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GENERAL INTRODUCTION

Worldwide, sorghum grain is used as feed and food and has largely unexplored
potential for industrial uses. Apart from this, the livelihood of subsistence farming
communities especially in SAT regions of developing countries depends on sorghum grain
production. Sorghum is one of the five cereal crops that provide 60% energy intake of the
world population (Kane-Potaka et al., 2021). Sorghum production was increased to 60
million tons globally in the year 2020. Improving the agricultural productivity of this crop
is a vital issue to feed the expanding population in SAT regions where farming systems are
mostly affected by soil infertility and limited water reserves. Along with productivity,
improving the nutritional composition of the grain is a key factor to consider for elevating
the population living in developing countries from chronic malnutrition. It is estimated that
the most fatal form —protein-energy malnutrition affects every fourth child worldwide
(McGloughlin and Burke, 2014). Diet including nutritionally improved staple crops, such
as sorghum, appears as one of few viable options which can improve the nutritional status
of the population in these areas, especially among children. While the research for the
improvement of sorghum vyields received necessary attention (Vadez et al., 2011a and b,
Borrell et al., 2000a, Mace and Jordan 2010, Kholova et al., 2014), the research on sorghum
nutrition appears to lag mainly in the understanding of the plant mechanistic leading to
variability in grain quality within the complex framework of cropping systems interactions

(Betts et al., 2015).

In the last decade, breeding, including selection criteria for various components of
stay-green (green shoot until maturity) phenotype (Vadez et al., 2011a, Kholova et al., 2014,
Borrell et al., 2013) proved to enhance sorghum adaptation to water-limited cropping
systems. Kassahun et al. (2000) developed the plant genetic resources for the

characterization of the physiological basis of the stay-green phenotype. Using this material,



the physiological processes leading to stay-green phenotype expression underlying the yield
improvements under drought have been elucidated (Vadez et al., 2011a, Kholova et al.,
2014). This plant material also provided evidence, that the same physiological mechanisms
underlying drought adaptations can simultaneously improve the stover quality parameters
for livestock production (Blummel et al., 2015). The question persists, whether the plant
mechanisms improving sorghum drought adaptation and stover quality could be, in the end,

responsible even for the improvement of important grain quality parameters.

In sorghum, a few key indicators reported for grain quality are already defined;
Moisture content: (<14.5 %), ash: (<1.5 %), protein: (>7 %), tannins: (<0.5 %) on dry matter
basis (FAO/WHO food standards program, Codex Alimentarius Commission, 1995).
However, all these physical and chemical grain properties vary significantly due to the
influence of genotype, environment, and management (GxExM) (Betts et al., 2015).
Understanding the variability of these grain quality determinants due to GXExM is of the
utmost importance since the majority of the sorghum is produced under highly variable
conditions than most of the other cereals (mostly rain-fed and low-input conditions of semi-
arid tropics (SAT)). So, understanding causal plant physiological processes leading to the
grain quality fluctuations along with its genetic determination are important to support the
breeding programs and increase the potential socio-economic value of sorghum grain for

various end-users.

Therefore, the main aim of the study is to understand plant physiological processes
leading to the variability in main grain quality characteristics and their interaction with the
environment. Planned work will provide the research evidence for setting the sorghum
breeding targets in line with a global goal for improvement of the nutritional status of the
poverty threatened population in SAT. Generated outputs will be a necessary prerequisite

for promoting the sorghum grain value chain.



OBJECTIVES

Rapid tools development for nutritional constituents using Near Infrared (NIR)

spectroscopic technology

R/
L X4

0

Development of rapid tools specific to sorghum to estimate main grain
nutritional components (Protein, Fat, and moisture) using Near Infra-red
Reflectance Spectroscopy (NIRS).

Collection of various cereals grain material and development of common
calibration model for all cereals for respective major macro nutrients (Protein
and Fat) which enables to use of single calibration for all cereals used in
calibration development.

Improving common cereal calibration models for major macro nutrients

using machine learning algorithms.

Genetic determination of the main agronomic and quality indicators

Screening of the parents of sorghum mapping populations and stay green
near-isogenic lines (NILs) for water use traits as well as main nutritional

quality indicators

Selection and screening of suitable mapping population segregating for the

main grain quality indicators & QTL (quantitative trait loci) analysis



Understanding the plant physiological mechanisms influencing the main

agronomic and grain quality indicators

< Assessing the magnitudes of the stay-green QTL effect on main agronomic
and grain quality indicators

X Assessing the Genetic (G) effect), environment (E), and management(M)

effect on the agronomic and grain quality indicators

X/
°e

Understanding the functional linkages between the agronomic and

qualitative traits which affect the grain nutritional quality



CHAPTER 1

Rapid tools development for nutritional constituents using Near Infrared
(NIR) spectroscopic technology

1.1 Introduction

Cereal grains are the primary source of nourishment to humans for many decades.
Particularly, consumption of coarse grain cereals such as sorghum and millets are more in
semi-arid tropics (SAT) of the world where drought stress is the major issue. Thus, these
grains are the major contributors to calorie intake in the semi-arid tropics. Particularly,
sorghum is one of the staple food grains for the small farming communities in the tropic and
semi-arid tropic regions of the world. The food and feed value of sorghum has gained
importance as it can sustain well in the water-limiting environments where malnutrition is
prevalent. Also, because of its potential health benefits and gluten-free characteristic,
sorghum food products gained importance in recent days. It is known that the rheological
and sensory properties of millet grains and their end products change based on the
parameters like protein and fat. Along with sorghum, other coarse grain cereals such as
pearl, foxtail, finger, barnyard, Kodo, porso millets are also typically grown across the semi-
arid tropics and became important sources of nutrition for the most vulnerable farming
communities in developing countries. All these coarse grain cereals are generally more
climate-resilient and nutritionally dense (Diao 2017, Wang et al., 2018) compared to rice
and wheat and are slowly gaining interest among governments, public health organizations,
and researchers as resources to alleviate malnutrition in SAT regions of developing
countries (Mckevith 2004, Girish et al., 2014, Kumar et al., 2018). Despite a reasonably
large proportion of the variation of the grain nutritional components for these cereals

appears to be genetically controlled (Charmet et al., 2005, Balyan et al., 2013, Mahjourimajd



et al., 2016), substantial variation for grain composition might also be driven by
environments and crop management practices (Rozbicki et al., 2019). Thus, to further
enhance grain nutritional quality, the researchers will have to explore these traits' genetics
along with the components linked to environmental variability and this will require rapid
and accurate evaluation of germplasm across a range of environments. Nutritionally
superior agricultural products also require rapid assessment of grain qualities across the

grain-related value-chains to improve the socio-economic potential of these grains.

Assessment of grain quality using traditional laboratory techniques for a large
number of samples is cumbersome and time-consuming. Near-Infrared spectroscopy
(NIRS) is a rapid tool technique that can assess a large number of samples within no time.
The technique is based on the vibrational properties of molecules and their interaction with
light. It is an indirect technique that needs accurate chemical analysis of each trait and good
variability in the material to develop calibrations. Furthermore, the predictability of the
calibration model principally depends on the accuracy of the chemometric method (Estienne
et al., 2001, Chang et al., 2016, Levasseur-garcia, 2018) and the algorithms used for the
predictions. There have been a lot of methods developed to treat the acquired spectra
(Cheewapramong, 2007, Kahriman et al., 2011, Agelet and Hurburgh, 2014). Many
statistical [e.g., principal component analysis (PCA), partial least squares regression
(PLSR), multiple linear regression (MLR)] and machine learning models [e.g., random
forest (RF), support vector machines regression (SVR), artificial neural networks (ANN),
ensemble learning techniques and convolutional neural networks (CNN)] have been

successfully used for the prediction of grain composition analysis of NIR spectra data.

NIRS is also known to be sensitive to year, location, variety, and time of sowing
(Dardenne, 1996). Thus, narrow range-based NIRS calibrations which use only around 50-

75 independent samples are useful to test small homogeneous populations. But to increase



the preciseness of calibration, a large number of samples (Villamuelas et al., 2017) are
required. At the same time, it is essential to include all the possible sample variability to
make the calibration suitable for a broad range of situations. But limited sample size and
unexplored variability within the species are two major constraints to develop precise
calibrations for minor cereals. Even if these were available, developing separate calibrations
for the vast number of minor cereals species with limited sample availability might be
difficult. Thus, the development of multi-species calibration where the samples from
different species with wide variance can be included in a single equation is one of the
solutions to use the calibration model for a broad range of situations. Many multi-crop
calibrations are reported in the literature, but most of them were focused on forage and feed
analysis and less emphasis was given to multi-crop grain calibrations (Garcia and
Cozzolino, 2006, Stubbs et al., 2010, Tahir et al., 2012, Black et al., 2009). Hence, we

hypothesize, multi-species grain calibrations would be as useful as mono species calibration.

Thus, to start with, our current study aimed
)} To develop and validate single species (sorghum) grain calibration models for
basic qualitative traits such as moisture, protein, and fat using sorghum grain
samples grown in different environments
i) ii) to develop and validate multi-species calibration models for protein and fat
using sorghum and different millet samples which can be used to predict a wide
range of samples within and among different cereal species.

iii) To improve multi-cereals calibration with multivariate algorithms

1.2. Materials and Methods
1.2.1. Plant samples
Grain samples collected for the calibration development consist of samples from

different experiments, treatments, genotypes, and species.



Samples for sorghum calibrations were collected from two post rainy seasons, 2013-
14 and 2014-15. 2013-14 samples comprise of 12 genotypes which include 8 stay green
introgression lines (K359W, K648, 6008, 6026, 6040, and 7001), their senescent parents
(R16 and S35), 3 elite lines, and (Phule vasudha, Parbanimoti, CRS1) a local check (M35-
1). 2014-15 samples include 8 genotypes which comprise of 5 stay green introgression lines
(K359W, 6008, and 6026), their senescent parents (R16 and S35), 2 elite lines (Phule
vasudha and REVT 9), and a local check (M35-1). Among these, 6 genotypes were common
in both seasons. Experiments were carried out using a completely randomized design with
three replications along with factorial treatments of water (well-watered (WW) and water
stress (WS)), nitrogen (high Nitrogen (HN): 90 kg ha* and low nitrogen (LN): 0/30 kg ha
1 and density (high (HD): ~10 plants m and low (LD): ~5 plants m?) for each block,
resulting in HNHD, HNLD, LNHD and LNLD in both WW and WS treatments. Each plot
contained 8 rows of 4 meters length with 60 cm row to row spacing. Grain samples were
collected from 6 rows of each plot by leaving one row on each side. Grains were harvested
from each plot at the time of maturity and replicated samples of each treatment combination

were mixed to make a single sample that represents the overall variability of the sample.

1.2.2. Samples for cereal calibrations

For cereals calibrations, grains from various species were collected from lysimetric
studies conducted in rabi 2016-17. The fertilizer application was the same as the above
experiment. Each genotype was grown in 5 replications and irrigated throughout the
cropping period. A total of 142 samples of grains from five cereal species were used in the
study- sorghum [Sorghum bicolor (L.) Moench], pearl millet [Pennisetum glaucum (L.) R.
Br.], foxtail millet [Setariaitalica (L.) P. Beauvois], finger millet (Eleusine coracana Gaertn.)
and maize (Zea mays L.). Sixty-two sorghum samples comprising of four races (bicolor,
caudatum, durra, and guinea) originating from Burkina Faso, Cameroon, Ethiopia, India,

Lesotho, Mali, Nigeria, and the USA were obtained from ICRISAT’s sorghum improvement



program. This set included released sorghum varieties and BCNAM population lines.
Twenty-six pearl millet samples originating from Ghana and India, comprising mostly of
private sector-released cultivars were obtained from ICRISAT’s pearl millet improvement
program. Fourteen maize cultivars were obtained from CIMMYT’s maize improvement
program. From ICRISAT’s gene bank, twenty finger millet samples originating from India,
Kenya, Malawi, Senegal, Uganda, and Zimbabwe and twenty foxtail millet samples
originating from China, India, Iran, Pakistan, Russia, and the USA were used in the study

(Table 1.1).

All the samples were cleaned and dried. The replications of each genotype were
mixed to make a single sample and ground to a fine powder using a cemotech sample mill
(FOSS technologies). Ground samples were stored in sealed plastic bags and stored at 4°C

until the analysis.

The ground grain samples were dried at 130°C for 2 h in the hot air oven before
chemometric analyses. Laboratory analysis for each sample was carried out using standard
AOAC protocols (Association of Official Analytical Chemists; AOAC, 2000): moisture
content (AOAC 925.10); total fat content (AOAC 920.39), and total nitrogen content
(Kjeldahl method, AOAC; 2001.11). Crude protein content was estimated by multiplying
the nitrogen content with a protein conversion factor of 6.25 (Mulder, 1839). The values
were reported on a dry matter basis i.e., weight of the component per total dry weight of the

sample (%, [g 100 g1]).

1.2.3. NIRS analysis

All the milled samples were scanned in the circular ring cups with an inside diameter
of 36 mm, with a FOSS XDS NIR spectrometer (FOSS North America, Eden Prairie, MN,
USA) before proceeding for chemical analyses. Spectra were collected using ISI scan

software, version 4.4. This spectral data was collected as the logarithm of reciprocal of



reflectance (1/R) including both visible and NIR range (400-2498 nm wavelength) and
stored at 2nm intervals. Then these samples were divided into calibration and validation

sets.

1.2.3.1. FOSS inbuilt winlSI software

Calibration equations were derived using winlISI software, version 4.3. Modified
partial least square method (MPLS), which is considered to be a stable and accurate
algorithm for agricultural applications (Shenk et al., 1996) was used to get the calibration
equation for each variable separately. The internal cross-validation method of groups by
cycling was used by the software to validate the calibrations developed. Samples with
Mahalanobis distance (H) >3 were considered as outliers and were removed during the
calibration process. The scatter correction of standard normal variant and detrend (SNV-D)
and mathematical equation of 2,4,4,1 was applied in which the first digit represents the
number of derivatives, the second digit represents gap over which derivative is calculated,
third is the number of data points used for smoothing and 4™ one is second smoothing. This
mathematical treatment gave the highest coefficient of variation (R?) and coefficient of
variation for cross-validation (1-VR) and the lowest standard error of cross-validation
(SECV) for the calibration equations generated. The ratio of performance to deviation
(RPD) (SD+SECV or SEP) was used to evaluate the quality of calibrations (Williams and
Sobering, 1996). Calibrations were validated using validation data set to see the accuracy
and predictability of the equations generated. Better prediction performance was identified

by the low standard error of prediction (SEP) and the highest coefficient of variation(r?).

1.3. Results and Discussion
1.3.1. Reference data
Tables 1.2 and 1.3 show minimum and maximum values, range, and standard

deviation of datasets used for calibration and validation for sorghum and cereals models
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respectively. For the sorghum calibration model, ranges were 6.96-13.95 (%) for protein,
1.5-5.41 (%) for fat, and 9.07-10.56 (%) for moisture. For validation, the ranges of samples
used were 12.45-15.75 (%) for protein, 2.75-4.78 (%) for fat, and 9.22-10.26 (%) for
moisture. For cereals, the calibration data set showed a range of 5.39-15.95 (%) for protein
and 1.16-11.36 (%) for fat. The validation set contains a range of 8.73-12.62 (%) for protein
and 2.78-4.68 (%) for fat. As expected, the range of protein and fat content for the multi-
cereals (6-15 % and 1-10 %, respectively) was higher compared to the individual species.
Among the five cereals tested, protein and fat content in pearl millet grains was highest (11

% and 9 %, respectively) and lowest in finger millet grains (8 % and 2 %, respectively).

In addition to that, for all the data sets, median values for each constituent were
either left or right-skewed showing non-gaussian distribution of data. When comparing the
descriptive statistics between calibration and validation data sets for cereals, mean, standard
deviation, and range were within the limits of the calibration data set (tables 1.2 and 1.3)
suggesting, developed calibration equations could be applied to validation datasets without
any extrapolation. However, in the case of the sorghum calibration model, calibration and
validation data sets were different, especially for the protein data set which contains a higher
range of values, that gave a chance of extrapolation during validation in the case of the
protein model. But due to the availability of a limited number of samples in combination

with reliable reference data set, the experiment was progressed as such.

1.3.2. NIR spectra

The overlaid NIR reflectance raw spectra for sorghum and cereal samples were
shown in Figures 1.1 and 1.2. The overlaid log 1/R reflectance raw spectra for each crop in
the cereal dataset showed peaks and troughs at similar positions, showing they belong to the
same population even though they were from different species. 2" derivative spectra for

both the models were calculated from log1/R spectra with a gap of 8 nm (4 data points) and
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smoothing over 4 data points with no second smoothing (2,4,4,1). The second derivatized

spectrum for sorghum and cereal models were shown in Figures 1.3 and 1.4.

The average raw spectrum of sorghum showed NIR absorption bands over different
wavelengths such as 984, 1198, 1450, 1934, 2104, 2310 nm. Second derivative spectra
showed a trough for each peak in the raw spectra by removing the overlapping peaks and
baseline shifts. The important absorption bands observed in the 2" derivative spectra of
sorghum samples were at wavelengths 1390, 1674, 1882, 2014, 2240, and 2294. The
average raw spectrum of multi-cereals samples shows absorption bands at nearly the same
wavelengths as sorghum samples. 2" derivative spectrum of cereals shows absorption bands
at 1698, 1728,1922, 2052, 2280, and 2332. It shows organic functional groups from different

species of cereals show the absorption bands at more or less similar wavelength positions.

Workman and Weyer, (2012) described chemical information with regards to
various functional groups responsible for absorption or reflection of NIR spectra at different
wavelengths. According to that, in the 2" derivative spectra of sorghum grain samples, 1390
nm related to C-H methyl C-H, aliphatic hydrocarbons, 1674 nm related to C-H aromatic
C-H aryl group, 1882 nm related to O-H hydrogen bonding between water and exposed poly
vinyl alcohol (OH), 2014 nm related N-H/C=0 combination, poly amides, 2240 nm related
to CHO groups and 2294 nm related to C-H aromatic C-H aryl groups. Similar way, in the
derivatized spectra of cereal samples, 1698 nm related to CH-methyl -C-H(CHs), aliphatic
hydrocarbons, 1728 nm related to aliphatic hydrocarbons, CH-methylene-(CH2) and
amines, 1922 nm corresponds to amide groups, 2052 nm related to peptide P sheet structures
and protein as normalized 2" derivative spectra of proteins in aqueous solution, 2280 nm
related to C-H starch (C-H&CHy>) and 2332 nm related to C-H (C-H &CHy>) polysaccharides

(Workman and Weyer, 2012).
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1.3.3. Calibration models development
FOSS winlSI software: The best equations for all the constituents in both sorghum and
cereal calibration models were achieved by modified partial least square regression model

using math treatment 2,4,4,1 which gave highest R? and lowest SECV.

The accuracy of the calibration model was evaluated from the R? value and ratio of
performance to deviation of calibration (RPDc: SD of reference values/SECV of
calibration). R? signifies the variance percentage present in the Y variable that is explained
by the X variable (Saha et al., 2017). According to literature (Williams, 2003), R? between
0.5-0.65 shows high and low concentrations can be distinguished. A value between 0.66-
0.81 shows approximate predictions can be made. A value of R? between 0.81-0.9 reveals
good predictions can be made and R? above 0.91 shows excellent predictions are possible.
Calculation of RPD to evaluate the accuracy of the calibration was reported in literature
earlier (Saeys et al., 2005, Reeves 1ll. J.B, 2001, Ward et al, 2011, and Williams, 2003).
According to William, (2003), calibrations can be distinguished into five groups based on
RPD values. RPD value below 1.5 shows calibration is not useful. If the RPD is between
1.5 and 2.0, high and low values can be differentiated. If the value is between 2 and 2.5,
predictions can be done approximately. Finally, a value between 2.5 and 3.0 indicates good

predictions, and a value above 3 shows excellent predictions are possible.

1.3.3.1.1. Sorghum calibration model

Table 1.4 shows statistics of calibration and validation for sorghum protein, fat, and
moisture. The protein equation showed R? of 0.94 and SECV of 0.39. Fat equation showed
R? of 0.94 and SECV of 0.26. Moisture equation showed R? of 0.93 and SECV of 0.14. All
the constituents in the sorghum calibration model achieved an R? value of above 0.91. But

the RPDc values were 2.96, 2.5, and 1.75 for protein, fat, and moisture respectively.
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When considered RPDc values, it shows calibration equations generated for protein
and fat can give good quantitative predictions. Figure 1.6 shows the scatter plots of reference
values and NIRS predicted values. Data points near to diagonal 1:1 line show closeness
between laboratory analyzed and predicted values. The slopes of the equations slightly
deviated from 1 for protein and fat. (Protein: 0.91; fat: 0.95). It shows developed equations
may tend to over or under-estimating the constituents. To confirm this, a separate validation

set was chosen to validate the accuracy and reliability of these equations.

1.3.3.1.2 Independent validation of calibration models

The prediction ability of calibration models generated was tested using separate
validation sets for each equation. Coefficient of determination for validation set (r?), slope,
SEP, RPDv, and RER were used to estimate the reliability and accuracy of calibrations
developed. In general, low SEP (bias-corrected SEP), high r> and slope close to one are
considered to be important criteria for calibration reliability and accuracy. Here for
sorghum, protein and fat calibration models showed r? greater than 0.9 (Protein: 0.93; fat:
0.92) and SEPc as low as 0.44 to 0.29 (Table 1.4). But RPDv (SD of reference values/SEP)
values for protein, fat, and moisture were 1.92, 3.52, and 4.07 respectively which shows
good prediction ability of fat and moisture equations, but a slight extrapolation given by the
protein equation. The protein reference data taken for validation was in a higher range
compared to the calibration dataset which contributed to data extrapolation. This shows
equation is not good enough for predicting a higher range and this range needs to be included

in the calibration to achieve accurate prediction ability.

1.3.3.2.1. Cereal calibration models
Table 1.5 shows the statistics of calibration and validation equations of protein and
fat for multi-species cereal dataset which include sorghum, pearl millet, finger millet, maize,

and foxtail millet grain flour samples, and figure 1.7 shows measured vs. predicted plots for
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protein and fat. Around ~15-16 samples from the multi-cereal calibration data set were
detected as outliers by winlSI software and were removed from the calibration. Protein and
fat equations exhibited R? of 0.80 and 0.92 respectively along with SEC and SECV values
of 0.75 and 0.81 for protein and 0.66 and 0.85 for fat. R? values show good predictions can
be made for protein and fat constituents, whereas, RPDc calculations of these equations
showed fat equation is useful to make good predictions (2.76) and the protein equation is

useful only for approximate predictions (2.08).

1.3.3.2.2. Independent validation

Validation of multi-cereal calibrations was done using an independent set of
sorghum samples. The accuracy and prediction ability of calibration models for cereals
protein and fat were evaluated using this validation set which was not used for calibration.
Correlation coefficient (r?) values for protein and fat were 0.85 and 0.78 respectively (Table
1.5). SEP values were 0.4 and 0.22 respectively for protein and fat. Slope values were 1.3
and 0.88 for protein and fat respectively. RPD values were 2.2 (protein) and 2.08 (fat). These
validation statistics revealed, developed calibrations using FOSS built winlSI software can
make only approximate predictions of given constituents (0.66<r2<0.8 and 2<RPDv<2.5)

(Zornoza et al., 2008) but still can be useful for rapid screening of breeding material.

Developed calibration models and independent validation results using winlSl
software showed it is possible to use a single equation for predicting the grain composition
of different cereals. The results revealed many facts which need to be considered while
developing either mono-species or multi-species calibration models and analyzing the
prediction ability of the equations for accuracy and reliability. Uniform distribution of
reference data set is important while developing calibrations. Small concentrations of higher
or lower constituent values in the sample set may favor higher correlation coefficients

compared to evenly distributed samples. If it is the case, the robustness of equations can be
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improved by adding additional samples for low-density values (Saha et al., 2017). In the
present work, lower concentrations of higher (in case of fat) and lower (protein) values could
be seen in the multi-cereal sample set which might have affected the calibration accuracy of
the models generated. More samples with reference values closer to the mean could also be
affected the calibration accuracy. In addition to that, the type of material used for calibration
purposes also affects calibration development. The agricultural products are more complex
and heterogeneous material, estimates of which are influenced by many factors such as
locations, seasons, and treatments. So, compare to calibrations from more homogeneous
samples, less robust calibrations can be expected from agricultural products which is the
case here. Even though less robust, these kinds of calibrations are still useful for
approximate predictions which in turn allow the rapid screening of breeding material.
Previous studies suggested, multi-species calibrations are not necessarily more accurate
compared to mono species calibrations and a tradeoff may always exist between the
robustness of calibration to predict samples of wide variability and accuracy of those

calibrations (SEP) (Villamuelas et al., 2017).

1.3.4. Progress with advanced NIR tools

Recent advance in NIR technology offers a wide range of benchtop (FOSS-DS2500
flour analyzer, Bruker’s Tango FT-NIR spectrometer, Perten-IM9520 as well as mobile
sensors (MEMS spectrometer from Fraunhofer and Hone Lab Red from Hone) which are
suitable for a wide range of applications and also helpful to use in different environments
without any difficulty. ICRISAT in-house laboratory facilities recently acquired a modified
version of the FOSS XDS NIR sensor i.e., FOSS DS 2500 and also HLEVT5 (Hone Lab
Engineering Validation Test model-5) mobile sensor developed from Hone, Australia. So,
it gave the opportunity to treat cereal samples used for multi-cereal calibrations with FOSS
DS2500 (range: 400-2498 nm) benchtop sensor and also with mobile HLEVT sensor (range:

1350-2550 nm) in combination with multivariate algorithms offered by Hone Create
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platform (https://www.honecreate.com) to improve the performance of multi-cereal

calibrations.

1.3.4.1. Samples

Additional samples were added to the previous calibration set for multi-cereals
which consists of 142 samples collected from sorghum, pearl millet, finger millet, foxtail
millet, and maize. So, the total sample size was increased to 328 now. Additional samples
were taken from the ICRISAT gene bank. Reference analysis for protein constituents

(procedure mentioned in materials and methods) was carried out for all the samples.

1.3.4.2. Collection of spectra

FOSS DS2500 benchtop sensor: Spectra were collected as per the procedure
explained for the FOSS XDS sensor explained in the methods and materials section in the
wavelength range of 400-2498nm. EVT5 mobile sensor: Each sample was scanned at three
different points of the sample spread on the Petri plate. The mobile application was
programmed such that to record two scans at each position resulting in a total of six scans
per sample. NIR reflectance spectra ranging from 1350-2550 nm with a resolution of 16 nm

was subsequently extracted from the Hone Create platform (https://www.honecreate.com)

1.3.4.3. Calibration development

Samples were divided into calibration (80%: 262 samples) and validation sets (20%:
66 samples). This large data set allowed to split samples in such a way, both calibration and
validation sets include similar variability to avoid any extrapolation. After feeding the
spectral data into FOSS inbuilt winlSI software the mathematical treatment 2,4,4,1 was
applied and calibration equations were generated for protein constituents (detailed method

explained above).
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HLEVT 5 generated spectral data was fed into the hone-create platform where it
offers a series of pre-processing steps such as derivative, area normalization, baseline shift,
standard normal variate to treat the spectra for improved signal. Then the spectral data were
processed using a series of multi-variate algorithms available in the hone-create platform
such as distributed random forest (DRF), generalized linear model (GLM), gradient
boosting machine (GBM), extreme gradient boosting (XGBoost), deep learning, and stacked
ensembles. The hone-create platform automatically selected the best calibration model using
the metrics, root mean squared error (RMSE), and coefficient of determination (R?). The
same metrics were calculated for FOSS-winlISI derived calibration for protein to compare
both calibrations. Then both calibrations derived from FOSS DS2500 and HLEVT5 mobile
sensors were validated with the validation set with respective algorithms (FOSS- winlSI and
HLEVTS5: multivariate algorithms from Hone) and similar metrics were generated. RPD
was also calculated using standard deviation and root mean squared error (RMSE) of

calibration and validation data sets.

FOSS winlSI software used a modified partial least square algorithm (MPLS) and
attained R? of 0.90 and RMSE of 0.91 for calibration set and RMSE of 1.09 and R? of 0.86
for the validation set (Table 1.6; Figure 1.8). The RPD values for the calibration and
validation sets were 3.56 and 3.08 respectively. In the same way, Hone-create platform-
selected stacked ensembles as the best calibration algorithm for HLEVT5S generated spectra
and achieved R? of 0.98 and RMSE of 0.42 for calibration set and R? of 0.91 and RMSE of
0.97 for the validation set. (Figure 1.9). The model showed RPD values of 7.79 and 3.48 for

calibration and validation set, respectively.

Thus, these results explained the role of advanced NIR tools for achieving better
calibrations with improved prediction accuracy. Here, it was demonstrated that handheld

mobile sensors are as useful as benchtop NIRS sensors for acquiring spectra from the
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samples. Also, mobile sensors allow the use of samples in any environment and save time
and effort for sample processing. At the same time, these results demonstrated the
superiority of multi-variate algorithms for achieving better prediction accuracy compared to
classical statistical algorithms such as partial least square and principal component
regression. The results obtained for protein constituent using multi-variate algorithms were

found to be satisfactory and helped to start similar analyses for other constituents.

1.4. Summary

In the current study, attempts were made to generate NIR calibrations for samples
derived from mono-species (sorghum) and multi-species (different cereal samples). The
prediction ability of sorghum calibrations was good to estimate protein and fat constituents
from grain samples within the calibration range. The inclusion of more variability and range
could further improve the calibrations in future studies which will help to test a wide variety
of sorghum samples available across different environments. Further, experiments were
conducted to develop a single calibration equation to predict grain constituents using
different cereal samples. Developed multi-cereal equations for protein and fat are useful to
give approximate predictions that help in the rapid screening of breeding material in the
agricultural sector. The availability of fewer samples from different species and ununiform
distribution of samples within the available range prevented achieving more robust
calibrations in this case. These constraints directed to use of advanced benchtop and mobile
sensors in combination with multi-variate algorithms for improved calibrations. In the
current study, robust calibrations for protein constituent were achieved using these tools
compared to classical statistical methods. The generated calibrations can be useful in a wide
range of applications and also can replace the time-consuming and laborious reference
analysis. In the future, the same kind of robust calibrations can be achieved for various

nutritional constituents which help to improve the grain value chain globally.
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Table 1.1.

Details of genotypes of five cereal species along with the protein and fat

content (%, [g/ 100 g]) estimated by laboratory analysis used as the

reference data for the construction of calibration models

S. No Crop Genotypes Origin Fat Protein
(%, [g/100 g]) | (%, [9/100 g])
1 Finger millet IE 2043 India 1.91 7.21
2 Finger millet IE 2296 India 1.70 7.65
3 Finger millet IE 2572 Kenya 141 7.37
4 Finger millet IE 2606 Malawi 3.51 9.59
5 Finger millet IE 2790 Malawi 1.56 6.76
6 Finger millet IE 3077 India 1.72 6.76
7 Finger millet IE 3470 India 1.64 7.61
8 Finger millet IE 3475 India 1.40 7.54
9 Finger millet IE 3614 ICRISAT 411 5.99
10 Finger millet IE 3618 India 1.86 7.58
11 Finger millet IE 4057 Uganda 2.89 8.01
12 Finger millet IE 4073 Uganda 1.85 7.39
13 Finger millet IE 4115 Uganda 3.17 7.55
14 Finger millet IE 4121 Uganda 1.53 8.78
15 Finger millet IE 4671 India 1.89 9.07
16 Finger millet IE 5066 Senegal 3.23 9.50
17 Finger millet IE 5106 Zimbabwe 3.47 8.88
18 Finger millet IE 5165 India 1.49 8.65
19 Finger millet IE 518 India 1.59 7.62
20 Finger millet IE 5367 Kenya 1.63 9.00
21 Foxtail millet ISe 1251 Russia 4.31 10.96
22 Foxtail millet ISe 1454 India 4.13 11.08
23 Foxtail millet I1Se 1468 India 4.27 9.06
24 Foxtail millet I1Se 1511 India 4.38 11.13
25 Foxtail millet I1Se 1664 India 5.28 12.39
26 Foxtail millet 1Se 1805 India 4.85 12.45
27 Foxtail millet ISe 1881 India 4.41 12.66
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28 Foxtail millet ISe 1892 USA 4.78 12.91
29 Foxtail millet ISe 200 India 5.60 13.18
30 Foxtail millet 1Se 238 India 412 11.92
31 Foxtail millet ISe 289 India 3.89 10.39
32 Foxtail millet ISe 480 China 3.98 10.86
33 Foxtail millet 1Se 525 Iran 4.09 10.52
34 Foxtail millet ISe 719 Pakistan 4.74 11.89
35 Foxtail millet ISe 783 India 5.18 13.42
36 Foxtail millet ISe 796 India 4.56 11.65
37 Foxtail millet ISe 827 China 4.75 13.17
38 Foxtail millet 1Se 828 China 4.28 11.40
39 Foxtail millet ISe 840 India 4.61 9.89
40 Foxtail millet 1Se 869 India 4.76 10.82
41 Maize 783527 CIMMYT 5.64 9.34
42 Maize 4695575 CIMMYT 5.21 9.97
43 Maize 8315622 CIMMYT 5.35 8.68
44 Maize 9424780 CIMMYT 4.72 9.62
45 Maize 14746185 CIMMYT 5.45 8.92
46 Maize 18270413 CIMMYT 5.45 9.04
47 Maize 22525674 CIMMYT 5.11 9.10
48 Maize 30v92 CIMMYT 4.29 9.37
49 Maize 900MG CIMMYT 4.17 8.98
50 Maize X35D602 CIMMYT 4.95 8.76
51 Maize X35D612 CIMMYT 5.05 8.53
52 Maize X35D620 CIMMYT 4.72 8.81
53 Maize X35D623 CIMMYT 4.69 8.94
54 Maize X35F833 CIMMYT 5.02 9.21
55 Pearl millet 9444 India 9.19 12.53
56 Pearl millet 841B ICRISAT 8.33 10.26
57 | Pearl millet ?F‘,‘j; EZPZF;M' 301 India 8.81 9.69
58 Pearl millet 86 M 86 India 9.36 14.41
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59 Pearl millet 86 M 88 India 8.94 11.42
60 Pearl millet 863B ICRISAT 7.50 11.65
61 Pearl millet APH 45 India 8.03 10.45
62 Pearl millet Bio 451 India 8.66 10.29
63 Pearl millet Bio 549 India 9.15 10.61
64 Pearl millet BLMPH 105 India 6.46 10.16
65 Pearl millet GB8735 Ghana 9.41 10.87
66 Pearl millet GK 1183 India 6.94 11.75
67 Pearl millet GK 1207 India 7.55 10.41
68 Pearl millet GK 1235 India 8.86 11.02
69 Pearl millet H77/833-2 India 412 9.76
70 Pearl millet HT 416628 India 9.59 12.31
71 Pearl millet HYMH 5 India 9.16 12.67
72 Pearl millet HYMH 8 India 7.16 12.24
73 Pearl millet JKBH 1352 India 8.54 9.72
74 Pearl millet JKBH 1490 India 8.20 13.44
75 Pearl millet KH 3022 India 8.52 11.19
76 Pearl millet NBH 5863 India 8.77 10.48
77 Pearl millet NU 399 India 9.71 10.62
78 Pearl millet NU 409 India 10.43 10.65
79 Pearl millet PRLT ICRISAT 9.12 10.09
80 Pearl millet Super Boss India 9.09 11.91
81 Sorghum 00-CZ-F5P-135 Mali 1.98 12.55
82 Sorghum 01-BE-F5P-15 Mali 181 12.07
83 Sorghum 02-SB-FADT-275 Mali 2.24 13.09
84 Sorghum 296B India 3.85 10.48
85 Sorghum 98-BE-F5P-84 Mali 3.21 11.67
86 Sorghum B2-3 Mali 2.10 9.04
87 Sorghum B2-5 Mali 2.53 10.69
88 Sorghum B35 USA 5.72 11.07
89 Sorghum BBISS-08 Mali 3.66 9.46

(vraisauvage No.8)
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90 Sorghum BJV44 India 3.29 9.61
91 Sorghum BTx623 USA 2.52 10.62
CIRAD/IC
92 Sorghum CIRADA406 RISAT 1.73 12.00
93 Sorghum CMDT45 Mali 3.98 11.42
94 Sorghum CRS4 India 2.85 10.42
95 Sorghum CSH16 © India 3.23 11.25
96 Sorghum CSM335 Mali 1.40 10.57
97 Sorghum CSM388 Mali 1.73 14.46
98 Sorghum CSM63-E Mali 3.73 11.46
99 Sorghum DagnaliKossourou Mali 2.98 10.03
100 Sorghum Doua-G Mali 3.82 8.79
101 Sorghum E36-1 Ethiopia 5.11 10.09
102 Sorghum E36-1 Ethiopia 1.66 12.04
. South
103 Sorghum Framida Africa 3.15 12.64
— Burkina
104 Sorghum Gnossiconi Faso 5.19 10.74
GPNO1 267-9- .
105 Sorghum (V1,2,3)-4-2 Mali 3.78 10.56
106 | Sorghum GPNO1 S01 266-2- Mali 3.27 8.68
1-6-vr
107 | Sorghum GPNO1 S01 266-8- Mali 2.26 9.70
3-3-vr
108 | Sorghum S_Fl"_\'lm 501 267-9- Mali 5.24 10.51
109 | Sorghum GPNO1 S01 267-9- Mali 4.56 9.71
3-3-vr
110 Sorghum GRS1=DSV5 India 2.18 10.58
111 Sorghum GS15-10 India 2.50 11.21
112 Sorghum GS23 India 2.63 10.59
113 Sorghum ICSB 370-2-9 ICRISAT 4.94 10.38
114 Sorghum ICSV745 ICRISAT 2.24 10.65
115 Sorghum ICSV93046-P1 ICRISAT 3.18 10.29
116 Sorghum IS 24887 Nigeria 3.98 11.07




117 Sorghum IS 41397-3-P6 ICRISAT 2.49 11.02
118 Sorghum IS 8219-P1 Uganda 4.80 9.34
119 Sorghum 1S10876 Nigeria 2.17 12.45
120 Sorghum 1S14556 Nigeria 2.15 11.82
121 Sorghum 1S15401 Cameroon 2.13 9.65
122 Sorghum 1S18551 Ethiopia 3.93 9.76
123 Sorghum 1S29472 Lesotho 4.38 11.47
124 | Sorghum 1S393(411)695 USA 4.72 10.93
125 Sorghum Keninkeni Mali 1.02 10.62
126 Sorghum M35-1 India 4.13 9.69
127 Sorghum M35-1 India 3.73 10.75
128 Sorghum N13 India 3.99 10.26
129 Sorghum Parbahani Moti India 2.89 10.54
130 Sorghum Parbhani Jyothi India 3.07 10.62
131 Sorghum PB15220-1 ICRISAT 2.58 10.61
132 Sorghum PB15881-3 ICRISAT 3.14 10.45
133 | Sorghum ?Sg@gg‘;')e India 3.37 10.48
134 Sorghum Phule Vasudha India 3.45 9.97
135 Sorghum PVK 801-P23 India 2.81 11.75
136 Sorghum R16 India 4.32 10.87
137 Sorghum Ribdahu Nigeria 2.09 10.53
138 Sorghum S35 Ethiopia 3.59 11.65
139 Sorghum Sambalma Nigeria 1.16 9.83
140 Sorghum SP 2417-P3 India 2.47 10.41
141 Sorghum SPV2217 India 2.09 10.43
142 Sorghum SVvD806 India 2.90 10.32
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Table 1.2.

Descriptive statistics (mean, SD and range) of sorghum samples used for

calibration development of protein[w/w%], fatfjw/w%] and
moisture[w/w%]
Trait Calibration Validation
N Min |[Max SD  jrange [N [Min Max SD  |range
Protein 87 6.96/ 1395 1.16 5.12| 30] 1245 1575/ 0.85 3.3
Fat 92| 1.50 541 0.65 3.02] 28 2.75 478 0.56 2.03
Moisture 791 9.07, 10.56| 0.24 1.48 37 9.22| 10.26] 0.25| 1.021
Table 1.3. Descriptive statistics (Min, Max, SD, and range) of multi-cereal samples
(pearl millet, sorghum, maize, finger millet, and foxtail millet), used for
calibration development of protein[w/w%o] and fat[w/w%o]
Trait Calibration Validation
N Min  Max SD range N Min |Max SD range
Protein 123  5.55 15.69| 1.68 10.2| 46| 8.73 12.62| 0.88 3.89
Fat 127 1.16 11.36] 2.36 10.13] 45| 2.78 4,68 0.46 0.46
Table 1.4. Calibration and validation statistics of moisture[w/w%o], protein[w/w]
and fat[w/w9%o] for sorghum grain samples
Cross-Validation
) Calibration Validation
Trait
SEC | R® | SECV | I-VR | RPDc | | SEP | Slope | RPDv
Protein 0.26 | 0.94 0.39 0.88 | 296 093 | 044 | 091 1.92
Fat 0.15 | 0.94 0.26 0.83 25 1092 0.15 | 095 3.52
Moisture | 0.06 | 0.93 0.14 0.67 1.75 1094 | 0.063 | 1.01 4.07
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Table 1.5.

Calibration and validation statistics of protein[w/w] and fat[w/w%o] for
cereals (pearl millet, sorghum, maize, finger millet, and foxtail millet)

grain samples

Trait Calibration Cross-Validation validation
SEC R? SECV | 1-VR | RPDc r2 SEP | Slope | RPDv
Protein 0.75 0.80 0.81 0.76 208 (085 | 04 1.3 2.2
Fat 0.66 0.92 0.85 0.86 276 | 078|022 | 0.88 2.08
Table 1.6. Calibration and validation metrics of FOSS DS2500 and HLEVT5
mobile sensors treated with winlSI (FOSS DS2500) and Hone
multivariate (HLEVT5) algorithms for protein constituent
Sensor | Model Set Slope | Intercept | R?> | RMSE | RPD
FOSS- _ Calibration | 0.87 1.74 0.9 0.91 3.56
5 WinlSlI
DS2500 Validation | 0.82 2.38 086 | 1.09 | 3.08
Calibration | 0.97 0.43 0.98 0.42 7.79
HL-
Hone
EVTS Validation | 0.9 1.35 091 | 097 | 348
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Figure 1.1. Overlaid NIR raw spectra (logl/R) of sorghum grain samples using FOSS
ISlIscan software
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Figure 1.2.  Overlaid NIR raw spectra (logl/R) of cereal (pearl millet, sorghum,
maize, foxtail millet, and finger millet) grain samples generated using
FOSS ISlscan software
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Figure 1.3. 2nd derivative (math treatment 2,4,4,1 &SNVD) spectrum of sorghum
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Figure 1.4. 2nd derivative (math treatment 2,4,4,1 &SNVD) spectrum of multi-

cereals (pearl millet, sorghum, maize, foxtail millet, and finger millet)
grain samples
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Figure 1.6.  Scatter plots showing protein, fat, and moisture NIR predictions against
reference values (A) in sorghum calibration data set; (B) in sorghum
validation data set by FOSS winlSlI software
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Figure 1.7.  Scatter plots showing protein and fat NIR predictions against reference
values (A) in multi cereal calibration data set; (B) in multi-cereal
validation data set by FOSS winlSI software
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2% ¢ EVTS Calibration set 25T EVTS Validation set
Home model Hone model

20 A 20 A

15 4

10 +

¥ * 0.9035x+ 1.346

- ,,-’..
15 +
10 4+
Y= 0.9665x+0.4332 ,.-

Predicted |
-

Actual | Actual

Figure 1.9.  Scatter plot showing protein predicted for calibration set and validation
sets of HL-EVT5 mobile sensor by Hone Create Software

31



CHAPTER 2

2. Genetic determination of agronomic and grain quality indicators
2.1.  Introduction

Sorghum is one of the important cereal crops in the tropics and semi-tropical regions
of the world. It is a staple food grain, especially in SAT (semi-arid tropics) regions, and also
nutritionally dense with significant amounts of energy, protein, vitamins, minerals, and
antioxidants like phenolics (Taylor et al., 2006). Especially, three macronutrients, starch,
protein, and fat are important contributors to grain quality and energy value. Unfortunately,
the digestive value of sorghum protein is naturally low due to their binding in tight matrices
known as prolamins. Crude fat is mainly stored in the embryo and makes up 2-5 % of all
three macronutrients. But its energy density is higher than that of starch and protein. These
grain quality traits are indirectly affected by different yield components such as grain size,
grain number, grain yield. All these yield attributes are majorly affected by drought in crop

plants.

Although sorghum can withstand harsh environments, severe drought stress can still
lead to early senescence, stock lodging, and yield reduction in sorghum. In sorghum, two
major drought stress responses are pre and post-flowering drought. Pre-flowering drought
stress affects mostly panicle differentiation and post-flowering drought stress affects grain
developmental stages leading to yield losses. Stay-green is a best-studied trait that
contributes to the sorghum adaptation to terminal drought conditions. Several hypotheses
have been proposed to explain the expression of a stay-green trait. Studies showed
expression of the stay-green trait could be due to plant water management (Hammer et al.,
2006). During terminal drought, maintaining green leaf area is a primary requirement to

access the available water. It in turn relates to the management of water resources by
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different genotypes based on their canopy size (Kholova et al., 2010a) or due to deeper root
systems (Vadez et al., 2007a). These kinds of water use, as well as canopy-related traits, can
be better studied using the lysimetric method (Vadez et al., 2011a and b) and recently
developed Leasyscan facility (Vadez et al., 2015). The Leasyscan system is particularly
useful to study early vigor traits and the lysimetric facility is useful to study water use-

related traits along with yield and quality-related traits.

Breeding for important agronomic, physiological and qualitative traits along with
drought-related traits became an important research objective due to changes in climatic
scenarios. Though many conventional methods are available to achieve this, QTL (genome)
mapping became a popular method to detect complex quantitative traits (Tuberosa et al.,
2003). Quantitative trait locus (QTL) mapping mainly focuses on recognizing genetic
regions of the genome which are linked to traits of interest. QTL mapping requires a
mapping population that is segregating for the trait(s) of interest. Then genetic markers need
to be developed which are in linkage disequilibrium (LD) with the gene(s) underlying
phenotypic variation. This involves hundreds of genetic markers and this genetic marker
data set consists of hundreds of AFLPs and/or SSRs/ DarT markers positioned across the
genome (Powell et al., 1996). Then phenotyping of agronomic and qualitative traits allows
linkage mapping to identify major QTLs for yield-related traits. Many research groups
carried out QTL studies to map stay green QTLs in sorghum (Tuinstra et al., 1997, Crasta
etal., 1999, Subudhi et al., 2000, Xu et al., 2000, Kebede et al., 2001, Sanchez et al., 2002,
Haussmann et al., 2002, Harris et al., 2007). These studies on the stay-green have shown
both dominant and recessive expression (Tunistra et al., 1996). Subudi et al. (2000) studied
the consistency of stay-green QTLs in sorghum using recombinant inbred line (RIL)
mapping population developed from a cross of B35 and Tx7000. They confirmed four stay
green QTLs (Stgl, Stg2, Stg3, and Stg4) were consistent across environments. In addition

to that, research efforts are going on to discover the genetic basis of grain quality traits, and
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several QTLs were already reported for grain protein and fat on different chromosomes
(Guindo et al., 2019). In addition to that, sorghum mutant lines with high digestibility were
developed (Weaver et al., 1998) and QTLs associated with this trait have already been

mapped on chromosome 1 (Winn et al., 2009).

The present study aimed at understanding the association between plant vigor traits
measured during the early stage of the plant in high throughput phenotyping platform
(Leasyscan facility at ICRISAT) and important agronomic and qualitative traits measured
under field conditions using the QTL mapping approach. In this study, a lysimetric system
was used to identify suitable recombinant inbred populations (RILs) based on water use
traits. Then phenotyping for plant vigor traits was conducted in the Leasyscan platform
(ICRISAT). This data along with the data collected from the field trial (collected from
genomics lab, ICRISAT) was used for QTL mapping studies using available marker data to

explore the possible association between vigor traits and grain quality-related traits.

2.2.  Materials and methods
2.2.1. Lysimetric studies

Experiment was conducted using 18 sorghum mapping population parents and 6 stay
green introgression lines from R16 and S35 background (seeds collected from ICRISAT:
296B, BTx623,E36-1, ICSV74, ICSV93046-P1, M35-1, N13, PB15220-1, PB15881-3,
PVK 801-P23, S35, SP2417-P3, 1S41397-3-P6, ICSB 370-2-9, 1S8219-P1, R16, K359W,
K648, S35-6040, S35-6008, S35-7001, S35-6026, Phulevasudha, Parbhani moti). Planting
was done in the rabi season of 2015 (28-10-2015) in lysimeters which are PVC tubes with
25 cm diameter and 2 m length, filled with sandy clay loam alfisol. They are kept under
natural conditions in rainout shelters (http://gems.icrisat.org/lysimetric-facility/). One plant
per lysimeter was maintained after final thinning (12-11-2015). Diammonium phosphate

and muriate of potas were a led at therate o m “+of the soll before
(DAP) and muriate of potash (MOP) pplied at th f 200 mg kg*of the soil bef
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sowing. Urea at the rate of 300mg kg™ of soil was applied after two weeks of germination.
All genotypes were grown in 5 replications for each water treatment i.e., irrigated, mild
stress, and severe stress. For mild water stress, irrigation was stopped at 6 weeks after
germination and for severe water stress, irrigation was stopped at 4 weeks after sowing.
After 3 weeks of germination, the topsoil of each cylinder was filled with a 2 cm layer of
polyethylene beads to prevent soil evaporation and weights of cylinders were measured each
week to calculate transpiration at weekly intervals until maturity. Daily transpiration values
were calculated for each plant by dividing the transpiration of each time interval between
weighing by the number of days in each interval. The pattern of water use by each plant
until maturity under each treatment was assessed by following the protocol described by
Vadez et al. (2011a) for the lysimetric experiment. The number of days to flowering was
noted down for each plant and at the time of harvest, total water use (g plant™), transpiration
efficiency(g kg™), above-ground dry biomass (g), grain size (100seed weight in g), and grain
weight (g) for each plant was calculated. Transpiration efficiency was calculated as the ratio
of the total above-ground biomass to the sum of transpiration values between 30 DAS and

maturity.

2.2.2. Leasyscan Experiment

A set of 181 recombinant inbred lines derived using the single seed descent method
from the cross between N13 and E36-1 was used for this experiment (Haussmann et al.,
2002). Line N13 is Indian- origin durra sorghum and known to be resistant to Striga. Line
E36-1 is an Ethiopian origin, guinea-caudatum, high yielding hybrid sorghum. It is a
drought-tolerant, high yielding breeding line donor of the stay-green gene. The RIL
population developed from this cross is segregating for both Striga resistance and the stay-
green. This population was selected based on the results obtained from the lysimetric

experiment. Both parents belong to the same flowering group (40-50 days) and possess
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similar water use capacity under irrigated conditions, but at the same time contrasting for

grain size and transpiration efficiency.

2.2.2.1. Phenotyping for vigor traits

Plants were phenotyped in the Leasyscan facility (ICRISAT) during the post rainy
period of sorghum i.e. October to November in 2014. Pot details and arrangement were in
accordance with VVadez et al. ((2015) (LeasyScan facility; http://gems.icrisat.org/leasyscan/)
Sowing was carried out with 8 seeds in each pot and two homologous plants were retained
per pot during final thinning i.e., 2 weeks after sowing. Diammonium Phosphate (DAP) and
Muriate of potash (MOP) were applied at the rate of 200 mg kg of soil to each pot at the
time of sowing. The alpha lattice design was followed for the experiment with 4 replications
of the genotypes. Plants were maintained under irrigated conditions throughout the

experimental period. Plants were harvested at the stage of 4 weeks after germination.

2.2.2.1.2. Canopy traits

LeasyScanPlantEye® scanners scanned the plants to analyze plant development-
related traits [3D leaf area, projected leaf area (2D-leaf area), and plant height (PH)] on an
hourly basis during the entire crop growth period. From these traits, plant growth rate traits
were calculated [3D- growth rate (3D-GR), projected leaf area growth rate (2D-GR], based
on the average difference in respective leaf area and plant height between successive days
during the logarithmic growth phase. Residuals that represent canopy structures were

calculated using 3D leaf area and projected leaf area.

2.2.3. Field related traits

The field data for the RIL population of N13 x E 36-1 was taken from the sorghum
molecular breeding group from ICRISAT. Experiments were conducted during three
consecutive years i.e., post rainy seasons of 2008, 2009, 2010, and agronomic data; days to

flowering, plant height and grain size were taken for this QTL mapping studies. At the same
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time, from the same experiments, data for scoring for Striga resistance, pericarp color (y/w),
awns (p/a) were also collected for this study. The same experiment using the N13 x E36-1
RIL population was conducted again in 2017 in three replications under field conditions to

collect the grains for measuring grain quality.

Grain quality data: grains of N13 x E36-1 from 3 replications were combined for
each genotype and ground to a fine powder using a FOSS-cemotech grinding mill. Near-
Infrared spectroscopy was used (NIRS) to measure protein and fat. Briefly, flour of each
genotype was scanned using a FOSS-XDS machine, and protein and fat data were extracted

using cereal grain calibrations developed earlier (Chapter 1).

2.2.4. QTL mapping

Plant vigor traits from the Leasyscan facility, agronomic and grain quality traits from
field data were used to map for any QTLs and possible colocalization. Composite interval
mapping (CIM) method in QTL Cartographer version 2.5, was used (window size of 10cM,
walking speed of 1cM, control markers = five, and backward regression) for this purpose.
LOD threshold was set by using 1000 permutations and p-value <0.05. QTLs with PVE
(phenotypic variation explained) more than 10% were considered as major QTLs and QTLS

with PVE less than 10% were considered as minor QTLs.

2.2.5. Statistical Analysis

For the lysimetric experiment, two-way ANOVA was performed to find significant
variation for genotype, treatment, and their interactions using GENSTAT 14.0 (VSN
International Ltd., Hemel Hempstead, UK). For Leasyscan and field experiments, one-way
ANOVA was performed to find genotypic differences among progenies. For both the
experiments, mean comparison was done using the Tukey-Kramer test and Least Significant
Difference (at P < 0.05). Principal component analysis (PCA) using R software (R core

team, 2018) was performed to find the association between traits. For QTL and PCA
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analysis, data for Best Linear Unbiased Predictors (BLUPs) were calculated using
GENSTAT 14.0. For all the experiments, broad-sense heritability was calculated using
genotypic and residuals mean square components obtained from respective ANOVA tables
using GENSTAT 14.0. The formula used was h? =6 2 G/ (6 2 G+o 2 E) (Kholova et al.,

2012, Vadez et al., 2012), where o 2 G is the genetic variance and o 2 E is the error variance.

2.3.  Results and Discussion
2.3.1. Lysimetric studies

ANOVA results (Table 2.1) showed significant differences for genotype, treatment
as well as their interactions. Even though there was a significant genotypic effect on all
traits, the effect was high for transpiration efficiency and biomass produced compared to
other traits. On the contrary, treatment has less effect on transpiration efficiency compared
to other traits. It means genotypes with similar water extraction show different amounts of
biomass production per kg of water extracted. It shows genetics of plants play a major role
in adaptation to different environments. As mentioned in methods and materials, genotypes
used in this experiment consist of parents of different recombinant inbred line (RILS)
populations which are contrasting for different traits such as Striga resistance, stay-green,
shoot fly resistance, Biological Nitrogen fixation, stem sweetness, stem borer resistance,
and grain mold resistance. Along with them, stay-green introgression lines that harbor stay-
green gene was also used along with their senescent parents (S35 and R16). All these genetic
materials flowered approximately between 40-58 days after sowing (DAS). Based on the
days to flowering data, these genotypes were grouped into three groups (40-44, 45-48, and
49-58). Naturally, water use was high (40-44: 29162 g plant; 48-58: 38,174 g plant™) under
irrigated conditions in the group with longer flowering time compare to others (Figure 2.1).
Contrary to this, more water is extracted under water stress conditions by the genotype in
the group with 44-48 DAS flowering time. This genotype which is a stay-green introgression

line (S35 6008: 14,196 g plant™ under WS2) also showed higher transpiration efficiency
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(TE) under water stress conditions compared to irrigated conditions by retaining more green
leaf area under stress conditions which is a phenomenon observed in stay-green phenotype.
Differences in TE were mostly observed under irrigated and stress conditions compared to
flowering groups (Figure 2.2) and most of the genotypes showed higher TE under stress
conditions by efficiently using available water compare to irrigated conditions. The amount
of yield components (biomass and grain weight) produced was high for the longer duration
group (48-58 DAS) compare to the shorter duration one (40-44 DAS) under irrigated
conditions. But genotypes in this group showed higher differences in yield components
under irrigated and stress conditions. Grain size which is known to be associated with plant
vigor showed differences under irrigated and stress conditions, which was more prominently
observed in longer duration genotypes (Figure 2.3). Interestingly, this grain size trait
affected the yield components inversely which also shows grain size association with plant
vigor. These trait differences among genotypes paved the way to choose a suitable RIL
population to study vigor and main grain quality traits and also to analyze possible
colocalization of QTLs which will assist in marker-assisted breeding in the future. Based on
the data analyzed, the RIL population was chosen in such a way that the parents belong to
the same flowering group and have similar water use capacity, but contrasting for grain size
and TE which indicates plant vigor indirectly. So, here N13 x E36-1 derived RIL population
which met all these criteria was chosen to proceed for Leasyscan studies for vigor traits.
Also, the results obtained for stay-green introgression lines and their senescent parents in
this study formed a basis to study these lines under different treatments to explore GXExM

interactions (chapter 3).

2.3.2.1. Leasyscan studies
Summary statistics: ANOVA results (Table 2.2) showed, there is a significant
difference for plant vigor-related traits among the RIL population. Normal frequency

distribution was found for many traits under study. The plant vigor traits were grouped into
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three: early, medium and late vigor traits based on the number of days passed from
germination to harvest. Vigor traits in each group, especially, leaf area and growth rates

among the RIL population were nearly showed two-fold variation.

Grain size, grain fat and protein content from the samples of field experiment were
also showed significant differences among the RIL population through ANOVA results.
Figure (2.5) confirmed there was 50 % variability among the population for grain size and

plant vigor-related traits.

2.3.2.2. Principle component analysis

Association between the traits and how they formed into groups were analyzed by
principal component analysis (PCA) for which BLUPs of phenotypic data were used. The
first three components of PCA explained 60.28 % of the total variation shown by the RIL
population. PCA showed early vigor traits and grain size exhibited strong positive relation
and formed into one group and late vigor traits and phenology traits (flowering time) were
closely related and formed into another group. Also, grain size and early plant vigor traits
showed a large effect on principal components than qualitative traits (grain fat and protein)
and in the other group, late vigor traits have shown a strong effect on principal components

than other traits (Figure 2.6).

2.3.3. QTL mapping
2.3.3.1. Linkage map

A total of 82 SSRs and 175 DarT markers were used to construct linkage map
(details collected from genomics lab, ICRISAT). The total length of linkage group was
2358.5 centimorgans (cM); LGla (46.1 cM), LG1b (206.6 cM), LG2 (299.8 cM), LG3
(271.6 cM), LG4 (207.1 cM), LG5a (249.3 cM), LG5b (68.6 cM), LG6 (267.9 cM), LG7
(239.1 cM), LG8 (183.8 cM), LG9 (153.8 cM) and LG10 (164.8 cM). Average interval

between the loci was 9.37 cM.
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2.3.3.2. QTLs identified in different chromosomes

Total 57 QTLs were identified for 21 traits under study using composite interval
mapping in QTL Cartographer. Out of them, 21 QTLs were minor QTLs with PVE% less
than 10 and 36 QTLs were major QTLs with PVE% more than 10%. Most of the field related
traits (Striga resistance score, Awns, Pericarp color, Plant height, Flowering time, Grain
size, Grain fat, and Protein) and a few plant-vigor related traits (2DLA1, 2DLA2, 2DGR1,
3D LA1, and 3DGR1) were collected from Leasyscan platform studies showed higher
PVE% (>10%) on linkage groups; LG1b, LG3, LG4, LG5, LG7, LG8, and LG10. QTLs
identified for plant vigor traits showed a LOD range of 2.53-4.04 (2D LA1). Whereas among
field-related traits, LOD ranged from 2.88 (Striga resistance: LG5a) to 112.58 (Flowering
time: LG4). QTL information for important traits used in the study was given in the table

(Table 2.3).

2.3.3.3. QTL colocalization

QTL colocalization was found on LG4, LG5a, and LG10. On LG4, late vigor traits
were colocalized with grain protein content which was seen between the positions 109 cM
and 119.3 cM. On the same LG4, colocalization of QTLs for Striga resistance, pericarp
color, flowering time, plant height, and canopy structure was identified between the map
positions 94.9 cM to 108.9 cM. In addition to that, QTLs for grain protein and fat were
colocalized between 121.2 cM to 126.3 cM. On LGb5a, most of the plant vigor traits (2D
LA, 2DGR, 3D LA, and 3D GR) were colocalized with QTL identified for grain size
between the positions 49.5 ¢cM to 96.1 cM. On LG10, QTLs for Striga resistance, pericarp
color, and grain protein were colocalized between 11 ¢cM to 36.2 cM. The phenotypic
variation (PVE) explained by most of these traits were high and these details were given in

the table (Table 2.3).

All the traits were studied under irrigated conditions in the field and the Leasyscan

platform. Most of these traits exhibited high heritability (>60%) (Robinson et al., 1949)
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indicating the expression of these traits across the environments. Colocalization of
flowering time QTL with plant height along with QTL related to canopy structure showed
a significant positive association between these traits. Several genes related to flowering
have been already reported in sorghum; Mal, Ma2, Ma3, Ma4, Ma5, and Ma6 (Childs et
al., 1997) confirming its key role in the adaptation of the plant to its environmental
conditions. Many QTLs related to flowering time were also reported previously (EI Mannai
etal., 2012). Recently, Techale et al. (2021) also reported QTL for flowering time and plant
height on chromosome 4. Along with chromosome 4, they have also reported QTLs for
flowering time and plant height on chromosomes 2,3,5,6, and 9. QTLs for leaf senescence
(chromosomes 2,3,5 and 10) and grain yield (chromosomes 2,4 and 6) were also reported
by the same group. In support of this, the current study showed colocalization of flowering
time, plant height, and Striga resistance which may also be related to the grain yield
component. On LGb5a, colocalization of grain size and vigor traits suggest plant vigor may
influence the grain size. Techale et al. (2021) also reported grain size QTL on the same
chromosome along with other chromosomes 2,6,8 and 10. Recently, Tao et al. (2020)
conducted GWAS for sorghum grain size and reported 81 QTLs in total. In their study, they
reported QTL on chromosome 5 along with other chromosomes. Grain size contribution for
reproductive rate, emergence was already established in earlier studies (Westoby et al.,
1992, Tao et al., 2017) which confirmed the association of grain size with plant vigor traits
in the current study. These results show agronomic traits are complex and their genetic
architecture comprises of multiple loci and also possibly multiple alleles in each locus (Yu
et al., 2008). Previous studies on grain qualitative traits showed QTLs for protein and fat on
chromosome 4 (fat) and 10 (fat and protein) (Murray et al., 2008, Boyles et al., 2017, Patil
et al., 2019). The present study showed both the QTLs on chromosome 4 and on the same
chromosome, QTL for protein was associated with late vigor traits (LA and GR after 2
weeks of germination). It signifies the relationship between vigor traits and grain quality.

Kiranmayee et al. (2020) reported chromosome 10 harbors QTL for stay-green which is
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colocalized with shoot fly resistance genes in the population of RSG04008-6 x J2614-11.
The same study also identified genes for delayed senescence which contributes to the stay-
green trait on chromosomel0. At the same time, Tao et al. (2020) also reported QTL for
grain size on the same chromosome 10. Even though, results were reported in different
populations and also in different environments, these types of results suggest the positive
association between these traits and are also useful to identify the genomic regions for
marker-assisted breeding approach. QTL mapping studies on the same N13 x E36-1 RIL
population was first conducted by Haussman et al. (2002 &2004) and showed QTL for stay-
green on chromosome 5 (LG5a) (their linkage group E) and also QTLs for Striga resistance
on chromosomes (LG) 4 and 10 (their linkage groups D and J). In addition to this, previous
studies also confirmed the presence of stay-green QTLs in sorghum on chromosomes
2,3,4,5,6,8 and 10 (Crasta et al., 1999, Subudhi et al., 1999, Subudhi et al., 2000, Xu et al.,
2000, Kebede et al., 2001, Sanchez et al., 2002, Sukumaran et al., 2016). Thus, the present
study may confirm the association of stay-green trait with genomic regions of co-localized
QTLs for different traits under study. Especially, QTLs colocalized for grain size and plant
vigor traits on LG5a were present on the same genetic region linked to the stg 4 (associated
with leaf size expansion) showing the relationship between stay-green trait and plant vigor
which needs further exploration. There is a need to validate these associations in different
environments due to QTL x environment interactions. If confirmed, studied genetic regions
could be explored for putative candidate genes for simultaneous improvement of these traits
through molecular breeding in locally adapted cultivars. Finally, this study suggests the
pleiotropic effect of plant vigor traits on different agronomic and qualitative traits and how
high trough put technologies help to understand plant functionality at the multi-disciplinary

level.
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2.3.4. Summary

This study highlighted the importance of genetic determination for grain quality
improvement along with the yield traits. Selection of mapping population based on their
water use related traits in lysimeters allowed to understand how the parents of mapping
populations behave under different environmental conditions and how they contrast to each
other for different water use related traits, giving the clue about the behavior of respective
mapping population for different traits. The leasyscan platform allowed to study of the plant
vigor traits of the entire mapping population vigorously in the first 4 weeks of germination.
Colocalization of QTLs identified in this study showed that plant behavior at early stages of

development may indicate or determine the size of the source and sink and also grain quality.
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Table 2.1. ANOVA table showing genotypic mean across the treatments (mild and
severe water stress), F value for genotype (G), treatment (W) and G x
W, standard error of difference (SED), Least significant difference (LSD
at 5%) and coefficient of variation (CV%) for important water use
related traits (Transpiration efficiency (TE), Stover yield, Grain yield,
and grain size).

TE Stover Grain Water use | Grain

Genotype (gkgh) |yield(g) |yield(9) |(g) size (9)
296B 3.70 62.42 23.74 10325 1.24
BTx623 3.76 51.19 20.98 8651 1.15
E 36-1 4.90 90.26 39.24 10448 2.72
ICSB 370-2-9 4.17 73.17 38.24 10796 1.96
ICSV745 4.60 82.46 35.57 11985 2.06
ICSV93046-P1 5.92 115.47 15.16 13228 1.57
IS 41397-3-P6 4.49 75.13 29.46 10291 2.01
IS 8219-P1 4.20 53.76 24.52 7051 2.17
K359W 4.76 88.12 21.39 11404 2.23
K648 4.75 89.01 26.45 11360 2.12
M 35-1 5.17 114.37 36.97 13400 2.57
N13 4.58 78.92 23.65 10114 2.38
ParbhaniMoti 5.97 131.38 27.95 14980 2.29
PB15220-1 5.07 81.80 26.43 9990 2.08
PB15881-3 412 64.15 17.50 8939 1.87
PhuleVasudha 5.70 127.11 31.91 14897 2.46
PVK 801-P23 4.73 94.31 32.02 13122 2.06
R16 5.41 93.36 33.51 10676 2.40
S35 5.06 90.91 41.94 10253 2.27
S35-6008 5.29 91.95 36.94 10594 1.94
S35-6026 5.42 95.74 35.83 10735 2.82
S35-6040 4.22 65.55 25.36 8848 2.92
S35-7001 5.06 84.53 34.50 9893 2.23
SP 2417-P3 4.47 78.95 27.61 10666 1.87
G 10.11*** | 11.12*%** | 6.82*** 4.67*** 7.78%**
Water 6.23** 201.95*** | 225,92*** | 1512.99*** | 139,99***
GxW 1.64** 3.84%** 3.89%** 4.42%** 1.67**
LSD 0.55 6.14 9.18 4230.8 0.48
SED 0.28 3.12 4.65 2149.5 0.24
CV% 14.94 26.43 38.45 31.1 25.63
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Table 2.2.

ANOVA table showing genotypic mean, F value, standard error of
difference (SED), Least significant difference (LSD), and coefficient of
variation (CV%) for the measured traits (Leasyscan platform:
projected leaf area (2D LA), canopy leaf area (3D LA) and projected
and canopy growth rates (2D and 3D GR) at 3 intervals and canopy
structure; Field: flowering time, plant height (cm), grain protein

(w/w%o), grain fat (w/w%o)).

Genotypic

mean Fvalue |SED |LSD |CV%
2D LA-1 307.3 | 3.63*** 37.36 | 73.39 16.8
2D LA-2 592.1 | 4.48*** 66.85 | 131.3 15.5
2DLA-3 746 | 3.15*** 84.26 | 165.5 154
2D GR-1 343.1 | 3.81*** 39.76 | 78.11 16
2D GR-2 630.1 | 3.57*** 76.23 | 149.8 16.7
2D GR-3 699 | 1.93*** 109.9 | 215.9 21.6
3D LA-1 38420 | 3.79*** 4788 | 9407 17.1
3D LA-2 75360 | 4.45%** 8720 | 17132 15.8
3D LA-3 96397 | 3.35*** | 10853 | 21324 15.2
3D GR-1 43254 | 3.99*** 5126 | 10071 16.2
3D GR-2 80987 | 4.15%** 9376 | 18420 | 15.8
3D GR-3 92151 | 2.56*** | 12372 | 24306 18.3
Canopy structure 1015 1.12 | 8738 | 17166 | 1180.1
Plant height 366.8 | 2.61*** | 66.35 | 33.78 13
Flowering time 75.77 | 20.21*** | 0.8808 | 1.73 2.8
plant height 170.3 | 24.05*** | 0.8502 | 1.66 9.3
grain protein 11.03 | 44.02*** | 0.316 | 0.62 2.5
grain fat 2.813 | 14.23*** | 0.1888 | 0.37 6.6
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Table 2.3.

Summary of important QTLs observed for plant vigor-related traits and
field-related traits. QTLs were identified using QTL cartographer 2.5
on the RIL population of N13 x E36-1

Position of Position of
Trait Chromosome P(Z(S::;[/'Ig)n LOD | PVE% r:\fpkigp_gL rr]:frnktlrn_gR
(cM) (cM)
2D GR1 LGb5a 75.71 3.53 7.4 59.4 88.2
2DGR3 LG5a 75.71 2.74 6.1 64.7 96.1
2D LA-1 LGba 75.71 3.47 7.3 58.3 89.4
2D LA-1 LG5a 185.21 2.50 6.7 179.4 211.3
2D LA-2 LGb5a 75.71 2.97 6.1 55.8 90.6
3D GR-1 LG5a 75.71 2.65 55 55.8 92.3
3D GR-2 LG4 109.21 3.37 7.1 109 117
3D LA-1 LG5a 75.71 3.29 7 56.4 88.7
3D LA-2 LG4 109.21 2.74 5.6 109 119.3
3D LA-3 LG5a 75.71 3.19 7 68.5 93.1
Striga resistance LG4 102.01 38.52 66.2 100.3 102.1
Striga resistance LG10 18.01 27.93 66.2 16 18.2
Striga resistance LG10 29.91 31.48 66.2 28.9 36.2
Striga resistance LG4 107.01 5.23 31.7 103.1 108.5
Striga resistance LGb5a 173.31 2.8 10.7 159.9 184.4
Pericarp color LG4 107.01 3.89 16.7 101.4 108.3
Pericarp color LG4 87.01 21.64 59.6 85.9 87.1
Pericarp color LG4 96.01 23.73 59.6 94.9 102.4
Pericarp color LG4 13251 6.95 13.8 132.3 138.7
Pericarp color LG10 15.01 21.88 57.4 11 19
Flowering time LG4 104.01 112.53 80.5 102.1 104
Plant height LG4 103.01 48.33 68.2 101.1 103.1
Canopy size LG4 101.01 23.71 62.9 99.2 101.1
grain size LG5a 43,51 6.73 13.1 41.2 46.4
grain size LG5a 61.51 2.93 21.3 49.5 75.6
grain fat LG4 122.21 13.01 62.8 121.2 126.3
grain protein LG4 107.01 50.22 70.4 106 119
grain protein LG4 122.21 41.95 70.4 121.2 125.3
grain protein LG10 20.01 41.95 72.2 15.8 22.5
grain protein LG10 30.91 43.47 72.2 27.6 35.2
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Figure 2.1.  Water use pattern of genotypes studied in the lysimetric facility under
well-watered (WW), mild water stress (WS1), and severe water stress
(WS2) conditions. Genotypes are grouped based on flowering time (days
to flowering: 40-44 (A), 45-48 (B), and 49-58 (C))
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Transpiration efficiency (TE) showed by genotypes studied in lysimetric
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water stress (WS2) conditions. Genotypes are grouped based on
flowering time (days to flowering: 40-44 (A), 45-48 (B), and 49-58 (C))
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Figure 2. 3. Grain size differences showed by genotypes studied in the lysimetric
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Figure 2.4. Leasyscan facility at ICRISAT
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CHAPTER 3

Agronomic and qualitative characteristics of sorghum stay-green QTL
introgression lines; Effect of GXExM interactions

3.1.  Introduction

Sorghum grain is a significant commodity and also serves as an important source of
food and fodder for the poorest, malnutrition-threatened, small farming communities in
developing countries of the semi-arid tropics (SAT). SAT production systems are already
burdened by limited water availability and it is likely to become more severe due to
changing climate scenarios which can further suppress the socio-economic development of
SAT communities. These communities can substantially benefit from enhanced food

productivity and quality.

Genotypes expressing the stay-green trait are characterized by extended
maintenance of green leaf area under different environmental circumstances (Thomas and
Ougham, 2014). Research on sorghum stay-green phenotype in Australia and the US found
that stay-green and grain yield were positively correlated in a range of water-limited
environments (Rosenow et al., 1983, Henzell et al., 1992). Detailed physiological studies
were undertaken in Australia (Borrell et al., 2000a, and 2000b) and India (van Oosterom et
al., 1996, Borrell et al., 1999) to elucidate the plant mechanisms underpinning stay-green.
In the initial studies, a cross between B35, donor parent for stay-green, and TX430, a
senescent parent was used to produce recombinant inbred line population to map different
QTLs (StgA, StgD, StgG, as major QTLs, and StgB, Stgl.1, Stgl.2 and StgJ, as minor QTLS)
(Crasta et al., 1999). Later, the stay-green trait was also identified in four chromosomal
regions (quantitative trait loci (QTLS); Stgl, Stg2, Stg3, and Stg4) by many research groups

in the US and Australia. In India, four of these stay green QTLs (stgl, stg2, stg3, stg4) along
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with two additional QTLs identified in India (stgA and stg B; Hash et al., 2003) were
transferred into genetically diverse, drought susceptible, elite sorghum varieties by marker-
assisted backcrossing (MABC) in different genetic backgrounds (R16, ISIAP Dorado, S35
and ICSV 111) (Hash et al., 2003). These research teams then focused on discovering the
physiological and molecular basis of the stay-green mechanisms under-lied by these QTLs
and its potential use for the improvement of sorghum drought adaptation in Australia, the
United States (Harris et al., 2007, Borrell et al., 2009, Vadez et al., 2013, Borrell et al.,
2014a, 2014b), and in India (Vadez et al., 2011a, Kholova et al., 2014). Different stay-green
QTLs were found to regulate canopy development before anthesis, such as leaf anatomy,
transpiration efficiency, and its components while others were found to influence root
morphology and growth and capacity to extract water from the soil profile (Vadez et al.,
2011a, Borrell et al., 20144, 2014b, Kholova et al., 2014). All these studies revealed that
these stg-QTLs do influence the plant utilization of soil moisture and, ultimately, grain yield
by; (i) reducing water demand before flowering by reducing the size of the canopy, thus,
increasing water availability during the post-anthesis period, (ii) increasing access to soil
moisture in the soil profile and (iii) regulate plant response to atmospheric drought(vapor

pressure deficit; VPD) and consequently transpiration efficiency [TE].

Australian breeding program developed drought-adapted sorghum germplasm
carrying various stay-green characters/QTLs and enhancing both grain and fodder yield.
Lately, it was also found stay-green characters/QTLs could enhance the fodder quality,
particularly in vitro organic matter digestibility and nitrogen content of stover
(IVOMD)(Blummel et al., 2015). But this improvement of stover quality along with stover
and grain yield depends on genetic background (Blummel et al., 2015). Although grain
qualities are very important factors for the development of different end-products and

cultivars’ adoption, no study reported the effect of these stay-green mechanisms on the
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nutritional profile of the sorghum grain and its interaction with different environments (e.g.,

water stress).

Cereals grain value for food products and feed are generally decided by key
indicators such as grain size, grain color, endosperm type and texture, starch, protein
content, digestibility, and tannin content. The standards for sorghum grain quality are still
under development while some key indicators are already defined; i.e. moisture content
(<14.5 %), ash (<1.5 %) protein (>7 %), and tannins (<0.5 %) on dry matter basis
(FAO/WHO food standards program, Codex Alimentarius Commission, 1995). However,
all these physical and chemical grain properties vary significantly across genotypes,
cultivation environment, and management (GXExM)(Betts et al., 2015). In the case of
sorghum, very little is known about the variability in grain nutrients (Awika et al., 2018))

and their interactions with the environment.

Therefore, the main objective of the presented study is to understand the effect of
stay-green introgression lines and their recurrent parents on important grain constituents,
and their interactions with crop environments. Specifically, the main objectives are

) to investigate whether the stay-green phenotype affects the main nutritional
components of the grain

i) how the nutritional composition of grains and stover (leaf and stem) vary across
the range of GXExM combinations

iii) to explore possible functional linkages between different agronomic and
stover/grain qualitative traits and possible stay-green mechanisms influencing

these relations.
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3.2.  Materials and Methods
3.2.1. Plant material

Two senescent parent lines S35 and R16 along with three near-isogenic-lines (NILs)
derivatives carrying various stay-green quantitative trait loci (stg-QTLs) were tested; S35 is
a sweet stemmed, medium duration, dual-purpose senescent variety originated from
Ethiopia and R-16 is a highly senescent, post-rainy season adapted cultivar of Indian origin.
Stay-green NILs, derivatives of S35 and R16 were developed based on the cross with B35,
which is a universal donor of multiple stay green alleles used in prior studies (Tunistra et
al., 1996, Crasta et al., 1999), followed by multiple stg-QTLs flanking marker-assisted back-
crossing scheme (Kassahun et al., 2010). NILs selected for this study were previously used
to describe the stay-green mechanisms (Vadez et al., 2011a, Kholova et al., 2014) and
originated from S35: 6008 (stg 3A and C) and 6026 (stg 1 and 2) and from R-16: K359w
(stg 3A and 3B) (Figure 3.1). In the experiments, farmer-preferred elite line M35-1
(“Maldandi” type) was included as a check. Yield predictions of this M35-1in post rainy
season due to changing climate was also assessed recently using the Crop Environment
Resource Synthesis sorghum model (CERES) (Chadalavada et al., 2022). This study
suggested increase in the yields in the future due to increase in rainfall and atmospheric CO2
by the end of 21% century, that makes this genotype a feasible option for farmers in India.
Thus, taking M35-1 as a check in these experiments was found out to be an appropriate

option to assess the production quantity and qualities of stay-green genotypes.

3.2.2. Crop growth conditions in field trials

Trials were planted on 11-12-2013 and 11-04-2014 in post rainy (rabi) seasons
“2013-14” and “2014-15" at ICRISAT (Patancheru, Telangana, India, latitude 17.53°N,
longitude 78.27°E, altitude: 545m). Crops were raised on ~1m deep vertisols with the water
holding capacity between 30% - 51% and plots were organized into hills of 8 rows of 4 m

length with 60 cm row-to-row spacing. For these trials, the completely randomized block
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design with three replications for each block of the factorial treatment combinations was
followed. Factorial crop treatments included fully irrigated treatment (WW) and limited
water supply (WS), full dose of N-fertilizer (HN), and limited N supply (LN) and two levels
of plant populations (HD, LD) in both seasons. Water treatments consisted of fully irrigated
control which received four flood irrigations (~50 mm/irrigation) during the crop growth
and water-stressed treatment which received two flood irrigations (~ 50 mm after the sowing
and at 35 days after sowing). Irrigation treatments were further combined with two levels
of nitrogen applications in two doses. A basal dose of diammonium phosphate was applied
just before the sowing at the rate of 200 kg ha* in 2013-14 and 150 kg ha* in 2014-15. The
top dose of urea was applied after a month from crop emergence at the rate of 90 kg ha™ for
high nitrogen plots and 30 kg ha™* for low nitrogen plots in 2013-14 and 100 kg ha™ and 0
kg ha? for high and low nitrogen plots respectively in 2014-15. These were further
combined with two levels of plant population densities (“low density” of ~5/8 in 2013-
14/2014-15 and “high density” of 14/11.5 plants m in 2013-14/2014-15). These resulted
in the following treatments combinations replicated in fully irrigated and water-limited
conditions; 1) High nitrogen high density-HNHD 2) High nitrogen low density-HNLD 3)
Low nitrogen high density-LNHD, 4) Low nitrogen low density-LNLD; therefore, resulted

in eight treatments altogether.

3.2.3. Weather details

During the crop cycle, the daily minimum and maximum temperatures, solar
radiation, rainfall, and soil evaporation were recorded by the ICRISAT weather station.
Minimum and maximum daily temperatures fluctuated between 6.8°C to 38.2°C in 2013-
14 and 5.4°C to 35.4°C in 2014-15 (Table 3.1). Average solar radiation in each season was
16.7 MJ m? and 17.01 MJ m* and cumulative in-season rainfall were 33.5 mm and 132.6
mm during 2013-14 and 2014-15, respectively. Soil evaporation was 4.7 and 4.8 mm on

average in each season respectively. Rainfall was 7 mm before flowering in 2013-14
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whereas it was 70 mm before flowering in 2014-15. The weather details and weather
summary are shown in Table 3.1 and Fig 3.2. Note: in the 2014-15 season, the night
temperatures dropped below 10°C for 3 weeks (Fig. 3.2) which might have resulted in a

smaller plant size achieved in this season (Table 3.2).

3.2.4. Agronomic characteristics measured

For evaluation of agronomic traits, inner homogeneous parts of six rows of each 8
rows plot in the field were harvested (i.e., “bulk harvest”). The exact area and plant count
were noted in these plots and dry biomass and grain yields were estimated and then
converted to the genotype yields per hectare. To evaluate further plant details, in each
experimental plot (avoiding the borders) four uniform plants were selected (i.e,.12 plants
per each of the genotype-treatment combinations) and evaluated for agronomic traits (plant
fractions dry weight, grain number, and size; flowering time) and canopy-related parameters
(total leaf area at booting stage [cm?], leaf are index [m?m], senescence score (0-100%:
based on visual senescence scores of the individual plant)). At the time of maturity, leaves,
stems were collected separately from the selected plants, and weights of each plant fraction
were recorded after drying in a forced-air oven at 60° C for one week. Panicles from
individual plants and bulk harvest were weighed, threshed, and dried and grain weight, grain
number, and grain size (100-grain weight) were recorded. Biomass partition index (BPi)
i.e., amount of above ground stover dry weight accumulated per unit of leaf dry weight
which could be considered as a crude proxy for leaf photosynthetic efficiency was calculated

as the ratio of dry leaf +stem weight [g] / leaf weight [g] for each plant.

3.2.5. Stover and Grain quality-related characteristics
3.2.5.1. NIRs analyses
Leaf, stem, and grain samples which were harvested from four individual plants in

each plot were used for NIRs analysis. Then each of the plant fractions from all the four
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plants in a plot was mixed to make a single sample that represented the variability of each
plant fraction (leaf, stem, and grain) within each of the plots. These samples were
homogenized to a fine powder in a Wiley mill (particles size 0.4-0.8mm) to perform near-
infrared spectroscopic (NIRs) analysis (Model 5000 Monochromator; FOSS Tecator, Silver

Spring, MD, USA).

The qualitative traits estimated for each of the plant fractions by NIRs were: dry
and ruminant’s in-vitro organic matter digestibility (IVOMD) for leaf, stem, and grain
(Blummel et al., 2015). The stover (leaf and stem) VOMD was approximated by weighting

the leaf and stem IVOMD values by their proportional dry weights (Blummel et al., 2009).

3.2.5.2. Wet-lab analyses

The grain quality parameters; protein, fat, and amylose were measured using
standard laboratory AOAC (Association of Official Analytical Chemists) methods. Equal
quantities of the grain samples (from all the 4 single plants) collected from all three
replications of each genotype x treatment combinations were thoroughly mixed, combined
into a single sample, and ground to fine powder by Cyclotech sample mill (CT 193, Foss,
North America). The analyses quantifying nitrogen, fat, and amylose contents were
performed and the qualitative parameters were expressed as a proportional weight of

particular components per unit of dry weight [w/w%];

Total nitrogen content was estimated using the Kjeldahl method (AOAC; 2001.11).
Briefly, 0.5 g of flour sample was mixed with 3g of catalyst mixture 10 g of potassium
sulfate and 1 g of copper sulfate) and 10 ml of conc. H.SO4 and subjected to complete
digestion at 420°C. After the digestion step, the sample was subjected to alkaline distillation.
Finally, distillate which was collected in boric acid was titrated against 0.1 N HCI and

nitrogen content was calculated based on the titer value. Protein percentage [w/w %] was
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approximated by multiplying nitrogen content with the protein conversion factor of 6.25

(Mulder et al., 1839)

Fat percentage was measured using the Soxhlet method (AOAC 920.39). Briefly, 2
g of ground sample was filled into a thimble, placed in an empty beaker and the whole set-
up was pre-weighed. 80-100 ml of petroleum ether was added into the set-up and was placed
in the Soxhlet unit for boiling. After an hour, the temperature was doubled to collect the
solvent in the condenser. Beakers were taken out, dried for 30 minutes, and weighed again.

Fat percentage was estimated from the difference between final and initial beaker weights.

Amylose content was measured as per Williams et al. (1970). For this, the first starch
was isolated from grain flour samples using the method described in Bangoura et al. (2012).
Then, 10 mg of starch sample was taken and 5 ml of 0.5 N KOH was added. The sample
was mixed thoroughly and transferred to a 50 ml volumetric flask and made up to the mark
with distilled water. 10 ml of an aliquot from this mixture was transferred to another 50 ml
volumetric flask and 5 ml of 0.1 N HCI and 0.5 ml of iodine reagent was added and made

up to 50 ml mark with distilled water. The absorbance of samples was measured at 625 nm.

3.3.  Statistical Analysis

Combined analysis for two seasons was carried out using multiple-way (five-way)
ANOVA by keeping season (S), water (W), nitrogen (N), density (D), and genotype (G) as
treatment factors and replication as a block (GenStat v. 14.0; Payne et al., 2011) to evaluate
the magnitude of the effect of each factor and two-way interactions between treatment
factors (W X N, W x D, Wx G, N x D, Nx G and D x G) and also the effect of season,
water, nitrogen and density (S x W x N x D) (Table 3.2). The ANOVA was followed by a
Tukey-Kramer test to identify significant differences between genotypes over all the

treatments (Table 3.3) and for the different water regimes (WW and WS, Table 3.3).
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To investigate the relationship between the measured traits, principal component
analysis was performed using the R statistical software version 3.5.1 (R core team, 2018) to
find out the relationships between the measured traits. (Figure 3.3-3.7). Based on the PCA
results, important correlations between the traits have been plotted separately and Pearson
correlation coefficient (R) and p values were generated for the same using R statistical

software version 3.5.1 (R core team, 2018)

3.4.  Results and Discussion
3.4.1. Effect of seasons, treatments, and genotypes on crop agronomic parameters
and production qualities
Table 3.2 contains the ANOVA results that showed the effect of season, water
regime, nitrogen use, plant density, and genotype on the measured agronomic and quality-
related traits. This analysis revealed a large effect of season, water, genotype, and density
on most of the measured traits. The effect of fertilizer application was minimal compared to
other treatments but showed a significant treatment interaction for traits like BPi and

IVOMD.

Although there was a considerable effect of season, some trends showed similarities
between both the data sets. Water treatments (W), genotypic (G) differences and planting
density (D) had a major influence on the crop productivity whereas the significant effect of
treatment interactions for fertilizer (N) input was seen on BPi and quality traits. In this study,
the absolute production of stay-green material under WS treatments was not significantly
higher compared to recurrent parents and this could have been happened due to less severity
of WS (~30%) treatment compared to the majority of previous reports showing the stay-
green production benefits (Vadez et al., 2011a, Jordan et al., 2012, Borrell et al., 2014b,

Kamal et al., 2017, Sugg et al., 2017).

64



Stay-green isolines used in this study did not attain higher grain and stover yields,
but at the same time significantly improved the grain number (6008) and grain size (K359W)
compare to their recurrent parents (Table 3.2). Both of these lines also retained significant
canopy greenness (BPi) which is probably reflected in their higher stover IVOMD compared
to their respective parental lines. The stay-green lines derived from S35 showed a
significantly higher proportion of biomass into the stem (i.e., higher BPi) while the BPi was
similar in lines of R16 origin. Across all the treatments, stay-green NILs, K359W and 6008
attained higher content of grain fat compared to their senescent parents. The local check
(M35-1) attained significantly higher biomass distribution between stem and leaf (higher

BPi) but attained lower fat content compared to stay green lines.

3.4.2 Effect of stay-green technology across seasons, treatments, and genotypes on

crop agronomic parameters and production qualities

Across all tested treatments the lines carrying stg C and stg 3A & 3B stay-green
QTLs showed less senescence which is in accordance with the previous reports where the
association of stay-green technology with canopy greenness that aids in the improvement of
crop production in drought-prone environments were reported. (Borrell et al., 2014a,
Galyuon et al., 2019). The retention of canopy greenness appeared to be associated with an
increase in the stover IVOMD (in-vitro organic matter digestibility for ruminants) and
improved grain nutritional composition (fat content). Thus, this study confirmed the positive
effect of stay-green technology on fodder qualities (stay-green C and 3A&3B; Blummel et
al., 2015) and at the same time showed the stay-green effect on the grain composition -
particularly grain fat content. Further, in-depth studies are still required to confirm this effect
because some of the grain fatty acids are involved in the milled grains rancidification
(Doblado-Maldonado et al., 2012, Cepkova, et al., 2014) and might alter the organoleptic

qualities of the food products (Heinio et al., 2002, Osuna et al, 2014).
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3.4.3. Genotypic effect on crop agronomic parameters and the grain and stover
nutritional composition within the water treatments
The subsequent analysis showed the responsiveness of genotypes to the water
treatments (WW, WS; Table 3.3). WS treatments caused a reduction in grain and stover
production (~ 30% on average), and also influenced important components of grain yield
(grain size reduced: ~ 20% on average, accelerated senescence: ~ 100 % on average). BPi

and most of the grain qualities were comparatively less affected by the WS treatments.

When observed the genotypic differences, confirming the ANOVA results (Table
3.2), the differences in grain size were still significant for K359W which produced larger
grains (K359W) under both treatments (Table 3.3). In this analysis which considered the
water treatments separately, the BPi remained significantly higher for stay-green
introgression line 6008 compared to S35 in both treatments as shown by ANOVA results
(Table 3.2) and additionally, it was found WS reduced BPi in this line. In general, water
stress accelerated senescence, but stay-green variant 6008 remained significantly greener
compared to the parental line under WS treatment and the same trend appeared for K359W.
The stay-green variants which could maintain greenness (6008 and K359W; Table 3.2, 3.3)
also attained significantly higher stover IVOMD compared to the parental lines in both
water treatments. Furthermore, the analysis also confirmed these two stay-green variants
(6008 and K359W) attained higher grain fat content and this trend was significant for both
lines under water stress treatments. Maldandi genotype (M35-1) was distinct from most of
the other material mainly with its higher BPi and lower grain fat content and had lower grain

protein content compared to lines of S35 origin under both water regimes.

The current study also revealed that different stay-green QTLs might affect different
plant processes and their effect would also depend on the genetic background as documented

before (Harris et al., 2007, Talwar et al., 2017, Vadez et al., 2011a). Here, it was found that
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both of the introgression lines of S35 background (6008 and 6026) significantly increased
the proportion of stem biomass (increased BPi - probably due to stg C and stg 1&2
introgression) but there was the minimum effect on BPi in R16- 3A & 3B stay-green

derivative (K359W).

3.4.4. Relationships between investigated traits

PCA analysis was carried out across and within the water treatments to understand
the main relations between the traits in the generated dataset (Figures 3.3-3.7). Analysis
results showed a strong link between assimilates source (i.e., biomass accumulation
components; stover weight, LA) and sink (i.e., grain yield and its components; grain size)
strength. PC1 and PC2 loadings also showed the size of the source and sink tended to be
negatively correlated to the senescence scores, and the associations were stronger under WS
treatments. (Figure 3.5). PC2 and PC3 components revealed the negative relations between
senescence and biomass partitioning index (BPi) i.e. more “leafy” plants were senescing
more rapidly. BPi and senescence, in turn, appeared to influence IVOMD of plant parts; i.e.
more senescent plants with lower BPi generally attained lower stover, leaf, and stem
IVOMD and had lower grain IVOMD and, in some treatments, tended towards lower protein

content (Figures 3.3-3.7).

Thus, the main source-sink relations were revealed by PCA analysis. i.e., the plants
capable of accumulating more stover biomass across the range of environmental conditions
had also enhanced capacity to produce bigger grains and total grain yield. This enhanced
production capacity was linked to the maintenance of greenness (lower senescence scores)
across the range of studied treatments. Apart from this, this analysis also revealed the
relation between BPi and Senescence (Figure 3.8). Lower senescence and higher BPi
appeared, in turn, to be associated with grain and stover qualities. Thus, current analysis

supports the known functional relationship between the stay-green phenotype and a plant’s
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capacity to produce grain and stover under water-limited environments. According to
previous reports, stay-green phenotypes are associated with higher production in water-
limited conditions which links to the increased post-anthesis water availability (Vadez et
al., 2011a, Borrell et al., 2014b, Kholova et al., 2014). The increased post-anthesis water
use could be attributed to constitutive traits related to canopy features (Vadez et al., 2011a,
Borrell et al., 2014a, Kholova et al., 2014) or access of roots to water in deeper soil layers
(Borrell et al., 2014a). Supportive evidence for these reports was generated in the current
work showing the crop agronomic parameters (grain and stover yield and their components)

are likely to be a consequence of the constitutive plant functions.

In addition to that, this study revealed that the altered biomass partitioning (high
BPi; more stover biomass per unit of leaf biomass) might be functionally linked to the plant
stress-accelerated senescence processes and subsequently reflected into the grain and stover
qualities (IVOMD and possibly grain protein content). Also, these high BPi values might
be related to higher photosynthetic activity per unit of leaf dry matter, capacity to produce
more soluble assimilates per unit of photosynthetically active tissues, and also possibly
contribute to higher digestibility (IVOMD) of stover material. This is in accordance with
previous reports; Borrell et al. (2015) documented the stay-green technology increased leaf
parenchyma layers. Van Oosterom et al. (2010a, 2010b) also found that assimilates re-
mobilization during grain filling is linked to leaf senescence processes. In addition to this
evidence, the current study also revealed plant photosynthetic efficiency could be related to

grain and stover qualities.

3.5,  Summary
In this study, we investigated stay-green technology and its effects on sorghum crop
quantity and quality across the range of cultivation practices. For this purpose, previously

characterized stay-green introgression events, their senescent parental lines, and Maldandi
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sorghum check were used as study material. The crops were raised in two post-rainy seasons
under factorial treatments of irrigation, planting densities, and fertilization, and the crop’s
grain and stover characteristics were assessed. The study confirmed stay-green technology
was associated with enhanced agronomically important traits (grain size and seed number)
and stover qualities (IVOMD:; across all treatments) and also be associated with altered grain
nutritional composition (grain fat content under different environments and protein content
under drought). Particularly, the study showed that plant allometry (biomass partitioning
index; BPi [stover [leaf+stem] dry weight per unit of leaf dry weight]) could explain a
considerable proportion of variation in canopy senescence and stover and grain qualities
which has not been described before. If confirmed across a broader range of plant material,
BPi might be practically used in crop improvement programs as a proxy of crop propensity

to senesce but also an early indicator of grain and stover qualities.
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Experimental and weather details in experiments conducted during 2013-14 and 2014-15; Crop sowing and maturity

Table 3.1.
Table (average across genotypes) dates, soil type, maximum and minimum temperatures (C°), in-crop rainfall (mm),
solar radiation (MJ m) and evaporation (mm) are listed for the crop growing period in experiments conducted in seasons
2013-14 and 2014-15.
Sowing maturity date Max. temp | Min.temp | Rainfall | ;|4 radiation | Evaporation
Season Soil date average (°C°) (°C) (mm) (MJ m?) (mm)
2013-14 Vertisol 12-11-13 31-03-14 38.2 6.8 335 16.7 4.7
2014-15 Vertisol 04-11-14 10-03-15 35.4 5.2 132.6 17 4.8
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Table 3.2. Mean values of selected traits for each for seasons, genotypes, water, nitrogen, and density. Season, water, nitrogen and
density and their interaction (Water x Genotype, Water x Nitrogen, Water x Density, Nitrogen x Density, Nitrogen x
Genotype, Density x Genotype) effects (F value and F probability) and LSD at 5% level were generated using ANOVA
by taking treatments and their combinations as treatment structure (season+ water+ nitrogen+ density+ genotype+ water
X nitrogen + density X nitrogen+ water x density+ water x genotype + density X genotype + nitrogen x genotype). ***, **,
* represents significance of the differences (at >0.001; <0.001, 0.01> and <0.01, 0.05> levels) for each treatment and
treatment combinations for the estimated characteristics. The letters behind the values represent the result of the Tukey-
Kramer test and different letters indicate the significance of differences between genotypes at 0.05 level. Broad sense
heritability (h?%) was calculated across seasons and treatments by treating genotype as random.
Bulk grain | Bulk stover Grain Grain size (100 Stover Grain Grain . Grain
Genotype yie%d yield number grain weig(ht) LAIZ—”_]fX Senesce;)nce BPi IVOMD IVOMD Protein Gg"’“” Fat Amylose
[kgha'] | [Kgha'] [m?] ] [m*'m?] | [0-100%] owi] | [oowiw] | [ewm] | M| oo
S35 3846bc 4670b 18701bc 2.873ab 2.573b 40.85b 3.684b 49.91b 64.1b 9.401c 3.871c 13.49b
6008 3583ab 4830bc 19226¢ 2.781a 2.222a 31.64a 4.324d 53.49¢ 64.26b 9.19hc 4.526d 11.68a
6026 3400a 5524¢ 15803a 3.061bc 2.531b 42.21hc 4.051c 50.27b 63.58ab 9.653¢ 3.756bc 12.66ab
R16 3728abc 3173 16770ab 3.136¢ 2.231a 49.71c 3.197a 46.55a 63.86b 8.416ab 3.638b 12.87ab
K359W 3827hc 3668a 15046a 3.674d 2.108a 40.22b 3.277a 50.1b 63.58ab 7.834a 3.956¢ 13.64b
M35-1 4040c 5644c 160052 3.839d 2.758b 44.82hc 5.012¢ 50.61b 62.97a 7.496a 3.334a 12.52ab
LSD at 5%level 276.7066 561.343 1675.9 0.1722 0.1899 5.4614 0.1815 0.6828 0.4978 0.6483 0.1526 1.1149
season 53.76*** 27.94%** | 55 ggrr 39.34%** 150.23*** | 116.7*** | 195.83*** | 231.50%** | 572,03%** | 140.84*** 2.05 3.14
Genotype 5,11 %** 24.36™** 7.78%* 49> 13.84** | go7*rx | 11207 | 8148*** | 6.68*r* 1455%% | 5291+ 3.19**
Water 256.2%** | 106.66*** | 15.11%** 255.17*** 3.44 316.34** | 66.19%** | 16.5*** 4.4* 0.26 3.42 7.51%*
Density 7.4%* 24.58*** | 118.61%** 6.28* 290.79%** | 13.37*** 3.04 0.93 5.47* 0.62 0.9 0.41
Nitrogen 0.01 2.48 0.01 1.92 0.11 3.45 12 0.92 2.95 0.35 0.71 0.28
Water. Nitrogen 2.16 2.95 0.75 0.71 6.02 0.13 25.57*** 0 4.81* 1.52 1.23 0.01
Density. Nitrogen 0.12 0.87 0.1 0.01 0.76 057 058 4.16* 26.14%** 3.18 0 0.18
Water. Density 2.92 2.04 2.8 2.14 2.68 0.31 11.76*** 0.1 6.91%** 3.88 4.64* 0.64
Water. Genotype 0.98 155 0.75 0.71 2.03 0.99 5.66%** 5.84%** 0.29 0.27 G 7.71%*
Density. Genotype 0.42 0.44 26 0.71 1.93 0.54 0.4 0.74 0.25 0.44 2.35% 0.15
Nitrogen. Genotype 0.76 0.42 0.77 03 1.43 0.61 0.55 1.8 0.2 0.86 2.61* 5.22%**
CV% 18.3 30.2 245 13.2 195 325 114 34 19 147 9.1 182
h?(plot based %) 0.17 0.28 0.42 0.75 0.23 0.24 0.72 0.29 0.84 53 30 4
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Table 3.3.

Mean values of selected traits for water treatment (WW&WS) within each genotype (6008, 6026, K359W, M35-1, R16
and S35) were generated using ANOVA by taking treatments and their combinations as treatment structure (season+
water+ nitrogen+ density+ genotype + water x nitrogen + density x nitrogen+ water x density+ water x genotype + density
X genotype + nitrogen X genotype + water x genotype x nitrogen x density). The letters behind the values represent the
result of the Tukey-Kramer test and different letters indicate the significance of differences between genotypes at 0.05
level. values in parenthesis represent the proportion of change in measured traits due to water stress treatment for each
genotype.

. Grain size .
Bullg grain bulk_stover Grain (100 grain | LAl max | Senescence _ Stover Grain Grai|_1 Grain Eat Grain
T na | ey |emer tm Wiy | [mfm ) [0-100%) | o | Dound | o | Powmd | e
Water
S35 WwW 4643d 5675ef 18545hcd 3.26d 2.805d 27.6ab 3.99cd 50.47bc 64.17b 9.316de 4.048de 13.29abcde
6008 WW 4181d 5616def 17506abcd 3.191cd 2.187ab 19.4a 4.72¢f 54.69¢ 64.29b 9.156bcde 4.645f 11.03ab
6026 WW 4122cd 6737f 14959abc 3.501d 2.608bcd 29.86ab 4.41de 51.23cd 63.74ab 9.834e 3.625abc 13.65bcde
R16 WW 4377d 3828abc 16156abc 3.465d 2.261ab 32.91bc 3.23a 46.21a 63.98b 8.357abcde | 3.747bcd 10.65a
K359W WW 4412d 4168bc 13901a 4.042¢ 2.066a 25.16ab 3.33ab 50.1bc 63.81ab 7.686abc 3.873cd 12.7abcde
M35-1 WW 4572d 6571f 14737ab 4.316e 2.803d 29.45ab 5.169 50.7bc 63.26ab 7.352a 3.39ab 12.85abcde
S35 WS 3051ab 3671abc 18894cd 2.485abh 2.347abc 54.14de 3.38ab 49.34b 64.02b 9.486de 3.694bcd 13.69cde
(-0.34) (-0.35) (0.02) (-0.24) (-0.16) (0.96) (-0.15) (-0.02) 0) (0.02) (-0.09) (0.03)
6008 WS 3008ab 4070bc 20800d 2.388a 2.243ab 43.35¢d 3.94c 52.34d 64.23b 9.225cde 4.406ef 12.33abcd
(-0.28) (-0.28) (0.19) (-0.25) (0.03) (1.23) (-0.17) (-0.04) 0) (0.01) (-0.05) (0.12)
6026 WS 2679a 4316bcd 16684abc 2.621ab 2.461abcd (- 54.6de 3.69bc 49.31b 63.42ab 9.472de 3.886¢d 11.66abc
(-0.35) (-0.36) (0.12) (-0.25) 0.06) (0.83) (-0.16) (-0.04) (-0.01) (-0.04) (0.07) (-0.15)
R16 WS 3081lab 2525a 17421abcd 2.806bc 2.208ab 66.56e 3.16a 46.9a 63.74ab | 8.476abcde | 3.529abc 15.08e
(-0.3) (-0.34) (0.08) (-0.19) (-0.02) (1.02) (-0.02) (0.01) (0) (0.01) (-0.06) (0.42)
K359W WS 3215ab 3128ab 16162abc 3.293d 2.138a 55.8de 3.22a 50.09bc 63.34ab 7.983abcd 4.04d 14.59de
(-0.27) (-0.25) (0.16) (-0.19) (0.03) (1.22) (-0.04) (0) (-0.01) (0.04) (0.04) (0.15)
M35-1 WS 3510bc 4722cde 17311abcd 3.36d 2.72cd 60.22e 4.86fg 50.53bc 62.68a 7.641ab 3.278a 12.2abcd
(-0.23) (-0.28) 0.17) (-0.22) (-0.03) (1.04) (-0.06) (0) (-0.01) (0.04) (-0.03) (-0.05)
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Figure 3.1. Chromosomes showing the stay green QTL introgressions on studied

lines; S35 background- 6008 (SBI-01-stg 3A /stgC), 6026 (SBI-03- stgl &stg2), R16
background- K359W (SBI-02-stg 3A &3B)
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Figure 3.2. Details of crops in 2013-14 and 2014-15; trends in maximum and minimum
temperatures[C°] and rainfall [mm] during crop growth period were plotted by
keeping days after sowing on X-axis and temperature on Y-axis. The number of days
after sowing for crop emergence (~5 days for both seasons), irrigations under water
stress treatment (total 2; 1st irrigation- immediately after sowing and 2nd irrigation-
at 30 days after emergence for both seasons), flowering time (on an average ~70 days
(for 2013-14 and ~80 days for 2014-15 crops) and crop maturity (~115 days for 2013-
14 rabi and ~135 days for 2014-15 rabi) were marked on the graph for both 2013-14
and 14-15.
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Figure 3.3.  Principal component analysis of agronomic, canopy, and qualitative
traits measured on studied genotypes- (S35, R16, 6008, 6026 (S35
background), K359W (R16 background), and M35-1) across seasons,
water, nitrogen, and density.
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Figure 3.4.  Principal component analysis of agronomic, canopy, and qualitative
traits measured on studied genotypes (S35, R16, 6008, 6026 (S35
background), K359W (R16 background), and M35-1) within well-
watered (WW) treatment across seasons, density, and nitrogen
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Figure 3.5.  Principal component analysis of agronomic, canopy, and qualitative
traits measured on studied genotypes (S35, R16, 6008, 6026 (S35
background), K359W (R16 background), and M35-1) within water
stress (WS) treatment across seasons, density, and nitrogen.
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Principal component analysis of agronomic, canopy, and qualitative
traits measured on studied genotypes (S35, R16, 6008, 6026 (S35
background), K359W (R16 background), and M35-1) within well-
watered (WW), high-density treatment across seasons and nitrogen.
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Figure 3.7.  Principal component analysis of agronomic, canopy, and qualitative
traits measured on studied genotypes (S35, R16, 6008, 6026 (S35
background), K359W (R16 background), and M35-1) within water
stress (WS), high-density treatment across seasons and nitrogen.
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Figure 3.8.  Relationships between important agronomic and qualitative traits; a)

relationship between Senescence [%] and biomass partitioning index
(BPi) Db) relationship between BPi and stover in-vitro organic matter
digestibility (IVOMD [%w/w]) ¢) relationship between grain size and
canopy senescence [%]. Data points are average values of each genotype
across the seasons under well-watered (WW) and water stress (WS)
conditions. R represents Pearson Correlation and p-value represents
correlation is significant if it is < 5%o.
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CONCLUSION

Sorghum is a staple food crop for the population in the semi-arid tropics of the world
and is primarily grown by small farming communities in these regions where malnutrition
is prevalent. It is a major source of energy, nutritionally dense, and also a valuable source
of income that helps to alleviate malnutrition and poverty in developing countries. Sorghum
crop is naturally tolerant to harsh environments and primarily cultivated in marginal lands
and also in different agro-climatic conditions. But global climate change events led to
unreliable sorghum vyields, especially in drought-prone environments which directed the
global sorghum crop improvement programs to study different sorghum genetic sources
available and understand the underlying physiological and molecular processes to improve
the sorghum yields in developing countries. Although many research efforts were carried
out to improve the sorghum yields, not much research was carried out to enhance the
nutritional quality. Due to cultivation in various agro-climatic conditions, improvement of
sorghum grain quality mainly depends on the understanding of different genetic,
environmental, and management (G x E x M) interactions and physiological and molecular
processes involved. Thus, the main aim of the present work is to understand the

physiological and genetic determinants influencing sorghum grain quality.

Sorghum stay-green technology involves the expression of stay-green phenotype
with extended green leaf area until maturity under water-limited conditions by reducing the
pre-anthesis water use and also balancing the nitrogen demand and supply. Many research
studies were already carried out to characterize the stay-green phenotype through
physiological and molecular studies and provided a lot of genetic material for molecular
breeding approaches. Yet, none of the studies focused on the effect of stay-green sorghum

on grain quality even though it is proved to enhance fodder quality. So, present research
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work was carried out to fill this gap by studying the sorghum stay green introgression lines
(ILs) and their effect on important agronomic and qualitative traits and genetic (G),

environment (€) and management (M) (G x E x M) interactions which influence this effect.

The current research work involved studying a large number of genetic materials for
nutritional quality which is time-consuming, laborious, and contra-productive. Thus, rapid
tools development is a prerequisite to estimate grain nutritional quality in agricultural as
well as industrial sectors. Near infra-red spectroscopic (NIR) technology is already a proven
method to analyze grain and stover material by using robust calibrations for different crops.
Here, we tried to develop sorghum and multi-cereal grain calibrations for macronutrients
(protein and fat) by using classical and multi-variate algorithms. In the current study,
sorghum and cereal calibrations which are helpful in rapid screening of breeding material
were developed. In addition to that, progress was made to achieve robust multi-cereal
calibration (for protein) using mobile sensors in combination with multi-variate algorithms
which helps to estimate nutritional quality in different cereal samples using single
calibration. Using the same methodology, it is possible to develop robust calibrations for

other nutritional constituents that help in a broad range of situations.

To understand the relationship between plant vigor and grain quality traits, a suitable
RIL population was selected (N 13 x E36-1) by analyzing the water use traits for different
mapping population parents. Then the plant vigor traits (projected and canopy leaf area and
growth rate) for the selected mapping population were measured in the Leasyscan platform
under irrigated conditions. Different agronomic and grain quality traits were estimated in
the field and QTL mapping was carried out to see possible colocalizations. Here,
colocalization of plant vigor and grain quality traits (protein and fat), and also colocalization
of flowering time, Striga resistance, plant height traits on the chromosome (linkage group

LG) 4, colocalization between plant vigor traits and grain size on LG5a and another
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colocalization on the chromosome (LG) 10 for grain protein and Striga resistance showed
the associations between them. If confirmed with further studies, these QTLs can be used
as potential target regions for simultaneous improvement of these traits with molecular

breeding approaches.

To understand the G x E x M interactions on main agronomic and qualitative traits
in stay-green phenotype, stay green introgression lines from a different genetic background
(S35:6008 and 6026; and R16: K359W) were selected and grown in the field for two seasons
under factorial treatments of water, density, and nitrogen. The results showed, the influence
of stay-green phenotype on grain quality, but the extent of this effect depends on genetic
background and environment. This study also identified the novel indicator of crop quality
I.e., biomass partitioning index (Bpi) which is a crude proxy for photosynthetic efficiency.
It emphasizes the need to utilize specific plant materials for different environments to

achieve maximum benefits.

Thus, the current study highlighted the importance of rapid tools development for
estimation of grain quality that helps in improving the global grain value chain along with
the importance of choosing the suitable plant genetic material for various agro-ecological
systems by understanding the agronomic, physiological, and molecular aspects which

support the socio-economic improvement of sorghum grain, especially in SAT regions.
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Abstract

Main conclusion Global food insecurity concerns due to climate change, emphasizes the need to focus on the sensitivity
of sorghum to climate change and potential crop improvement strategies available, which is discussed in the current
review to promote climate-smart agriculture.

Abstract Climate change effects immensely disturb the global agricultural systems by reducing crop production. Changes
in extreme weather and climate events such as high-temperature episodes and extreme rainfalls events, droughts, flooding
adversely affect the production of staple food crops, posing threat to ecosystem resilience. The resulting crop losses lead to
food insecurity and poverty and question the sustainable livelihoods of small farmer communities, particularly in developing
countries. In view of this, it is essential to focus and adapt climate-resilient food crops which need lower inputs and produce
sustainable yields through various biotic and abiotic stress-tolerant traits. Sorghum, “the camel of cereals”, is one such
climate-resilient food crop that is less sensitive to climate change vulnerabilities and also an important staple food in many
parts of Asia and Africa. It is a rainfed crop and provides many essential nutrients. Understanding sorghum’s sensitivity to
climate change provides scope for improvement of the crop both in terms of quantity and quality and alleviates food and feed
security in future climate change scenarios. Thus, the current review focused on understanding the sensitivity of sorghum
crop to various stress events due to climate change and throws light on different crop improvement strategies available to
pave the way for climate-smart agriculture.

Keywords Climate change - Food security - Sorghum - Crop improvement

Introduction

Climate change is a serious and growing threat to global
food security. The major effects of climate change are
increased frequency and magnitude of extreme climate
events such as extreme rainfall events, increased dry spells,
droughts, water shortages, land degradations, and rise in sea
levels. All these effects could negatively impact the global
agricultural system which in turn leads to food insecurity in
all its dimensions—availability, stability, access, and utiliza-
tion (Peng et al. 2019). Global atmospheric temperature is

< Keerthi Chadalavada
keerthichadalawada @ gmail.com

Department of Botany, Bharathidasan University,
Tiruchirappalli, Tamil Nadu, India

International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), Patancheru, Telangana, India

predicted to rise by 2—4.5 °C by the end of the twenty-first
century with increased concentrations of greenhouse gases
(Raza et al. 2019). This global warming leads to increased
interannual rainfall variability, reduced precipitation dur-
ing monsoon season, and an increase in unseasonal rainfall
activity which poses a severe threat to agriculture’s ability
to deal with the world’s hunger, poverty, and malnutrition.
According to IPCC report (Roy et al. 2018), global warm-
ing could drive 122 million more people into extreme pov-
erty by 2030. The world population is expected to reach 9.7
billion by 2050 (UN 2019), which furthermore increases
pressure on the agriculture sector for growing food require-
ments. Climate change negatively influences crop yields
globally, moreover, extreme temperatures and variable
rainfall prevent the growth of crops completely. Especially
in tropical regions, extreme weather and droughts are two
major hazards for rainfed agriculture (Dilley et al. 2005).
In the long term, these extreme events adversely affect the
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agroecological systems and social resilience (Rosenzweig
et al. 2001). Likewise, climate variability has a great impact
on global food production in the arid and semi-arid tropi-
cal (SAT) regions of the world which account for 30% of
the world’s total area and approximately 20% of the world’s
population (Lobell et al. 2008). Lobell et al. (2008) reported
that increasing temperatures and declining precipitation over
semi-arid regions are likely to reduce crop yields due to
climate change and variability, particularly rural households
which are extremely dependent on agriculture and farming
systems are overwhelmed. Thus, it is important to develop
and adapt the strategies for changing climate in the SAT
regions due to already warmer climates, but also subsistence
farmers in the SAT regions will have far fewer options in
their agricultural systems to cope with changes in climate.
Cereal grains such as wheat, maize, and paddy are the
primary staple food crops across the globe. By 2050, a
70-100% increase in the cereal food supply is desirable for
the projected world population (Godfray et al. 2010). But
due to a global decrease in fertile and arable lands, it is
almost impossible to meet the global food demand with cur-
rent agricultural practices under climate change scenario.
A more hazardous situation could be possible in the SAT
regions of the world due to the adverse effects of climate
change in these regions. So, it is important to focus on the
alternative crops which could adapt to climate change, and
could sufficiently fulfill the nutritional needs of the under-
nourished people across the globe. Sorghum is one such
hardy crop that can grow on marginal lands and tolerant
to climatic change in different agroecological regions. Sor-
ghum acts as a staple diet for millions of people in the SAT
regions of Asia and Africa. It is the major source of food and
fodder and is primarily consumed by the producers. Apart
from it, sorghum is one of the staple foods for the popula-
tion in semi-arid and arid regions of the developing coun-
tries where malnourishment and poverty are more prevalent.
It is a major source of energy and contains many essential
nutrients which are necessary to meet the daily nutritional
demand of an individual. Thus, it became an important crop
for the sustainable livelihood of poor farmers in arid and
semi-arid regions. Sorghum can grow in marginal lands
with low input and is a predominately rainfed crop in these
regions. Although a hardy crop, rainfall variability and heat
stress due to changing climate could reduce crop yields
substantially in many regions of the world. According to
studies, due to climate change, yields of post rainy sorghum
likely to reduce 7% by 2020, 11% by 2050 and 32% by 2080
(Srivastava et al. 2010). Climate change variability mostly
affects sorghum during reproductive and grain-filling stages
and leads to loss of crop. Not only the yield, but the nutri-
tional quality of the crop could also suffer the impacts of
climate change by decreasing the major and essential nutri-
tional components in the grain. So, it is essential to improve
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crop yields without compromising quality. Implementing
strategic adaptation approaches like varietal selection and
sowing dates could benefit the crop yield to some extent,
but the complete loss cannot be prevented if the severity of
global warming continues to increase in near future. With
the availability of a wide array of new technologies in plant
breeding and molecular studies, strategies for climate change
adaptation should focus on improving crop yields as well
as grain quality. There is no recent assessment of climate
variability and change affecting sorghum production at a
regional or global scale. The last assessment conducted by
the International Crops Research Institute for the Semi-arid
Tropics (ICRISAT) and Food and Agriculture Organization
(FAO) dated 1996 (ICRISAT and FAO, 1996). There are
other studies particularly focused on regional challenges in
Sub-Saharan Africa and arid and semi-arid regions of South
Asia (Adhikari et al. 2015; Reynolds et al. 2015). Similarly,
recent work showed potential impacts of climate change on
sorghum crop production (Raymundo et al. 2018). Thus,
in the current review, we examine the existing literature to
identify the most potential climate change impacts on crop
yields and grain quality and adaptation strategies available
were discussed with the major emphasis on the sorghum
crop.

Crop response to climate change
Crop yields

During the last several years, global warming has a seri-
ous impact on cereal cropping regions in many parts of the
world. Rapid changes in climatic conditions resulted in
increased incidences of various abiotic stresses, thus causing
an adverse effect on plant productivity. With a temperature
increase of 3—4 °C, 15-35% loss in crop yields in Africa and
West Asia and 25-35% yield loss in the Middle East could
be expected (FAO 2008). There is a risk of losing around
280 million tons of cereal production potentially among
Asian and African countries (FAO 2005). It is projected that
agricultural production could decline by 4-10% in develop-
ing countries of Asia due to climate change (Fischer et al.
2005).

Climate change effects are generally assessed by the num-
ber of stress events and their effect on day-to-day life and
loss of agricultural productivity. Climate change severely
disrupts plant development by causing several morpho-
logical, physiological, biochemical, and molecular changes
which ultimately lead to yield loss (Raza et al. 2019). Pre-
dominant yield losses and resulting food insecurity in devel-
oping countries show the impact of climate change in these
regions.
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Water stress and extreme temperature are two major
forces that impact the reproductive phase in plants. In cere-
als, water stress shows a negative effect on flower initiation
and inflorescence, which leads to a decrease in grain set
and thus reducing the harvest index by 60% (Garrity and
O’Toole 1994). At the same time, high-temperature epi-
sodes, above 30 °C during the flowering stage lead to steril-
ity in cereals, affecting the grain yields. Also, several crop
models predicted high rates of evapotranspiration and less
soil moisture in drier regions due to high temperatures. It
leads to a loss in crop growing area in these regions (IPCC
2007). Various other stresses such as salinity, drought, and
chemical effluence damage plant tissues and organs which
results in the production of stress responsive proteins, sol-
utes, and elevated antioxidant ratios. They in turn lead to
oxidative and osmotic stress in plants.

Crops, in general, adapt to higher temperatures by reduc-
ing the crop cycle, which affects yields substantially. This
reduced crop yield is due to a decrease in the rate of photo-
synthesis, respiration, and grain filling. Although C4 crops
have a better photosynthetic capacity, higher temperatures
cause a decline in photosynthesis rate, which in turn affects
crop yields (Crafts-Brandner and Salvucci 2002). Warming
causes an increase in vapour-pressure deficit (VPD) which
results in reduced water use efficiency of plants due to loss
of more water per unit of carbon gain (Ray et al. 2002). Tem-
perature instability will also provide more favourable envi-
ronmental conditions for insects and pests of crops to boost
their capacity to stay alive in cold temperatures and emerge
during critical crop stages. An increase in temperature leads
to a reduced grain-filling stage which is the primary cause
of reduced crop productivity during climate change scenario
(Challinor et al. 2007). Heat stress normally is a function of
the intensity of temperature, duration, and rate of increase.
When it occurs before anthesis, it causes sterility of florets
(Prasad et al. 2000, 2008). If exposed to long-term heat
stress, reproductive processes impair significantly which was
noticed in rice (Baker et al. 1995), soybean (Boote et al.
2005), peanut (Prasad et al. 2003) and sorghum (Prasad et al.
2006). Heat stress accelerates the overall female develop-
ment which reduces the duration of their receptiveness to
pollen and pollen tubules. When exposed to high tempera-
tures during seed filling, it reduces the seed set and seed
weight and decreases the overall yield by reducing the seed
filling rate and duration (Siddique et al. 1999). This process
is similar to drought stress, however, in heat stress, seed fill-
ing duration decreases severely compare to seed filling rate.
Thus, heat stress along with drought is a major constraint
during grain filling for many cereal crops.

Climate change increases the frequency and magnitude
of droughts, thus intensifying the crop water stress. In gen-
eral, crops can tolerate water stress to some extent by clos-
ing stomates. However, an increase in potential heat related

impact results in more pronounced water stress which could
lead to loss of crops. Particularly, in the tropics, the chances
of experiencing drought are high during the start and end of
the season, resulting in significant crop losses (Krupa et al.
2017). In general, pre-anthesis water stress affects stand
count, tillering capacity, number of panicles and seeds per
panicle while post-anthesis water stress affects transpiration
efficiency, CO, fixation, and carbohydrate translocation.
These changes ultimately lead to premature plant senescence
and yield losses (Thomas and Howarth 2000; Xin et al.
2008). In cereals, water stress during the reproductive phase
(Stone et al. 2001; Hatfield et al. 2011) is especially harmful
and reduces the yields substantially. Not only the droughts,
more intense rainfall in some regions lead to flooding and
waterlogged soils that could damage the crop yields. Water-
logging due to floods/extreme rainfall events affect the soil
physical, chemical and biological properties which eventu-
ally affect the crop water and nutrient uptake from soil. Due
to the closure of stomata (Ahmed et al. 2002), photosyn-
thetic rate and net carbon assimilation decrease under excess
soil moisture. Thus, resulting events lead to a reduction in
yields (Zhuo and Lin 1995; Ahmed et al. 2002). However,
these effects vary from species to species and between geno-
types within species (Orchard and Jessop 1984; Umaharan
et al. 1997; Pang et al. 2004).

Due to deforestation and fossil fuel utilization, currently
atmospheric CO, is increased to 400 umol~!. It is projected
to increase up to 800 umol~! by the end of the century.
Elevated CO, was found to reduce the stomatal conduct-
ance, thus increasing the water use efficiency of both C3
and C4 plants. But there are contradictory studies (Long
et al. 2006) which reported the effect of elevated CO, on
crop plants. Some studies even reported the reduced nutri-
tional quality of crops due to high CO, when rising in the
nutrient poor soils by reducing the nitrate assimilation (Taub
et al. 2008). Elevated CO, during drought could lead to the
induction of reactive oxygen species (ROS) which disturb
photosynthesis and respiration. ROS can cause disturbance
in the synthesis of carbohydrates, protein, lipids, nucleic
acids which are building blocks for plant growth (Ahmad
et al. 2018). Leakey (2009) reported, under elevated CO,
conditions, CO, concentration increases in the bundle sheet
cells which lead to reduced photorespiration in the case of
C4 plants. However, like C3 plants, C4 plants also exhibit
high photosynthetic rates, water use efficiency by reducing
stomatal conductance due to elevated CO,, and reduce the
effects of drought.

During climate change, phytohormones also play a
major role by inducing stress responsive signal transduc-
tion mechanisms. For example, ethylene is found to act as
signalling pathway among plant growth and environmental
variations. During abiotic stress conditions, it controls seed
germination, leaf growth, senescence, and ripening. Abscisic
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acid also induces several physiological mechanisms during
drought stress by producing stress responsive genes and
controlling transpiration and stomata closure and opening
(Kuromori et al. 2018).

Grain quality

The growth environment plays important role in all aspects
of seed quality—seed size, seed composition, and germina-
tion ability. Several studies showed the effect of environment
on grain composition and many of them reported year to
year variability and region X year interactions for grain qual-
ity traits such as protein and oil concentrations (Hurburgh
et al. 1990; Brumm and Hurburgh 2006; Naeve and Huerd
2008;). Drought and heat stress are the two major stresses
which affect the size and composition of matured seed both
in cereals and legumes due to their negative impact on nutri-
ent uptake, assimilate supply, and remobilization of nutrients
(Prasad et al. 2008). In addition to that, these stresses nega-
tively affect the viability of harvested seeds. Seed filling is
the most crucial stage and temperature influence the various
processes involved in seed filling, ultimately affecting seed
quality. The optimum temperature for normal grain filling
varies from species to species (Hatfield et al. 2011). Due to
high temperature, there will be a decrease in seed size, glu-
cose concentration, and at the same time increase in sucrose
and raffinose concentrations in grain. Studies also showed
decrease in oil concentration and protein percentage with an
increase in temperature (Gibson and Mullen 1996; Pazdernik
et al. 1996; Thomas et al. 2003; Naeve and Huerd 2008).
Changes in the environment also has a significant impact
on starch biosynthesis and properties (Tester and Karkalas
2001; Thitisaksakul et al. 2012). Changes in planting sea-
sons, higher night temperatures, decreased water availability,
and soil quality could significantly affect the starch accumu-
lation and physical properties which in turn affect the down-
stream uses (Hatfield et al. 2011). The structure and com-
position of starch are important indicators for quality and
nutritive value of cereal products as animal feed and suit-
ability as feedstock for biofuels (Dang and Copeland 2004;
Moritz et al. 2005; Svihus et al. 2005; Sun et al. 2011). In
addition to the genotypic effect, starch functionality also var-
ies with increasing air and soil temperatures, rainfall pattern,
growing locations and environmental stresses (Dang and
Copeland 2004). In addition to total starch concentration,
minor changes in amylose concentrations could seriously
alter the starch gelatinization and pasting properties (Zeng
et al. 1997; Hurkman et al. 2003). These changes in amylose
concentrations due to high temperatures are more evident
in maize, rice, and wheat compare to barley and sorghum
(Tester 1997; Tester and Karkalas 2001; Kiseleva et al. 2003;
Liet al. 2013a, b). Time and severity of heat stress can also
alter the starch granule size, shape, and structure (Liu et al.
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2011). For example, when applied before anthesis, the size
of wheat A granules were affected disproportionately (Liu
et al. 2011). Reduction in granule size was also observed in
sorghum, rice, and maize (Lu et al. 1996; Li et al. 2013a,
b; Mitsui et al. 2013). On the contrary, low temperatures
and cold seasons increase the ratio of amylose to amylopec-
tin in cereals such as rice, maize and wheat (Fergason and
Zuber 1962; Asaoka et al. 1984; Dang and Copeland 2004;
Labuschagne et al. 2009; Singh et al. 2010). Studies showed
starch gelatinization and pasting temperatures also decreased
in cold treated cereals (Myllarinen et al. 1998; Aboubacar
et al. 20006).

Water stress negatively affects grain physical attributes.
Reduced grain weight and grain size and increase in grain
hardness was reported under water stress (Pang et al. 2018;
Impa et al. 2019). Water stress also affects starch accumula-
tion, leading to changes in starch composition, structure,
and functionality (Thitisaksakul et al. 2012). Water stress
also decreases the amylose content in wheat, rice, and bar-
ley (Cheng et al. 2003; Dai et al. 2009; Singh et al. 2010;
Gunaratne et al. 2011a, b). Increased flour swelling power,
viscosity, gel hardness, and granular breakdown could also
be seen due to water stress (Gunaratne et al. 2011a, b). In
addition to flour properties, an increase in grain chalkiness
and milling properties can also be seen during water stress.
Ali et al. (2010) reported grain oil content was reduced up
to 40% in maize due to drought stress, at the same time it
increased the oleic acid content by >25% and reduced the
linoleic acid content. Reduced grain starch-lipid content was
seen in wheat studies due to water deficit (Singh et al. 2008;
Fabian et al. 2011). In addition to heat and water stresses,
elevated CO, and O; also have a significant impact on grain
productivity which in turn affects the starch composition and
functionality (Mishra et al. 2013; Piikki et al. 2008).

Sorghum
Production

Sorghum is the fifth most important cereal crop in the world.
Due to its high photosynthetic efficiency, sorghum can grow
both in temperate and tropical regions. It has a short maturity
period and can grow both in irrigated and rainfed conditions,
thus suitable for subsistence as well as commercial farming.
Developing countries, mostly, Africa and Asia account for
nearly 90% of sorghum production area. Production-wise,
38.6% was from the Americas, 38.5% from Africa, 18.6%
from Asia and remaining 4.3% of sorghum production was
from Europe and Oceania (FAOSTAT). Sorghum crop was
harvested in nearly 40 million hectares of the world’s area
and the total sorghum production in this area was around
57.9 million tonnes in 2019 (Fig. 1).
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Fig. 1 Spatial distribution of sorghum area (a), production (b) and productivity (c) over Africa and Asia during 1961-2019 based on FAOSTAT

2019. Data source: http://www.fao.org/faostat/en/#data/QC

In the past two decades, sorghum production (~ 1%) and
production area (2%) was decreased slightly. Over the last
decade, sorghum production area and yields increased in
Africa (area: 27.5-28.4 M hectares; Yield: 25.6-28.6 M
tonnes), whereas it was reduced significantly in Asia (area:
9.3-5.6 M hectares; yield: 10.9-7.8 M tonnes) and Ameri-
cas (area: 7-5.1 M hectares; yield: 25.1-18.8 M tonnes)
(FAOSTAT). Overall productivity is high in commercial
systems where sorghum production area is roughly 15%,
but produce 40% of global sorghum yields. In contrast,
most of the developing world including Africa and Asia
grow sorghum extensively, but in low input systems and
average yields in these areas remained 0.5-1 tonne per
hectare. More than 70% of the sorghum grown in these
areas is consumed as food. Especially in Africa, cropping
area has increased significantly, but productivity remained

low due to the use of marginal, drought-prone lands and
poor soils (ICRISAT and FAO 1996). Figure 2 depicts a
change in the sorghum production trends over the past few
decades in predominantly sorghum growing regions.

Growth conditions

Sorghum is mainly cultivated in drier environments on shal-
low and deep clay soils. It is more tolerant to alkaline soils
and can be grown on soils with a pH between 5.5 and 8.5.
The minimum temperature requirement for germination is
7-10 °C. More than 80% of the seeds germinate at 15 °C.
The optimum temperature requirement for growth and devel-
opment is 27-30 °C. Growth and yields can be affected
beyond 35 °C. It is a short-day plant with a photoperiod
requirement of 1011 h to induce flower formation. Tropical
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Fig.2 Trends of sorghum yields 45000
over Africa, Asia, Americas and
Australia during 1961-2019 40000
based on FAOSTAT data. Data
source: http://www.fao.org/faost 35000
at/en/#data/QC
® 30000
£
£
= 25000
z
=
> 20000
15000
10000
5000
0
TMOUMNOTTMUNOOODTMUNOOTMUNOODTETMULNOITETMOLNO®D
OOOOONRNNNENNNODRNIOIOIIDDDNOODOO T ™ ™ « —
DO OO0 0000000 OO0
T T T T T T T T T T T T T T T T T e NNNNNNNNNN
Years
——Africa ———Americas ——Australia ——Asia

varieties are more sensitive to photoperiod than short-season
varieties. It has a growing season of 115-140 days. Water
requirement mainly depends upon growth and environment.
Typically, medium to late maturing grain sorghum culti-
var requires 450—-650 mm of water during growing season
(Assefa et al. 2010). Water use is less during the early stages
of development and then maximum water use occurs from
booting stage to anthesis. Then it gradually decreases dur-
ing the grain-filling stage. Along with these critical require-
ments, the production potential of sorghum also depends
upon plant population, cultivar choice, fertilizer input, and
pest and insect control.

Potential impacts of climate variability
and change

Heat stress

Human activities already had a significant impact on global
and regional climate, it is evident from Fig. 3 there was
approximately 1 °C increase in the surface temperatures
across Africa and Asia over the past decade 2009-2019.
Gradual change in surface temperatures also negatively
affects the sorghum crop and reduces the yield potential.
Generally, the optimum temperature requirement for sor-
ghum crop is 21-35 °C for germination, 26-34 °C for veg-
etative growth and 21-35 °C for reproductive growth (Maiti
1996). Maximum yields and dry matter can be obtained at
27/22 °C (day/night temperatures). Temperatures above
33/28 °C during panicle development results in floret and
embryo abortion (Downes 1972). In general, reproductive
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stages (panicle initiation, grain filling and grain size) are
more sensitive to heat stress compare to the vegetative stage
(leaf growth, photosynthesis) (Downes 1972; Craufurd et al.
1998; Hammer and Broad 2003; Prasad et al. 2006). Prasad
et al. (2008) found the most sensitive stages for heat stress
in grain sorghum were flowering and 10 days before flow-
ering which results in reduced seed set, seed number and
yields. In grain sorghum, these most sensitive stages to high
temperatures are characterized by a maximum decrease in
floret fertility. Meiosis, anthesis, fertilization and embryo
formation occur during these periods. As a result, negative
impacts like pollen sterility, decreased seed set (Djanaguira-
man et al. 2014) and changes in concentration and composi-
tion of carbohydrates and starch deficiency (Jain et al. 2007)
could be seen during heat stress. Prasad et al. (2008) showed
continuous exposure to high temperature (40/30 °C) leads
to a delay in panicle emergence by 28 days and flowering by
20 days. Heat stress significantly decreases the plant height
at maturity, seed set, seed number and size, but does not
have a significant impact on leaf area and leaf dry weight.
Maximum seed set decrease was observed when heat stress
occurred at the flowering stage (54%) (Prasad et al. 2008).
Short periods of heat stress in sorghum during panicle emer-
gence result in a decreased grain-filling rate and duration
which in turn leads to smaller seed size. At the same time, an
increase in heat stress at the beginning of grain-filling stage
leads to a decrease in individual grain weight which was
observed both in controlled as well as field grown sorghum.
Thus, short periods of heat stress in sorghum significantly
affect seed set (Singh et al. 2015) and seed number, whereas
season long heat stress has a negative impact on individual
seed weight (Prasad et al. 2006) due to reduced grain-filling
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period (Prasad et al. 2015). However, different genotypes
exhibit different responses to heat stress (Nguyen et al.
2013; Djanaguiraman et al. 2014; Singh et al. 2015) and
also severity of impact on floret fertility and grain weight
varies between tolerant and susceptible sorghum hybrids
(Prasad et al. 2015).

The impact of heat stress on sorghum grain quality traits
was reported only by a few researchers so far (Wu et al.
2016; Impa et al. 2019) and still needs further investiga-
tions. It is speculated, like other cereals, accumulation of
starch decreases under heat stress in sorghum. Decrease in
activities of different enzymes (Ahmadi and Baker 2001;
Hurkman et al. 2003; Li et al. 2013a, b) contribute to reduc-
tion in starch synthesis and altered amylose to amylopectin
ratio. Li et al. (2013a, b) also reported lower starch weight
per grain and smaller starch granules under elevated tem-
peratures. Lower starch concentrations under heat stress in
grain samples was also found by Johnson et al. (2010) while
working on corn and sorghum. Effect of heat stress on starch
accumulation also negatively affects the biofuel industry.
Heat stressed grain sorghum samples release less sugars due
to altered starch accumulation and composition, ultimately
causing reduced ethanol production compare to non-stressed
sorghum grains (Ananada et al. 2011). However, Impa et al.
(2019) reported there was no significant effect of heat stress
on starch content, but grain protein decreased under stress
with a significant reduction in protein digestibility. The same

Mm W O N 1N 0 « < N O 0 O OO N n o
N NN 00 0 0 O 0 @ © © © © w «w =
O 0O O O O O O O O © © ©6 © © ©
- - - - - - - T = N N N N N N
Years
—Africa ——Asia

study reported increase in grain hardness and diameter and
a reduction in grain micronutrients under heat stress. Wu
et al. (2016) reported a decrease in tannin content under high
temperatures, whereas phytates and mineral contents were
highly influenced by genotypes compare to growth tempera-
ture. Taleon et al. (2012) found a strong effect of abiotic
stress factors such as light and temperature on the flavonoid
content of black sorghum.

Cold stress

As a tropical crop, sorghum is highly sensitive to chilling
stress (Peacock 1982; Rooney 2004). It is sensitive to cold
stress than any other cereal. Sorghum production in most
of the temperate regions affects by cold temperature stress.
Chilling stress can affect the sorghum both in pre-and post-
flowering stages thus mitigating the vegetative growth as
well as grain-filling period. When planted early in the sea-
son with low soil temperatures, sorghum suffers from poor
seedling emergence and seedling vigor which results in yield
losses (Yu and Tuinstra 2001; Cisse and Ejeta 2003; Burow
et al. 2011; Kapanigowda et al. 2013; Maulana and Tesso
2013; Chiluwal 2018). Not only this, emerging seedlings are
more prone to soil-borne pathogens such as Pythium and
Fusarium spp. (Forbes et al. 1987). As a result, plant popu-
lation reduce significantly, although this effect varies from
genotype to genotype (Tiryaki and Andrews 2001; Franks
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et al. 2006). Cold stress affects the development and function
of chloroplasts (Fracheboud et al. 1999; Allen and Ort 2001),
thus reducing photosynthetic capacity and respiration. But in
sorghum, Ercoli et al. (2004) found, the photosynthetic rate
was severely affected compare to respiration which resulted
in reduced leaf area due to loss in leaf turgor. Early season
cold stress in sorghum also delays panicle emergence and
heading in sorghum (Majora et al. 1982) along with maturity
time (Maulana 2011). Moreover, Ercoli et al. (2004) showed
N fertilized plants are more sensitive to cold stress than non-
fertilized crops. Mid-season cold stress which coincides with
the reproductive stage negatively affects the yield compo-
nents. Cold temperatures at flowering significantly reduce
the mean panicle weight, number of seeds per panicle and
thousand seed weight (Maulana 2011). These effects are pri-
marily due to the impact of stress on flowering, pollination
and fertilization. However, these negative effects depend on
genotype and degree of sensitivity to cold stress.

Cold stress in sorghum not only affects the yield but also
impacts the grain nutritional quality. Cold stress reduced
the grain protein and starch compositions (Ostmeyer et al.
2020). High tannin contents also observed in sorghum geno-
types under cold stress. Although grain protein and starch
composition differ in genotype to genotype, there was a sig-
nificant genotype by environment interaction observed in
recent studies (Ostmeyer et al. 2020). Ostmeyer et al. (2020)
also reported that not only chemical composition, physical
traits such as reduction in kernel hardness and diameter also
reduced due to chilling stress. Development of early chilling
tolerance hybrids found to improve the nutritional quality
along with yields. Also, tannin free chilling tolerant hybrids
were identified (Chiluwal et al. 2018) which improves the
grain quality by enhancing protein digestibility.

Drought stress

With current global climate change trends, there is an
increasing frequency of droughts, particularly in arid and
semi-arid regions of the world. Although a stress-tolerant
crop, sorghum is usually affected by water stress experi-
enced due to drought during pre-and post-flowering stages.
Drought stress occurs at these stages results in substantial
yield loss in sorghum (Tuinstra et al. 1997; Kebede et al.
2001; Blum 2004). Drought stress at post-flowering stage
affects the seed size and number per plant (Rosenow and
Clark 1995) by 55 and 36%, respectively, ultimately reduc-
ing the grain yield (Assefa et al. 2010).

Generally, a medium to late maturing sorghum cultivar
requires 450-650 mm of water during the growing season
(Tolk and Howell 2001; FAO 2002), although daily require-
ments depend on the growth stage. Roughly 1-2.5 mm of
water is sufficient for sorghum at the early growth stage to
avoid water stress. Later water requirement increases up to
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7-10 mm and then it is maximum from booting stage to
anthesis (Assefa et al. 2010). Thus, reduced soil moisture
below this minimum requirement results in developing water
stress. A further study on water use of sorghum reported
the addition of every mm of water above 100 mm results in
an additional 16.6 kg of grain (Stone, and Schlegel, 2006).
Water deficit at certain growth stages results in yield loss in
sorghum. So, a well-distributed water supply based on the
growth stage is necessary for good grain yield, rather than
the amount of total water available throughout the cropping
season. Majorly, sorghum is vulnerable to long periods of
water stress and susceptible to yield losses. For example,
Eck and Musick (1979) showed water stress for 35-42 days
from the beginning of boot stage resulted in yield loss of
43 and 54%, respectively. Likewise, Inuyama et al. (1976)
reported, 16 and 28 days of water stress during the veg-
etative stage resulted in 16 and 36% of yield reduction. It
shows water stress at the reproductive stage is more sensitive
than vegetative stage. Water deficit at this stage prevents the
development of pollen and ovules, fertilization and prema-
ture abortion of fertilized ovules (Saini 1997; McWilliams
2003). As a result, a number of panicles, seeds per panicle,
and individual grain size decrease with drought. Precisely,
if the drought stress occurs at the early boot stage, yield loss
would be due to reduced seed size and number, but if the
stress occurs at later stages, yield loss would be only due
to reduced seed size (Eck and Musick 1979). Severe water
stress at pre-flowering stage lowers the net photosynthetic
rate by reducing PSII and PEPcase activities and by closing
stomata (Vinita et al. 1998). Thus, water stress ultimately
increases photorespiration and internal oxygen concentra-
tion. The resulting formation of reactive oxygen spp. leads
to cellular death, thus reducing total dry matter production
under drought conditions (Perry et al. 1983; Terbea et al.
1995). Wong et al. (1983) found drought at the vegetative
stage accelerates flowering but does not affect the grain-
filling period. Manjarrez-Sandoval et al. (1989) reported,
microsporogenesis is the most susceptible stage to drought
stress in sorghum by causing panicle loss and resulting yield
loss. The same study also reported severe drought stress at
the microsporogenesis stage does not affect grain yields,
because of compensated yields by tillers produced at later
stage, especially in long maturity sorghums (Manjarrez-
Sandoval et al. 1989).

Impa et al. (2019) showed that terminal water stress
decreased the individual grain size and diameter, but
increased the grain hardness. This reduced grain size and
number might be attributed to decreased grain-filling
duration under drought stress which terminates the grain-
filling period early (Impa et al. 2019). Pang et al. (2018)
also reported, reduced test weight, grain size, and grain
hardness in sorghum under low soil moisture. Drought
stress, depending on the severity reduces various enzyme
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activities involved in starch biosynthesis and accumulation
(Ahmadi and Baker 2001; Hurkman et al. 2003; Pang et al.
2018), thus reducing the total starch content in the grain.
Bing et al. (2014) reported, drought stress at the flower-
ing stage shows a reduction in activities of granular bound
starch synthase which is responsible for amylose synthesis,
starch branching enzyme activity, that is responsible for
amylopectin formation and also starch debranching enzyme
activity. However, many studies reported an increase in
grain protein content under drought stress (De Souza et al.
2015; Impa et al. 2019; Sarshad et al. 2021), but decrease
in protein digestibility, one of the important factors which
determine the quality of sorghum feed. On the contrary, a
few researchers noticed increased kernel hardness and pro-
tein content in irrigated sorghum grain samples (Wu et al.
2008; Njuguna et al. 2018). Zhan et al. (2003) and Wu et al.
(2007) showed protein content is inversely proportional to
starch content, a property that negatively affects the biofuel
industry by reducing ethanol production from sorghum grain
samples. Increased protein content may contribute to more
starch—protein complexes which in turn results in less starch
availability to hydrolytic enzymes to release glucose and
less fermentation efficiency for ethanol production (Wu et al.
2007). Ananda et al. (2011) confirmed the same by show-
ing increased ethanol yields from drought stressed grain
samples compare to controls, whereas Pang et al. (2018)
showed irrigation capacity has a positive impact on final
bioethanol yields although less fermentation efficiency was
observed for the irrigated grain samples during the first 48 h
of fermentation. Thus, these contradictory results support
the fact that grain quality not only depends on climate but
also on genotype and location and their interactions (Ebadi
et al. 2005). Wu et al. (2007) found reduced crude fiber con-
tent in drylands grown sorghum compare to irrigated lands.
The same study reported there was no significant reduction
in mineral content (ash) under drylands, at the same time
noticed, location specific increase in mineral content. On
the contrary, Impa et al. (2019) showed reduced micronu-
trient concentration under moisture stress except for grain
Fe content. An increase in tannin content was noticed by
Njuguna et al. (2018) under less soil moisture compare to
higher moisture soils.

Waterlogging (excess moisture)

Waterlogging that occurs mainly due to flash and heavy
floods is a major constraint for crop growth and yield due
to current management practices and changes in precipita-
tion levels (Polthanee 1997). Many studies (Orchard and
Jessop 1984, 1985; Pardales et al. 1991; McDonald et al.
2002) reported the effect of waterlogging on growth and
yields in sorghum. Adverse effects of flooding depend on
the crop growth stage. The early growth stage was found

to be more susceptible compare to the early and late repro-
ductive stages (Orchard and Jessop 1984; Umaharan et al.
1997; Linkemer et al. 1998). Promkhambut et al. (2011)
showed flooding applied for 20 days at the early growth
stage severely impaired the primary root and shoot growths
in sorghum. Moreover, root growth was severely affected
than shoot growth. Low radial oxygen loss in sorghum in
response to flooding was also observed by McDonald et al.
(2002). Due to this oxygen deficit, sorghum experience
anaerobic conditions when exposed to prolonged excess
moisture stress (Pardales et al. 1991). Promkhambut et al.
(2011) observed aerenchyma development on nodal and
lateral roots in response to early vegetative and reproduc-
tive stage flood conditions, which is an adaptive response to
flooding stress (Zaidi et al. 2004). Root aerenchyma devel-
opment in response to flooding stress, which is high at the
vegetative stage than late growth stage in grain sorghum was
also reported by Orchard and Jessop (1985). Pardales et al.
(1991) observed nodal root development in a few sorghum
genotypes under flooding stress, which is an important trait
for waterlogging tolerance. This increase in nodal root num-
ber was also observed in sweet sorghum genotypes (Prom-
khambut et al. 2011) with an increase in the duration of
flooding. Excess moisture conditions at the vegetative stage
led to a reduction in net photosynthetic rate, transpiration,
and stomatal conductance in sweet sorghum genotypes as
observed by Zhang et al. (2016). Resulting in poor panicle
differentiation and seed setting rate showed reduced grain
yields in sorghum (Zhang et al. 2019a, b). Thus, excess
moisture in soil due to flooding at early vegetative and repro-
ductive stages leads to a reduction in stalk and grain yields
due to stunted root and shoot growths (Promkhambut et al.
2011).

Sorghum grain quality due to excess moisture in the soil
is not reported much due to limited literature. Studies con-
ducted on sweet sorghum (Promkhambut et al. 2011; Zhang
et al. 2016) showed crops experience anaerobic conditions
due to oxygen depletion in the soil. As a result, nutrient
uptake decreases (Setter and Belford 1990). Limited N
supply causes stunted growth. Overall, photosynthetic effi-
ciency decreases due to a reduction in chlorophyll content.
The resulting senescence conditions impair the relocation
of photoassimilates. It impacts carbohydrate accumulation,
grain size, and grain nutrient composition along with the
yields due to nutrient deficiency experienced by the crop.

Effect of elevated CO,

Studies reported sorghum crop shows a significant reduction
in transpiration rate due to elevated CO, (Pallas 1965; van
Bavel 1974) under irrigated conditions like C3 cereals. An
increase in stomatal resistance results in reduced water use
increased nutrient and water uptake from deeper soils due
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to increased root mass at every growth phase (Chaudhuri
et al. 1986). This allows optimum growth and development
in case of sorghum. This characteristic indeed benefits the
crop during drought conditions. Elevated CO, was found to
reduce the water use under drought stress, resulting in the
availability of soil water for a long time during dehydrated
periods. It was found, elevated CO, increased the growth
during the grain-filling period under drought, but decreased
the vegetative growth (Ottman et al. 2001). Thus, with con-
tinuous carbon gain, an increase in yields was observed for
sorghum due to elevated CO, under drought conditions (Ott-
man et al. 2001). Torbert et al. (2004) observed around a
30% increase in sorghum biomass production due to elevated
CO,. They noticed a substantial rise in C:N ratio due to CO,
enrichment.

Very few studies reported grain quality in sorghum with
elevated CO,. De souza et al. (2015) reported there was
almost a 60% increase in grain protein content when grown
under elevated CO, and water deficit conditions. Fatty acids
in the grain were slightly increased, but no such increase in
starch content was found. Thus, elevated CO,, in the case of
sorghum was found to be beneficial to mitigate the drought
conditions as well as enhanced grain quality.

Potential sorghum adaptation strategies
for climate change effects

Sorghum crop improvement programs along with strategic
crop adaptation approaches are designed to cope with the
negative impacts of climate change and further maintain-
ing the production and income of smallholders. Different
adaptation approaches like crop management practices,
breeding, and biotechnological approaches could enhance
the sorghum grain productivity and quality under extreme
climatic scenarios to a great extent. Understanding genetic
variation and the development of climate-resilient sorghum
genotypes broaden its adaptation and enhance the produc-
tion in different agroclimatic zones. The following adapta-
tion strategies could benefit the sorghum crop from climate
change impacts.

Crop management practices

Better crop management practices are the first step to be
taken to improve the sorghum yields under different stress
conditions. Generally, yield potential can be enhanced by
adapting changes in sowing time, crop cultivars and mixed
cropping systems, alteration of planting, and harvesting
time, short life cycle cultivars, use of drought and heat-
resistant cultivars and implementing different irrigation
techniques to tolerate abiotic stresses (Fatima et al. 2020).
Adoption of suitable soil, water, and pest management
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practices maintains crop production under climate change
situations. Choosing commercial sorghum hybrids, which
possess different stability components (drought, disease
and heat tolerance, photosynthetic efficiency, nutrient use
efficiency) enhances yield stability across a wide range of
environments compared to inbred lines (Boyles et al. 2019).
Management of planting geometry such as decreased plant-
ing density, increased plant or row to row spacing and skip
row configurations helps to better utilize soil moisture in
dryland areas (Fatima et al. 2020). It enhances the dry mat-
ter accumulation and grain yields with an increase in photo
assimilates available. Delay in sowing time helps the crop to
escape from heat stress at critical stages of development like
flowering and grain filling. The use of genetically pure and
quality seed reduces the negative effects of climate change
to some extent and provides scope for sustainable nutritional
security (Yu and Tian 2018). Making use of agricultural
biodiversity is another promising option to reduce future
climate change effects. Crop rotation and multi-cropping
systems such as combining deep-rooted with shallow-rooted,
C3 crops with C4 crops, combining different varieties of
crop in the same field may enhance productivity by reducing
the adverse effects of climate change (Fatima et al. 2020).
Optimum use of fertilizers is also vital for crop growth and
productivity as it provides sufficient nutrients to plants and
also enhances the fertility of soil (Raza et al. 2019). Sonobe
et al. (2010) found the application of silica fertilizer for sor-
ghum crop improved growth under water stress conditions
by increasing the root water uptake and reducing the root
osmatic potential. Extensive field trials and data collection
help to evaluate the impacts of climate change. Future pre-
dictions are possible using remote sensing and crop model-
ling strategies which helps to apply corrective measures to
improve the yields for different agroecological zones (Arora
2019).

Breeding and genetic modifications strategies

Plant breeding gives ample opportunities to develop stress-
tolerant cultivars that escape extreme weather changes and
gain yield benefits. Landraces are a significant source for
genetic studies as they contain broad genetic variation. The
genetic divergent analysis is an important tool to develop
new cultivars with stress resistance (Lopes et al. 2015; Raza
et al. 2019). Molecular breeding is a powerful technique
which couples breeding with genomic approaches to screen-
ing elite germplasms. QTL studies, genomics, and transcrip-
tomic analyses enable to identify the molecular mechanisms
responsible for stress tolerance. All these techniques help to
develop new cultivars with improved production potential
under different climatic change effects (Roy et al. 2011).
Genome wide association studies (GWAS) is a powerful
tool to identify allelic variants linked with any specific trait
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(Manolio 2010). GWAS has been extensively used for many
crops to exploit the genetic basis for stress resistance under
climate change (Mousavi-Derazmahalleh et al. 2018). High
throughput phenotyping is extensively used to screen germ-
plasm for various traits of interest. The biotechnological
approach uses genetic engineering techniques to develop
transgenic plants with different biotic and abiotic stress tol-
erance. Herewith, important molecular and high throughput
approaches used for sorghum crop improvement under dif-
ferent stress scenarios were discussed further.

Heat tolerance

Sorghum, naturally, a heat-tolerant crop, experience heat
stress at critical stages which result in reduced yields. At the
vegetative stage, it decreases the photosynthetic rate (Dja-
naguiraman et al. 2014) and when it occurs at the reproduc-
tive stage, it reduces pollen viability and impacts fertiliza-
tion (Djanaguiraman et al. 2014, 2018; Prasad et al. 2015).
Genetic variation is available in sorghum to develop heat-
tolerant cultivars (Singh et al. 2015, 2016). BTx 623 is one
of the heat-resistant cultivars that is being used (Singh et al.
2015). Understanding the genetic control of heat tolerance is
a basic requirement for developing the appropriate breeding
program. Khizzah et al. (1993) studied sorghum lines and
reported heat tolerance is associated with two genes with a
simple additive model. GWAS was applied for sorghum by
Chen et al. (2017) to identify loci for heat tolerance during
the vegetative stage.

14 SNPs that are associated with leaf firing and blotch-
ing in sorghum were identified in their study which could
serve as candidate gene markers in molecular breeding for
heat tolerance under the vegetative stage. Another genome-
wide analysis (Nagaraju et al. 2015) of sorghum reported 25
heat shock transcription factors expressed under different
abiotic stress conditions. Out of them, Hsf1 was expressed
under high-temperature stress and Hsf 5, 6, 10, 13, 19, 23
and 25 expressed under drought stress. These genes provide
insights into abiotic stress-tolerance mechanisms under dif-
ferent conditions. Transcriptomic analysis of sorghum under
drought and heat stress revealed (Johnson et al. 2014) 4% of
genes were differentially expressed for drought and 17% for
heat stress. Also, a 7% of unique genes were identified for
combined stress response. Identification of these differen-
tially expressed genes could be targeted for improvement of
sorghum for heat as well as drought stress tolerance under
changing climatic conditions.

Cold tolerance
Improvement of early-stage chilling tolerance hybrids is an

important breeding target for improved sorghum productiv-
ity (Knoll et al. 2008; Knoll and Ejeta 2008; Fernandez et al.

2015; Chiluwal et al. 2018). Currently, cold tolerant sorghum
hybrids are limited compare to other cereals (Yu et al. 2004).
Many sorghums originated from semi-arid tropics are sensi-
tive to low temperatures. Detailed physiological studies help
to understand the effect of chilling stress on root conduct-
ance, shoot growth, and seedling development. Franks et al.
(2006) identified Chinese kaoliangs as cold tolerant lan-
draces with improved seedling vigor and emergence under
cold stress. Another germplasm from Ethiopian highlands
found to retain the growth below base temperature of 10 °C,
indicating adaptation to chilling conditions (Tirfessa et al.
2020). Simple sequence repeat markers associated with traits
for early season chilling tolerance were identified by Burow
et al. (2011). Hybrids developed from inbreds were exten-
sively tested and selected for early-stage chilling tolerance
(Chiluwal et al. 2018) with high germination and seedling
vigor. Ostmeyer et al. (2020) reported, a promising tannin
free hybrid (ARCH11192A/ARCH12012R) with early-stage
chilling tolerance significantly enhanced the yields without
affecting the grain quality during early-stage chilling stress.
These tolerant hybrids found to take a longer duration for
flowering and extended grain-filling period which enhances
the grain yields without impacting quality.

Bekele et al. (2014) screened a sorghum RIL popula-
tion by phenotyping to select the traits useful in breeding
for chilling tolerance. They also identified potential QTL
regions on chromosomes 1,2,3,4 and 6 responsible for cold
tolerance, which can be further used for fine mapping and
candidate gene identification for early-stage chilling toler-
ance. Interestingly, QTLs identified in their study corre-
sponds to the QTLs for stay-green which was identified ear-
lier (Harris et al. 2007; Mace et al. 2012). Thus, these QTL
hotspots facilitate the development of sorghum varieties with
broad abiotic stress tolerance. Marla et al. (2019) studied
sorghum NAM population developed from sensitive BTx
623 and three chilling tolerant Chinese lines (Niu Sheng
Zui (NSZ; P1 568016), Hong Ke Zi (HKZ; P1 567946), and
Kaoliang (Kao; PI 562744)). They found chilling tolerant
QTLs were co-mapped with tannin and dwarfing genes. So,
it is essential to carefully understand the genetic tradeoff to
go for further genomic selection for chilling tolerance as it
can negatively affect the grain quality.

Drought resistance

As sorghum is majorly grown in arid and semi-arid environ-
ments, breeding for drought-resilient cultivars requires an
understanding of environmental control over crop growth
(Bidinger et al. 1996). The development of drought-tolerant
cultivars with the help of genetic improvement not only sta-
bilizes productivity but also provide sustainable production
systems. Screening and selection under optimal as well as
stress conditions is necessary to select for yield stability,
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drought tolerance, and expression of drought-tolerant related
traits (Richards 1996; Tuinstra et al. 1997). Tuinstra et al.
(1997) identified 13 genomic regions related to the post-
anthesis drought tolerance in sorghum. Out of them, four
QTLs were identified for yield and yield stability, seven for
grain weight and development and two for stay-green trait.
In the past decade, several post-flowering drought-resistance
cultivars were developed in sorghum. Drought-resistant cul-
tivars showed high chlorophyll and photosynthetic efficiency
and also stay-green phenotype. These stay-green pheno-
types found to improve the grain yields significantly under
drought conditions. BTx 642 has been a primary source to
stay-green. This stay-green source was widely tested and
also used to develop new hybrids with drought resistance
(Borrell et al. 2000; Henzell et al. 2010; Jordan et al. 2010).
Kassahun et al. (2010) identified similar stay-green loci
an important for early-stage drought. Sta-green phenotype
found to reduce water uptake and vegetative biomass dur-
ing pre-flowering growth stages and uses the soil moisture
during grain filling for yield benefits (Borrell et al. 2014).
Reddy et al. (2007) showed genotypes with stay-green trait
also exhibit resistance to lodging and charcoal rot. In addi-
tion to that, several QTLs for nodal root angle, root volume,
dry weight, fresh weight were identified in past few years
(Mace et al. 2012; Rajkumar et al. 2013). Mace et al. (2012)
found root angle QTL was co-located with stay-green QTL
and linked with grain yield. Jiang et al. (2013) reported
reverse genetic approaches such as RNAi / type Il CRISPR/
CAS systems help to characterize the individual gene func-
tions when expressed under stress conditions. In addi-
tion to that, miRNA expression studies (Ram and Sharma
2013) in sorghum reported mil69 is an excellent source to
improve drought tolerance in sweet sorghum through genetic
engineering.

Waterlogging

Enhancement of hypoxia tolerance is a convincing route
to mitigate the waterlogging stress in crop plants. Under-
standing of molecular and physiological basis for this toler-
ance plays a key role to breed for waterlogging tolerance
by expression of fermentation pathway genes (Dennis et al.
2000). Literature available on this is still inadequate for
sorghum. Formation of root aerenchyma (Promkhambut
et al. 2011), nodal root development (Pardales et al. 1991),
maintaining high leaf air temperature difference (Zhang
et al. 2019a), maintaining high antioxidant activity (Zhang
et al. 2019b) are some of the waterlogging tolerance mech-
anisms observed in sorghum. Breeding for the varieties
which express these tolerance mechanisms is prerequisite to
improve the cultivation of sorghum under waterlogging con-
ditions. Kadam et al. (2017) worked on the transcriptional
profiling of aquaporin genes expressed under waterlogging
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conditions. They noticed tissue-specific, differential expres-
sion of AQP genes (PIP2-6, PIP2-7, TIP2-2, TIP4-4, and
TIP5-1) under waterlogging conditions. The genetic varia-
tion observed in these AQP genes may play important role
in breeding for waterlogging stress tolerance.

Improvement of grain quality

Stay-green phenotype was found to maintain higher stem
carbohydrates, in addition to higher photosynthetic effi-
ciency, grain yields, and resistance for lodging under drought
conditions (Borrell et al. 2000; Burgess et al. 2002; Jordan
et al. 2012). Also, leaves of stay-green phenotype found to
have high N and nutritional quality (Borrell et al. 2000; Jor-
dan et al. 2012) and predicted to contain high sugar concen-
trations in leaves and stem. Thus, breeding for stay-green
trait also help to improve the nutritional quality of sweet
sorghum cultivars along with drought resistance. Moreover,
Blimmel et al. (2015) found stay-green sorghum contains
higher In vitro organic matter digestibility IVOMD) and
use as animal feed. In addition to that, unpublished results
from ICRISAT also showed stay-green trait could also
enhance grain major nutritional components (protein, fat,
and starch), but this capacity is highly dependent on geno-
type and genetic background.

Apart from stay-green, many studies have been attempted
to improve the grain quality by developing new cultivars
(Miller et al. 1996; Rooney et al. 2013) or identifying
mutants with unique grain composition (Pedersen et al.
2005; Tesso et al. 2006). One such most popular mutant line
is P721Q with high protein digestibility and high lysine con-
tent but with agronomically undesirable floury endosperm
texture. However, Tesso et al. (2006) reported the possi-
bility of developing sorghum with near-normal endosperm
along with high digestibility through traditional breeding
approaches. But still, limited breeding efforts were carried
out till now to develop agronomically adapted, high pro-
tein digestible sorghum cultivars (Duressa et al. 2018). In
addition to mutant lines, large genetic variability for protein
digestibility (Hicks et al. 2002; Wong et al. 2010; Elkonin
et al. 2013) and protein content (Rhodes et al. 2017) were
observed by many researchers. This genetic variability
could be a potential source to breed cultivars for high pro-
tein digestibility and high protein content. Especially, Durra
and Durra-bicolor races which were known to contain higher
protein levels (Johnson et al. 1968; Rhodes et al. 2017) in
their grains are potential breeding targets to develop culti-
vars with high protein content. Specifically, the durra race
was found to have higher water extraction capacity under
terminal water stress which gives yield advantage (Vadez
et al. 2011). Therefore, this race is possibly useful to main-
tain yield and quality under a drought stress scenario.
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A few researchers (da Silva 2012; Elkonin et al. 2016)
reported work on transgenic sorghum where they used RNA
silencing technology to silence o and y kaffirins synthesis to
improve protein digestibility along with desirable vitreous
endosperm). However, gene silencing was found to be sen-
sitive to environmental conditions (Tuttle et al. 2008; Von
Born et al. 2018), making it unsuitable for a wide range of
environments Another efficient transformation system was
developed for sorghum by Liu et al. (2014) that allowed
the development of transgenic sorghum for improved starch
content. Particularly, overexpression of two potential target
genes, sucrose synthase (Su Sy) and SWEET sugar trans-
porters from maize and Rice (Eom et al. 2015) leads to
improved starch content in the grain. Thus, upregulation of
these homologous in sorghum may not only improve the
starch content but also improves kernel size (Mudge et al.
2016). Nevertheless, these transgenic sorghum lines can
serve as donors to transfer these traits into locally adapted
cultivars through breeding. Same way, Gilding et al. (2013)
identified a mutant allele in the starch metabolic gene, pul-
lulanase with increased digestibility and without any yield
tradeoff. Introgressions of this mutant allele into elite sor-
ghum lines through breeding may increase the yields as well
as nutritional quality in adapted environments.

Exploitation of genetic variability in sorghum wild
relatives is also an important strategy to improve the crop
nutritional quality. Abdelhalim et al. (2019) found genetic
variability and elevated microelements, protein content,
digestibility and lower tannins in their study using Sudanese
wild sorghum genotypes. Similar results were also shown
by Peleg et al. (2008) in wheat wild genotypes. Recently,
Cowan et al. (2019) demonstrated several sorghum wild
relatives were less affected by severe drought compare to
cultivated sorghums. Thus, introgressions of useful genes
from wild sorghum to cultivated sorghum may improve the
nutritional quality without compensating agronomical adapt-
ability. Moreover, a wide genetic variability and a few GxE
interaction for grain chemical attributes allow the ability to
select desirable traits for particular environment (Kaufman
et al. 2018). However, grain physical traits such as kernel
weight, hardness, and diameter were found to be more prone
to GxE interactions (Kaufman et al. 2018) which need to be
taken into account while improving the quality under stress
conditions.

GWAS is another promising tool to dissect genomic
regions for several qualitative traits. In sorghum, GWAS
has been used to identify several QTLs for protein, fat
(Rhodes et al. 2017), starch (Boyles et al. 2019), minerals
(Shakoor et al. 2015) and polyphenols (Rhodes et al. 2014).
Recently, Kimani et al. (2020) used GWAS to identify 14
loci for starch content, 492 loci for 17 amino acids and 8
candidate genes for BCAA (branched chain amino acid)
biosynthetic pathway. Other than macronutrients, sorghum

polyphenols are of major interest recently owing to their
importance as healthy antioxidants. A few recent studies on
GWAS for polyphenols reported several small and major
effect markers as well as many QTLs for variation in tannin
levels (Rhodes et al. 2017; Habyarimana et al. 2019). Two
novel functional markers for antioxidant activity, identified
on chromosome 9 and 10 could be directly used in breed-
ing programs to improve the antioxidant levels in sorghum
(Habyarimana et al. 2019). Identified candidate genes could
be exploited in molecular breeding programs to improve
the grain quality. However, while employing these tools to
improve the grain quality under stress scenarios, it is neces-
sary to study the stability of end-use quality traits across
different environments.

Conclusion

Climate change is a serious threat to the world agriculture
and food production. Climate change affects agroecological
systems and crops are more prone to abiotic stresses which
results in substantial yield losses. Especially food crops in
the arid and semi-arid regions of the world suffer from cli-
mate changes tremendously, affecting millions of people in
those regions to suffer from malnutrition and hunger. In this
scenario, it is essential to focus on climate-resilient crops to
minimize the negative effects of climate change. Sorghum
is one such climate-resilient crop which is naturally toler-
ant to abiotic stresses and can grow on marginal lands with
minimum input. Also, it is one of the staple foods for peo-
ple in the arid and semi-arid regions of the world where
food security is at greater risk due to climate variability. It
is also used as feed, fodder, bioenergy feedstock, and also
gained recent popularity as healthy alternative food grain
due to its nutritional quality and health benefits. Understand-
ing sorghum sensitivity to different abiotic stresses allows
breeding for improved cultivars for climate change vulner-
abilities through conventional and molecular approaches.
Advanced NGS technologies, high throughput GWAS and
genetic engineering approaches identified several candidate
genes/QTLs/alleles which would benefit the crop improve-
ment programs under changing climate. So far, tremendous
progress has been made to improve sorghum crop yields
under stress scenarios. Although several efforts were made
to improve the grain quality at the genetic level, maintaining
and improving the quality under different stress scenarios is
still challenging as grain physical and chemical attributes
are prone to environmental changes and to some extent GXE
interactions. Thus, further research efforts are still required
to enhance the nutritional quality under changing climate.
Moreover, in context to climate change, it is also essential
for the research community as well as growers to diversify
the strategies based on the local environments.
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Abstract: Given the wide use of the multi-climate model mean (MMM) for impact assessment studies,
this work examines the fidelity of Coupled Model Intercomparison Project Phase 5 (CMIP5) in
simulating the features of Indian summer monsoons as well as the post-rainy seasons for assessing the
possible impacts of climate change on post-rainy season sorghum crop yields across India. The MMM
simulations captured the spatial patterns and annual cycles of rainfall and surface air temperatures.
However, bias was observed in the precipitation amounts and daily rainfall intensity. The trends
in the simulations of MMM for both precipitation and temperatures were less satisfactory than the
observed climate means. The Crop Environment Resource Synthesis (CERES)-sorghum model was
used to estimate the potential impacts of future climate change on post-rainy season sorghum yield
values. On average, post-rainy season sorghum yields are projected to vary between —4% and +40%
as well as +10% and +59% in the near future (2040-2069) for RCP 4.5 and RCP 8.5, respectively, and
between +20% and +70% (RCP 4.5) as well as +38% and +89% (RCP 8.5) in the far future (2070-2099).
Even though surface air temperatures are increasing in future climate change projections, the findings
suggest that an increase in the post-rainy season sorghum yields was due to an increase in the rainfall
amounts up to 23% and an increase in the atmospheric CO, levels by the end of the 21st century.
The results suggest that the projected climate change during the post-rainy season over India is an
opportunity for smallholders to capitalize on the increase in rainfall amounts and further increase
sorghum yields with appropriate crop management strategies.

Keywords: post-rainy sorghum; crop simulation models; climate change impacts; crop yields

1. Introduction

Sorghum is an important nutraceutical crop for the small and marginal farmers across
the semi-arid tropics (SAT) of the world [1]. Globally, sorghum is the fifth largest cereal
preferred in diverse ecologies. Primarily, the crop is cultivated in four (Asia, Africa, the
Pacific and the Americas) major regions across the globe. In India, sorghum is the fourth
largest cereal crop. In the case of Africa, it is the second most important crop after maize [2].
Sorghum is one of the most preferred climate-smart crops for rainfed farmers under severe
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moisture stress environments. It can be grown successfully under limited soil moisture
availability and with inadequate application of other inputs [3]. At present, the crop is being
cultivated in both the monsoon (1.85 m ha) and post-rainy (2.89 m ha) seasons [4]. Nearly
1.5 m ha of cropped area is also under use for forage sorghum, which is cultivated during
the summer season. More than 90% of the sorghum cropped area in the country is grown
under rainfed conditions. Rainy season sorghum is cultivated under both sole (40%) and
intercrop (along with pulses and oilseeds) (60%) cropping systems. However, the post-rainy
sorghum is preferred to cultivate as a sole crop under residual soil moisture conditions.

Sorghum is cultivated for diverse uses, such as food and feed purposes. The forage of
the crop is highly nutritious for livestock animals. The crop also has a significant capacity
for ethanol production and has been identified as a potential biofuel crop. Sorghum grains
are the richest sources of Fe and Zn minerals, apart from starch and protein [5,6]. Since
the late 1990s, there has been a remarkable shift in the sorghum cropped area from the
monsoon to the post-rainy season. The area proportions between monsoon (62%) and
post-rainy seasons (38%) in the total sorghum cropped area during 1960s has been altered to
39% (monsoon) and 61% (post-rainy) by 20202021 [4]. The rain that occurs during the rainy
season exactly coincides with the time of the rainy season sorghum harvest, resulting in
poor quality for the grains due to grain mold attacks and fetching lower market prices. In
spite of significant crop improvement exertions by both the public and private sectors [7],
the rainy season cropped area has been eroded in the country due to low profitability
in its cultivation. The majority of the rainy season’s produce is diverted for industrial
usage (mainly poultry) rather than human consumption [8,9]. Relatively, the average
productivity levels are higher for the monsoon season sorghum because of good access
to modern cultivars, including hybrids. The mean productivity levels are lower in the
case of the post-rainy crops due to the non-availability of improved cultivars and moisture
stress conditions. However, the quality of the grain is superior in the post-rainy season
compared with that of the monsoon season. Grain molds and shoot fly attacks during the
rainy season often deteriorate the quality of monsoon production. A major chunk of the
post-rainy season produce is diverted for human consumption and fetches higher market
prices (nearly double) than rainy season grain. In both seasons, stover (straw) forms an
important source of crop income as well as animal feed for their livestock. The leading
states for growing post-rainy season sorghum in India are Maharashtra, Karnataka, Andhra
Pradesh, Gujarat and Telangana. It is an important source of food, fodder and livelihood
for the sorghum growers in the niche areas located in these states.

Historically, sorghum is a climate resilient crop which developed its drought tolerance
traits to withstand and respond to adverse climate conditions. It is a perfect crop for the
semi-arid tropics (SAT), which is a permanent home for the poorest of the poor people.
Sorghum can thrive well under excessive temperatures, salt and waterlogging situations.
It is well-established that sorghum is a good potential crop for promoting household
incomes as well as lifting the poor out of poverty [10]. Under the perils of climate change
and variability (CCV), the plausible impacts on crop productivity levels across the world,
especially in the tropics, are going to be very high. Increasing temperatures coupled with
significant deviations in the annual rainfall distribution may exacerbate substantial negative
effects in SAT regions [11,12]. Post-rainy sorghum is likely to reduce its productivity per
ha up to 7% by 2020, up to 11% by 2050 and up to 32% by 2080 due to anticipated climate
change projections. The probable impacts will be severe and may vary its intensity across
the post-rainy sorghum-cultivating agro-ecologies of India [13]. The introduction of climate-
smart cultivars and an improved package of practices may compensate for the plausible
impacts partially. However, significant crop productivity loss was noticed after a 2 °C rise
in temperature and even after providing twice the quantity of rainfall across the major
cultivating regions in India [13].

With this background, it is highly important to deeply understand the potential
impacts of the future climate on post-rainy sorghum crop performance in India. Researchers
have attempted to comprehend this with either one or two future climate change scenarios
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previously [13]. There is scanty information or evidence on plausible climate change
impacts on the crop using a whole range (multi-model) of climate change projections.
It would be highly interesting to see and understand the entire gamut of those plausible
impacts under diverse sorghum agro-ecological conditions in India. This will immensely
help us to define and develop location-specific and tailor-made climate change mitigation
strategies and management practices well in advance. The present research paper makes
robust and systematic efforts to quantify the plausible future climate change impacts on
post-rainy sorghum performance in India using both crop simulation and multi-model
climate scenarios. This exercise will showcase the potential climate change impacts on post-
rainy sorghum crops across the studied states in India. The findings in this paper will help
scientists, agronomists and policymakers in designing suitable climate adaptation strategies
and policies for crop improvement. The outcome of this paper will help in protecting the
livelihoods of millions of rainfed farmers who are directly or indirectly dependent on
post-rainy sorghum cultivation in India and their associated livestock population. The
lessons learned in India could be scaled up to other similar regions around the world.

2. Materials and Methods
2.1. Climate, Soil and Crop Management Data

The gridded daily data of the rainfall (0.25° latitude x 0.25° longitude) and both
the maximum and minimum surface temperatures (0.5° latitude x 0.5° longitude) were
obtained from the India Meteorological Department (IMD) for 25 years (1981-2005). In-
coming solar radiation (Q) was computed using the Bristow and Campbell (1984) model.
The model developed a relationship between the fraction of daily total transmission and
the daily time scale air temperature extremes range (D):

Q = Qo a(1 — exp(—bD?)) M

The empirical coefficients (a, b and c) for the specific location were determined from
the solar radiation data measured for that location. The diurnal range of the surface air
temperature (D) was calculated as

Tmin (]) + Tmin(] + 1)
2

D = Tiyax — (2)
where T4y is the daily maximum temperature (°C), Ty, (j) is the minimum temperature
(°C) of the day and T,;;,, (j + 1) is the minimum temperature recorded on the next day. The
model included an adjustment for the measured D on rainy days, as cloud cover can be
another manifestation of rainfall.

Bio-physical crop simulation models require profile-wise soil information, and in this
study, we used soil data from SoilGrids1km developed by the International Soil Reference
and Information Centre (ISRIC) in collaboration with several international agencies [14].
However, as the rainfall data were available only at a 0.25 x 0.25 degree spatial resolution,
we restricted the crop simulations to 0.25 x 0.25 degrees, as simulating 1-km soil grids is
computationally every expensive. Soil profiles were overlayed on rainfall grids, and the
soil profile that had the maximum area under the rainfall grid was selected. SoilGridslkm
offers both the physical and chemical properties of soil profiles at six depth intervals: 0-5,
5-15, 15-30, 30-60, 60-100 and 100-200 cm. The soil properties include sand, silt and clay
fractions (%), bulk density (kg m~3), soil organic carbon (g kg~!), pH, cation exchange
capacity (cmol kg 1) and coarse fragments (%). To simulate the growth, development and
yield of major post-rainy season sorghum growing environments in India, we used the
Spatial Production Allocation Model (SPAM) of the International Food Policy Research
Institute (IFPRI) to identify plausible sorghum crop distribution (IFPRI, 2019) maps in India.

The general recommended package of practices for post-rainy season sorghum was
presumed to mimic on-farm crop management practices [15-18]. General information
on the crop management aspects across post-rainy season sorghum growing regions were
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collected from a literature review. Critical analysis on the information compiled revealed
that the crop was usually sown within a short planting window between the end of
September and the first half of October. The actual planting date during the sowing
window was set based on the criteria of 25 mm of rainfall received in 10 days using a crop
simulation model that would facilitate successful emergence and early crop establishment.
The cultivar used in this study was M 35-1, and the validated and calibrated DSSAT
crop coefficients for M 35-1 were taken from previous studies [19,20] based on long-term
All India Coordinated Research Project on Sorghum (AICRPS) trials. In this study, we
initialized the simulation start on the first day of August, with sowing performed when
the sowing criteria were met. The M 35-1 genotype was sown with a plant density of
12 plants per m? along with nitrogen @ 20 kg/ha applied as a basal dose. Furthermore,
30 kg ha~! was applied 30 days after sowing. The simulation was run at a 0.25° x 0.25°
resolution scale.

2.2. Climate Scenarios and Bias Correction Technique

The Earth System Models (ESMs) and the General Circulation Models (GSMs) are
the most cutting-edge tools currently available to model changes in the global climate to
increase in the planet’s radiative forcing at large spatial and temporal scales. The impact
assessment user community of such projections often needs higher spatial resolutions to
understand the impacts of climate change seen at regional and local scales. To accommodate
such finer information, the global climate model projections were downscaled through
dynamical and statistical approaches, as the GCMs’ simulation precisions were poor due to
a coarse spatial resolution [11,21]. The Earth Exchange Global Daily Downscaled Projections
(NEX-GDDP) datasets of the National Aeronautics and Space Administration (NASA) at
high spatial (~25 km x 25 km) and temporal (daily) resolutions were composed of bias-
corrected and statistically downscaled climate scenarios derived from 20 GCMs (Table 1) of
the coupled model inter-comparison project phase 5 (CMIP5) across two Representative
Concentration Pathways (RCPs)—4.5 (mid-range emissions) and 8.5 (high-end emissions)—
used in this study. The downscaled climate change projections included the rainfall and
maximum and minimum temperatures for the period from 1950 to 2005 (retrospective
run) and from 2006 to 2099 (prospective run). The Bias-Corrected Spatial Disaggregation
(BCSD) method was used to generate these datasets [22,23]. The NEX-GDDP datasets have
been cited as the most promising high-resolution climate change scenarios for carrying
out impact studies on the aspects of climate change from the local to regional scales [24].
In the present study, we used the multi-model mean (MMM) approach to evaluate the
performance of the NEX-GDDP data (temperature and precipitation) over the historical
climate of India with the India Meteorological Department (IMD) (Pune, India) developing
daily high-resolution 0.25° x 0.25° gridded rainfall and 0.5° x 0.5° gridded temperature
data. The advantage of using the multi-model mean (MMM) was that it performed better
than the individual model and averaged out the internal variability when compared
with the observations. The current study explores the projected changes in the post-rainy
season simulated trajectories of sorghum yields over eight states in India in the near future
(2040-2069) and far future (2070-2099) with reference to the baseline period (1981-2015).
The projected changes in precipitation and temperature were analyzed using these high-
resolution datasets.
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Table 1. List of GCMs in the NEX-GDDP dataset used in the study.

No. Organisation Model Name Country Grid Resolution
Commonwealth Scientific and Industrial Research
1 Organization (CSIRO) and Bureau of Meteorology ACCESS1.0 Australia 144 x 192
(BOM) in Australia
5 Beijing Climate Cen?elj, Chl_na Meteorological BCC-CSMI1.1 China 64 %128
Administration
3 Beijing Normal University BNU-ESM China 64 x128
4 Canadian Centre for Cllmate Modelling and CanESM2 Canada 64 x128
Analysis
5 National Center for Atmospheric Research CCSM4 USA 192 x 288
6 National Science Foundation, Department of CESM1-BGC USA 192 x 288
Energy, NCAR
Centre National de Recherches Meteorologiques,
7 Centre Europeen de Recherche et Formation CNRM-CM5 France 128 x 256
Avancees en Calcul Scientifique
Commonwealth Scientific and Industrial Research
8 Organization in collaboration with the Queensland CSIRO-MK3.6.0 Australia 96 x 192
Climate Change Centre of Excellence
. . . GFDL-ESM2G USA 90 x 144
9 NOAA Geophysical Fluid Dynamics Laboratory GFDL-ESM2M USA 90 x 144
10 Institute for Numerical Mathematics INM-CM4 Russia 120 x 180
. . . IPSL-CM5A-LR France 96 x 96
11 Institut Pierre-Simon Laplace IPSL-CM5A-MR France 143 x 144
Japan Agency for Marine-Earth Science and
12 Technology, Atmosphere and Ocean Research MIROC-ESM Japan 64 x 128
Institute (The University of Tokyo), and National =~ MIROC-ESM-CHEM Japan 64 x 128
Institute for Environmental Studies
Atmosphere and Ocean Research Institute (The
University of Tokyo), National Institute for
13 Environmental Studies and Japan Agency for MIROCS Japan 128 > 256
Marine-Earth Science and Technology
. MPI-ESM-LR Germany 96 x 192
14 Max Planck Institute for Meteorology MPL-ESM-MR Germany 96 x 192
15 Meteorological Research Institute MRI-CGCM3 Japan 160 x 320
16 Norwegian Climate Centre NorESM1-M Norway 96 x 144

2.3. Crop Model Description and Yield Simulations

Crop Environmental Recourse Synthesis (CERES) sorghum modeling under Decision
Support System for Agro-Technology Transfer (DSSAT) Version 4.7 [25] is a process-based
comprehensive model to simulate the crop growth, development and final grain yield of
sorghum. Using a daily time step routine, the model simulates growth and development to
the maturity stage based on the complex physiological processes describing crop responses
to weather conditions, soil and crop management practices. The cultivar-specific genetic
coefficients specify the phenological development and growth based on the thermal time
and photo-period conditions defined in the model. The model computes the net photosyn-
thesis based on the light intercepted, and photosynthate is partitioned to different parts
of the plant on a given day while constrained by temperature, water deficit, and nutrient
stress factors [26,27]. This model can be effectively used for understanding the impacts of
climate change on post-rainy sorghum growth and yield across dry region tracts of India.
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2.4. Crop Model Evaluation Protocols

For evaluation of the simulation’s outputs, we used the mean sorghum yield data
product reported at the district level during the post-rainy season across the study states in
India. The simulated sorghum yield at a 0.25° x 0.25° spatial resolution was subsequently
aggregated to the district administrative boundaries. Model performance in reproducing
the observed historical yields at the district level was evaluated by calculating the absolute
and normalized mean root square error, coefficient of determination (R?) and the Wilmot
d index [28]. The ability of the CERES sorghum model to reproduce historical yields
was determined by the values of the RMSE and d index. A good agreement between the
observed and simulated yields was represented by a lower root mean square error (RMSE)
and a d value close to one. The relative difference between the observed and simulated
yields was represented by the normalized RMSE (%). In the present study, based on [29],
the performance of the simulation model was categorized into four categories: excellent,
good, fair and poor, depending on the normalized RMSE (NRMSE) values of <10%, 10-20%,
20-30% and >30%, respectively. The equations for elevating the model performance were

as follows:
0.5

RMSE = [n =1 Y, (P~ 0;)’] 3)

where P; and O; are the simulated and observed values, respectively, and # is the number
of observations:

RMSE
normalised RMSE (%) = (W) x 100 4)
where O is the average observed yield value [29], and
" (P—0;)?
d—mwx_1—[;ﬂj92 ®)
i1 [P + O]

where 7 is the number of observations, P; is the simulated yield, O; is the observed yields
at the district level and P, and O;- are calculated as Pi/ =P;— M and O;. =0; — M (Where M

1

is the mean observed yields) [30].

3. Results
3.1. Evaluation of the CMIP5 Multi-Climate Model Mean (MMM)

To understand the spatial distribution of southwest (SW) and northeast (NE) monsoon
rainfall, which represent the dominant climatic features, we calculated the mean seasonal
rainfall totals of the two seasons for both IMD (1981-2005) and the NEX-GDDP baseline
period. The west coast of India and parts of northeast India receive high rainfall amounts
(1700-3000 mm). Central India receives about 1000 mm, while southern India receives
rainfall ranging from 500 to 800 mm. Figure 1 clearly demonstrates that the multi-model
mean (MMM) for the historical NEX-GDDP June through September (JJAS) precipitation
mimicked the spatial distribution of IMD rainfall across India. However, the MMM rainfall
tended to underestimate the rainfall totals in the western ghats, where average SW rainfall
totals varied from 2000 mm to 4300 mm. The low-pressure system and tropical storms
originating in the Bay of Bengal or the Arabian Sea and traveling toward the Indian land-
mass contributed most of the SW monsoon rainfall over India. Southeast India, particularly
Tamil Nadu and the bordering regions of other states (Andhra Pradesh, Karnataka and
Kerala), received substantial rainfall amounts during the NE season (OND). The MMM of
the NEX-GDDP models reasonably simulated the seasonal rainfall totals for both the SW
and NE monsoon seasons.
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Figure 1. Comparison of NEX MMM and IMD spatial distribution of the mean SW (JJAS) and NW
(OND) rainfall totals over India from 1981 to 2005: (a) IMD (JJAS); (b) NEX_MMM (JJAS); (c¢) IMD
(OND); and (d) NEX_MMM (OND).

The NE monsoon rainfall is the primary source of water for crops grown under rained
conditions. The interannual variability in NE monsoon rainfall over India (area averaged)
is characterized by excesses and deficits in the rainfall totals, and agricultural productivity
during the post-rainy season is significantly influenced by the NE monsoon rainfall totals.
The climatology of NE monsoon rainfall as simulated by the multi-model mean (MMM)
of 20 NEX-GDDP models for the baseline period of 19812005 is shown in Figure 1. The
rainfall over the east coastal belt and the state of Tamil Nadu simulated by the MMM was in
good agreement with the IMD climatology. The tropical storms and low-pressure systems
over the Bay of Bengal during the OND months were associated with the rainfall received
during the NE monsoon over southern India. Most of the region received substantial
rainfall due to the formation of these storms. The MMM simulated the NE monsoon
reasonably well and provided a realistic representation of the mean NE monsoon pattern.
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To assess the ability of the MMM to reproduce SW and NE monsoon rainy days over India,
we compared the model’s simulated mean rainy days with the observed mean rainy days
(Figure 2). The MMM simulated rainfall indicated a daily rainfall amount of 0.1 mm during
dry periods. The rainfall series were first subjected to reducing the number of rainy days
by using a cut-off (<1 mm) threshold for the rainfall. In both seasons (Figure 2), the MMM
simulated rainy days were relatively higher. However, during the NE monsoon season,
rainy days represented a similar spatial pattern to that observed in the IMD data.
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Figure 2. Comparison of NEX MAM and IMD spatial distributions of the mean SW (JJAS) and NW
(OND) rainy days over India from 1981 to 2005: (a) IMD (JJAS); (b) NEX_MMM (JJAS); (c) IMD
(OND); and (d) NEX_MMM (OND).

The spatial distributions of the climatological mean maximum and minimum temper-
atures over India are shown in Figures 3 and 4. The MMM of the NEX-GDDP represented
good agreement with the mean spatial distributions of the maximum and minimum tem-
peratures over India during the SW monsoon period. The MMM tended to overestimate
the maximum and minimum temperatures during the JJAS period over the northwest parts
of India, particularly over parts of the Gujarat and Rajasthan states. The MMM simulations
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during the NE monsoon periods were well-represented spatially over the Indian subconti-
nent. The MMM captured the spatial distributions of both the maximum and minimum
temperatures in the southern and central parts of India, where post-rainy season sorghum is
predominantly cultivated. It is important to evaluate the performance of the MMM datasets
in reproducing the monthly rainfall totals (annual cycle) over India, where both SW and
NE monsoons display dominant climatic features.

The annual cycle of rainfall is shown in Figure 5 using a Hovmoller diagram. The
figure shows the climatological annual cycle of rainfall over the Indian subcontinent for
the IMD and MMM of the NEX-GDDP data. The IMD rainfall showed a clear temporal
evolution in the monthly rainfall, with the intense rainfall regions located between 20
and 25° N, and the MMM of the NEX-GDDP reproduced the observed pattern with some
difference in rainfall magnitude. Overall, the MMM datasets showed good agreement
against the IMD rainfall.

Maximum Temperature (oC)
[ lIndia State Boundries

WQ /W°> /’5° /"53 /’b' /’b« /hQ /$5
N S T M I R RN

Minimum Temperature (oC)
| !India State Boundries

AR DA D D
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A SN N U T RS S
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Figure 3. Comparison of NEX MAM and IMD spatial distributions of mean SW (JJAS) maximum
and minimum temperatures over India from 1981 to 2005: (a) IMD (JJAS); (b) NEX_MMM,; (c) IMD
(JTJAS); and (d) NEX_MMM (JJAS).



Sustainability 2022, 14, 334

10 of 24

e

(@ (b)

o we k. o e n v n e e o e L s

Rainfall (mm)

(0) (d)

Maximum Temperature (oC)
[ India State Boundries

”\ \% '\% /'»u ;»q :,;» "\,h /{\
AR I I

Minimum Temperature (oC)
| lIndia State Boundries

A A
’ :\) /’» /« /\'5 /\% /’»‘» /f»
A SRR I

Figure 4. Comparison of NEX MAM and IMD spatial distributions of mean NE (OND) maximum
and minimum temperatures over India from 1981 to 2005: (a) IMD (OND); (b) NEX_MMM (OND);

(c) IMD (OND); and (d) NEX_MMM (OND).
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Figure 5. Hovmoller diagram displaying annual cycle of monthly rainfall climatology (mm/month)
during 1981-2005 over the Indian subcontinent: (a) IMD rainfall and (b) MMM of NEX-GDDP.
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3.2. Climate Change Scenarios

Global climate change is a long-term phenomenon, with a gradual increase in global
temperatures due to enhanced anthropogenic greenhouse gas emissions. Such changes
will lead to widespread impacts on natural systems. In this context, we discuss here the
projected changes in precipitation and temperatures during the SW and NE monsoon
seasons over India. For the SW monsoon period, rainfall amounts are increasing over
India. However, the increase in rainfall amounts varies in magnitude both spatially and
temporally. RCP 4.5 and RCP 8.5 near future projections indicate that the rainfall amounts
are increasing over central India from 90 to 150 mm/season, while in the southwest regions
(western ghats) and northeast parts of India, rainfall amounts are increasing from 250 to
450 mm/season. Rainfall amounts are further increasing in the far future in both RCP 4.5
and 8.5, with much of the increase noticed over the central, southwest and northeastern
parts of India as displayed in Figure 6. The NE monsoon rainfall amounts are predominantly
received over the southern peninsular India (SPI) states, and the MMMs of the NEX-GDDP
simulations indicate that rainfall amounts are increasing during the NE monsoon period
from 60 to 150 mm/season during the near future for both the RCPs (4.5 and 8.5). By the
end of the 21st century, the NE monsoon rainfall amounts are projected to increase from
150 to 300 mm /season over the SPI states.

JJAS: RCP4.5 MT

RCP4.5 ET RCP8.5 MT RCP8SET

| G

Rainfall (mm)

SRR S O
AL LSS

S N AT A A AN
» Sy A h A A
PN RO

OND: RCP4.5MT RCP4.5 ET RCP8.5 MT RCP8S ET

(b)

Rainfall (mm)

Figure 6. Projected mean changes in seasonal rainfall amounts over India during two time periods
(middle and end of century): (a) SW and (b) NE monsoons.

The past and future trends in the mean maximum, minimum temperatures and
precipitation are depicted in Figure 7. The IMD mean’s Simple Daily Intensity Index (SDII)
exhibited a marginal increasing trend during both the SW and NW monsoon seasons with
high interannual variability. The MMMs of the NEX-GDDP baseline datasets presented
very low inter-annual variability during the SW monsoon period. However, during the NE
monsoon period, the interannual variability was relatively higher compared with the IMD
SW monsoon period, and the year-to-year variability of the MMM-generated SDII during
the NW season was still underestimated compared with the IMD SDII. The long-term time
series of IMD rainfall (1951-2005) indicated a marginal increase in rainfall amounts during
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the SW and NE monsoon seasons of about 0.04 and 0.07 mm/decade, respectively. Baseline
simulations of the MMM of the NEX-GDDP exhibited an increase in rainfall of about 0.03
and 0.04 mm/decade during the SW and NE monsoon periods, respectively. Projected
changes in the mean SW and NE monsoon rainfall during the near future (2040-2069) and
far future (2071-2099) with respect to the baseline (1976-2005) showed an unswerving
increase in the mean rainfall amounts under both RCPs (4.5 and 8.5). The future projections
of the MMM rainfall indicated a likely increase in the mean rainfall amounts during the SW
monsoon period across India (approximately 2% under RCP 4.5 in the near future and 6%
by the far future). The RCP 8.5 projections showed a consistent increase in the mean SW
monsoon rainfall over India (around 6% by the near future and 10% by the far future). The
projected changes during the NE monsoon period over India indicate a more pronounced
increase in rainfall amounts under two emission scenarios: under RCP 4.5 rainfall amounts,
which are expected to increase by around 5% during the near future and 20% by the far
future, and under the RCP 8.5 emission scenario, where the rainfall amounts are likely to
increase up to 8% in the near future and 23% in the far future.

The mean maximum and minimum temperatures were gradually increasing in the
future scenarios (RCP 4.5 and 8.5) across India. However, the trend was more prominent
under RCP 8.5. This can be noticed through the trajectories of the future projected tempera-
tures, which display a substantial increase under the RCP 8.5 scenario compared with RCP
4.5. The projected changes in air temperatures during the near future and far future under
both RCPs relative to the NEX baseline period (1976-2005) indicate a consistent increase in
the mean maximum temperature, with RCP 4.5 suggesting a maximum increase of 1.4 °C
in the near future to 1.7 °C in the far future over the Indian subcontinent during the SW
monsoon period. Meanwhile, during the NE monsoon period, the projected changes in the
mean maximum temperature are expected to increase up to 1.6 °C by the near future and
1.8 °C by the far future. The RCP 8.5 scenario projected an increase in the mean maximum
temperature during the SW monsoon period of 2.0 °C during the near future and 3.4 °C for
the far future. The mean maximum temperature during the NE monsoon period is projected
to increase by 2.1 °C and 3.5 °C for the near and far future, respectively. During the SW
monsoon period, the mean minimum temperature for the near and far future showed an
increase of 1.6 °C and 2.0 °C, respectively, under the RCP 4.5 scenario. Meanwhile, during
the NE monsoon period, the increase in the mean minimum temperature was 1.7 °C and
2.0 °C for the near and far future, respectively. Under the RCP 8.5 scenario, the increase in
the mean minimum temperature was more pronounced, being 2.3 °C and 3.7 °C for the
SW monsoon period for the near and far future, respectively, whereas for the NE monsoon
period, the increase was about 2.5 °C and 4.1 °C for the near and far future, respectively.
It was noticed that during both of the periods (near and far future), the projected mean
minimum temperature was higher than the mean day temperatures.
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Figure 7. Time series of interannual variability of simple daily intensity index of rainfall during
SW (JJAS) and NW (OND) monsoon seasons over India (top), as well as the maximum temperature
(middle) and minimum temperature (bottom), IMD (blue), baseline (green), RCP34 (orange) and
RCPS85 (red).

3.3. Evaluation of the Simulated Yields under the Historical Period

The CERES-sorghum model was configured to be run in a gridded mode at the
IMD spatial resolution (approximately 25 km x 25 km). The input requirements of the
CERES-sorghum model for each grid were developed spatially at a 25-km resolution. The
performance of the CERES-sorghum model, which was driven by the observed climate data
for the post-rainy season sorghum crop during 1981-2015, was evaluated. The comparison of
the observed and simulated sorghum yields for the 64 districts that fell under 8 major post-
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rainy season sorghum growing states are displayed in Figure 8a,b. The simulated sorghum
grain yields showed higher yields compared with the observed yields across the sorghum
growing states. The higher simulated sorghum yields perhaps echoed the fact that the crop
simulation model was well-fertilized, good crops were established, and it was free from
biotic stress conditions. Consequently, similar assumptions at larger geospatial scales, such
as districts and states, resulted in higher sorghum yields. The relatively higher interannual
variability in the simulated sorghum yields was most likely due to the coarse spatial
resolution of the observed climate information. The evaluation statistics for measuring
the performance of the CERES-sorghum model for different environmental conditions are
presented in Table 1. The coefficient of determination (R?) between the simulated and
the observed sorghum grain yields for the 8 states was 0.87 (n = 264, p < 0.001), and the
root mean square error was 270 kg ha~! (Table 2). The Wilmot d index was 0.82, and the
evaluation statistics indicate that the CERES-sorghum crop model was in good agreement
with the observed grain yields.

Table 2. Descriptive statistics displaying the capability of CERES-sorghum model in reproducing

historic yields.
Yields (Kg/ha) Coefficient RMSE NRMSE d Index
OBS SIM of Determination (R2)
Andhra Pradesh 1305 1447 0.73 217.09 0.17 0.86
Chhattisgarh 892 988 0.72 271.00 0.20 0.88
Gujarat 1034 1144 0.73 270.00 0.14 0.88
Karnataka 898 967 0.48 261.00 0.14 0.86
Maharashtra 858 909 0.36 255.12 0.13 0.82
Madya Pradesh 1467 1597 0.75 300.17 0.13 0.85
Telangana State 881 1017 0.40 301.44 0.23 0.67
Tamil Nadu 1786 1993 0.53 280.48 0.11 0.84

The simulated values of the sorghum grain yields for the period from 1981 to 2015
were significantly correlated with the observed yield data. (For the RMSE, the lowest was
observed at Andhra Pradesh (217), and the highest was observed at Telangana and Madhya
Pradesh states (301).) The d value, a measure of the model’s performance in reproducing
historic yields, was also high, varying from 0.67 in Telangana state to 0.88 in Chhattisgarh
and Gujarat. These results illustrate that the genetic coefficients of the M 35-1 sorghum
cultivar and crop management practices arrayed in the model simulations were presumed
to be accurate, and the CERES-sorghum model could be applied to assess the possible
potential impacts of climate change on the growth and yields of sorghum crops during
the post-rainy season. Figure 8b compares the simulated and measured sorghum yield
values for the eight states. The 1:1 line plot illustrates that the spread of simulated yields is
relatively higher compared with the observed sorghum grain yield values. The statistical
indices used to evaluate the performance of the CERES-sorghum model showed good
agreement between the observed and modeled yields. The simulated post-rainy sorghum
yields demonstrated good agreement with the spatial reporting (Figure 9), with the Tamil
Nadu state-reported highest sorghum grain yield values ranging from 1200 to 2500 kg ha~!
and the CERES-sorghum model simulated yields for the historical period varying from
900 to 3200 kg ha~!. Similarly, parts of Maharashtra, Karnataka, Madhya Pradesh and
Gujarat reported that lower yields were spatially captured in the IMD runs.



Sustainability 2022, 14, 334

15 of 24

3000
y=1.0338x + 79.258
R2=10.8703
2500
00®
oo
e o ‘..°.
2000 . oK
‘Rege
% .8‘,’;’ ¢
. ° &, >
g 1500 . 05..“-3 T
= ¢ .
a . .d ° ®
T B
] o’ $/ o
= o
% 1000 . Q: o
8 3,
£ A
“ o 500
0
0 500 1000 1500 2000
Observed Yields (t/ha)
(a)

2500

2250

2000

Yield (kg/ha)
v J
o (%a]
o o

—
N
w
o

1000

750

500

I OBS

Il IMD

D 2 3 g z
States
(b)

Figure 8. (a) Relationship between observed and modeled post-rainy sorghum yields during 1981-2015. (b) Comparison of observed and modeled sorghum grain
yields for the mean and variability across the study area. The eight states used in the study were as follows: AP = Andhra Pradesh; TS = Telangana state; GJ = Gujarat;
KK = Karnataka; MH = Maharashtra; MP = Madhya Pradesh; CG = Chhattisgarh; and TN = Tamil Nadu.
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3.4. Impacts on Sorghum Yields

The CSM-CERES-sorghum simulation model attached with the seasonal analysis
program in DSSAT V4.7 was used to understand the plausible impacts of climate change on
sorghum growth and yields under two time periods (near future and far future) and two
RCPs (4.5 and 8.5). Simulations were carried out for the baseline, 4.5 near future, 8.5 near
future, 4.5 far future and 8.5 far future for each grid that fell within the sorghum growing
regions of the selected states. Simulations were initiated on 1 August each year, and the soil
profile at the start of the simulation was considered to be at the lower limit of soil water
availability. The sowing window assumed was from 25 September to 15 October, and the
simulated crop was sown on the day when the accumulated rainfall for 10 consecutive
days was >25 mm.

The simulated sorghum grain yields for the MMM-baseline period across the selected
states specified that the sorghum yields were lower compared with the observed and
IMD-driven climate, except for Tamil Nadu. In response to climate change, the mean
post-rainy sorghum yield values were found to be considerably increasing. Yield changes
under the future climates (assuming unchanged management) for RCP 4.5 in the near
future ranged from —3% (Gujarat) to 40% (Karnataka) on average. Under the climate
change scenario, the spatial patterns of the sorghum yields displayed a similar pattern to
the IMD-modeled yields (Figure 9). The simulated grain yields for RCP 4.5 in the near
future varied from 0.8 t ha~! (Maharashtra) to 2.0 t ha~! (Tamil Nadu), aggregated at the
state level. Under RCP 8.5 in the near future, the modeled sorghum grain yields varied
from 0.82 tha~! in Maharashtra to 2.2 tha~! in Tamil Nadu, and the yields were marginally
increasing (approximately 10%) under RCP 8.5 in the near future in Gujarat (6.3%), Tamil
Nadu (8.8%) and Madhya Pradesh 11%). The highest increase was noticed in Telangana
(59.3%), followed by Karnataka (45.6%), Andhra Pradesh (41.3%), Chhattisgarh (34.3%) and
Maharashtra (25%). The projected changes in the far future under RCP 4.5 illustrate that
the simulated sorghum yield values were further increasing up to 72% in Madhya Pradesh,
and the lowest increase was noticed in Tamil Nadu (20.6%). The aggregated sorghum
yields at the state level for RCP 4.5 in the far future varied from 1.0 t ha~! in Maharashtra
to 2.5 t ha™! in Tamil Nadu. Similarly, under RCP 8.5 in the far future, the modeled
sorghum yields showed that they were slightly higher than RCP 4.5 in the far future. The
highest increase in sorghum yields was observed in Madhya Pradesh (89%), followed by
Telangana (84%). A comparison of the yield variabilities across different climate scenarios
and climate regimes (near future and far future) displayed high interannual variability in
the modeled sorghum yields under the climate change scenarios. The modeled sorghum
grain yields were relatively stable, with low CV in the reported yields followed by the IMD-
simulated yield values. The baseline simulations exhibited high CV across all the states,
with the highest interannual variability in the simulated yields noticed in RCP 8.5 in the far
future. Both Tamil Nadu and Madhya Pradesh displayed high interannual variability in
the simulated yields, followed by, in order, Chhattisgarh, Maharashtra, Karnataka, Andhra
Pradesh, Telangana and Gujarat. Furthermore, the higher yields were spatially observed
in the southern region of India covering Tamil Nadu, Karnataka, Andhra Pradesh and
Telangana (Figure 10).
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Figure 10. Projected changes in modeled post-rainy season sorghum yields, rainfall amounts, maximum temperatures and minimum temperatures across different

time periods and RCPs.
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4. Discussion

This paper represents the assessment of future changes in rainfall and temperatures
during the northeast monsoon period over the potential sorghum growing regions of India.
The statistically downscaled and bias-corrected multi-climate models’ projections from the
CMIP5 models were used to understand the possible changes in the climate variables and
their impacts on post-rainy season sorghum growth and yields. The MMM of the NEX-
GDDP baseline illustrated the ability of these models to reproduce the historical climate
characteristics of the mean and the distribution of rainfall and temperatures. The spatial dis-
tribution of the annual, seasonal mean surface temperatures and precipitation distributions
agrees well against the IMD gridded data [31,32]. The performance of the MMM-simulated
rainfall tended to underestimate the rainfall totals over a complex topography, with the
performance of the statistical downscaling largely depending on the historical climate
records used. The NEX-GDDP datasets were compared with the Global Meteorological
Forcing Dataset (GMFD) for downscaling the near-surface meteorological variables [26].
The fidelity of the MMM simulations over Indian land captured the annual cycle of surface
air temperatures, even though there was a cold bias throughout the year. The uncertainties
in the NEX-GDDP datasets were due to several factors: (1) the ground-based data (CRU
data) could not accurately represent the details of a complex orography due to limited or
uneven distribution of the rain gauges; (2) the bias correction was primarily focused on
rainy day statistics; and (3) the satellite-estimated datasets such as TRMM (used in bias
correction) also contained errors at both the temporal and special scales [33]. Nevertheless,
further bias correction using locally relevant datasets (e.g., IMD data) could minimize
uncertainties in the current and future ESM and GCM projections.

Projected changes in the mean monsoon rainfall amounts in the near future
(2020-2049) and far future (2070-2099) relative to the baseline (1976-2005) indicated an
increase of 250-450 mm /season in the SW period and 150-300 mm /season in the NE period.
There was a clear consensus among the CMIP5 models about the future projected changes
in rainfall amounts over India during the SW and NE monsoon periods. The increase
in the rainfall amounts could be attributed to increased intense precipitation events and
exaggerated moisture conveyance from the Bay of Bengal into the SPI region, owing to
increased warming by the end of the 21st century [34-36]. The MMM of the NEX-GDDP
showed around 3.4 degrees of temperature difference by the end of the 21st century during
the SW monsoon period and a 3.5-degree increase projected during the NE monsoon period
under RCP 8.5.

The CERES-sorghum model was used to simulate the sorghum crops in the Southern
Peninsular India (SPI) region using the MMM of the NEX-GDDP climate projections
considering two RCPs and periods. The sorghum model performed well in reproducing
historic sorghum yields during the post-rainy season and matched the reported yields, with
R? values for the eight states at 0.87 (n = 264, p < 0.001). The simulated sorghum yields
for the current climate indicate that despite slight overestimation of the grain yield values
across the study area, the crop model was able to capture the spatial distribution of the
sorghum yields, with a close match for the interannual variability in the reported sorghum
yield values. In response to climate change, state-level aggregated mean sorghum yields
demonstrated an increase in yields across the study area. The increase in yields followed the
south-north dipole of projected rainfall changes. An increase in post-rainy season sorghum
yields could be attributed to several factors, such as an increase in monsoon and post-rainy
season rainfall totals, elevated atmospheric CO, or an increase in surface temperatures.
An increase in rainfall amounts during the post-rainy season is thought to be beneficial
for sorghum plant growth, with more frequent rainy days [37,38]. The projected climate
change scenarios indicate an increase in rainfall amounts as well as an increase in rainy days
during the post-rainy season. Therefore, the increased rainfall frequency would effectively
reduce the intervals between soil moisture stress [39].

The elevated concentrations of CO, in response differ by crop type, as there are two
crop photosynthesis types: C3 (rice and wheat) and C4 (maize and sorghum). Generally,
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the higher atmospheric CO, shows much more response to C3 plants than C4 plants.
Elevated CO; has generally been established to increase crop growth, and in the CERES-
sorghum model, elevated concentrations of CO, alter crop growth and yields through
radiation use efficiency (RUE) and plant transpiration. Under elevated concentrations of
CO,, the CERES-sorghum model applies a multiplier on the RUE, which increases biomass
production [40,41]. The response of the CO; has interactions with nitrogen fertilizer, and the
response is expected to be small for low nitrogen fertilizer amounts. The lesser response to
low nitrogen fertilizer amounts is well documented in experiments on rice crops [42,43]. In
this study, the nitrogen fertilizer was based on the recommended practices in the region and
ranged from 60 to 80 kg ha~!. Higher CO, concentrations in the atmosphere are expected
to increase biomass production and yields through a large increase in the utilization of
available nitrogen [44,45].

The growing evidence suggests that in the tropics and subtropics, crop yields decreased
due to warming associated with future climate change. The direct effects of higher surface
air temperatures on sorghum crop growth and yields were negative both in controlled
environmental studies [46—49] and custom-designed field-based experiments [50,51], which
have documented that those high temperatures lead to heat stress in sorghum crops, and
during the critical flowering and grain-filling stages, heat stress substantially decreases
crop yields. Recent studies have identified a temperature threshold of 33 °C, beyond which
sorghum yields start declining [52]. The projected increasing temperatures increase the rate
of crop development as well as transpiration. If rainfall amounts are stable or decreasing,
then this could lead to water stress and substantially reduce sorghum yields. However, if
the rainfall amounts are projected to increase along with the temperatures, then it may be
possible to preserve or increase sorghum grain yields. The authors of [50] demonstrated
that sorghum crops exposed to short episodes of high temperatures (40-30 °C) during
reproductive development could have a significant effect on sorghum yields. In the current
study, the future mean maximum temperatures are expected to increase up to 2.1 °C and
3.5 °C during the post-rainy season under the RCP 8.5 scenario. The increase in surface air
temperatures under the RCP 8.5 scenarios during the post-rainy season was still below the
optimum temperature threshold, and the mean maximum temperature across the study
area varied from 30 °C to 32 °C. Increasing temperatures under climate change scenarios
can affect sorghum yields through their influence on water stress [53]. In the present study,
it was observed that the rainfall totals during the post-rainy season were increasing under
two time periods and RCPs. The increasing rainfall amounts, along with the elevated CO,
levels in the atmosphere (499 ppm near century, 532 ppm far future under RCP 4.5 and
571 ppm near future and 801 ppm by the end of the 21st century under RCP 8.5) considered
in the simulations, increased the sorghum crop yields during the post-rainy season.

5. Conclusions

The MMM is often defined as an “ensemble of opportunity” which solves the problem
of uncertainties up to some extent that is embodied in the spectrum of future climate change
projections. For decision makers, it is of the utmost importance to understand if the level of
uncertainty in the future projections remains unchanged or will be considerably reduced
in the coming decades. The multi-model approach used in this study was used to demon-
strate that combining multiple climate models’ projections increases the skill in accurately
representing the historical climate and predicting the plausible changes in future climates.
The impact assessment community would benefit from the statistically downscaled GCMs
projections and intelligently combining multi-model ensembles that could reduce model
uncertainty. Further simulating sorghum yields using these multi-model ensemble climate
data suggests that the climate change in the region could be an opportunity for the small-
holder to adapt and further improve productivity with proper crop management. Global
climate change, particularly increases in rainfall amounts, elevated CO, levels and future
warming (within the optimum range for crop growth and development), allowed sorghum
crops during the post-rainy season to sustain increased production. Sorghum crops are
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relatively more resilient to harsher environmental conditions, and one reason for this they
are often sown under warmer and dry conditions. Our findings suggest that sorghum may
indeed be a good crop under climate change in the post-rainy season that is grown under
residual soil moisture.

Author Contributions: Conceptualization, K.C. and S.G.; methodology, S.G., K.R.K. and DM.K;
software, S.G. and K.C.; validation, K.C., K.C.D., KK.D., RK.B.D. and S.K.T,; formal analysis, S.G.;
investigation, K.C. and 5.G.; resources, R K.B.D. and S.K.T,; data curation, S.G. and D.M.K.; writing—
original draft preparation, K.C. and S.G.; writing—review and editing, K.C., S.G., D.M.K,, RK.B.D.
and S.K.T.; visualization, S.G.; supervision, S.G.; project administration, S.G.; funding acquisition,
S.G. All authors have read and agreed to the published version of the manuscript.

Funding: Authors S Gummadi acknowledges CGIAR Research Program on Climate Change, Agri-
culture and Food Security (CCAFS), which is carried out with support from the CGIAR Trust Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Harlan, J.R.; de Wet, ].M.]. Simplified Classification of Cultivated Sorghum A. Crop. Sci. 1972, 12, 172-176. [CrossRef]

2. Mundia, C.W.,; Secchi, S.; Akamani, K.; Wang, G. A Regional Comparison of Factors Affecting Global Sorghum Production: The
Case of North America, Asia and Africa’s Sahel. Sustainability 2019, 11, 2135. [CrossRef]

3. Charyulu, K.D,; Cynthia, B.; Bvs, R.; Ashok, K.A.; Moses, S.D. Development and Diffusion of Sorghum Improved Cultivars in India:
Impact on Growth and Stability in Yield; Working paper series no. 50; International Crops Research Institute for the Semi-Arid
Tropics: Patancheru, India, 2014.

4. GOL Available online: www.agricoop.nic.in (accessed on 7 June 2021).

5. Kumar, A.A.; Reddy, B.V.S,; Ramaiah, B.; Sahrawat, K.L.; Pfeiffer, W.H. Genetic Variability and Character Association for Grain
Iron and Zinc Contents in Sorghum Germplasm Accessions and Commercial Cultivars; Hyderabad. Eur. J. Plant Sci. Biotechnol.
2012, 6, 1-5.

6. Ashok Kumar, A.; Reddy, B.V.S.; Ramaiah, B.; Sahrawat, K.L.; Pfeiffer, W.H. Gene Effects and Heterosis for Grain Iron and Zinc
Concentration in Sorghum [Sorghum Bicolor (L.) Moench]. Field Crops Res. 2013, 146, 86-95. [CrossRef]

7.  Pray, C.E,; Nagarajan, L. “Improving Crops for arid Lands”: Pearl Millet and Sorghum in India. In Millions Fed: Proven Successes
in Agricultural Development; Spielman, D.J., Pandya-Lorch, R., Eds.; International Food Policy Research Institute: Washington, DC,
USA, 2009; Volume 12, pp. 83-88.

8.  Gali, B;; Rao, P.P. Regional Analysis of Household Consumption of Sorghum in Major Sorghum-Producing and Sorghum-
Consuming States in India. Food Secur. 2012, 4, 209-217. [CrossRef]

9. Rao, PP; Basavaraj, G.; Ahmad, W.; Bhagavatula, S. An Analysis of Availability and Utilization of Sorghum Grain in India. J. SAT
Agri. Res. 2010, 8, 1-8.

10. Talwar, H.S.; Elangovan, M.; Patil, ].V. (Eds.) Sorghum-A Potential Crop to Adapt to Future Climate Change Scenario. In Managing
Intellectual Property under PVP and PGR; Directorate of Sorghum Research (DSR): Hyderabad, India, 2013; pp. 254-256.

11.  Solomon, S.; Qin, D.; Manning, M.; Chen, Z.; Marquis, M.; Averyt, K.B.; Tignor, M.; Miller, H.L. (Eds.) Climate Change 2007: The
Physical Science Basis: Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change;
Cambridge University Press: Cambridge, UK, 2007; ISBN 9780521880091.

12.  Cline, W.R. (Ed.) Global Warming and Agriculture: Impact Estimates by Country; Peterson Institute for International Economics:
Washington, DC, USA, 2007.

13. Srivastava, A.; Naresh Kumar, S.; Aggarwal, PK. Assessment on Vulnerability of Sorghum to Climate Change in India. Agric.
Ecosyst. Environ. 2010, 138, 160-169. [CrossRef]

14. Hengl, T.; de Jesus, ].M.; MacMillan, R.A.; Batjes, N.H.; Heuvelink, G.B.M.; Ribeiro, E.; Samuel-Rosa, A.; Kempen, B.; Leenaars,
J.G.B.; Walsh, M.G.; et al. SoilGrids1km—Global Soil Information Based on Automated Mapping. PLoS ONE 2014, 9, €105992.
[CrossRef] [PubMed]

15. Pagire, G.S.; Gadakh, S.R.; Shinde, M.S.; Dalvi, U.S.; Awari, V.R.; Gadakh, S.S. Seasonal Variation in Sowing and Its Effect on
Ethanol and Biomass Yield of Sweet Sorghum. Energy Sources Part A Recovery Util. Environ. Eff. 2021, 43, 716-726. [CrossRef]

16. Trivedi, T.P. (Ed.) Handbook of Agriculture; Directorate of Information and Publications of Agriculture, Indian Council of
Agricultural Research: New Delhi, India, 2008.

17.  Rana, B.S.; Rao, M.H.; Indira, S.; Singh, B.U. Technology for Increasing Sorghum Production and Value Addition; Director and Project

Coordinator (AICSIP) National Research Centre for Sorghum: Solapur, India, 1999.


http://doi.org/10.2135/cropsci1972.0011183X001200020005x
http://doi.org/10.3390/su11072135
www.agricoop.nic.in
http://doi.org/10.1016/j.fcr.2013.03.001
http://doi.org/10.1007/s12571-012-0189-9
http://doi.org/10.1016/j.agee.2010.04.012
http://doi.org/10.1371/journal.pone.0105992
http://www.ncbi.nlm.nih.gov/pubmed/25171179
http://doi.org/10.1080/15567036.2021.1918290

Sustainability 2022, 14, 334 23 of 24

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hosmani, M.M.; Chittapur, B.M. Sorghum Production Technology; University of Agricultural Sciences: Dharwad, India, 1997.
Singh, P.; Nedumaran, S.; Traore, P.C.S.; Boote, K.J.; Rattunde, H.EW.,; Prasad, P.V.V,; Singh, N.P.; Srinivas, K.; Bantilan, M.C.S.
Quantifying Potential Benefits of Drought and Heat Tolerance in Rainy Season Sorghum for Adapting to Climate Change. Agric.
For. Meteorol. 2014, 185, 37-48. [CrossRef]

Sandeep, V.M.; Rao, U.M.v,; Bapuji Rao, B.; Bharathi, G.; Pramod, V.P,; Santhibhushan Chowdary, P.; Patel, N.R.; Mukesh, P;
Vijaya Kumar, P. Sandeep 2018. ]. Agrometeorol. 2018, 20, 89-96.

Rajeevan, M.; Unnikrishnan, C.K.; Preethi, B. Evaluation of the ENSEMBLES Multi-Model Seasonal Forecasts of Indian Summer
Monsoon Variability. Clim. Dyn. 2012, 38, 2257-2274. [CrossRef]

Lorenz, C.; Portele, T.C.; Laux, P.; Kunstmann, H. Bias-corrected and spatially disaggregated seasonal forecasts: A long-term
reference forecast product for the water sector in semi-arid regions. Earth Syst. Sci. Data 2021, 13, 2701-2722. [CrossRef]

Giorgi, F. Simulation of Regional Climate Using a Limited Area Model Nested in a General Circulation Model. Am. Meteorol. Soc.
1990, 3, 941-963. [CrossRef]

Wood, A.W,; Leung, L.R,; Sridhar, V.; Lettenmaier, D.P. Hydrologic implications of dynamical and statistical approaches to
downscaling climate model outputs. Clim. Chang. 2004, 62, 189-216. [CrossRef]

Thrasher, B.; Maurer, E.P.; McKellar, C.; Duffy, P.B. Technical Note: Bias Correcting Climate Model Simulated Daily Temperature
Extremes with Quantile Mapping. Hydrol. Earth Syst. Sci. 2012, 16, 3309-3314. [CrossRef]

Bao, Y.; Wen, X. Projection of China’s near- and Long-Term Climate in a New High-Resolution Daily Downscaled Dataset
NEX-GDDP. J. Meteorol. Res. 2017, 31, 236-249. [CrossRef]

White, ].W.; Hoogenboom, G.; Kimball, B.A.; Wall, G.W. Methodologies for Simulating Impacts of Climate Change on Crop
Production. Field Crop. Res. 2011, 124, 357-368. [CrossRef]

Jones, ].W.; Hoogenboom, G.; Porter, C.H.; Boote, K.J.; Batchelor, W.D.; Hunt, L.A.; Wilkens, PW.,; Singh, U.; Gijsman, A.J; Ritchie,
J.T. The DSSAT Cropping System Model. Eur. ]. Agron. 2003, 18, 235-265. [CrossRef]

Ritchie, I.T. Soil Water Balance and Plant Water Stress. In Understanding Options for Agricultural Production; Tsuji, G.Y., Hoogen-
boom, G., Thornton, PK., Eds.; Springer Science and Business Media: Berlin/Heidelberg, Germany, 1998.

Willmott, C.J.; Ackleson, S.G.; Davis, R.E.; Feddema, ].J.; Klink, K.M.; Legates, D.R.; O’'Donnell, J.; Rowe, C.M. Statistics for the
Evaluation and Comparison of Models. |. Geophys. Res. 1985, 90, 8995. [CrossRef]

Garnier, P; Nell, C.; Mary, B.; Lafolie, F. Evaluation of a Nitrogen Transport and Transformation Model in a Bare Soil. Eur. ]. Soil
Sci. 2001, 52, 253-268. [CrossRef]

Rao, K.K,; Kulkarni, A.; Patwardhan, S.; Kumar, B.V.; Kumar, T.V.L. Future Changes in Precipitation Extremes during Northeast
Monsoon over South Peninsular India. Theor. Appl. Climatol. 2020, 142, 205-217. [CrossRef]

Raghavan, S.v.; Hur, J.; Liong, S.Y. Evaluations of NASA NEX-GDDP Data over Southeast Asia: Present and Future Climates.
Clim. Chang. 2018, 148, 503-518. [CrossRef]

Sheffield, J.; Goteti, G.; Wood, E.F. Development of a 50-Year High-Resolution Global Dataset of Meteorological Forcings for Land
Surface Modeling. J. Clim. 2006, 19, 3088-3111. [CrossRef]

Kitoh, A.; Endo, H.; Krishna Kumar, K.; Cavalcanti, LEA.; Goswami, P.; Zhou, T. Monsoons in a Changing World: A Regional
Perspective in a Global Context. J. Geophys. Res. Atmos. 2013, 118, 3053-3065. [CrossRef]

Seth, A.; Rauscher, S.A.; Biasutti, M.; Giannini, A.; Camargo, S.J.; Rojas, M. CMIP5 Projected Changes in the Annual Cycle of
Precipitation in Monsoon Regions. J. Clim. 2013, 26, 7328-7351. [CrossRef]

Good, S.P,; Caylor, K.K. Climatological Determinants of Woody Cover in Africa. Proc. Natl. Acad. Sci. USA 2011, 108, 4902-4907.
[CrossRef] [PubMed]

Guan, K; Sultan, B.; Biasutti, M.; Baron, C.; Lobell, D.B. What Aspects of Future Rainfall Changes Matter for Crop Yields in West
Africa? Geophys. Res. Lett. 2015, 42, 8001-8010. [CrossRef]

Porporato, A.; Daly, E.; Rodriguez-Iturbe, I. Soil water balance and ecosystem response to climate change. Am. Nat. 2004, 164,
625-632. [CrossRef] [PubMed]

Hatfield, J.L.; Boote, K.J.; Kimball, B.A.; Ziska, L.H.; Izaurralde, R.C.; Ort, D.; Thomson, A.M.; Wolfe, D. Climate Impacts on
Agriculture: Implications for Crop Production. Agron. J. 2011, 103, 351-370. [CrossRef]

Boote, KJ.; Prasad, V.; Allen, L.H.; Singh, P; Jones, ] W. Modeling Sensitivity of Grain Yield to Elevated Temperature in the DSSAT
Crop Models for Peanut, Soybean, Dry Bean, Chickpea, Sorghum, and Millet. Eur. J. Agron. 2018, 100, 99-109. [CrossRef]
Ziskaac, L.H.; Weerakoona, W.; Pamplonab, R. The Influence of Nitrogen on the Elevated CO; Response in Field-Grown Rice.
Aust. J. Plant Physiol. 1996, 23, 45-52.

Poorter, H.; Navas, M.-L. Tansley Review Plant Growth and Competition at Elevated CO,: On Winners, Losers and Functional
Groups. New Phytol. 2002, 157, 175-198. [CrossRef] [PubMed]

Torbert, H.A.; Prior, S.A.; Rogers, H.H.; Runion, G.B. Elevated Atmospheric CO, Effects on N Fertilization in Grain Sorghum and
Soybean. Field Crop. Res. 2004, 88, 57-67. [CrossRef]

Grant, B.; Smith, W.N.; Desjardins, R.; Lemke, R.; Li, C. Estimated N,O and CO, emissions as influenced by agricultural practices
in Canada. Clim. Chang. 2004, 65, 315-332. [CrossRef]

Prasad, P.V.V,; Boote, K.J.; Allen, L.H. Adverse High Temperature Effects on Pollen Viability, Seed-Set, Seed Yield and Harvest
Index of Grain-Sorghum [Sorghum Bicolor (L.) Moench] Are More Severe at Elevated Carbon Dioxide Due to Higher Tissue
Temperatures. Agric. For. Meteorol. 2006, 139, 237-251. [CrossRef]


http://doi.org/10.1016/j.agrformet.2013.10.012
http://doi.org/10.1007/s00382-011-1061-x
http://doi.org/10.5194/essd-13-2701-2021
http://doi.org/10.1175/1520-0442(1990)003&lt;0941:SORCUA&gt;2.0.CO;2
http://doi.org/10.1023/B:CLIM.0000013685.99609.9e
http://doi.org/10.5194/hess-16-3309-2012
http://doi.org/10.1007/s13351-017-6106-6
http://doi.org/10.1016/j.fcr.2011.07.001
http://doi.org/10.1016/S1161-0301(02)00107-7
http://doi.org/10.1029/JC090iC05p08995
http://doi.org/10.1046/j.1365-2389.2001.00374.x
http://doi.org/10.1007/s00704-020-03308-y
http://doi.org/10.1007/s10584-018-2213-3
http://doi.org/10.1175/JCLI3790.1
http://doi.org/10.1002/jgrd.50258
http://doi.org/10.1175/JCLI-D-12-00726.1
http://doi.org/10.1073/pnas.1013100108
http://www.ncbi.nlm.nih.gov/pubmed/21383125
http://doi.org/10.1002/2015GL063877
http://doi.org/10.1086/424970
http://www.ncbi.nlm.nih.gov/pubmed/15540152
http://doi.org/10.2134/agronj2010.0303
http://doi.org/10.1016/j.eja.2017.09.002
http://doi.org/10.1046/j.1469-8137.2003.00680.x
http://www.ncbi.nlm.nih.gov/pubmed/33873640
http://doi.org/10.1016/j.fcr.2003.11.011
http://doi.org/10.1023/B:CLIM.0000038226.60317.35
http://doi.org/10.1016/j.agrformet.2006.07.003

Sustainability 2022, 14, 334 24 of 24

47.

48.

49.

50.

51.

52.

53.

Prasad, P.V.V,; Pisipati, S.R.; Mutava, R.N.; Tuinstra, M.R. Sensitivity of Grain Sorghum to High Temperature Stress during
Reproductive Development. Crop. Sci. 2008, 48, 1911-1917. [CrossRef]

Djanaguiraman, M.; Perumal, R ; Jagadish, S.V.K,; Ciampitti, I.A.; Welti, R.; Prasad, P.V.V. Sensitivity of Sorghum Pollen and Pistil
to High-Temperature Stress. Plant Cell Environ. 2018, 41, 1065-1082. [CrossRef] [PubMed]

Singh, V.; Nguyen, C.T.; Yang, Z.; Chapman, S.C.; van Oosterom, E.J.; Hammer, G.L. Genotypic Differences in Effects of Short
Episodes of High-Temperature Stress during Reproductive Development in Sorghum. Crop. Sci. 2016, 56, 1561-1572. [CrossRef]
Prasad, P.V.V,; Djanaguiraman, M.; Perumal, R.; Ciampitti, I.A. Impact of High Temperature Stress on Floret Fertility and
Individual Grain Weight of Grain Sorghum: Sensitive Stages and Thresholds for Temperature and Duration. Front. Plant Sci.
2015, 6, 820. [CrossRef] [PubMed]

Sunoj, V.S.J.; Somayanda, LM.; Chiluwal, A.; Perumal, R.; Prasad, P.V.V,; Jagadish, S.V.K. Resilience of Pollen and Post-Flowering
Response in Diverse Sorghum Genotypes Exposed to Heat Stress under Field Conditions. Crop. Sci. 2017, 57, 1658-1669.
[CrossRef]

Tack, J.; Lingenfelser, ].; Jagadish, S.V.K. Disaggregating Sorghum Yield Reductions under Warming Scenarios Exposes Narrow
Genetic Diversity in US Breeding Programs. Proc. Natl. Acad. Sci. USA 2017, 114, 9296-9301. [CrossRef] [PubMed]

Lobell, D.B.; Hammer, G.L.; Chenu, K.; Zheng, B.; Mclean, G.; Chapman, S.C. The Shifting Influence of Drought and Heat Stress
for Crops in Northeast Australia. Glob. Chang. Biol. 2015, 21, 4115-4127. [CrossRef] [PubMed]


http://doi.org/10.2135/cropsci2008.01.0036
http://doi.org/10.1111/pce.13089
http://www.ncbi.nlm.nih.gov/pubmed/29044571
http://doi.org/10.2135/cropsci2015.09.0545
http://doi.org/10.3389/fpls.2015.00820
http://www.ncbi.nlm.nih.gov/pubmed/26500664
http://doi.org/10.2135/cropsci2016.08.0706
http://doi.org/10.1073/pnas.1706383114
http://www.ncbi.nlm.nih.gov/pubmed/28808013
http://doi.org/10.1111/gcb.13022
http://www.ncbi.nlm.nih.gov/pubmed/26152643
https://www.researchgate.net/publication/357398791

	Final Front Pages _modified
	FInal Thesis- modified
	Papers
	Screenshot
	Planta
	Blank Page
	Blank Page


