stresses
Downy mildew

Grain mold

Mini core accession

IS 1233, 1S 2379, 1S 2864, 1S 12706, IS
14861, IS 16382, IS 17941, IS 20298, IS
28313 and IS 28849

IS 4698, 1S 23590, IS 23891 and IS
28141

IS 16382, IS 23992, IS 28313, IS 28389,
IS 28849, IS 20743, IS 21645, IS 21863,
IS 28747, 1S 30508 and IS 31681

IS 30460, IS 602, IS 17980, IS 19859, IS
28451, IS 30466, IS 30536, IS 5301, IS
8774, 1S 4951, IS 25249, IS 24139, IS
24175 and IS 24218

IS 1219, IS 1233, IS 30450, 1S 30507, IS
1212, 1S 27786, IS 30383, IS 31651 and
IS 24503

IS 2902, IS 4951, IS 19975, 1S 23684, IS
25249, IS 25910, IS 25989, IS 26025 and
IS 26046

IS 3971, IS 25836 and IS 5386

IS 13294, IS 13549, IS 23216, IS 23684,
IS 24139, IS 24939 and IS 24953

IS 1004, IS 4698, IS 23891 and IS 28141

IS 2872, IS 27887, IS 19262, IS 3158, IS
7305, 1S 33353 and IS 4951

IS 28747, 1S 31714, 1S 23992, IS 27697,
IS 28449, IS 30400 IS 1212, IS 2413, IS
3121, IS 4060, IS 4360, IS 4372, IS
4613, 1S 4631, IS 5094, IS 7305, IS
9745, IS 12302, IS 12804, IS 12883, IS
12965, 1S 13549, IS 15170, IS 15478, IS
15945, IS 16528, IS 20625, IS 20632, IS
21083, IS 22294, IS 22720, IS 23216, IS
24453, IS 24462, IS 24463, IS 26222, IS
26484, IS 26617, IS 26749, IS 27557, IS
29239, IS 29314, IS 29358, IS 29392, IS
29606, IS 29627, IS 29654, IS 30092, IS
30383, IS 30443, IS 30466, IS 30562 and
IS 31557

IS 602, IS 603, IS 608, IS 1233, IS 2413,
IS 3121, IS 12697, IS 12804, IS 20727,
IS 20740, IS 20743, IS 20816, IS 30562,
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Table 1 (continued)

Trait

Anthracnose

Leaf blight

Charcoal rot

Rust

Potyvirus spp.
Shoot fly

Spotted stem borer

Sugarcane aphid

Mini core accession

IS 31681, IS 2379, IS 2864, 1S 12302, IS
13971, IS 17941, 1S 19389, 1S 23992, IS
26694, 1S 29335, IS 21512, IS 21645, IS
12945, 1S 22294, 1S 995, 1S 2426, 1S
12706, IS 16151, IS 24453, IS 26701, IS
29326, 1S 30383, IS 30533, IS 30536, IS
20956, IS 29314, IS 30092, IS 10969, IS
23590, IS 29187, 1S 29269, IS 473, IS
29304, IS 1212, IS 13893, IS 29241 and
IS 29568

IS 473, 1S 5301, IS 6354, IS 7679, IS
10302, IS 16382, IS 19153, IS 20632, IS
20956, IS 23521, IS 23684, IS 24218 and
IS 24939

IS 473, IS 2382, IS 7131, IS 9108, IS
9177, IS 9745, 1S 12937, 1S 12945, IS
14861, IS 19445, IS 20743, IS 21083, IS
23521, IS 23644, IS 23684, IS 24175, IS
24503, IS 24939, IS 24953, IS 26694, IS
26749, IS 28614, IS 29187, IS 29233, IS
29714, 1S 31557 and IS 33353

IS 24463, 1S 4515, IS 13549, IS 29582,
IS 25301, IS 12735, IS 30533, IS 23514,
IS 29950, IS 14010, IS 14090, IS 29358,
IS 19859, 1S 16528, IS 22986, IS 5094,
IS 26046, IS 23590, IS 24503, IS 21512,
IS 29269, IS 27697, IS 19676, IS 19389,
IS 22294, 1S 7250, IS 17941, IS 602, IS
30092, IS 29733, IS 31557, IS 23216, IS
10757, 1S 12945, IS 29606, IS 12697, IS
31651, IS 7679, 1S 23891, IS 32787, IS
29091, IS 29335, IS 30466, IS 4631, IS
29233, IS 28451, IS 24218, IS 1041, IS
30507, IS 29627 and IS 2379

IS 473, 1S 23521, IS 23684, 1S 24503, IS
26737 and IS 33023

IS 7679 and IS 20740
IS 2205, IS 4515, IS 4698 and IS 5094

IS 4698, IS 5094, IS 1041, IS 18039, IS
19445 and IS 23992

IS 2205, IS 4515, 1S 4698, 1S 18039, IS
1004, IS 3121, IS 4581, IS 5386, IS
12937, IS 15744, IS 16528, IS 20625, IS
20632, IS 23514, IS 23521, IS 23586, IS
23684, IS 24492, IS 24939, IS 25089, IS
25249, IS 25301, IS 25548, IS 27034, IS
27887, IS 28614, IS 29314, IS 29654, IS
29772, 1S 31446, IS 31557 and IS 33023

H. D. Upadhyaya et al.

References

Sharma et al. (2012)

Sharma et al. (2012)

Kapanigowda et al.
(2013), Borphukan
(2014)

Sharma et al. (2012)

Seifers et al. (2012)

ICRISAT
unpublished

ICRISAT
unpublished
ICRISAT
unpublished

(continued)
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Table 1 (continued)

Trait Mini core accession References
Abiotic stress

Drought IS 14779, 1S 23891, IS 31714, IS 4515, Upadhyaya et al.
IS 5094, 1S 9108, IS 15466 and IS 1212 | (2017a),
Kapanigowda et al.

(2013)
Seedling vigor under low | IS 1212, IS 14779, IS 15170, IS 22986, Upadhyaya et al.
temperature stress IS 7305 and IS 7310 (2016¢)
Germinability under low IS 602, IS 1233, IS 7305, IS 10302 and Upadhyaya et al.
temperature stress IS 20956 (2016¢)

insect pests), and IS 23891 (large seeds, yield, Brix, drought, diseases). These are
useful genetic resources that meet breeder’s needs to develop agronomically superior
sorghum cultivars having desirable combinations of multiple traits and a broad
genetic base.

7 Wild and Weedy Relatives for Sorghum Improvement

Wild relatives of crops continue to play a key role in crop improvement and
contribute genes for adaptation to various stresses besides yield and quality traits.
Kamala et al. (2002, 2009) have reported sorghum wild accessions resistance to
downy mildew, stem borer, and shoot fly. Kamala et al. (2002) identified 45 wild
accessions comprising 15 species from 4 sections, Parasorghum, Heterosorghum
(S. laxiflorum Bailey), Chaetosorghum (S. macrospermum Garber), and
Stiposorghum (S. angustum S.T. Blake, S.ecarinatum Lazarides, S. extans Lazarides,
S. intrans F. Muell. ex Benth., S. interjectum Lazarides, S. stipoideum (Ewart & Jean
White) C. Gardener & C.E. Hubb.) that showed immunity to downy mildew, while
cultivated types and wild accessions of section Sorghum showed the greatest sus-
ceptibility. For shoot fly resistance, 32 accessions belonging to Parasorghum,
Stiposorghum, and Heterosorghum that did not suffer any shoot fly damage under
field conditions, and under greenhouse condition, the same accessions either showed
non-preference for oviposition under no-choice conditions or were preferred for
oviposition, but suffered low dead-heart damage (Kamala et al. 2009). For stem
borer, accessions of Heterosorghum (Sorghum laxiflorum), Parasorghum
(S. australiense, S. purpureo-sericeum, S. versicolor, S. matarankense,
S. timorense, S. brevicallosum and S. nitidum), and Stiposorghum (S. angustum,
S. ecarinatum, S. extans, S. intrans, S. interjectum and S. stipoideum) showed very
high levels of resistance to stem borer, while Chaetosorghum (S. macrospermum),
four wild races of S. bicolor subsp. verticilliflorum and S. halepense were found to be
susceptible (Kamala et al. 2012). Sorghum wild relatives also reported as sources of
genes for resistance to sorghum midge (Sharma and Franzmann 2001) and green bug
(Duncan et al. 1991).

Striga (also known as witch weed) can destroy a crop with up to a 100% yield loss
and over 60% of farmland under cultivation in sub-Saharan Africa is infested with
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one or more species of Striga (Ejeta 2007). Striga resistance mechanisms such as low
germination stimulant production, germination inhibition, and low historical initia-
tion activity have been reported to occur in wild sorghum (Rich et al. 2004). Mbuvi
et al. (2017) have identified sorghum wild accessions (WSA 1, WSE 1, and WSA 2)
that had significantly higher resistance to Striga than the resistant control, N13.
Gobena et al. (2017) have identified a gene regulating Striga resistance in sorghum.
Mutant alleles at the LGSI (Low Germination Stimulant 1) locus drastically reduce
Striga germination stimulant activity.

Valuable traits such as resistance/tolerance to biotic and abiotic stresses are often
present but inaccessible in the wild relatives of cultivated crop species due to strong
reproductive barriers that prevent hybridization between them. However, Price et al.
(2006) demonstrated the production of hybrids involving cultivated sorghum
(S. bicolor) with those of species from tertiary genepool (S. angustum, S. nitidum,
and S. macrospermum) through use of recessive iap allele (dominant allele
lap = inhibition of alien pollen) to produce or eliminate the pollen-pistil
incompatibilities that prevent hybridization. They used cytoplasmic male-sterile
S. bicolor plants homozygous for the iap allele and three wild species
S. angustum, S. nitidum, and S. macrospermumas pollen parents. The pollen
of these three wild species readily germinated and the pollen tubes grew to the
base of the S. bicolor ovary within 2 h after pollination, and obtained hybrids of
S. bicolor x S. macrospermum by simply germinating the hybrid seed, while
S. bicolor x S. angustum and S. bicolor x S. nitidum hybrids through embryo
rescue followed by in vitro culture techniques.

8 Utilization of Germplasm in Breeding

The role of germplasm in the improvement of sorghum has been well recognized. To
enhance the yield, adaptation along with resistance to pests and diseases, utilization
of germplasm at ICRISAT and other places have proven to be very useful. One of the
immediate uses of germplasm is directly released as cultivar after testing their yield
and adaptation. There were many instances where selection from germplasm lines
were directly released as cultivars. For example, the ICRISAT genebank supplies a
large number of germplasm to researchers worldwide. Since 1974, the ICRISAT
genebank has distributed over 268,000 samples of sorghum germplasm accessions to
110 countries. Of the germplasm supplied by ICRISAT genebank, 39 accessions
have been directly released as 41 varieties in 18 countries. Two accessions namely IS
8193 and IS 18758 have been released in more than one country (IS 8193 as Kari
Mtama 2 and IS 8193 in Kenya and Rwanda, respectively; IS 18758 as E-35-1 and
Gambella 1107 in Burkina Faso and Burundi, respectively). IS 18758 is a popular
sorghum landrace from Ethiopia, belonging guinea-caudatum race, has excellent
grain quality, high grain yield potential, and resistance to leaf disease. IS 33844 is an
excellent Maldandi-type sorghum accession, with large and lustrous grains and high
yield, and a selection from it has been released as “Parbhani Moti” for post-rainy
cultivation in Maharashtra, India.
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Some germplasm lines may be promising for one or more important traits but may
not have desirable agronomic traits. In such cases, breeders have transferred the trait
of interest into the cultivated varieties. In sorghum, germplasm utilization has been
primarily focused on agronomically important traits and in some cases resistance to
pests and diseases. Earlier utilization of sorghum germplasm was limited to pure line
selection within cultivated landrace populations in Africa and India that resulted in
improved cultivars. Later, selection within dwarf populations was taken up, followed
by exploitation of cytoplasmic male-sterility, which permitted the production of
commercial hybrids (Dahlberg et al. 1997). Crossing and/or backcrossing between
adapted introductions and local germplasm has been used to derive improved pure-
line varieties and parental lines (Prasada Rao et al. 1989). Zerazera lines from
Ethiopia and Sudan were some of the germplasm sources used in varietal improve-
ment globally (Ashok Kumar 2018).

Selection of highly adaptable sorghum lines from the germplasm sources and
further improving them for yield and quality traits are the basic steps followed by
any breeding program. This strategy helped ICRISAT to maximize the utilization of
germplasm in breeding program and enhance the yield potential significantly. The
improved lines developed using these sources are later shared with public and
private partners, globally. The ICRISAT germplasm lines have been used for the
development of high yielding male sterile lines (CK 60, 172, 2219) and restorers
(IS 84, IS 3691, IS 3541) which are eventually used in hybrid development. Genetic
diversification of hybrid parents using germplasm lines in breeding program helped
in developing heterotic hybrids that improved the yields in farmers’ fields. Using the
germplasm lines, resistance for different pests and diseases has been transferred such
as shoot fly, stem borer resistance, midge resistance, and multiple disease resistance
(Reddy et al. 2008; Ashok Kumar 2018). Table 2 shows the number of germplasm
lines utilized between 2000 and 2014 in the ICRISAT sorghum breeding program
for different traits of interest, indicating greater use of germplasm conserved in the
ICRISAT genebank for breeding high yielding, nutrient dense, diseases and insect
pest resistance cultivars. However, this number indicates about 2% of the total
number of accessions conserved in the ICRISAT genebank have been used, thus
there is large scope to introduce novel traits into breeding program to broaden the
genetic base of sorghum cultivars.

9 Genetic Gains

In spite of good advances in breeding for improved cultivars, sorghum production
has increased only marginally. The on-station and on-farm productivity gap remains
a challenge for agricultural scientists and extension specialists to bridge. Most of the
times the challenge remains in the delivery of improved cultivars to farmers for lack
of effective seed systems. Sometimes genetics also pose challenge for improving the
traits of interest, e.g., grain mold resistance and drought tolerance. The recent thrust
is on genetic enhancement of sorghum to improve the yield and resistance for
different biotic (pests, diseases, and striga) and abiotic (drought, cold, and acidic
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Table 2 Germplasm accessions used in the ICRISAT sorghum breeding program

Year

S No Trait 2000-2004 2005-2009 20102014 Total
1 Biofortification - 33 62 95
2 Biomass - 29 - 29
3 Bold grain 17 - - 17
4 Bold red grain 7 - -
5 Brown mid rib 3 - - 3
6 Chimeric - - 2
7 Grain mold 25 14 22 61
8 Grain yield 99 65 51 215
9 Long panicle 4 - - 4
10 Pop sorghum 8 - - 8
11 Rabi adaptation - 42 - 42
12 Shoot fly 15 30 110 155
13 Sweet stalk 12 71 82 165
14 Waxy 9 - - 9

Grand total 199 284 329 812

soil) stresses and enhance genetic diversity to achieve sustainability in sorghum
productivity gains. Over years caudatum and its intermediate races were exploited in
sorghum to increase the grain yields for the rainy/summer adaptations while the
durra and intermediate races were exploited well for the post-rainy/cold season
adaptations. The elite x elite crosses are increasingly made to stabilize the gains and
achieve higher yields. Considering the yield plateau in caudatum growing regions
efforts are underway to diversify the genetic base of the cultivars by bringing in more
of guinea types into crossing programs. Similarly, durra landraces from Ethiopia,
Eritrea, and Yemen are increasingly crossed with Indian durra landraces for increas-
ing the genetic base of post-rainy sorghums in India. The A; cytoplasm is most
widely exploited globally in sorghum hybrids development. To diversify the cyto-
plasmic base, large number of restorer lines were identified on A, cytoplasm and
heterotic hybrids with higher grain yield, shoot fly and grain mold resistance and
high grain Fe and Zn concentration developed (Reddy et al. 2010; Ashok Kumar
etal. 2011). More recently, heterotic hybrids with high fertility restoration developed
using the A3 and A, cytoplasm for grain yield and high Fe and Zn concentration. The
increased genetic gain from these efforts is manifested under good management
conditions like rice-fallow sorghum where the yield levels in farmers’ fields are more
than 8 t ha™' compared to <1.5 t ha™' for rainy season sorghum in India while the
hybrids used are same in both the adaptations (Ashok Kumar 2018).

Increasing the breeding efficiency is the key component in enhancing the genetic
gain. Taking this into consideration, in addition to genetic enhancement for yield and
adaptation, various efficient phenotyping techniques are being employed to identify
the resistant sources for different biotic and abiotic constraints that can help in
developing improved varieties, parents, and hybrids for enhancing the genetic
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gains. Over the years, ICRISAT has made considerable progress in developing
various screening techniques for various pests and diseases such as shoot fly, stem
borer, grain mold (Bandyopadhyay et al. 1988; Thakur et al. 2006), anthracnose
(Pande et al. 1994), leaf blight, downy mildew (Pande et al. 1997) and Striga. The
strategy of pest/disease management is mainly through host plant resistance (HPR),
which is economical, environment-friendly, and technically feasible at farmers’
level, although expensive at the research level. Disease management through HPR
involves sound knowledge of biology and epidemiology of the disease
(Bandyopadhyay et al. 2000). A number of elite lines have been developed for
major pest and disease resistance and widely distributed to partners (Reddy et al.
2012). Drought is the major limiting factor in sorghum production. Seedling drought
recovery and grain yield under water stress (drought) and optimal conditions for
early-stage drought, mid-season drought recovery and stay green, non-lodging are
important traits to focus in identifying drought tolerance germplasm. For grain
nutritional traits, various methods are being used to measure Fe and Zn
concentrations in sorghum, which include simple staining procedures to complex
analytical protocols. Prussian blue and diphenyl thiocarbazone-based dithizone
(DTZ) is a simple technique which gives rough estimation of Fe and Zn. On the
other hand, analytical methods such as atomic absorption spectrometer (AAS),
inductively coupled plasma-optical emission spectrometer (ICP-OES), X-ray fluo-
rescence spectrometer (XRF), near-infrared reflectance spectrophotometer (NIRS),
elemental distribution maps secondary ion mass spectrometry (NanoSIMS), syn-
chrotron X-ray, fluorescence spectroscopy, and micro- X-ray fluorescence spectros-
copy (H-XRF) gives exact estimation of Fe and Zn in the grain. Among all, XRF is a
low-cost, high-throughput method for assessing grain Fe and Zn, and there is good
correspondence between ICP-OES and XRF methods for assessing the grain Fe and
Zn but ICP is more accurate. So XRF could be used in large-scale screening to
identify and discard low Fe and Zn lines, and validate those lines with high Fe and
Zn using ICP-OES method. Contamination through soil, dust, metallic, or any other
foreign material should be avoided for accurate results.

Information on genetic gain achieved over time is essential to develop effective
and efficient breeding strategies and suggest on future direction to facilitate further
improvement. Rakshit et al. (2014) analyzed 40 years (1970-2009) of sorghum
production data of the top 10 sorghum producing countries (United States, India,
Mexico, Nigeria, Sudan, Ethiopia, Australia, Brazil, China, and Burkina Faso) to
study the global trends of sorghum area and yield. The study indicated that, globally,
sorghum harvested area declined at a linear rate of 154,000 ha year ' over the last
four decades. China, India, and the United States, recorded drastic reduction in
harvested area. Compared with 1970 baseline, maximum area loss was in China
(~89%) followed by the United States (~59%) and India (~56%), while other
countries recorded in increase in area under sorghum. Brazil recorded maximum
proportional increase in area compared with the 1970 baseline followed by Ethiopia,
Sudan, Australia, Mexico, Nigeria, and Burkina Faso in decreasing order. However,
global sorghum yield has not changed significantly across years, while decadal
analysis showed a nearly 30 kg ha™' year ' increase in yield during the first decade,
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Trends on sorghum grain yield (kg ha*) during 1961-2013 in India and globally (Values inside
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Fig. 1 Sorghum grain yield (kg ha™") during the last five decades, in India and globally

which was followed by a decline at 12 kg ha~' year ' until 1995, after which there
were insignificant changes in yield (Rakshit et al. 2014). Relative to yield level of
1970, sorghum productivity increased annually at 0.96% year ' across the top
10 countries, and China (100.9 kg ha™" year™") and Nigeria (48.6 kg ha™' year ")
experienced phenomenal yield gain before reaching a plateau. Adoption of hybrids
has contributed significantly to yield gains in countries like China, the United States,
Australia, Brazil, and Mexico and to rainy-season sorghum in India, where 85-100%
of sorghum acreage in under hybrids (Rakshit et al. 2014).

Precise development of sorghum product profiles, use of elite germplasm with
adaptation traits in crossing program, efficient emasculation methods for crossing,
used of single seed descent (SSD) in advancing the generations, early generation
selection using molecular markers, multi-location testing, assessing the combining
ability, use of appropriate designs, electronic data capture and breeding data man-
agement systems (BMS), developing standard operating procedures (SOPs) for
breeding operations could increase the breeding efficiency. The increased breeding
efficiency results in development of superior products in a cost-effective way in
shortest possible time. In the last five decades, there is a considerable increase in
grain yields in farmers’ fields (more than 50% of it is contributed by the use of
improved cultivars) globally (Fig. 1). In recent years, the increase in sorghum
productivity in India is more than double compared to global increase. The genetic
gain here is close to 0.5 per annum.

The ICRISAT sorghum breeding program compared the mean performance of
seed parents (B-lines) developed over years for two major traits, grain yield and
shoot fly resistance. Five parents were randomly selected at 5-year interval and
evaluated them along with a control in a replicated trial. A significant increase in
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grain yield in the recently developed parents was observed vis-a-vis parents devel-
oped in the last 20 years. There was a considerable yield improvement in B-lines
developed during the last decade with a genetic gain of ~3%. Apart from selections,
assessing the combining ability of the parents may also play a significant role in
improving the genetic gains. Furthermore, increasing the diversity among hybrid
parents may also be helpful in improving the genetic gains.

The rate of genetic gain in sorghum has been slower compared to other field
crops, that could be because the crop is grown under marginal environments with
limited resources, and often affected by biotic and abiotic stresses, besides other
constraints such as poor crop management and low research priority than other
cereals.

10 Future Direction

Globally a significant number of germplasm accessions have been conserved in
genebanks, and they are source of genetic variation to potentially raise genetic gain,
and continues to a key role in improving sorghum productivity and nutrition. Major
constraints in the use of germplasm are time and resources required to precisely
characterize the accessions at large scale. This could be avoided by the use of core
and mini core collections, representing the entire diversity of germplasm. Diverse
multi-trait-specific mini core germplasm accessions have been identified that would
be a potential resource for broadening the genetic base of cultivar and for enhancing
quality and productivity. The use of genebank passport data to extract the long-term
climate data (e.g., rainfall, temperature, soil pH, frost, etc.) from the collection sites
could help in identification new variability that is valuable for sorghum improve-
ment. Sequencing germplasm accessions and genomic selection could fast-track
genebank mining and could enable prediction of traits for larger numbers of
accessions in the genebanks, and contribute to enhanced genetic gains and broaden
the genetic base of cultivars and to enhance productivity and nutrition.
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Abstract

Crop growth is a dynamic process whereby the sorghum plant germinates,
emerges and begins to capture solar radiation and, via photosynthesis, accumulate
biomass. Interacting with its surrounding environment, the sorghum plant adapts
to the various biotic and abiotic challenges on its journey towards flowering and,
ultimately, seed production. We will explain the physiology of growth and yield
in sorghum using a framework based on crop growth and development. The
process of evolution has enabled plants to utilise a variety of timing mechanisms
that regulate development, improving the chance that germination and reproduc-
tion are aligned with favourable periods of growth. Crop development is predom-
inantly affected by photoperiod and temperature. In contrast, crop growth, which
represents the biomass produced, is predominantly affected by incoming radia-
tion. Grain yield can be defined as the product of resource capture (light, water
and nitrogen), resource use efficiency and partitioning of that resource into grain.
Since water limitation is the key constraint to sorghum yield globally, crop
growth will be considered in the context of water-limiting and non-limiting
scenarios. In the absence of water limitation, the sorghum crop is largely limited
by radiation, and in this scenario, biomass accumulation is the product of
intercepted radiation and its conversion efficiency, the radiation use efficiency
(RUE, biomass produced per unit of radiation intercepted). When water is a
limitation, biomass accumulation under drought stress becomes a function of
the total amount of water used by a crop (transpiration, T) and the transpiration
efficiency (TE, biomass produced per unit of water transpired). For the first time
in history, we now have the tools to measure physiological traits, such as dynamic
biomass growth or canopy radiation use efficiency at a high-throughput scale that
can match the genomic data. These new tools will allow us to phenotype
thousands of lines that breeders have previously genotyped in multi-location
field trials, a pre-requisite for the unravelling of the molecular basis of complex
traits via association mapping approaches. This is particularly pertinent in sor-
ghum due to its importance as a cereal for food, feed and fuel, especially in
dry-land cropping systems.
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1 Introduction

Crop growth is a dynamic process whereby the sorghum plant germinates, emerges
and begins to capture solar radiation and, via photosynthesis, accumulate biomass.
Along the way, the sorghum plant interacts with the surrounding environment,
adapting to the various biotic and abiotic challenges on its journey towards flowering
and, ultimately, seed production.

Grain yield can be defined as the product of resource capture, resource use
efficiency and partitioning of that resource into grain. We will explain the physiol-
ogy of growth and yield in sorghum using a framework based on crop growth and
development, drawing on learnings from the APSIM crop simulation model
(Hammer et al. 2010; Holzworth et al. 2014). This approach quantifies the capture
and use of radiation, water and nitrogen within a framework that predicts the growth
of major organs based on their potential and then considers whether the supply of
key resources (light, water and nitrogen) can, in fact, satisfy that potential demand
(Hammer et al. 2010). The efficiency with which these resources are captured and
utilised to produce carbohydrate (biomass), and the extent to which the biomass is
ultimately partitioned into grain yield, will also be examined. Since water limitation
is the key constraint to sorghum yield globally (Jordan et al. 2012; Borrell et al.
2014b), crop growth will be considered in the context of water-limiting and
non-limiting scenarios. In the absence of water limitation, the sorghum crop is
largely limited by radiation.

Progress in crop improvement is constrained by the capacity to identify
favourable combinations of genotypes (G) and management practices (M) in the
relevant target environments (E) given the limited resources available for searching
all possible combinations (Hammer et al. 2010). Phenotypic performance of possible
combinations can be viewed as an adaptation or fitness landscape (Cooper and
Hammer 1996) and crop improvement can be viewed as a search strategy on that
complex G x M x E landscape. Understanding the physiological basis of crop
growth and yield will help to navigate this complex landscape by better integrating
gene effects across scales of biological organisation (Hammer et al. 2016). As
demonstrated in Australia’s sorghum growing belt, the interactions between genetics
and environment are confounded by differences, both spatially and seasonally, in
crop water supply such that any given set of hybrids in a random set of locations
would be ranked differently from season to season (Chapman et al. 2000).
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2 Crop Phenology

Successful sorghum genotypes must match their phenology to prevalent environ-
mental conditions in order to minimise adverse effects of abiotic stresses on crop
growth and grain yield. However, to achieve such success, particular attention must
be paid to the timing and extent of reproductive development. Shoot and root apical
meristems have the capacity for unlimited growth along the axis of the elongating
plant (Connor et al. 2011). Meristems transition from production of leaves to
flowers, responding directly to environmental signals of temperature and daylength,
and indirectly to environment through assimilate supply.

The process of evolution has enabled plants to utilise a variety of timing
mechanisms that regulate development, improving the chance that germination
and reproduction are aligned with favourable periods of growth. Distinct develop-
mental events such as “emergence”, “floral initiation” and “flowering” are termed
phenostages. Developmental rate (1/t) is the rate of advance within phenophases,
and phenology is the study of progress of crop development in relation to environ-
mental conditions (Connor et al. 2011). The switch from initiation of leaves to
flowers in shoot meristems at a certain developmental stage can occur as a specific
response to temperature and/or daylength (photoperiodism) in sorghum. Not surpris-
ingly, plants have evolved adaptive responses to daylength, since it is precisely and
invariably related to latitude and day of year (Connor et al. 2011).

Crop phenology is determined by the rate of development, which represents the
‘age’ of a plant and is predominantly affected by photoperiod and temperature
(Caddel and Weibel 1971; Quinby et al. 1973; Gerik and Miller 1984; Hammer
et al. 1989; Craufurd et al. 1999; Clerget et al. 2008; Ravi Kumar et al. 2009). In
contrast, crop growth, which represents the biomass produced, is predominantly
affected by incoming radiation (Hammer et al. 2010).

Cereal crop phenology is described by a number of well-defined development
stages, which include (1) germination, (2) emergence, (3) panicle initiation (PI),
(4) full flag leaf appearance, (5) anthesis, (6) start grain filling and (7) physiological
maturity. Most phases between these stages have their own thermal time target
(Muchow and Carberry 1990), with thermal time calculated from daily maximum
and minimum temperature via a broken linear function that defines the response to
temperature in terms of a base (7}), optimum (7)) and maximum (7y,) temperature
(Hammer and Muchow 1994). The T, represents the temperature below which the
rate of development is zero, T, the temperature at which the rate of development is
maximum, and T, the temperature above which the rate of development is zero
again. These critical temperatures are called cardinal temperatures.

2.1 Emergence to Panicle Initiation
Panicle initiation marks the moment the apical meristem changes from initiating

leaves to initiating florets. The duration of the phase from emergence to PI depends
on both temperature and photoperiod and is important to phenology, as it determines
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the total leaf number (TLN) initiated on the main shoot and hence the timing of
anthesis.

For the response to temperature of the rate of development of sorghum prior to
anthesis, cardinal temperatures of 11, 30 and 42 °C for Ty, Top and Ty, respectively,
have been reported (Alagarswamy et al. 1986; Hammer et al. 1993; Ravi Kumar
et al. 2009). However, significant genotypic differences in T, for this period have
been observed (Craufurd et al. 1999; Tirfessa Woldetensaye 2019), with some
indications that caudatum and Ethiopian highland durra genotypes have signifi-
cantly lower Ty, (range 0-7 °C) than caudatum/guinea and kafir genotypes (range
7-10 °C) (Tirfessa Woldetensaye 2019).

The thermal time target for the phase between emergence and PI is also a function
of daylength (Hammer et al. 1989; Ravi Kumar et al. 2009), with photoperiod-
sensitive genotypes flowering progressively later once daylength exceeds a threshold
duration (Craufurd et al. 1999; Ravi Kumar et al. 2009). The flowering response of
plants to daylength is called photoperiodism. Day-neutral plants (DNP) are insensi-
tive to daylength, with time to flowering controlled by temperature only. However,
plants generally respond to various combinations of changing photoperiod (Roberts
and Summerfield 1987; Connor et al. 2011). Sorghum is a short-day plant (SDP),
i.e. flowers in response to shortening days (lengthening nights). Variation in the
response of sorghum to photoperiod and temperature determines its adaptation to the
large range of different environments in which it is grown (Craufurd et al. 1999). A
crop’s adaptation to latitude is primarily determined by photoperiod responses.

For sorghum adapted to temperate conditions, photoperiod sensitivity has largely
been removed through selection (Stephens et al. 1967). For tropically adapted
sorghum, however, presence of photoperiod sensitivity is associated with both racial
background and eco-geographical conditions. The highly photoperiod-sensitive
germplasm used in West Africa is predominantly guinea type (Rattunde et al.
2013), and is adapted to a rainy season with a variable onset but a much more
distinct end (Kouressy et al. 2008; Frappart et al. 2009). In addition, an association
between latitude and photoperiod sensitivity exists within sorghum races, and for
latitudes up to 20°N, the guinea race has a greater proportion of germplasm with
medium to high photoperiod sensitivity than the caudatum, durra, and particularly
kafir races (Grenier et al. 2001).

The number of leaves initiated during the phase between emergence and PI
depends on the duration of the phase (°Cd) and the leaf initiation rate (LIR, °Cd/
leaf). Assuming a T, of 11 °C, the LIR of sorghum is ~21.6 °Cd/leaf, although
genotypic variation for this parameter does exist (Hammer et al. 2010). As sorghum
seeds already have four leaves initiated in the embryo (Paulson 1969), the TLN
produced is four plus the number of leaves initiated between emergence and PI.

2.2 Emergence to Flag Leaf Appearance

The time from emergence to full flag leaf appearance depends on the TLN and the
leaf appearance rate (LAR). Hence, the period from PI to flag leaf does not have a
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specific thermal time target, and its duration is rather an emergent property of TLN
and LAR. In sorghum, a leaf is fully expanded when its ligule is visible above the
ligule of the previous leaf. In general, leaves appear at a constant rate, which is
approximately half the LIR (Hammer et al. 2010; Ravi Kumar et al. 2009). There is
some evidence of genotypic differences in LAR. Tx642 (B35), a durra landrace
from Ethiopia, has consistently been shown to have a high LAR (Borrell et al. 2000a;
van Oosterom et al. 2011). This high LAR is likely associated with a low T, for
LAR, as there is some evidence of genotypic differences for this trait, with caudatum
and Ethiopian highland durra germplasm having lower Ty, than kafir germplasm
(Tirfessa Woldetensaye 2019). These genotypic and racial differences in 7, for LAR
align with differences in T}, for rate of development, but importantly, some caudatum
and Ethiopian highland durra genotypes with low T, for both processes tend to have
a significantly higher 7, for LAR than for rate of development (Tirfessa
Woldetensaye 2019). Because LAR is highly coordinated with LIR (Padilla and
Otegui 2005), these differences in Ty, are likely to extend to LIR. If a genotype has a
higher T;, for LAR (LIR) than for rate of development, an increase in temperature
between emergence and PI will increase TLN (van Oosterom et al. 2011; Tirfessa
Woldetensaye 2019). Such an increase in TLN under high temperatures will partly
offset the increased LAR. In contrast, for genotypes that have similar T}, for LAR and
rate of development, such as some kafir genotypes (Tirfessa Woldetensaye 2019),
TLN will be independent of temperatures between emergence and PI. Such geno-
typic differences in response of TLN to temperature can affect the response of time
to flowering to increasing temperatures under climate change.

Abiotic stresses like drought and nitrogen can delay flowering through a reduc-
tion in the rate of development and of LAR (Craufurd et al. 1993; van Oosterom et al.
2010a). These effects are temporary, and upon relief from stress, these rates revert to
those for non-stressed conditions (Craufurd et al. 1993).

23 Flag Leaf to Physiological Maturity

The duration of the phases between the stages of flag leaf, anthesis, and start and end
of grain filling are all considered to have thermal time targets (Muchow and Carberry
1990; Hammer and Muchow 1994; Ravi Kumar et al. 2009; Hammer et al. 2010).
Time from flag leaf appearance to anthesis is generally quite conserved across
genotypes (Ravi Kumar et al. 2009). If stress is sufficiently severe that elongation
of the peduncle is affected, flowering can happen within the boot.

Grain fill generally starts around 4 days after flowering and ends at physiological
maturity (black layer). Post-anthesis cardinal temperatures for rate of development
differ substantially from those before anthesis, and have been identified as 5.7 °C
and 23.5 °C for Ty, and Ty, respectively (Hammer and Muchow 1994). There is no
evidence of genotypic differences for these cardinal temperatures (Ravi Kumar et al.
2009; Tirfessa Woldetensaye 2019). However, significant genotypic differences in
the duration of the grain filling period do exist (Ravi Kumar et al. 2009; Hammer
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et al. 2010) and these can be associated with differences in grain size (Yang et al.
2010).

24 Development of Tillers

The first basal tillers typically appear from the axil of Leaf 3 on the main shoot, when
about four main shoot leaves have fully expanded (Lafarge and Hammer 2002a, b).
Successive tillers appear at a rate similar to the main shoot LAR, and the LAR of
tillers is similar to that of the main shoot (Carberry et al. 1993; Lafarge and Hammer
2002a, b; Kim et al. 2010a, b). Despite the late emergence of tillers compared to the
main shoot, PI of tillers occurs only a few days after that of the main shoot (Craufurd
and Bidinger 1988). Successive tillers progressively have fewer leaves (Carberry
et al. 1993; Kim et al. 2010b), which offsets their later emergence, such that tillers
typically reach flowering only a few days after the main shoot (Craufurd and
Bidinger 1988). Phenology of tillers is thus highly synchronised with that of the
main shoot.

3 Biomass Accumulation Under Well-Watered Conditions

Under well-watered conditions, biomass accumulation is limited by radiation and is
the product of intercepted radiation and its conversion efficiency, the radiation use
efficiency (RUE, biomass produced per unit of radiation intercepted). The amount of
radiation intercepted by a crop is the product of incoming radiation and the fraction
that is intercepted by the crop, which in turn depends on the leaf area index (LAI)
and on the arrangement of foliage or canopy architecture (Connor et al. 2011).
Despite its empirical nature, RUE is theoretically closely associated with leaf
photosynthesis (Wu et al. 2016; Hammer and Wright 1994). When water or nutrients
are non-limiting, productivity is thus reduced by either incomplete capture of radia-
tion and/or less efficient utilisation (Connor et al. 2011).

3.1 Canopy Development

Canopy development, which represents the dynamics of LAI over time, depends on
the number of leaves that has been produced on each shoot, the number of tillers, the
individual leaf size and the plant density (Hammer et al. 2010). The green LAI is the
balance between the total leaf area and the amount of leaf area that has senesced.
The number of fully expanded leaves is the product of thermal time elapsed since
emergence, and the leaf appearance rate (LAR). The rate of tiller appearance is
highly coordinated with the LAR (Kim et al. 2010b). Each tiller has a window of one
phyllochron during which it can appear (Kim et al. 2010b), but actual emergence is
contingent on the availability of sufficient excess assimilates during this window
(Kim et al. 2010a; Alam et al. 2014). Because high radiation will increase assimilate
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supply, whereas low temperatures will increase the duration of a phyllochton, this
supply/demand framework can explain reduced tillering under high plant density,
when radiation interception per plant is low, and high tillering following sowing
early in spring, when temperatures tend to be relatively low. The framework can also
explain some of the genotypic differences in tillering, as high LAR shortens the
window during which a tiller can appear, and thus reduces the capacity for sufficient
assimilate accumulation. Moreover, high LAR, like large leaves, increases assimilate
demand by the main shoot, potentially reducing excess assimilate availability for
tillering (van Oosterom et al. 2011; Borrell et al. 2014a). In addition, genotypic
differences in the propensity to tiller have been reported that are independent of the
supply/demand balance and these are likely under hormonal regulation (Kim et al.
2010a; Alam et al. 2014). Auxin, cytokinin and strigolactones can each affect
tillering, partly through an effect on apical dominance (Beveridge 2006; Gomez-
Roldan et al. 2008; Ongaro and Leyser 2008; Umehara et al. 2008; McSteen 2009).

The size of individual leaves in sorghum is closely related to the rank of that leaf
and can be described by a bell-shaped function, the parameters of which are a
function of TLN (Carberry et al. 1993). Both the leaf length and leaf width increase
linearly with leaf rank, resulting in an exponential increase in the size of successive
leaves, until a maximum leaf size is reached (Lafarge and Hammer 2002a, b; Kim
et al. 2010b). The position of the largest is a function of TLN and is generally located
just below the flag leaf (Carberry et al. 1993). Genotypic differences in individual
leaf size have been reported for sorghum and these are predominantly associated
with differences in leaf width (Kim et al. 2010a; Alam et al. 2014). Leaf area profile
of tillers can be derived from main shoot (Lafarge and Hammer 2002b). Canopy
development is therefore the emergent consequence of a complex interaction
between genotypic (G), environmental (E), and management (M) conditions and
their G x E x M interactions.

3.2 Light Interception

Intercepted radiation is generally defined as the difference between that received at
the canopy surface and that transmitted through the canopy, as measured by arrays of
solarimeters (Squire 1990). The magnitude of total incoming solar radiation varies
greatly throughout the tropics and sub-tropics where sorghum is often grown, with
seasonal means ranging from 12 MJ m 2 day ' in cloudy regions to more than
24 MJ m 2 day ' in semi-arid regions.

When water is not limiting, fractional radiation interception (f) may be related to
the leaf area index (LAI) of a canopy by the expression f = 1 — exp(—k LAI), where
k is an extinction coefficient (Squire 1990; Fig. 1). Therefore, the fraction of the solar
radiation intercepted by a given leaf area increases with k. In practice, k can be
calculated from the slope of a linear regression of In(1 — f) on LAL Overall, k is
reasonably stable for a given genotype over a wide range of conditions, and may
differ consistently among canopies with contrasting architecture (Squire 1990). This
can be in response to leaf angle (Hammer et al. 2009), although plant stature appears
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Fig. 1 The fraction of radiation intercepted (RI) versus leaf area index (LAI) for the set of
non-limiting water and N experiments that included both Buster and M35-1. The fitted curve
RI=1- e kLAl B2 — 0.91) indicates a common extinction coefficient (k) of 0.37. (Source:
Hammer et al. 2010)

to have limited effect on the extinction coefficient (Hammer et al. 2010). For
sorghum, k values in the range of 0.33-0.39 have been reported (Hammer et al.
2010; George-Jaeggli et al. 2013), although Lafarge and Hammer (2002a) reported a
higher value of 0.56. These values indicate that at LAI = 4, light interception is over
80% of that at LAI = 7, indicating that early canopy cover provides a useful means
to maximise cumulative radiation interception.

3.3 Radiation Use Efficiency (RUE) and Leaf Photosynthetic
Activity

Radiation use efficiency is generally presented as the biomass produced per unit of
intercepted total solar radiation, about 50% of which is photosynthetically active
radiation. Under optimum conditions, the RUE of triple dwarf short sorghum is
about 1.25 g MJ -1 (Sinclair and Muchow 1998; Hammer et al. 2010). However,
significantly greater RUE of 1.65 g MJ ™' has been observed for taller single dwarf
sorghum (Hammer et al. 2010). Although there is a trend for mutations of the dw3
height gene to increase RUE, this effect is context-dependent (George-Jaeggli et al.
2013). RUE is a function of the N-status of the leaves and for sorghum, RUE tends to
decline once the specific leaf nitrogen (SLN) of the canopy drops below 1 g m 2
(Muchow and Sinclair 1994).
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Causes for the genotypic differences in RUE in sorghum are still poorly under-
stood. Although RUE is conceptually linked to leaf photosynthesis (Wu et al. 2016;
Hammer and Wright 1994), differences in RUE do not necessarily translate to
differences in photosynthetic rates. This was illustrated by Muchow and Sinclair
(1994), who showed that triple dwarf sorghum had similar maximum assimilation
rates as maize (~52 pmol m~ 2 s~ '), despite having a lower RUE (1.20 vs
1.70 g MJ _1). Reduced internal CO;, (c;) concentration in the leaf, associated with
reduced stomatal conductance, can reduce assimilation rates to values below the
maximum photosynthetic capacity (Condon et al. 2004). Significant genotypic
differences in c; have been reported for sorghum, which were generally positively
associated with stomatal conductance (g,) (Xin et al. 2009). In addition, Geetika
et al. (2019) reported genotypic differences in g, with above-average g, generally
associated with above-average photosynthetic capacity. Hence, scope exists to
improve the photosynthetic capacity of sorghum and simulation studies have
indicated that an increase in photosynthetic efficiency of 20% can increase grain
yield of sorghum by ~9% under well-watered conditions, although yields are
expected to be slightly less under drought stress (Wu et al. unpublished).

4 Biomass Accumulation Under Drought Stress

Drought stress is defined as the situation where supply (S) of water cannot meet
demand (D) of the crop, such that water availability is the limiting factor for biomass
accumulation. Under such circumstances, plants will need to reduce D in order to
meet the limited S. Under mild stress, plants can achieve this by restricting the rate of
leaf area expansion, resulting in smaller leaves or a reduced leaf appearance rate. If
that does not sufficiently reduce demand, plants may senesce leaves to further reduce
leaf area, and therefore D (Borrell et al. 2000a; Hammer et al. 2001; George-Jaeggli
etal. 2017). As a consequence, biomass accumulation under drought stress becomes
a function of the total amount of water used by a crop (transpiration, T) and the
transpiration efficiency (TE, biomass produced per unit of water transpired)
(Hammer et al. 2010). The fraction of biomass that is allocated to grain yield,
however, depends on the amount of water available from anthesis onwards (Turner
2004). Hence, grain yield under drought can be increased by increasing (1) the total
amount of water accessible to a plant throughout the cropping period, (2) the amount
of water available during grain filling by restricting pre-anthesis water use, or (3) TE.
This section will address the physiological processes and environmental conditions
that determine these three factors. It will show that delayed leaf senescence (stay-
green) in sorghum during grain filling can be a consequence of processes occurring
earlier in crop growth (Fig. 2), resulting from an improved balance between the
supply and demand of water, as well as the efficiency with which the crop converts
water to biomass and grain yield (Borrell et al. 2009; Jordan et al. 2012). Stay-green
has been shown to increase grain yield (Borrell et al. 2000b, 20144, b), grain size
(Borrell et al. 1999) and lodging resistance (Rosenow 1977) under post-anthesis
drought.
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Fig. 2 Flow chart of crop physiological processes that determine plant size and crop water use of
sorghum at anthesis, with flow-on consequences for water uptake during grain filling and grain
yield. The effect of individual stay-green (Stg) quantitative trait loci (QTLs) on each process is
indicated by arrows contained in either dotted squares (input traits; shaded grey) or dotted circles
(derived traits). Upward arrow indicates increased size or number, downward arrow reduced size or
number, and sideways arrow indicates no or little effect. The number of arrows represents the
magnitude of the effect. The direction and number of arrows associated with each Stg QTL
summarise the trait data from up to seven experiments and 14 environments relating to canopy
development, grain yield and crop water use. (Source: Borrell et al. 2014a)

4.1 Increasing Total Transpiration

The total amount of water available to the crop can be increased by modifying the
root system architecture of a plant (Manschadi et al. 2006). In sorghum, evidence
exists that the spatial distribution of roots of mature plants is associated with the
angle of the first flush of nodal roots, which appears when about five leaves have
fully expanded (Singh et al. 2012). Plants with narrow root angle and more vertical
nodal roots tend to have a larger proportion of their roots at depth during later
developmental stages (Singh et al. 2012), which could increase access to water in
deep soils. Conversely, genotypes with wider root angle and more horizontal nodal
roots are better able to explore the soil in the inter-row space (Singh et al. 2012),
which could increase access to water in skip-row systems (Whish et al. 2005). There
is evidence that root angle is associated with stay-green, as root angle QTL co-locate
with stay-green (Stg) QTL (Mace et al. 2012). Moreover, Stg QTL have been
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reported to increase total water use in field-grown crops (Borrell et al. 2014b). It is
unlikely that increasing the root length density (RLD) in soil that is occupied by the
root system will increase accessibility of water, as the RLD required to access all
extractable water from the soil is relatively low at about 0.2 cm per cm® of soil
volume (Robertson et al. 1993).

4.2 Restricting Pre-anthesis Water Use Through Reduced
Canopy Size

Increasing post-anthesis water availability without increasing the total amount of
water accessible to the plant can be achieved by restricting pre-anthesis water use,
either through agronomic or genetic means. The skip-row planting configuration
(Whish et al. 2005) provides an agronomic means to restrict pre-anthesis water use,
as it generally takes time for roots to explore the soil under the skip row compared to
a solid planting. Genetic means to minimise pre-anthesis water use include the
selection for early flowering, which generally increases grain yield under end-of-
season drought stress (Hammer et al. 2014). More recent strategies have emphasised
the restriction of canopy size, either through smaller leaves or reduced tillering.
Tillering can be restricted through a low propensity to tiller, likely regulated by
hormones, or through vigorous main shoots (large leaf size or high leaf appearance
rate), which alters the internal carbon S/D balance of the plant (Alam et al. 2014;
Borrell et al. 2014a). The results of studies on near isogenic lines (NILs) involving
sorghum Stg QTL found that Stg loci reduce canopy size at flowering by modifying
tillering, leaf number and leaf size (Borrell et al. 2014a, b), although Vadez et al.
(2011) found that this effect was dependent on the context of the genetic background
in which they operated.

Early flowering also tends to reduce canopy size, through a reduction in the
number of leaves produced (Hammer et al. 2010). However, this tends to have a
yield penalty under well-watered conditions, where biomass accumulation is radia-
tion limited and the shortened growth cycle limits cumulative intercepted radiation
and thus biomass production and grain yield (Hammer et al. 2014). Restriction of
canopy size through reduced tillering or leaf size is less likely to result in a yield
penalty under well-watered conditions, provided the LAI reaches a value of at least
3, at which level most incoming radiation is intercepted by the crop (Hammer et al.
2010; Borrell et al. 2014a).

4.3 Restricting Pre-anthesis Water Use and Increasing
Transpiration Efficiency

A more recent avenue that has been explored to restrict pre-anthesis water use is the
restriction of transpiration rate per unit green leaf area (TGLA). TGLA depends on
stomatal conductance (gs) and the vapour pressure deficit (VPD) of the air, which
determines the rate at which water is lost through the stomata to the atmosphere.
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Stomata can close under high VPD (often associated with high temperatures), low
radiation, or drought, resulting in reduced g, (Geetika et al. 2019). Genotypic
differences in TGLA have been reported for sorghum and these differences can be
constitutive (independent of VPD), or adaptive, and only happen at high VPD
(Gholipoor et al. 2013; Kholova et al. 2016; Geetika et al. 2019). Differences in
whole-plant TGLA, in response to both environmental and genotypic effects, are
closely related to differences in leaf-level stomatal conductance (g;) (Geetika et al.
2019). Studies of stay-green NILs have found differences in leaf anatomy associated
with variation in abaxial stomatal index and transpiration per leaf area among the
lines (Borrell et al. 2014b). If low TGLA is associated with low g, then the slower
diffusion rate of CO, through stomata compared to water vapour (von Caemmerer
and Farquhar 1981) means that reduced g; is likely to increase TE as an emergent
consequence. This has been observed experimentally in wheat (Li et al. 2017) and
through simulation studies in sorghum (Sinclair et al. 2005), and may explain the
generally higher TE of sorghum under drought stress, compared with well-watered
conditions (Donatelli et al. 1992; Mortlock and Hammer 1999; Kholova et al. 2010).
Low TGLA will restrict pre-anthesis water use, particularly under high VPD, and
simulation studies in both sorghum (Sinclair et al. 2005) and maize (Messina et al.
2015) have shown that this can increase post-anthesis water availability and hence
grain yield under drought stress, although the restriction in gas exchange will lead to
a yield penalty under well-watered conditions (Sinclair et al. 2005; Messina et al.
2015).

5 Nitrogen Uptake and Dynamics

Sorghum requires large quantities of nitrogen (N) to achieve maximum yields (Gelli
et al. 2014), yet soil fertility is low in many regions where sorghum is grown.
Nitrogen, an essential macronutrient affecting crop growth and development, is an
important component of chlorophyll, amino acids, nucleic acids and secondary
metabolites (O’Brien et al. 2016). Plants take up N from two sources: (1) N supply
from the mineralisation of soil organic matter, biological N fixation and atmospheric
deposition, and (2) applied N in manure, compost and mineral fertilisers (Connor
et al. 2011). Nitrogen in soil organic matter and other organic forms is largely
unavailable to higher plants. Therefore, mineral forms such as ammonium (NH4)
and nitrate (NO; ) are the primary N sources for uptake by crops (Connor et al.
2011; O’Brien et al. 2016; Fig. 3). Plants have developed sophisticated mechanisms
to ensure adequate supply of nutrients in a variable environment because nitrate and
other N nutrients are often limiting (O’Brien et al. 2016).

Unlike other elements, N must come from outside the plant—soil system since it
cannot be released from rocks into the soil solution (O’Brien et al. 2016). High-
yielding crop production systems remove N from the soil and rely heavily on
application of large quantities of nitrogenous fertilisers for sustained productivity.
Unfortunately, a large proportion of the N applied to crops is not directly absorbed
by plants and is lost by leaching (Hirel et al. 2011) and other mechanisms. N-use
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efficiency for crops has not substantially improved over the last 50 years, despite
considerable efforts by the scientific community (Cassman et al. 2002). Beyond the
economic costs caused by applying large quantities of fertiliser, the high levels of N
used in agriculture result in an array of environmental problems (Hirel et al. 2007,
Galloway et al. 2008), including eutrophication of terrestrial and aquatic systems,
global acidification and stratospheric ozone loss (Gruber and Galloway 2008).
Therefore, understanding how plants sense, uptake, use and respond to N nutrients
and metabolites is critical (O’Brien et al. 2016) for sorghum cropping systems.

5.1 N Dynamics Pre-anthesis

N uptake in cereals is closely related to canopy development (Borrell et al. 1998; van
Oosterom et al. 2010a) and sorghum N dynamics are thus driven by physiological
processes that account for the observation that most of the reduced N present in
leaves is associated with photosynthetic structures and enzymes (Grindlay 1997).
The rate of light-saturated net photosynthesis increases with the amount of leaf N per
unit leaf area (specific leaf nitrogen, SLN), up to a critical SLN above which the
maximum rate of photosynthesis is reached (Sinclair and Horie 1989; Anten et al.
1995; Grindlay 1997) and the rate of CO, fixation under radiation-saturated
conditions becomes limited by Rubisco activity, chloroplast electron transport rate,
or substrate regeneration (von Caemmerer and Furbank 2016). The N profile within
a canopy is a function of the light penetration into the canopy, resulting in lower
optimum SLN for photosynthesis at increasing depth in the canopy (Hirose and
Werger 1987; van Oosterom et al. 2010a; Tominaga et al. 2015). Because the
response of SLN to light is independent of the phenological stage (van Oosterom
et al. 2010a), crop-level SLN tends to decline gradually as the canopy expands.
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Similarly, the maximum, critical and minimum SLN values are independent of
development stage (van Oosterom et al. 2010a). Therefore, expressing crop N
demand relative to canopy expansion provides a physiological link between crop
N status, light interception and dry matter accumulation (Grindlay 1997). Based on
these concepts and experimental observations (van Oosterom et al. 2010a, b), a
predictive model for N-dynamics in sorghum has been developed (Hammer et al.
2010). Its veracity has been validated in maize (Soufizadeh et al. 2018), which like
sorghum is a C4 monocot. Extrapolation of the framework to C; crops must be done
with care though, as C, species respond to N-stress by maintaining leaf size
(resource capture) and reducing SLN (resource use efficiency), whereas Cj species
reduce leaf size and maintain SLN (Vos and van der Putten 1998; Vos et al. 2005;
Lemaire et al. 2008).

During the pre-anthesis period, the N demand of leaves and stems is met in a
hierarchical manner (Hammer et al. 2010; van Oosterom et al. 2010a). First,
structural N demand of the stem (and rachis) is met, which is required to support
leaf growth and is represented by the minimum stem N%. If insufficient N has been
taken up to meet structural stem N requirement, N can be translocated from leaves by
dilution, or even leaf senescence if the minimum SLN is reached. Second, the N
demand of expanding new leaves is met, which is represented by critical SLN. Any
additional N uptake will first be allocated to leaves to meet their target (maximum)
SLN and then to stems. For leaves, this luxury N uptake occurs after full expansion
of a leaf and does not affect growth and development (van Oosterom et al. 2010a),
although it can delay leaf senescence during grain filling (van Oosterom et al.
2010b). This hierarchical allocation of N can capture the observed larger proportion
of N allocation to leaves under N-stress compared to high-N conditions (van
Oosterom et al. 2010a) as an emergent consequence of N-stress.

The daily rate of crop N uptake is the minimum of demand for N by the crop and
potential supply of N from the soil and senescing leaves, capped at a maximum N
uptake rate (van Oosterom et al. 2010b). Two separate classes of NO; ™~ influx
transporters exist: high-affinity (HATS) and low-affinity transport systems (LATS)
(Crawford and Glass 1998). Root NO3 ™ influx is strongly upregulated by N limita-
tion, and conversely, downregulated by high N supply (Lee 1993), suggesting a
feedback regulation of root NO; ™ transporters by the plant’s N status (Imsande and
Touraine 1994). Root NO; ™~ uptake is also dependent on photosynthesis, exhibiting
significant diurnal rhythms attributed to a positive regulation by shoot-to-root
transport of sugars (Delhon et al. 1995). In the absence of genotypic differences in
the maximum rate of N uptake, genotypic differences in N allocation can be an
emergent consequence of differences in organ size. Tall genotypes with larger stem
size require more structural stem N than shorter genotypes, leaving less N available
for luxury leaf N uptake, resulting in lower SLN (van Oosterom et al. 2010a).
Similarly, genotypes with larger leaf area are likely to dilute leaf N, resulting in
lower SLN (Hammer et al. 2010; van Oosterom et al. 2010a). Such lower SLN in
response to differences in organ size can have profound effects on post-anthesis N
dynamics and hence on the ability of a crop to retain green leaf area during grain
filling (Borrell and Hammer 2000; Borrell et al. 2001; van Oosterom et al. 2010b).
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5.2 N Dynamics Post-anthesis

After anthesis, the total N demand of grains, which are the major sink for N, is the
product of grain number and N demand per grain. During the first part of grain
filling, when endosperm cells are dividing and structural (metabolic) proteins accu-
mulate in the grain (Martre et al. 2003), N demand per grain is independent of the
rate of biomass accumulation per grain and of the N status of the crop (van Oosterom
et al. 2010b). During the second half of grain filling, however, when grain growth is
due to cell division (Martre et al. 2006) and storage proteins accumulate in the
grains, the N uptake rate per grain is limited by the rate of biomass accumulation per
grain (van Oosterom et al. 2010b). As a consequence, the reduced N content per
grain under N stress will be predominantly associated with a decline in storage
proteins (Martre et al. 2003). This framework provides a link to environmental
effects on grain quality.

Grain N demand is initially met through stem (plus rachis) N translocation, and
only if this is insufficient does leaf N translocation occur. Maximum N translocation
rates from stem and leaves are a function of the N status of these organs and follows a
first-order kinetic relationship, such that the translocation rate declines with declin-
ing N content and the amount of leaf area that is senescing at any one time will
increase with declining SLN (van Oosterom et al. 2010b).

This framework can explain the observation that sorghum genotypes with high
SLN at anthesis tend to have an ability to maintain green leaf area during grain filling
(Borrell and Hammer 2000). At a leaf level, longevity of photosynthetic apparatus is
intimately related to N status. For example, near-isogenic lines (NILs) containing
particular stay-green chromosomal regions (Stg2, Stg3 and Stg4) exhibited delayed
onset and rate of senescence under post-anthesis water deficit compared to the
senescent sorghum line RTx7000 (Harris et al. 2007). At a cell level, the retention
of chloroplast proteins such as LHCP2, OEC33 and Rubisco until late in senescence
has been reported in sorghum containing the KS19 source of stay-green (De Villiers
et al. 1993), indicating that photosynthesis may be maintained for longer during
senescence with this type of stay-green. Hence, extended foliar greenness during
grain filling, known as stay-green, can be viewed as a consequence of the balance
between N demand by the grain and N supply during grain filling (Borrell and
Hammer 2000; Borrell et al. 2001; van Oosterom et al. 2010b).

5.3 Molecular Analysis of Soil Microbes Involved in the N Cycle

Nitrogen is a key nutrient determining the productivity of agroecosystems (Cabello
et al. 2004; Dodds et al. 2000). Therefore, it is critical to optimise the balance of soil
microbes involved in the N cycle such that losses of applied nitrogen are minimised
and biological nitrogen fixation is increased, with the aim of decreasing leaching of
nitrate, and production of nitrous oxide (N,O) or dinitrogen (N,). Using real-time
PCR, Hai et al. (2009) investigated functional microbial communities involved in
key processes of the nitrogen cycle (nitrogen fixation, ammonia oxidation and
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denitrification) in the rhizosphere of sorghum cultivars in tropical agroecosystems.
Nitrogen-fixing populations were higher when organic fertilisers (manure and straw)
were applied, and comparatively lower in urea-treated plots. In contrast, ammonia-
oxidising bacteria increased in the urea-amended plots. Similarly, denitrifiers were
also more abundant in the urea-treated plots. Importantly, these data imply that water
availability may shape microbial communities in the rhizosphere, since low gene
abundance data were obtained for all tested genes at the flowering stage when water
stress was high.

6 Crop Stresses and Effects on Grain Yield Determination

Water stress is probably the most important abiotic stress faced by sorghum. For
sorghum production in Australia and India (post-rainy), the crop is planted on
residual moisture, usually in fairly deep and shallow soils in Australia and India,
respectively, often resulting in terminal moisture stress (Jordan et al. 2012; Kholova
et al. 2014). A similar situation occurs when sorghum is cultivated during the rainy
season in sub-Saharan Africa, and faces terminal water stress at the end of the rains,
for instance in the Sahel. This stress scenario principally affects the grain filling
period, and ‘adapted’ genotypes have soil moisture available for that crop stage.
Phenotypically, this can be observed by the expression of a stay-green phenotype
(Borrell et al. 2014a). However, the expression of this stay-green phenotype is the
consequence of water conserving mechanisms operating earlier during crop devel-
opment (Vadez et al. 2011, 2013; Borrell et al. 2014a, b). Among these mechanisms,
the capacity to restrict transpiration under high evaporative demand (Choudhary
et al. 2013), a smaller crop canopy (Kholova et al. 2014; Borrell et al. 2014a, b), a
lower number of tillers that decreases the canopy size (Kim et al. 2010a, b; van
Oosterom et al. 2011; Borrell et al. 2014a, b), and a smaller size of the upper leaves
(Borrell et al. 2014b). Deeper rooting is also known to influence sorghum perfor-
mance under terminal water stress, due to growing roots with a steeper angle (Mace
et al. 2012; Singh et al. 2012; Borrell et al. 2014b). In the sorghum cropping
environment of West Africa, where sorghum is grown during the rainy season,
adaptation comes also in the form of a sensitivity to photoperiod. This makes
flowering coincide with a period just before the end of the rains, ensuring that
grain filling takes place with, by and large, sufficient water and that dry conditions
prevail during grain filling and maturity, also avoiding grain mould issues (Ellis et al.
1997), and synchronising the grain filling of the sorghum crop in a way that bird
damage is spread across the entire crop.

The risks of surviving to complete a developmental phase are greatest during
germination, emergence and the early phases of leaf and root initiation. Seeds of
tropical species generally survive between 15 and 40 °C, though few survive below
10 °C or above 50 °C (Squire 1990). Flowering can also be a risky phase for tropical
crops. Temperatures above 40 °C around flowering in sorghum growing areas in
Australia have already caused widespread damage (GRDC 2014).
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Lately, there has been increasing interest for tolerance to heat in sorghum. Earlier
work reported that sorghum was sensitive to temperatures above 28 °C (Singh et al.
2015). However, in this work, the crop was maintained during the whole crop cycle
under a higher temperature regime and the effect of temperature was confounded
with an effect on the accumulation of thermal units, thereby reducing the duration of
the crop. In addition, temperature treatment above 38 °C was necessary to screen
genotypic variation (Nguyen et al. 2013). Under these conditions (38:21 °C day:
night temperature), while crop growth was accelerated and height decreased, there
was a significant decrease of pollen germination and seed setting. These thresholds
are consistent with a study showing no effect of high temperature on seed set until
about 38—40 °C (Vadez et al. unpublished). These thresholds are higher than earlier
more conservative estimates fixing the high temperature regime at 36 °C (Prasad
et al. 2006). Even lower thresholds have recently been reported in the sorghum US
breeding program, i.e. 33 °C (Tack et al. 2017), reporting also a lack of genetic
diversity for heat tolerance in the US sorghum breeding programs. However, in this
latter study, heat stress was assessed by the yield reduction in a large meta-analysis
of trials carried out across a wide range of temperature conditions. The analysis
showed a temperature threshold of 33 °C beyond which yield decreased. However,
this analysis did not allow the effects of heat stress on the reproductive biology to be
separately assessed. In any case, the main effect of high temperature appears to be on
the reproductive biology, especially pollen germination and seed set (Prasad et al.
2006), whereas the effects on plant growth and photosynthesis are considered to be
minor (Jain et al. 2007; Prasad et al. 2008; van Oosterom et al. 2011).

A study on sorghum by Singh et al. (2016) found that pollen germination, seed set
and grain yield were the most sensitive to high temperatures immediately around
anthesis, with the greatest sensitivity of pollen germination and seed set to high
temperatures occurring during a 10- to 15-day period commencing just before
anthesis. Pollen germination and seed set were tightly associated in these studies
(Singh et al. 2015, 2016). Furthermore, the potential effects of high temperature risks
on sorghum have recently been quantified (Singh et al. 2017). The most common
incidence of heat stress around anthesis in the Australia sorghum belt was the
occurrence of individual days with maximum temperatures between 36 and 38 °C.
These temperatures were near the threshold limiting seed set in tolerant genotypes,
so increasing the temperature threshold within the APSIM-sorghum model generally
minimised adverse yield effects. However, additional selection for increased heat
tolerance above the threshold is justified based on the 1-5 °C predicted temperature
increases in the coming decades through to 2070 (CSIRO BoM 2007). Since the
adverse effects of climate change on grain yield in sorghum crops are more likely a
consequence of increased incidence of heat rather than drought stress, more empha-
sis on heat tolerance is warranted in breeding programs (Lobell et al. 2015). At this
stage, there are still only a limited number of studies on heat stress in sorghum, with
only preliminary evidence of genetic variation for heat stress tolerance (Nguyen et al.
2013).

While frost tolerance is generally not an issue in sorghum (although frost can be a
problem for late-planted crops in north-eastern Australia that mature into decreasing
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autumn temperatures), cold tolerance can be important in specific situations. Cold
affects germination and early plant development in temperate settings when crops
are planted around spring (Tiryaki and Andrews 2001) at temperatures below 15 °C.
This is an issue because it affects plant stand, reduces the capacity to compete against
weeds, and delays canopy development and hence full light interception. Genetic
variation for cold tolerance has been found in landraces that evolved in temperate
regions of China (Lu and Dahlberg 2001). Several QTLs for cold tolerance of
germination have been identified (Knoll and Ejeta 2008; Burrow et al. 2011). The
mechanisms for enhanced germination under cold conditions are still unknown in
sorghum. In rice, a gene encoding for a peptide involved in endosperm rupture was
hypothesised to be involved in differences in germination (Fujino et al. 2008). Cold
temperatures also impact reproduction since temperatures below 8 °C affect pollen
viability, eventually decreasing seed set percentage (Knoll et al. 2008; Osuna-Ortega
et al. 2003).

7 New Horizons in Crop Physiology Phenotyping

The recent revolution in sequencing and whole-genome genotyping techniques, such
as Next-Gen Sequencing and whole-genome marker arrays, has enabled the assem-
bly of comprehensive genetic resources in sorghum (Mace et al. 2009, 2013; Morris
et al. 2013; McCormick et al. 2018). However, to keep up with the pace of
developments in genomics and fully exploit the potential of these resources to map
genetic loci and potentially genes underlying traits of interest, high-throughput
methods to phenotype breeding material are needed. As a consequence, phenotyping
has become the new frontier in crop breeding (Araus and Cairns 2014). It is timely
then that technologies, such as microcontrollers and most importantly, geolocation at
high resolution, have become affordable. The invention of massive parallel sequenc-
ing, at first made available through the Sanger 454 and the concurrent development
of alignment algorithms enabled by the increase in computing power, was at the core
of the genomics revolution (Muir et al. 2016). Furthermore, the development of
affordable micro-electronic machines (MEMS) and miniature sensors tapping into
the global positioning system (GPS) has laid the foundation for a revolution in field
phenotyping.

The chloroplasts in plants absorb specific parts of the full spectrum of sunlight
(between 400 and 710 nm) and hence what they reflect, in a sense, is the inverse
signature of what they have absorbed (mainly in the infrared region, 710-1000 nm).
This signature can be captured via optical sensors and interpreted by plant
physiologists. First applications of this go back as far as the 1970s when reflectance
from vegetation on Earth acquired on the Landsat I satellite was used to monitor
seasonal conditions of grasslands and crops as a management tool for farm
enterprises in the Great Plains of the United States (Rouse Jr et al. 1974). Since
then, various combinations of specific spectra, so-called vegetation indices (VI,
e.g. Normalised Difference Vegetation Index = NDVI; Enhanced Vegetation
Index = EVI; Normalised Difference Red Edge = NDRE) have been related to
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specific characteristics of crop canopies, such as greenness, leaf area and biomass
(Huete et al. 2002; White et al. 2012; Hanes et al. 2014). More recently, light-weight
multi-spectral cameras that measure reflectance in a small number of selected bands
attached to Unmanned Aerial Vehicles (UAVs) have been deployed to construct VI
of individual trial plots.

Traits such as biomass and leaf area, which previously involved destructive
sampling and plant characteristics invisible to the human eye, are now becoming
tractable for assessment in breeding programs. As they can be used to gather spectral
information from hundreds of breeding plots relatively quickly, traits can now be
assessed not only once, but at several stages during the growth of a trial, which
enabled the development of models to derive dynamic traits such as leaf area
duration (Potgieter et al. 2017), biomass, and crop growth (Potgieter et al. 2018a, b).

Artificial intelligence, also known as machine or deep learning, underpins the
construction of image classification algorithms. In their simplest form, these
algorithms classify pixels in an image based on the characteristic spectral responses
of different objects, and in more sophisticated models they also take into account
other information such as shape or position. The term ‘machine learning’ comes
from the fact that the computer algorithm is developed via a series of semi-automated
iterations using a set of training images involving continuous refinement of the
classification criteria through correction by a human eye. Applications of such
image analysis techniques in sorghum so far include number (Guo et al. 2018) and
volume of panicles (Chang et al. 2017).

The greatest advances are usually made when several technologies come together
and this is no different in plant phenotyping. From the use of single sensors to derive
vegetation indices for entire crops, the field is now moving towards entire assemblies
of suites of sensors on various platforms, from stationary platforms in glasshouses
(Fahlgren et al. 2015) and fields (Kirchgessner et al. 2017; Virlet et al. 2017), to
mobile platforms including both ground (Deery et al. 2014; Potgieter et al. 2018b)
and aerial vehicles (Yang et al. 2017). The individual platforms have different
advantages and disadvantages, for example overhead gantry systems and UAVs
avoid soil compaction and allow access when the field is wet, however, gantries are
usually not as easily moved from field to field as mobile systems, but UAVs, on the
other hand, are further removed from the crop canopy. Combining platforms not
only allows more flexibility, but it also enables the simultaneous data gathering from
various sensor types, such as multi- and hyper-spectral and thermal sensors, digital
cameras, LiDAR (Light Detection and Ranging) and ultrasonic sensors. This allows
the user to derive not just spectral, but also two- and three-dimensional information
of the sorghum canopy and traits such as plant height and stem diameter (Salas
Fernandez et al. 2017), or even complex traits such as radiation use efficiency
become tractable (George-Jaeggli and Potgieter, unpublished). With the amount of
data that is quickly accumulated with such systems, a well-designed data and image-
analysis pipeline that not only brings together the outputs from the various sensors
on a per-plot basis and makes the data amenable for the development of algorithms
for each target trait, but also provides for safe data storage for future re-analysis of



Physiology of Growth, Development and Yield 147

raw data, becomes paramount. However, only a few examples of such pipelines have
been published to date (Potgieter et al. 2018b).

For the first time in history, we now have the tools to measure physiological traits,
such as dynamic biomass growth or canopy radiation use efficiency at a high-
throughput scale that can match the genomic data. These new tools will allow us
to phenotype thousands of lines breeders have previously genotyped in multi-
location field trials—a pre-requisite for the unravelling of the molecular basis of
complex traits via association mapping approaches. This is particularly pertinent in
cereals generally, as biomass growth and photosynthetic capacity have been
identified as the new frontier in increasing yields (Murchie et al. 2009; Zhu et al.
2010; Long Stephen et al. 2015; Ort et al. 2015), and sorghum in particular, as it is
such an important cereal for food, feed and fuel, especially in dry-land cropping
systems.
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Abstract

Sorghum is an important coarse cereal grown in the arid and semiarid regions of
the world for food and nutritional security. The resilience of sorghum crop to
changes in climate can be improved through a better understanding of the
physiological basis of abiotic stress tolerance or susceptibility. Among the vari-
ous abiotic stresses that limit sorghum production, drought and temperature stress
are of foremost importance. Apart from this, flooding, low-temperature, and
salinity stress also affect sorghum productivity. Severity of stress is greater if
these stresses occur during critical stages of crop growth and development. The
primary effects of drought stress are decrease in tissue water content. Similarly,
for salinity stress, the major effect is an alteration in tissue water content and ionic
imbalance. The membranes are the primary site of action for temperature
extremes. Among the various growth stages, reproductive stages, namely,
gametes development and flowering, are most sensitive to drought, flooding,
high-temperature, and low-temperature stress. Seedling emergence, early vegeta-
tive stages, and flowering are sensitive to salinity stress. Abiotic stress decreases
photosynthesis and yields through decreases in green leaf area duration, radiation
capture, decreased carbon partitioning, lower seed-set and grain numbers, and
decreased individual grain weight. The decreased seed-set percentage is
associated with loss of gametes (pollen and ovule) viability, embryo abortion,
and embryo growth. The decrease in rate and duration of grain filling is responsi-
ble for lower individual grain weight. A better understanding of impacts on
physiological processes, mechanisms, and traits associated with tolerance or
susceptibility along with improved agronomic management practices will help
in improving sorghum abiotic stress tolerance and management.

1

Keywords

Abiotic stress - Cold temperature - Drought - Flooding - High temperature - Leaf
physiology - Reproductive physiology - Root physiology - Salinity - Sensitive
stages - Sorghum

Introduction

The world population is projected to be around 9.8 billion by 2050, and the global
food production has to be significantly increased (about 60%) to meet the demands
for food, feed, and fuel (Tomlinson 2013). Crop production is directly impacted by



Impacts of Abiotic Stresses on Sorghum Physiology 159

abiotic stresses such as water, temperature, and salts. Crop yield variability is highly
dependent on year-to-year fluctuations in rainfall and temperature during critical
stages of crop development. Climate extremes are expected to increase with climate
change, which can significantly limit crop production. Historical observations and
model simulations suggested a high risk of drought across the globe (Dai 2013;
Mishra and Liu 2014). On a global scale, the reduction in yield of cereals, legumes,
and oilseeds due to drought stress is 10, 50, and 30%, respectively (Lesk et al. 2016;
Farooq et al. 2017; Zirgoli and Kahrizi 2015). Future prediction of rainfall indicates
a high chance of below-average precipitation in India, which can exacerbate the
drought stress (Kulkarni et al. 2016). The Intergovernmental Panel on Climate
Change (IPCC) report concludes with unambiguous evidence that the air
temperatures have warmed (IPCC 2018). Climate models project global mean
temperatures to increase by 0.2 °C per decade due to past and ongoing greenhouse
gas emissions (IPCC 2018). Each degree Celsius increase in the average growing
season temperature may decrease crop yield up to 17% (Lobell and Asner 2003). It is
also predicted that in the future, the impact and risk of soil salinity will depend
largely on future rainfall patterns, the nature of the groundwater system, and the
effectiveness of interventions to slow or halt a rise in groundwater. Thus, it is
essential to understand the impact of abiotic stress like drought, flooding, high
temperatures (HT), cold temperature, and salinity on crops to obtain economic yields
and develop efficient crop management practices to minimize the impacts.

Sorghum [Sorghum bicolor (L.) Moench.] is the fifth largest cereal grain crop
grown after wheat (Triticum aestivum L.), maize (Zea mays L.), rice (Oryza sativa
L.), and barley (Hordeum vulgare L.) in arid and semiarid regions of the world for
food and nutritional security, and it is a staple food crop for more than 500 million
people in the world. Africa and the Americas together contribute 75% of the total
world sorghum production, while Asia contributes about 20%. Across the globe, the
United States is the largest producer of sorghum, followed by Nigeria and Sudan.
The average sorghum yield in several developing countries in sub-Saharan Africa
remains below 1.0 kg ha~' due to the low level of inorganic fertilizer use, low or
nonuse of pesticide, use of traditional varieties or landraces, and impact of various
abiotic stresses during sensitive growth stages. Among the various climate variables,
drought, high temperature, and salinity are the most critical factors which negatively
affect sorghum growth and yield. Understanding the impacts of abiotic stresses on
physiological processes, growth and yield, sensitive stages, and mechanism
associated with tolerance will help in improving stress tolerance of sorghum leading
to higher sorghum productivity. In this chapter, we provide a summary and overview
of the impacts of various abiotic stresses particularly water (drought and flooding),
temperature (high and cold), and salinity stress on physiology of sorghum leaves,
roots and reproductive tissues, sensitive stages of growth and development, and
mechanisms of tolerance and susceptibility.
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2 Drought Stress

Drought stress affects the plants when the water supply to the roots is limited or loss
of water through transpiration is high (Anjum et al. 2011). Transpiration will be
higher under low air humidity, high temperatures, high irradiance, and strong wind
conditions. Drought stress had an adverse effect on growth, nutrient acquisition,
water relations, photosynthesis, and assimilate partitioning, resulting in a reduction
in grain yield (Prasad et al. 2008; Farooq et al. 2009; Praba et al. 2009). The response
of the plant to drought varies from species to species, growth stages, and other
environmental factors (Demirevska et al. 2009). In sorghum, drought or water stress
can occur both during pre-flowering and post-flowering stages of development and
has the most adverse effects on yield during and after anthesis (Kebede et al. 2001).
Pre-flowering drought stress of a susceptible sorghum genotype results in leaf
rolling, unusual leaf erectness, delayed flowering, floret abortion, reduced seed-set
and panicle size, and reduced plant height. Hence, normal panicle development,
good seed-set, and typical leaf morphology are indicative of a tolerance reaction to
pre-flowering drought stress. Under post-flowering drought stress, susceptible sor-
ghum genotypes exhibit premature leaf and stalk senescence, lodging, and reduced
grain weight (Borrell et al. 2000a, b). Tolerance to drought stress at this stage is
manifested by a stay-green phenotype and normal sorghum grain filling (Xu et al.
2000). In grain crops, it is estimated that drought stress can decrease the grain yield
to the extent of 50% (Gaur et al. 2012). Sorghum growth and yield are seriously
impacted by drought stress caused by intermittent to continuous dry spell caused by
irregularities in precipitation. In most of the sorghum-growing areas, sorghum is
grown as a rainfed crop, which often leads to drought stress toward the end of the
season along with short or long episodes of high-temperature stress. For example, in
India, now post-rainy season sorghum has the major cultivated area, where sorghum
is mostly grown as a rainfed crop on the residual moisture and faces post-anthesis
drought regularly and destabilizing yield to the average yield of 800 kg/ha. The
impacts of drought stress are also exacerbated by the occurrence of HT stress.

2.1 Effects of Drought Stress on Leaf Physiology

Sorghum drought tolerance is associated with morphological characteristics like
decreased leaf growth, high leaf epicuticular wax load, deep root system, and
physiological responses like osmotic adjustment, stay green, and quiescence
(Dugas et al. 2011). Overall in plants, drought stress causes closure of stomata,
leading to lower photosynthetic and transpiration rates (Chaves et al. 2003;
Kyparissis et al. 2000a, b), decreased metabolic reactions (Beck et al. 2007), and
increased oxidative damage in chloroplasts (Munne-Bosch et al. 2001). Under
drought stress, plants increase the synthesis of compatible solutes (e.g., proline,
glycine betaine, soluble sugars) to maintain the turgor pressure at a lower leaf water
potential which is referred to as an osmotic adjustment (Chen and Jiang 2010;
Pelleschi et al. 1997; Pinheiro et al. 2001). Also, to cope with drought stress, plants
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have developed strategies to regulate stomatal opening to reduce water loss (Cornic
2000), accumulation of compatible solutes and protective proteins (Chen and Murata
2002), and an increase in the activity of antioxidant enzymes and levels of
antioxidants (Zhang and Kirkham 1996).

Photosynthesis is the primary biochemical process responsible for dry matter
accumulation and plant development and growth, which are strongly influenced by
the environment (McCree 1986). The most visible effect of drought stress is leaf
wilting, which occurs due to decrease in turgor pressure. Inhibition of photosynthe-
sis under drought stress can be an either stomatal or non-stomatal limitation or by
both. The stomatal limitation is through stomatal closure, induced by the accumula-
tion of high concentrations of abscisic acid, thus preventing CO, entry into the cell,
and this is the initial response of plants under drought stress (Baldocchi 1997; Pons
et al. 2009; Pinheiro and Chaves 2011; Ghannoum 2009; Medrano et al. 2002). In
non-stomatal limitation, the inhibition of photosynthesis is attributed to inhibition of
the Benson-Calvin cycle enzyme activity and photochemical efficiency (Lawlor and
Cornic 2002; Ghannoum 2009; Medrano et al. 2002).

In chloroplast, drought stress affects both thylakoid and stroma functions. Com-
paring both photosystem (PS) I and II, mild to severe drought stress had a severe
impact on PS II than PS I (Cornic and Massacci 1996; Cousins et al. 2002; Golding
and Johnson 2003; Takahashi et al. 2009). Cornic and Massacci (1996) ascribed
damage to PS II during drought to a direct effect of the drop-in net CO, uptake of the
chloroplast caused by stomatal closure resulting in lower intracellular CO, concen-
tration (Ci). In the stroma, this drop-in net CO, uptake causes a decline in the
activities of the Benson-Calvin cycle enzymes, with the exception of ribulose 1,5
bisphosphate (RuBP), which is reportedly upregulated (Cornic and Massacci 1996;
Cousins et al. 2002). In addition, drought stress causes a reduction of the PS II
quantum yield, photochemical quenching, and electron transport rate (Allen and Ort
2001).

Apart from decreasing photosynthetic rate, drought stress also decreases the
photochemical efficiency. Light energy absorbed by chlorophyll molecules can
undergo one of three fates: it can be used to drive photosynthesis (photochemistry),
excess energy can be dissipated as heat, or it can be re-emitted as light-chlorophyll
fluorescence. These three processes occur in competition, such that any increase in
the efficiency of one will result in a decrease in the yield of the other two.
Photochemical reactions are linked to CO, fixation process by supplying adenosine
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate reduced form
(NADPH) and are also regulated by alternative electron sinks, such as photorespira-
tion, Mehler reaction, and nitrogen reduction (Noctor et al. 2002). Drought stress
damages oxygen-evolving complex and reaction centers of PS II (Subrahmanyam
et al. 2006). There are contradictory reports of the direct effects of drought on PS II
functionality (Genty et al. 1987; Colom and Vazzana 2003). The difference between
chlorophyll fluorescence values recorded with closed and open reaction centers is
known as variable fluorescence (F, = F,,, — F,), which gives a measure of absorbed
light energy that would be used in photosynthesis if all reaction centers are in the
open state and is decreased under drought stress (Mutava et al. 2011). The relative
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values of variable and maximum fluorescence are used to measure the quantum
efficiency of the photochemical reaction also referred to as the PS 1I yield (F\/F,),
which is also decreased under drought stress (Mutava et al. 2011). Another ratio F/
F.,, which measures the damage caused to thylakoid membranes, an indicative
parameter for assessment of crop health under drought stress (Maxwell and Johnson
2000), is increased under drought stress. The reduction in photosynthesis and other
associated traits were more pronounced in susceptible cultivars than in the relatively
tolerant cultivars (Subrahmanyam et al. 2006).

The cell membranes are one of the primary targets of many plant stresses, and
maintenance of their integrity and stability is an important adaptation under drought
stress (Bhajji et al. 2001). Lower membrane stability reflects the extent of lipid
peroxidation caused by reactive oxygen species (ROS) under drought conditions
(Moussa and Abdel-Aziz 2008; Baroowa and Gogoi 2012). The reduction in utiliza-
tion of ATP and NADPH, in dark reaction promotes the formation of ROS in PSIL
During drought stress, the absorbed light energy is poorly utilized for the photosyn-
thetic process because of disruption in CO, fixation process. In PS II, electron flow
may be blocked at the rate-limiting step (Q ) with electrons likely to return from the
acceptor side to the donor side. Consequently, Chl P 680 of PSII forms an excited
triplet (°Chl*) state, and in this state, the excited chlorophyll molecule reacts with
ground state oxygen (O,) to form singlet ground state chlorophyll ('chl) and singlet
excited oxygen ('0,*; Foyer et al. 1994). By the reaction of singlet excited oxygen
'0,* with molecular oxygen (O,), it forms superoxide radical (O, ) through Mehler
reaction, which is then degraded to hydrogen peroxide (H,O,) by the enzyme
superoxide dismutase (Asada 2006; Foyer et al. 1994). H,O, is further catalyzed
either enzymatically by ascorbate peroxidase and glutathione peroxidase to H,O or
nonenzymatically in the presence of Fe** and Mn>* by the Fenton reaction to
hydroxyl radicals (OH") (Foyer and Noctor 2011). The production of H,O, and
superoxide accelerates photoinhibition by inhibiting the repair of damaged PS II
(Takahashi and Badger 2011). Overproduction of ROS can increase the
photoinhibition and induce damage to the biological membrane system through
electrolyte leakage (Meng et al. 2010). Hence, peroxidation of membrane lipid
triggered by ROS is one of the prime causes of injury and reduced stability of cell
membrane under drought. Apart from this, the ROS produced under drought stress
can cause premature leaf senescence.

Sorghum is sensitive to post-flowering drought stress as evidenced by premature
leaf and plant senescence. The stay-green trait has been found to be associated with
post-anthesis drought tolerance. Thomas and Howarth (2000) proposed that stay-
green genotypes are classified into five types, namely, type A to E. The Type A
shows delayed onset of senescence but proceeds at a normal rate, which may have
arisen after an alteration of genes involved in the timing of the initiation of senes-
cence (Thomas and Smart 1993). In Type B, senescence is initiated on schedule but
subsequently proceeds more slowly. Type C stay greens undergo functional senes-
cence on a normal timescale, but chlorophyll may be retained indefinitely. Type D is
stay green and retains the color when leaves are killed by freezing, boiling, or drying.
In Type E, the photosynthetic capacity of an intensely green genotype may follow
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the normal ontogenetic pattern, but the comparison of absolute pigment contents
identifies it as a stay green (Thomas and Howarth 2000). There is a positive
correlation between expression of stay-green trait and grain yield in sorghum
(Borrell et al. 1999). The increased yield was attributed to individual grain mass
(Borrell et al. 2014). The genotypes with this trait are characterized for retaining
higher levels of chlorophyll in their leaves during post-flowering drought stress
resulting in maintenance of photosynthesis for a more extended period to support
carbon partitioning to developing grains. Persistence of green leaves during grain fill
in sorghum has been associated with increased yields under water-limited conditions
(Talwar et al. 2011a, b). Sorghum hybrids with ability to display higher levels of stay
green generally produce higher grain yield than those with the intermediate or low
phenotypic expression of stay-green trait (Borrell et al. 1999, 2000a, b; Vadez et al.
2011; Jordan et al. 2012). The sorghum genotype B35, which is a tolerant to post-
flowering drought stress, has been used as a source for the stay green in the breeding
program for improving the post-flowering drought tolerance. The genotypes E36,
QLA41, SC56, and B35 are some of the sources of stay-green trait. Several quantita-
tive trait loci (QTL) associated with the expression of a stay-green phenotype have
been identified, but the use of stay-green QTLs to breed improved cultivars will only
be possible once key stay-green QTLs are identified that are capable of enhancing
the agronomic and economic benefits. Stay-green QTL introgression lines (ILs) were
generated having single of multiple QTLs in two highly senescent genetic back-
ground of high yielding sorghum lines (Talwar et al. 2013). These lines along with
local checks, recurrent parent, and stay-green donor were evaluated in 2 years during
the post-rainy season and at four locations in India. The evaluations of these
introgressed lines targeting Stgl, Stg2, Stg3A, Stg3B, Stg4, and StgC QTLs under
both well-watered and water-stressed (post-flowering drought) STG 3A and STG 3B
were the key QTLs associated with both grain yield and stover yield (Talwar et al.
2013). Under water stress conditions, the introgression with stg3B was the most
advantageous and improved grain yield and total dry matter by 16 and 9%, respec-
tively, over the recurrent parent. This study also established that the recipient genetic
background and soil moisture conditions during post-flowering growth stages played
an important role in the expression of stay-green QTLs (Vadez et al. 2011). Our field
evaluations, also, clearly established the superiority of stg3B in enhancing the grain
yield and aboveground biomass accumulation over other individual QTLs or in
combination under both the genetic backgrounds, particularly under water stress
conditions (Talwar et al. 2013, 2017).

Many previous reports have established the sensitivity of the stomatal aperture to
vapor pressure deficit (VPD) as one of the key adaptive traits (Turner et al. 1984;
Grantz 1990), which resulted in the genetic variations of transpiration efficiency in
sorghum (Vadez et al. 2011). The simulation modelling work using weather data
from a sorghum production area showed that restricting the maximum transpiration
would increase the transpiration efficiency and yield of sorghum (Sinclair et al.
2005). Genetic variation for the capacity to restrict transpiration under a high VPD
has been identified in sorghum (Gholipoor et al. 2010, 2012; Choudhary et al.
2013a, b) and other cereals [pearl millet (Kholova et al. 2010), maize (Yang et al.
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2012), and wheat (Schoppach and Sadok, 2012)] and legumes [soybean (Fletcher
et al., 2007), chickpea (Zaman-Allah et al. 2011), peanut (Devi et al. 2010), and
cowpea (Belko et al. 2012)].

2.2 Effect of Drought Stress on Root Physiology

The ability to capture soil moisture increases exponentially with root length per unit
soil volume under drought stress. The rooting system of the plant can exhibit
morphological, structural, and physiological responses to changes in the growing
environment, which is referred to as root developmental plasticity. The root devel-
opmental plasticity comprises changes in tap and/or seminal root elongation, lateral
root formation, root hair formation, lateral root elongation, and distribution, leading
to changes in water and nutrients absorption. In cereals, root angle was considered as
a potential tool in determining horizontal and vertical exploration of the soil (Kato
et al. 2006; Hammer et al. 2009; Singh et al. 2010, 2012). Genotypic differences for
root traits have been reported in sorghum (Singh et al. 2008, 2011; Mutava 2012)
and various crops including maize (Tuberosa et al. 2003) and wheat (Manschadi
et al. 2006). Singh et al. (2010), compared the development of root system between
sorghum and maize, reported that sorghum produces a sole seminal (primary) root
and coleoptiles nodal roots at four to fifth leaf stage, whereas maize produces three to
seven seminal roots and coleoptile nodal roots, which emerge at the second leaf
stage. In sorghum, drought tolerance was associated with higher water extraction
efficiency with fewer nodal roots, fewer metaxylem vessels per plants, and deep root
system (Mace et al. 2012). Also, the genotypes with steeper root angle have a deep
root system resulting in deeper root penetration into the soil profile (Rostamza et al.
2013). The angle of the first flush of nodal roots, which appears when around five
leaves have fully expanded (Singh et al. 2010), is associated with the spatial
distribution of roots of mature sorghum plants and hence with their ability to extract
soil water (Singh et al. 2012). A possible mechanism for this would be that narrow
root angle could increase the ability of plants to access water from deeper soil layers
(Singh et al. 2012), which can prolong maintenance of photosynthesis and remobili-
zation activities during grain filling (Borrell et al. 2014) under drought. Root angle
measured on nodal roots at five to six leaf stage was suggested to be an ideal stage for
large-scale screening for root architecture in breeding populations. Small root
chambers filled with soil have been used and recommended to study the nodal root
angles in sorghum (Singh et al. 2010, 2011). Singh et al. (2011) and Mace and
Jordan (2011) reported medium to high heritability for root angle. Using the rapid
root angle screening strategy, Mace et al. (2012) identified four QTL for nodal root
angle in sorghum. Three of the four identified QTL showed homology to previously
identified root angle QTL in rice and maize, whereas all four QTL co-localized with
previously identified QTL for stay green in sorghum. Besides root angle, both
drought-tolerant and susceptible sorghum genotypes produced relatively greater
root length density and specific root length under drought stress compared with
well-watered conditions (Tsuji et al. 2005). Root anatomical studies have shown that
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under drought stress, the suberization of cell wall increases during root development,
and the number of cortical layers was decreased resulting in decreased radial root
hydraulic conductivity (North and Nobel 1995) and quick radial water transport
(Fahn 1964), respectively. Another mechanism is creating xylem vessel cavitation
during drought stress, which could optimize water flow according to water availabil-
ity. There is a positive correlation between root elongation rate and root diameter.
Under drought stress, the small-diameter roots are considered as a strategy aimed to
maximize absorptive surfaces, thus increasing rates of water and nutrient uptake. A
deeper root system will be advantageous during terminal or post-flowering drought
stress.

23 Effect of Drought Stress on Reproductive Physiology

Sorghum is relatively tolerant to a short episode of drought stress when compared to
other cereals (e.g., rice or maize); however, it is sensitive to prolonged drought stress
resulting in decreased grain yield. In sorghum, drought stress during the vegetative
stage for 16 and 28 days decreased the grain yield by 16 and 36%, respectively
(Inuyama et al. 1976). In another study, drought stress during early booting and early
grain filling for 28 days decreased grain yield by 27 and 12%, respectively (Eck and
Musick 1979). In contrast, extended drought stress for 35 and 42 days at the
beginning of the booting stage decreased grain yield by 43 and 54%, respectively.
This shows that sorghum is more sensitive to drought stress during reproductive
stages compared to vegetative stages. A wide genetic variability among sorghum
genotypes for individual grain weight was observed under drought stress (Fig. 1).

Before booting and panicle exertion, the potential grain numbers per panicle are
determined, and during flowering, the number of grains per panicles are determined.
Drought stress during reproductive stages can have an adverse effect on pollen and
ovule development and fertilization and cause premature abortion of fertilized
ovules (Saini 1997). Sorghum yield is a function of the number of harvested
panicles, grains per panicle, and individual grain weight, and these traits are affected
by the duration, timing, and severity of drought stress. Drought stress during early
booting stage results in decreased grain yield by affecting grain number and individ-
ual grain weight, whereas the yield decrease due to drought stress at later growth
stages was associated with individual grain weight. There is significant genetic
variation among the sorghum germplasm collection to drought stress and traits
associated with tolerance (Mutava et al. 2011) that include enhanced and efficient
roots, increased water-use efficiency, slow wilting, and stay green (Prasad et al.
2018).

24 Sensitive Stages

In sorghum, water uptake increases gradually from seedling emergence, reaching a
peak at flowering, and then gradually decreases until maturity (Djanaguiraman et al.



166 M. Djanaguiraman et al.

k=]

o

L7

1]

2 40+ L]

=

2 ° o*

2

= 30

5] [ ]

o

g

2 e

20

g - LN ]

z " L4

g L) L] ®

z L4 ° ] Y %

& ° o

E 10 - ° ® ° . .

£ 2 o 0

=]

g

= ol oL L 1L 1 |1 | | 4| I Yy ' | oo
NMTOoOnwMNoMnN O — 0o unMnoonNnTnoo NN OO — U =000
V;N-—"f\\'!'["‘-c“Cﬁx@ﬁafﬁ\bog-—'ﬂ\'\‘bf‘lmv—'—r'\w‘J‘T'\CE\DNN'/\OO\’)
Y=ot YU — o Ot NToUSm oo Eamnmno Ty
QOO QOO mumQUROS RO "L 00 eSS @
“munlUrnunnrnonn DD T U0 s S 000
= wl W vmw N 7] v o ;-J" [RGB
M g 73]

E
7]

Sorghum genotypes

Fig. 1 Genetic variability among sorghum genotypes for individual grain weight under drought
stress. (Modified from Mutava et al. (2011))

2018a). Sorghum plants have a water use of about 3—5 mm ha ' daily depending
upon growth stage, and the highest daily water use is recorded during booting to
seed-set (7-10 mm dayfl) (Assefa et al. 2010). About 90% of the total water used by
sorghum is extracted from a soil depth of 0—1.65 m (Assefa et al. 2010). If the plants
do not meet the above water requirement, then it leads to changes in leaf physiologi-
cal process resulting in reduced growth.

Sorghum is comparatively tolerant to drought stress during early seedling stages
when compared to later stages like peak vegetative, flowering, and rapid grain filling
stages. Sorghum survives severe drought stress at early vegetative stage probably
due to small plant size (small leaf area consequently a slow rate of water loss).
However, drought stress during peak vegetative stage causes a delay in panicle
initiation and flowering. Manjarrez-Sandoval et al. (1989) concluded that microspo-
rogenesis and the milk dough stage are the most sensitive stages of sorghum panicle
development to water deficits. Drought stress during anthesis causes floret abortion
in the lower branches of the panicle leading to lower grain numbers. After anthesis,
drought stress reduced grain size. However, detailed information on direct compari-
son of various stages is limited because most of the drought research has been
conducted at independent stages like vegetative, flowering, and post-flowering rather
than a comparison between multiple stages of growth under drought stress. This is
due to the difficulty in conducting such research under field or controlled environ-
mental conditions, particularly ensuring the timing and intensity of the drought
similar under different conditions. Our preliminary research with sorghum hybrids
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indicated that drought stress from booting and start of flowering and from the start of
flowering to seed-set stages decreases seed-set percentage and grain numbers, while
drought stress during seed-set to mid-grain filling stage decreased grain dry weight
(Prasad personal communication). The sorghum genotypes tolerant to pre-anthesis
stage drought stress may not be tolerant to post-anthesis stage drought stress
(Sanchez et al. 2002) because the drought tolerance mechanism differs between
the stages of growth.

3 Flooding (Waterlogging) Stress

Flooding stress is a collective term for soil waterlogging and submergence stress.
Flooding stress causes an inadequate supply of oxygen to the submerged tissues
since the diffusion of oxygen through water is 10*-fold slower than in air, resulting in
decreased growth and grain yield of crops (Armstrong and Drew 2002; Setter and
Waters 2003). Therefore, plants growing in the flooding situation face hypoxia
(deficiency of O,) or anoxia (absence of O,) condition. Plants under O,-restrictive
environment show the metabolic switch from aerobic respiration to anaerobic
fermentation since oxygen is the terminal electron acceptor in the aerobic respira-
tion. In soil, alterations in soil physicochemical properties like soil pH, redox
potential, and oxygen level were noticed under flooding stress. In addition, plants
grown under excess water had increased levels of ethylene production (Smith and
Russell 1969), and the formation of aerenchyma and adventitious roots (McNamara
and Mitchell 1989). In flood-tolerant species, maintenance of cytosolic pH is prime
important. The initial decline in cytosolic pH is observed under flooding, which is
due to the production of lactic acid by fermentation.

3.1 Effects of Flooding Stress on Leaf Physiology

Sorghum grown in tropical and subtropical regions may suffer intermittent or
long-term water logging due to heavy rains. In these areas, waterlogging causes
deleterious effects on plant metabolism and soil texture. Flooding decreases the
photosynthetic rate, stomatal conductance, and transpiration (Tari et al. 2012). Jain
et al. (2010a) have observed that the flood-tolerant sorghum genotype SSG-59-3 had
higher levels of alcohol dehydrogenase and lactate dehydrogenase activities and
higher levels of ethanol in the roots than the sensitive genotype S-308, indicating that
the tolerance is associated with enhanced fermentative pathways as alternative
means to sustain the production of ATP under flooding stress.

3.2 Effects of Flooding Stress on Root Physiology

Even though both sorghum shoots and roots are susceptible to waterlogging, roots
show quicker recovery than the shoots (Bhagwat et al. 1986). Waterlogging
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increases the resistance of roots to the movement of water, leading to a decrease in
water potential and wilting. Long-term flooding causes a significant reduction in
biomass production, increases the allocation of biomass to the roots, and reduces
leaf area.

33 Effect of Flooding Stress on Reproductive Physiology

Sorghum is susceptible to flooding stress or saturated water during reproductive
stages. However, there is not much information on the direct effect of flooding stress
on the reproductive physiology of sorghum and needs attention. Studies on other
cereals have shown that flooding will decrease floret fertility, grain formation, and
grain growth, leading to lower yields.

34 Sensitive Stages

Sorghum plants were most sensitive to flooding and responded with the highest
reduction in growth and dry mass at the early vegetative and early reproductive
stages (Promkhambut et al. 2011a). However, sorghum is moderately tolerant to
short periods of flooding during the seedling stage; however, prolonged
waterlogging damages seedlings. Flooding stress after 30 days after emergence did
not affect the shoot growth of sorghum. Genotypes tolerant to flooding stress showed
aerenchyma formation from the roots to the stalk base in flooded soils
(Promkhambut et al. 2011b).

4 High-Temperature Stress

Sorghum is generally grown in arid and semiarid regions of the world, where the
current mean air temperature is above optimum for sorghum growth and develop-
ment, and any further increase in temperature will have a significant negative impact
on sorghum yield (Prasad et al. 2006). It is predicted that in the future, the air
temperature will increase by 0.2 °C per decade, as well as the frequency of warm
nights and days. The increase in temperature is associated with the extreme change
in weather patterns like uneven rainfall pattern, severe droughts, and occurrence of
short or long episodes of HT (IPCC 2013, 2018). Temperature extremes can
negatively impact the growth, development, and yield of different crop species and
genotypes within a species (Hatfield et al. 2011; Prasad et al. 2017). Maiti (1996) has
reported that the optimum temperature for sorghum vegetative stage is 26-34 °C.
However, for reproductive growth, the optimum temperature is 31 °C (Hatfield et al.
2008; Prasad et al. 2006). The temperature threshold for development are vegetative
development (Tyin: 8 °C; Ty range: 26-34 °C), reproductive development (Top: 27;
Tinax: 35 °C), and for dry matter production (T, 24 °C). Temperature above and
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below this value will have a significant negative impact on sorghum growth and
yield.

4.1 Effect of High Temperature on Leaf Physiology

Plant experiencing temperature above optimum temperatures exhibits a characteris-
tic response at the cellular, metabolic, and physiological level. Moderate HT stress
causes a reversible reduction of photosynthesis; increased HT stress causes irrevers-
ible damage to the photosynthetic apparatus, resulting in greater inhibition of plant
growth. In general, HT induces changes in photosynthesis and respiration process
resulting in decreased crop productivity (Barnabas et al. 2008; Djanaguiraman et al.
2014). Matsuoka et al. (2001) reported that the optimum temperature for sorghum
photosynthesis ranged from 30 to 42 °C and above which the photosynthetic rate
starts to decrease. Respiration increases exponentially from a temperature of O to
35 or 40 °C and reaching a plateau at 40-50 °C. At a temperature above 50 °C,
respiration decreases because of damage to the respiratory mechanism. The increase
in respiration rate indicates increased consumption of assimilates for maintenance
respiration. In general, 30-80% of carbohydrate fixed by the plants were used for
respiration per day. However, it depends on the stage of crop and growth
temperature.

Overall, in plants, the effects of HT stress decreases chlorophyll content in
sensitive genotypes, especially chlorophyll a levels, net photosynthetic rate, and
Rubisco regeneration capacity, content, and activity resulting in premature leaf
senescence. On the contrary, HT stress increases thylakoid membrane damage,
PEP-case activity, stomatal conductance, and transpiration rate. Apart from this,
the PS II is found to be more sensitive to HT than PS I, and electron transport chain
of PS II acceptor side is more susceptible to HT stress compared with PS II donor
side. The enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) does
not appear to limit photosynthesis at HT because the in vitro capacity of Rubisco is
well in excess of the net photosynthetic rate (Al-Khatib and Paulsen 1984; Jagtap
et al. 1998; Prasad et al. 2006; Yan et al. 2011, 2013; Djanaguiraman et al. 2014).
High daytime temperature stress during the booting stage significantly decreased the
photosynthetic rate through lower chlorophyll content and higher ROS level and
membrane damage (Djanaguiraman et al. 2014). Similarly, high nighttime tempera-
ture significantly decreased the photosynthetic rate through increased thylakoid
membrane damage and decreased chlorophyll content (Prasad and Djanaguiraman
2011). The chlorophyll a fluorescence parameter, namely, the maximum potential
quantum efficiency of PS II (F,/F,, ratio), was highly correlated with HT stress
tolerance in crops. HT stress increased the non-photochemical quenching, indicating
increased dissipation of excess excitation energy in the form of heat resulting in less
conversion of excitation energy into photochemistry (Prasad and Djanaguiraman
2011).

Maintenance of membrane stability under HT stress is critical for optimum
photosynthesis and respiration. The reaction centers of PS I and PS II of chloroplasts,
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peroxisomes, and mitochondria are the major sites of ROS. Generation of ROS
under HT stress is a symptom of cellular damage, where membrane lipids peroxida-
tion leads to membrane permeability and loss of function. In sorghum, HT stress
induced production of ROS like superoxide radical (O, ), hydrogen peroxide
(H,05,), and hydroxyl radical (OH™) (Djanaguiraman et al. 2014). However, the
activities of antioxidant enzymes like superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POX) were decreased under HT stress (Djanaguiraman et al. 2014).

4.2 Effect of High Temperature on Root Physiology

Little information is available regarding the direct impact of HT stress on the root
functions in crops. Under HT stress, root biomass and nutrient uptake per unit root
area decreased (Basirirad 2000). Klimenko et al. (2006) observed decreased activity
of nitrate reductase enzyme activity under HT stress. This is a direct impact of
signalling from shoot to root and response of root for adaptive response. Under HT
stress, if there is potential access to water, then plants can increase uptake of water
and help with transpirational cooling to avoid and minimize the impact of high-
temperature stress on the above physiological processes (particularly photosynthe-
sis) that occur at leaf or shoot level.

4.3 Effect of High Temperature on Reproductive Physiology

In most of the cereals, the primary yield deciding factors, namely number of grains
per panicle, and individual grain weight are sensitive to HT stress. In sorghum, the
final grain number is a function of successful pollination, fertilization, and seed-set.
High-temperature stress during gamete development affects pollen and ovule func-
tion, morphology and anatomy, and anther dehiscence. HT stress during progamic
phase leads to loss of pollen germination potential, adhesion on stigma, loss of
pollen tip polarity, stigma receptivity, and ovule viability leading to failure in
fertilization process. During embryo development, HT stress affects cell division
and elongation and induces embryo dormancy and abortion. The number of grains
per panicle is a function of male and female gametes, namely, pollen and pistil
viability. HT stress during reproductive stages of development negatively affects
floret fertility or seed-set (Prasad et al. 2008, 2015). The lower seed-set percentage at
HT was due to lower pollen production, pollen germination, mitochondrial activity,
antioxidant enzyme activity, and increased production of ROS and membrane
damage (Prasad et al. 2006; Djanaguiraman et al. 2018b). Decreased pollen produc-
tion at HT may be related to anther indehiscence (Porch and Jahn 2001). HT stress
during day or night or combined day- and nighttime decreased sorghum pollen
viability and germination (Nguyen et al. 2013; Prasad and Djanaguiraman 2011;
Djanaguiraman et al. 2014). The decrease in the pollen germination is possibly due
to increased oxidative damage and decreased unsaturation of phospholipids (Prasad
and Djanaguiraman 2011). Lower pollen viability at HT could be related to
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Fig. 2 Genetic variability among sorghum genotypes for percent decrease in seed-set percent over
optimum temperature (control) under high-temperature stress. (Modified from Djanaguiraman et al.
(2014))

degeneration of the tapetum layer and/or decreased carbohydrate metabolism (Jain
et al. 2007, 2010b). The degradation of tapetum cells under HT stress negatively
influences the nourishment of pollen mother cells leading to sterile pollen. Similarly,
the loss of pistil function is associated with enhanced production of ROS and
membrane damage (Djanaguiraman et al. 2018b). On relative seed-set percent
basis, pollen was more sensitive to HT stress compared to pistil as evidenced by
reciprocal cross experiment (Djanaguiraman et al. 2018b). However, pistil or ovule
abortion and early embryo abortion also play an important role (Djanaguiraman et al.
2018b). A wide genetic variability for seed-set percent among sorghum genotypes
was observed under HT stress (Fig. 2). High temperature during the grain filling
period decreases individual grain weight due to shorter grain filling duration (Prasad
et al. 2008) and/or grain filling rate (Prasad et al. 2006, 2008). Decreases in grain
number and individual grain weight lead to lower grain yields.

4.4 Sensitive Stages

Each crop species and each genotype within a species have a defined minimum
(Tmin), optimum (o), and maximum (7y,,¢) temperatures for each growth or
developmental stages. The T,,,;, and T}, are defined as the temperature below and
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Fig. 3 Impact of high-temperature stress at different times relative to anthesis on (a) floret fertility
and (b) individual grain weight. (Redrawn from Prasad et al. (2015))

above which growth or development stops, respectively. The Ty is at which the
growth rate will be at maximum (Hatfield et al. 2011). In general, for most of the
species, vegetative development has a higher T, than reproductive development,
indicating that reproductive stages are most sensitive to HT stress than the vegetative
stage. For example, the Ty, and Top for sorghum vegetative stage are 8 and 34 °C,
respectively. However, for reproductive growth, the Ty, and T, are 8 and 31 °C,
respectively (Hatfield et al. 2008). If the temperature increase occurs within
the optimum temperature range, the time from seedling emergence to initiation of
the reproductive stage will be shorter. In contrast, if the temperature is above T, the
duration of panicle initiation to anthesis will be delayed. Panicle emergence was
delayed by 20 days as higher temperature increased (e.g., from 32/22 or 36/26 to
40/30 °C), and no panicles were formed at 44/34 °C (Prasad et al. 2006). Extreme
HT stress inhibits panicle exsertion, and the plants remained in vegetative stage till
the stress is relieved (Prasad et al. 2006). In sorghum, periods between 10 and 5 days
before anthesis [coinciding with gametogenesis, both microsporogenesis (pollen
development) and megasporogenesis (ovule development)] and at anthesis were
most sensitive to HT, causing maximum decreases in floret fertility (Fig. 3; Prasad
etal. 2015). Similarly, early stages of rapid grain filling periods are more sensitive to
HT stress compared to later parts of grain filling period (Prasad et al. 2015).

5 Low-Temperature Stress

Sorghum is grown in regions where the temperature ranges from as low as 8 °C in
the high altitudes to a high of about 38 °C in the lowlands. The crop faces low
temperature during initial crop developmental stages. Given the African origin for
sorghum, the crop is suited for warm climatic conditions; hence, it is sensitive to
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low-temperature stress. Chilling stress in sorghum generally sets in at temperatures
below 20 °C, and temperatures below, which affects seedling emergence, seedling
vigor, and metabolism (Chinnusamy et al. 2007). Sorghum grown in temperate
zones is affected by low temperature during early spring. Sorghum in the United
States is grown in a narrow growing period between June and September as low soil
temperature during the early growing season (April and May) and occurrence of
freeze in October. In India, sorghum is grown in rainy and post-rainy seasons with
the cultivars specific to the seasons. Post-rainy season sorghum is grown in the
winter season and occupies a special place catering to the food and fodder needs,
unlike rainy season sorghum that is mostly damaged due to grain mold due to the
climatic conditions prevailing in the season. Adoption of hybrid technology is
mainly restricted to sorghum grown in rainy season, while the post-rainy sorghum
is dominated with landraces. One of the reasons for the failure of hybrids in the
winter season is the poor seed-set experienced by hybrids when night temperatures
fall below 15 °C. Profuse tillering occurs in seedlings when the plants experience
low temperatures at the seedling stage.

5.1 Effects of Low-Temperature Stress on Leaf Physiology

Increasing cold tolerance during germination and early seedling growth will help in
early planting of sorghum, particularly in the Midwestern region such as Kansas,
USA. The major advantage of early planting is earlier establishment and faster
growth of the plants; thereby, it escapes from HT and dry conditions during the
reproductive stages (particularly flowering and early grain filling) and potential to
extend the duration of the grain filling.

In sorghum, a minimum temperature of 16 °C was necessary for normal physio-
logical process (Paul 1990). Low-temperature stress (8 °C) caused a significant
reduction in photosynthetic capacity and rate, which is more sensitive than the
respiratory rate (Ercoli et al. 2004). When encountered early in the season, the stress
can result in reduced germination and emergence, poor seedling growth, and reduced
vigor in sorghum (Knoll and Ejeta 2008; Tiryaki and Andrews 2001la, b). In
sorghum, low night temperature during flowering increases the incidence of ergot
disease (Stack 2000). Low temperatures (<10 °C) cause reduction in plant height,
leaf area, and dry matter accumulation, possibly due to a reduction in chlorophyll
synthesis and consequently photosynthesis. The duration of growth stages was
extended if the average daily temperature was below 20 °C and growth period
extended from 10 to 20 days for each 0.5 °C reduction in growth temperature.

5.2 Effects of Low-Temperature Stress on Root Physiology
Generally, the chilling-sensitive plants exhibit drought stress effects under low

temperatures, which are triggered by reduced root hydraulic conductivity followed
by a severe decline in leaf water potential and loss of turgor pressure. Aroca et al.
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(2003) reported that under low-temperature stress the vapor pressure deficit between
the leaf surface and the atmosphere would be decreased, resulting in lower transpi-
ration rate and root water uptake. Impact of low soil or air temperatures on root
physiology is not well documented in sorghum.

53 Effects of Low-Temperature Stress on Reproductive
Physiology

Cold temperature at flowering is detrimental to yield of sorghum. Low temperatures
during anthesis stage affect the number of grains per panicle by affecting meiosis
process resulting in pollen sterility. Structural and functional abnormalities in the
male and female reproductive tissues leading to failed fertilization or premature
abortion of embryo were observed in cold-stressed sorghum plants (Downes and
Marshall 1971). Though both the anther and stigma have fully extended, low
temperature may impact receptivity of the stigma, germination, and growth of the
pollen tube or fertilization resulting in reduced seed-set and a lower number of grains
per panicle (Downes and Marshall 1971). Osuna et al. (2003) noticed that low
temperatures reduced the amount of pollen produced and possibly modified stigma
receptivity in post-rainy sorghum. Cold-tolerant lines produced more pollen, a
higher percentage of fertile pollen, lower percentage of sterile pollen, and higher
amount of seed-set than in the cold-susceptible genotypes. In susceptible types, low
temperature reduced the number of pollen mother cells and their ability to produce
pollen and that difference in tolerance between genotypes suggested that the charac-
ter was polygenic (Gonzalez et al. 1986).

A minimum temperature below 10 °C during pre-flowering stages (2327 days
before flowering) significantly decreases seed-set and yields by lowering pollen
viability. Exposure to low temperatures of 15—-13 °C at the flowering stage for the
duration of 10 days significantly decreased yield components and delayed maturity
by about 10 days in sorghum (Maulana and Tesso 2013). Similarly, low
temperatures (<27/22 °C) during the early booting to maturity significantly
decreased grain numbers and grain yield in sorghum through lower seed-set percent-
age (Maulana and Tesso 2013). Reduced seedling vigor caused by low temperature
may not necessarily lead to reduced yield if the stress is relieved at later growth
stages (Maulana and Tesso 2013). But low germination and poor emergence under
cold stress can result in poor stand establishment that may directly translate to
decreased plant numbers and decreased grain numbers per unit land area leading
to lower yield.

54 Sensitive Stages
The germination and seedling establishment stages of the sorghum are most sensitive

to cold temperatures, which can significantly decrease the plant population and grain
yield. Early season low-temperature stress can significantly reduce seedling growth
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and delay the time to flowering and maturity. There was a significant genetic
variability for cold tolerance during seed germination stage (Upadhaya et al.
2016). Low temperatures during anthesis stage affect the number of grains per
panicle by affecting meiosis process resulting in pollen sterility (Downes and
Marshall 1971). Lower temperatures during critical periods of emergence, gamete
development, and flowering stages can cause significant yield reduction.

6 Salinity Stress

Soil salinity is another abiotic stress limiting crop productivity. In arid and semiarid
region, salinity is the major problem (Koca et al. 2007), which may cause yield
losses in sorghum. Sorghum is a moderately tolerant crop to salinity stress (Maas
et al. 1986). Salinity stress affects plants through osmotic stress, ion imbalance, and
toxicity. Osmotic effects are due to a salt-induced decrease in soil water potential
leading to decreased water uptake by the roots even though the soil has a higher
quantity of water. Ion imbalance and toxicity effects are exerted in plants due to
uptake of dissolved ions (e.g., sodium, chlorine, potassium). Munns and Tester
(2008) reviewed the response of a plant to salinity stress and summarized that
reduction in shoot growth occurs in two phases: a rapid response to the increase in
external osmotic pressure which leads to visible effect through decreased new shoot
growth and a slower response due to the accumulation of Na* in leaves which leads
to increased senescence of older leaves.

The retardation of growth in the first phase was due to osmotic stress and in the
second phase to ion-related effects caused by high NaCl concentrations. Plants have
developed a wide range of mechanisms to sustain the productivity under salt stress,
for example, osmoregulation, ion homeostasis, antioxidant mechanism and hormone
regulation (Munns and Tester 2008). Research on salinity tolerance of various crops
indicated that salinity tolerance depends largely on genus, species, and cultivars
within species. In sorghum, many reports documented large genetic variations in
salinity tolerance (Krishnamurthy et al. 2007; Devi et al. 2018a, b, 2019).

6.1 Effects of Salinity Stress on Leaf and Root Physiology

In general, under salinity stress, the root sodium (Na™) content will be significantly
higher than the shoot Na® content (Almodares et al. 2014). In saline-tolerant
sorghum genotype, the root Na* was higher than the leaf Na* (Chaugool et al.
2013). Under saline conditions, photosynthetic pigments, net photosynthetic rate,
stomatal conductance, transpiration rate, the maximum fluorescence (F,), and
quantum yield of PS II were decreased. One of the metabolic consequences of
osmotic stress is the accumulation of osmolytes, low-molecular-weight organic
compounds, also known as compatible solutes, that are uncharged, polar, and highly
soluble and do not interfere with normal metabolic reactions because they are
nontoxic even at high cellular concentrations. Osmolytes are accumulated in the
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cytoplasm of halophytic species in order to balance the osmotic potential of the Na*
and C1™ accumulated in the vacuole, a process called osmoregulation. The compati-
ble solutes such as proline, soluble sugar, reducing sugar, soluble protein, and free
amino acid content increased under saline stress condition, leading to enhanced
osmotic balance (Ashraf and Foolad 2007). Accumulation of compatible organic
solutes in leaves is also a common response to salt stress in sorghum plants. Soluble
carbohydrates, amino acids, organic acids, proline, and betaines are some of the most
common compatible organic solutes found in these plants (Grieve and Maas 1984;
Weimberg et al. 1984; Rosa-Ibarra and Maiti 1995; Hasegawa et al. 2000; Lacerda
et al. 2001).

High salt concentration and salinity in the soil affect the ion transport, water
relations, plant cell membrane integrity, metabolic reactions, and oxidative damage
(Djanaguiraman and Prasad 2013). The increase in ROS contents of superoxide,
hydrogen peroxide, and hydroxyl radical produced in chloroplast and mitochondria
under salinity stress condition inactivates the enzymes and destruction of the cell
membrane (Noreen et al. 2009). In contrast, the antioxidant enzymes such as SOD,
CAT, and POX activity are decreased, leading to enhanced oxidative damage.
Sayyad-Amin et al. (2015) showed that salinity stress decreased leaf K*/Na™ ratio
and cell membrane stability while it led to increase in antioxidant enzymes and
osmotic compounds at both vegetative and reproductive stages in sorghum leaves.
Salinity caused a significant increase in the activity of all the antioxidant enzymes at
both phenological stages; however, the changes were much greater at the higher
salinity level. Sorghum genotypes varied in their response to root and shoot growth
during early vegetative stages, and Na" exclusion from the shoot was related to
biomass and can be used as a proxy for salinity tolerance (Krishnamurthy et al.
2007).

6.2 Effect of Salinity Stress on Reproductive Physiology

Salinity stress reduced the number of florets per panicles and increases sterility and
duration to flowering and maturity. Salinity stress during spike or panicle differenti-
ation causes earlier reproductive stage development but with a reduced number of
spikelets per panicle. Anthesis occurred earlier in salinity-stressed plants compared
to a non-stressed plant. Salinity stress during reproductive stages of development
decreased pollen viability and fertilization, resulting in decreased grain numbers in
several cereal and legume crops. In sorghum, salinity stress decreased the grain yield
primarily by decreased grain yield per head rather than a decrease in a number of
heads per unit area (Francois et al. 1984). At salinity levels of 11.4 and 12.4 dS m
the number of grain per heads reduced, resulting in lower grain yield. In addition,
individual grain weight did not contribute to the total grain reduction since it tended
to increase with increasing salinity levels. A wide genetic variability for grain yield
under salinity stress was observed in sorghum (Fig. 4).
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Fig. 4 Genetic variability among sorghum genotypes for percent decrease in grain yield over
nonsaline condition (control) under salinity stress. (Modified from Shakeri et al. (2017))

6.3 Sensitive Stages

Salinity causes a reduction in seed germination (Tabatabaei and Anagholi 2012),
seedling growth (Kausar et al. 2012), and the yield of sorghum (Almodares and
Sharif 2005) and modifies the plant physiological and biochemical processes
(Netondo et al. 2004a, b). Sorghum is more sensitive to salinity at the seedling
emergence stage than at any other stages (Macharia et al. 1994). Additionally, salt
tolerance varies with the varieties (Niu et al. 2012; Krishnamurthy et al. 2007).
Germination rate and seedling vigor of sorghum significantly reduced under salt
stress conditions (Almodares et al. 2007; Rani et al. 2012). In sorghum, Netondo
et al. (2004a, b) reported that increasing salinity stress significantly reduced the
relative shoot growth rates and stem and leaf dry weights. Similarly, Sun et al. (2014)
reported that seedling emergence percentage decreased in sorghum only at EC of
17 dS m~' compared to the control from 50% to 97%, indicating genetic variations
at the seedling stage. Both salt solution at EC of 5 and 10 dS m™"' reduced the dry
weight of sorghum seedlings by 29% and 72% on average, respectively, compared to
control. Among the four growth stages, namely, emergence until growing point
differentiation, growing point differentiation until half bloom, half bloom until soft
dough, and soft dough until physiological maturity, emergence until growing point
differentiation was found to be more sensitive to salinity stress than other stages
(Kafi et al. 2013). Similarly, Maas et al. (1986) observed that the vegetative stage,
which includes initial panicle differentiation is more sensitive to salinity stress
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compared with reproductive and maturation stages. The grain maturation stage is
least sensitive to salinity stress.

7 Conclusions

Abiotic stresses (water, temperature, and salinity) have negative impacts on different
physiological processes, growth, and yield components of sorghum (as summarized
in Fig. 5 and Table 1). Among the various growth stages, reproductive stages,
particularly gamete development and flowering, are relatively most sensitive to
drought, flooding, and temperature stress compared to vegetative stages. However,
early vegetative stages are more relatively more sensitive to salinity stress. Under
field conditions, there are strong interactions between different abiotic stresses.
Temperature stress aggravates drought stress and vice versa, and the magnitude of
drought stress is influenced by VPD. Similarly, there are physiological similarities in
pathways influenced by drought and salinity stress, and also drought and HT stress.
Further research is needed to understand the interactions not only between various
abiotic stress factors (such as temperature and drought, and drought and salinity) but
also interactions of abiotic stress factors with biotic factors (particularly pests and
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Table 1 A subjective classification of the relative value of different stresses on various physiolog-
ical processes

Abiotic stresses

Low High Soil
Traits Drought | Flooding | temperature | temperature | salinity
Green leaf area duration +++ ++ + ++ +
Plant water status +++ ++ + ++ 4+
Ion sequestration — - — — +++
Canopy temperature +++ — — 4+ —
Limited transpiration +++ — + + _
Aerenchyma cells — +++ - - _
Root architecture ++++ ++ ++ + +
Membrane stability ++ ++ +++ +++ ++
Photochemical efficiency ++ + ++ +++ ++
Early morning flowering — — - e+ _
Stem reserve mobilization +++ + ++ +4+ +
Yield-forming traits (seed-set, | ++++ ++++ ++++ ++++ +4++

grain numbers, and size)

More +s indicates greater value, while (—) indicates limited value

diseases incidence, intensity, spread, and dynamics). Interactions among multiple
stresses are not well understood and need attention.

Targeted trait-based breeding offers the benefit of maximizing the probability to
harness tolerance and additive gene actions. Physiological traits such as delayed
senescence, enhanced green leaf area duration, enhanced and sustained photosyn-
thesis, optimizing respiration rates, maintaining internal water content, regulating
canopy temperatures, higher reproductive success, greater partitioning to grains, and
maintaining higher grain numbers and higher grain size offer some options for the
development of stress-tolerant genotypes under specific environments. There is
limited genetic diversity for stress tolerance in current parental lines used in the
breeding programs; however, there is large genetic variability among the germplasm
collections and wild species. Targeted exploration of diverse germplasm collections
(landraces, diversity panel, wild relatives, and sorghum conversion panels),
identifying tolerant and using in breeding programs, is important. Similarly, a better
understanding of the mechanisms of tolerance or susceptibility to abiotic stresses
will help in developing breeding and agronomic strategies to minimize the impacts
of stresses.

There is a need to develop high-throughput phenotyping tools. With the signifi-
cant advancement in imaging and remote sensing tools, there is an emerging
opportunity for efficient and rapid phenotyping. The whole sorghum genome
sequence and genetic and physical maps are now available and should be efficiently
utilized to draw a better link from the phenome to the genome to identify effective
and stable markers. In parallel, through molecular breeding, the discovery of candi-
date genes conferring abiotic stress tolerance in sorghum can be expedited through
genome-wide expression profiling.
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It is expected that in the future, the semiarid and arid regions of the world where
sorghum is a key crop will be more prone to climate change and occurrences of
extreme events. Enhancing abiotic stress tolerance in sorghum will also open new
opportunities to expand sorghum production into new geographical regions. Hence,
improvement of abiotic stress-tolerant sorghum genotypes can help to improve the
livelihood of the farmers and people dependent on sorghum as a source of food,
calories, and nutrition. There is also need to quantify the impact of abiotic stresses on
nutritional quality (particularly micronutrients, antioxidants, and vitamins) to deter-
mine ways of bio-fortification to enhance nutritional value and health benefits of
sorghum as food to vulnerable populations.
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Abstract

This book chapter intends to equip the readers with the basic understanding of
what crop models are, answer the common questions which the crop-modelling
community usually receives from the other research disciplines, and briefly
describe the frequent model misuses which many times hamper broader usage
of models in agriculture. We will briefly discuss the diversity of crop models and
usage of the appropriate modelling tool to address the questions relevant in crop
improvement programs (focus on sorghum/cereals models; APSIM). Further-
more, we will use several examples focusing on sorghum crop of how modelling
approaches are currently being deployed to accelerate agricultural/cropping
systems production and resilience improvement. Here, we will depict few
examples of sorghum model development necessary to reflect agricultural
systems in developing countries (e.g., challenges specific to model sorghum
crop in Africa). We will point out to emerging directions of model development
needed to address some of the global developmental goals and challenges.

Keywords

APSIM - Crop modelling - Environment characterization - Modelling
approaches - Validation

1 Introduction

The need for crop models came from apprehension that one has very limited insight
into the dynamics of cropping systems by simply “running field trials” (de Wit 1965;
Keating et al. 2003; Jones et al. 2016; Chenu et al. 2017). In the mid-1960s, crop
processes began to be viewed quantitatively and formulated by relatively simple
mathematical equations that could be encoded into primitive computers, and thus
crop modelling was born (De Wit 1965). For sorghum crop, the modelling initiative
can be traced to Kansas and Texas universities multidisciplinary research teams
which have been formed to understand, describe, and quantify the interdependent
dynamics of relations within soil-plant-atmosphere continuum (de Wit 1970; Arkin
et al. 1976; Vanderlip and Arken 1977).

Since then, there has been a boost in development of mathematical
representations of dynamic agricultural systems (i.e., system modelling tools) in
order to tackle new research questions (Fig. 1). Model capabilities have thus
broadened, now ranging from simulations of gene expression to multi-field farms
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Fig. 1 Cropping system models are a set of mathematical formulations that reflect crop processes
as influenced by environmental and management practices. They use initial conditions, soil
characteristics, climate conditions, and managements practices (inputs) to dynamically quantify
the status of particular system components over time (outputs). (Adapted from Marrou et al. 2014
IFLRC VI & ICLGGV 1I)

and beyond. However, till now, only few open-source sorghum models have been
made available to the community, with periodic reviews and updates along with the
progressing understanding of the sorghum crop (APSIM, DSSAT), while other
initiatives in sorghum crop modelling are rather specific to research groups or
organizations (e.g., Sarra H, Ecomeristem (Dingkuhn et al. 2005), Samara (Akinseye
et al. 2017)).

2 Crop Modelling

2.1 Main Guiding Principles: Critical Model Features; Complexity
and Relevance of Different Model to Answer Diverse Research
Questions

Various crop-modelling approaches have been developed to answer diverse research
questions. These different approaches are reflected into logics of how the model
algorithms are built (Fig. 2a—c). From this regard, we can loosely distinguish the
mechanistic and statistical modelling approaches (and their combinations). The
logics of mechanistic algorithms aim to capture the essence of biological
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Fig. 2 Example of the mechanistic crop model functions derived from (a) quantitative assessment
of relations between temperature and reduction of seed set capacity of the plant, (b) reflection of
these biological functions into model algorithms (Singh et al. 2015), and (c) example of statistical
function, i.e., empirical quantification of the effect of temperature into grain yield

interdependencies and reflect our up-to-date knowledge of causalities in particular
biological processes (i.e., process A = process B = process C ; e.g., heat
stress = effect on seed set = effect on seed yield) (Singh et al. 2015), while
statistical algorithms, despite relatively easier to construct, tend to neglect the
basic causalities of natural processes (process A = process C; e.g., heat
stress = effect on yield). The extreme example of statistical approach would include
machine-learning techniques. Therefore, the predictive capacity of mechanistic
models depends on our understanding of the plant-soil-atmosphere systems
interactions, while the predictive capacity of statistical models depends rather on
the quantity and representativeness of training datasets. Of course, at the particular
level of complexity, even the mechanistic crop models become statistical due to our
limitation in knowledge of biological processes.

Also, persisting debates are leads about the complexities of model which are
necessary for the model to perform predictions at particular level of agricultural
systems organization (e.g., Soltani and Sinclair 2015; Akinseye et al. 2017). For
example, the plant functions can be simulated up to the very details of hydraulic
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conductivities of cell roots (Draye et al. 2010; Carminati 2012) or at the level of
individual leaf-cell photosynthetic processes (Wu et al. 2016). The experience taught
many of the practicing community that incorporating these detailed algorithms for
predictions at the levels of crop yields across the systems not only may compromise
the prediction accuracy but also significantly affect the computing capacity to
perform these predictions. At the same time, some important research questions
require the enhanced capacity of models to perform simulations at very detailed level
of plant functions, and for this purpose, the model functions has to be enhanced in
order to capture plant processes in more details (e.g., simulating differences in leaf
expansion (Chenu et al. 2008, 2009) or effect of transpiration responsiveness to daily
fluctuations of VPD (Sinclair et al. 2005; Hammer et al. 2006; Kholova et al. 2014)).

In conclusion, the choice of the model has to be considered very carefully with
respect to the main research question. Many times, even in the peer-reviewed
literature, we see the usage of inappropriate model tools for the intended tasks
with apparently irrelevant outputs (reviewed in Boote et al. 2010). This is one of
the reasons which always raises the doubts about the relevance of model usage since
to perform quality predictions requires much more than “pressing the RUN button”
and is extremely demanding for modeler’s understanding of system and system
dynamics and current understanding of the biological process and relevance of
algorithms used for particular task with a particular model.

2.2 Quality Data Inputs and Their Validation Define the Quality
and Relevance of Predictions

2.2.1 Quality of Model Inputs, Assumptions, and Validation
An important aspect of reliable models’ usage is the quality of data used as input.
Most of the cropping systems models require inputs to define climatic variables
(daily temperature minimum/maximum, radiation, rainfall, etc.), soil properties (soil
depth, water holding capacity (WHC), nutrients, and other qualities), parameters
defining the phenological development and crop growth, and information on agri-
cultural practices (sowing window, fertilizers input, irrigation, plant population,
etc.). These parameters need to be estimated using standardized protocols and
translated into model coefficients required as input. Similarly, when calibrating,
evaluating, or developing a model, the quality of the experimental data collected is
of prime importance to obtain relevant model outputs. Researchers need to be aware
that to collect high-quality data (in particular for model parameterization and
evaluation) is not a trivial exercise. Translating observations into model coefficients
(i.e., “parameterization”) is also not trivial. To encourage proper use of the model,
models should be distributed with a clear documentation of the model key
algorithms and, when possible, with methods and tools describing how to (1) run
proper calibration experiments and (2) convert crop observation into model
coefficients.

Frequently, modelers may not have access or the possibility to generate the ideal
model inputs (in terms of quality and quantity) and assumptions need to be taken.
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These assumptions should be made with knowledge of the systems and should be
accounted for while interpreting the results (as should the assumptions inherent to
the model). However, these assumptions are often not well documented despite the
fact that they can hamper the relevance of simulation outputs. Hence, it is important
to rigorously evaluate the model setups against quality observations before it’s used
for the large-scale predictions. Overall, it is critical to be aware of the strengths and
limitations of the simulated results. When properly designed, used, and tested, crop
models provide a unique framework to capture impacts in untested environments,
such as climates that have not yet occurred.

Practically, in most developing countries, basic quality data on climate and soils
variability are becoming increasingly available. By contrast, data availability in
developing countries has been a serious drawback till very recently. Fortunately, at
least for the climatic and soil inputs, there has been recent progress in creation of
worldwide or continent-specific databases of observed and generated datasets which
are now (more-or-less) freely available online and could support the high-resolution
simulations (e.g., gridded climatic information: MARKSIM, NASA databases; soil
databases: WISE, ISRIC, CRAFT database, HC27 Harmonized World Soil Database
(http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-
world-soil-database -v12/en/, https://harvestchoice.org/tools/generic-soil-profiles-
crop-modeling-applications -hc27)). The users, however, has to be cautious using
these synthetic data sources and always cross-check their relevance against ground-
truth information for intended modeling exercise.

3 Modelling Approaches to Support Crop Improvement
Programs: Focus on Sorghum in Developing Countries

3.1 Understanding G X E X M at Spatiotemporal Scale

Most of the crop improvement strategies in developing countries aim to produce few
“broad-adapted genotypes” with superior performance across range of the
agroecologies and mostly built-upon improvement of yield potential (e.g., Ceccarelli
and Grando 1997, 2007; Ceccarelli et al. 2007, 2010). This approach payed off
mainly in the regions with relatively stable environments; nevertheless, it proved
largely ineffective to accelerate production in context of extremely variable semiarid
tropical (SAT) agroecologies burdened with strong crop-management-environment
(G x E x M) interactions (Fisher et al. 2014; Wing and de Cian 2014). One of the
obvious obstacles to improve crop production in these complex environments is that,
till date, breeding programs traditionally rely only on multilocation crop trials which
evaluate the elite cultivars across very limited number of seasons and with limited
management treatments which may not sufficiently represent the range of situations
occurring within the main production agri-systems. Selections under such
circumstances inevitably stagnate the crop production improvement. The
on-ground testing is also usually limited by availability of resources (land and
funds) which one can use to optimize the management practices for any given
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