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ABSTRACT

Chickpea (Cicer arietinum L.) is an excellent utilizer of residual soil moisture in agricultural
ecosystems. However, its seed quality and hence reproduction is constrained by water stress,
seed size and storage conditions. This study was carried out at the University of KwaZulu- Natal
(UKZN), Pietermaritzburg Campus. It was conducted to evaluate the performance of chickpea
genotypes (Desi-K, Saina-K and ICCV-K) with different seed sizes on seedling emergence (i),
seed ageing effect on seed quality and imbibition of genotypes produced under water stressed
and non-stressed conditions (ii), and (iii) the effect of water stress during seed development on
sugars and protein accumulation, germination and seed vigour. Pot experiments were conducted
under glasshouse / tunnel conditions at the Controlled Environment Facilities (CEF). The
experiment for objective 1 was laid out as a single factor in completely randomized design (CRD).
Data on emergence rate, final hypocotyl and complete emergence was collected. The small
seeded Desi-K showed higher and faster emergence compared to medium sized Saina-K and
large seeded ICCV-K. In the experiment of the second objective, seeds of the three genotypes
were first obtained by production under water stressed and non-stressed growing conditions.
They were then aged for 0, 1, 3, 5, or 7 days at 41 °C and 100% relative humidity to forma 2 x 3
x 5 (water levels x genotypes x ageing) factorial design. Data was collected on germination
percentage (GP), mean germination time (MGT), electrical conductivity (EC), tetrazolium chloride
test (TZ) and imbibition weight. Seed ageing caused progressive loss of seed viability and vigour
in all genotypes, which resulted in lower GP, delayed MGT, reduced TZ staining, cell death and
high solute leakage from the seeds produced under the two water regimes. However, the effect
was more severe under water stressed conditions. In the experiment for objective 3, seeds of all
three genotypes were larger when grown under non-stressed condition compared to those under
water stressed condition. These larger seeds had higher seed viability and germination
percentage but lower electrical conductivity and mean germination time. Stressed seeds had
higher soluble sugars than non-stressed seeds. It was deduced that irrigation during seed
development reduces the final sugars and protein content but increases the seed size and
physiological quality parameters allied to production of chickpea. Therefore, water provision to

chickpea crop is critical during seed development.

Key words: chickpea, seed quality, water stress, storage conditions, seed size, sugars
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CHAPTER 1: INTRODUCTION

1.1 Background of the study

Chickpea (Cicer arietinum L.), a member of the Fabaceae family, is an important grain legume
that could add to crop diversification and contribute to food security in smallholder farming
systems. It is generally grouped into two types; the desi type with small angular, dark coloured
and rough seeds, and the kabuli type with large, light coloured smooth seeds. This legume has
an enormous potential for improving the economic status of resource poor smallholder farmers
as a rotation crop because of its nitrogen fixation capacity (Gowda et al., 2013) and high protein
content (Gaur et al., 2010). Chickpea may also act as an insurance crop in poor seasons when
the main crop fails due to drought since it is a fairly drought tolerant crop that is able to extract
water from deep layers in the soil profile with its deep rooting system (Ogola and Thangwana,
2013).

The crop is cultivated in over 50 countries throughout the tropical, subtropical and temperate
regions in south, west and east Asia, Australia, east and north Africa, north and south America
and southern Europe (FAOSTAT, 2016). Asia accounts for 89.2% of total area under chickpea
production and 84.5% of global yield (FAOSTAT, 2016). In Africa, Ethiopia is the leading producer
accounting for 2.5% of world and more than 55% of Africa's chickpea production (Korbu et al.,
2016). However, there is limited chickpea production in south African countries including South
Africa while there is high and ever increasing demand for food (Kassie et al., 2009; Munirathnam
and Sangita, 2009).

Chickpea productivity is constrained by several factors including water stress, high temperature,
low soil fertility and poor seed quality (Gowda et al., 2013) that results to significant yield losses
(Basu et al., 2009). Although chickpea is considered as a fairly drought tolerant crop due to its
deep rooting system, water stress can reduce chickpea seed yield by 42 to 70% (Shrestha et al.,
2006). These loses mainly emanate from pod abortion (Behboudian et al., 2001; Leport et al.,
2006), reduced pod production (Behboudian et al., 2001) and reduced grain-filling duration
(Ghassemi-Golezani and Ghassemi, 2013). Furthermore, high temperatures after flower opening
can also reduce chickpea yield by decreasing the number of pods, seeds per plant and weight
per seed (Wang et al., 2006). Moreover, poor seed quality is a major factor that limits chickpea
production. Important aspects of seed quality include genetic purity, the presence of inert matter,
germination percentage, vigour, appearance and freedom from diseases (Yadav et al., 2005).

Seed quality of most crops is affected by abiotic stresses like water stress during seed

1
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development (Turner et al., 2001). However, there is a dearth of information in literature on the
response of chickpea seed quality development to water stress. In most crops, water stress
occurring at, or soon after pollination induces embryo abortion and limits the total number of seeds
produced (De Souza et al., 1996; Leport et al., 1999; Fang et al.,, 2009). At dry matter
accumulation stages of later seed development, water stress may lead to reduced seed fill
process (Brevedan and Egli, 2003; Egli, 2006). Therefore, water stress during seed development
may affect seed vigour (Bewley et al., 2012). Moreover, high temperatures during seed
development can cause early pod ripening and rapid seed maturation in legumes and result in
small seeds with poor quality (Thomas et al., 2009). However, there is no evidence in literature

on the response of chickpea seed quality to temperature stress.

Furthermore, it has been reported that in grain legumes, the imbibition damage and seed ageing
during storage, and interaction of the two are the major factors affecting seed quality (Matthews
and Powell, 2006). During seed ageing, seeds lose their vigour and viability for germination (Maity
et al., 2000) and the losses are increased if seeds are stored at high temperatures and/or high
relative humidity. These storage conditions hasten the rate of biochemical processes causing
rapid deterioration that results in rapid losses in seeds with high moisture content (Shelar et al.,
2008). Therefore, storage humidity and high temperature increases the deterioration speed of
seeds (Pukacka et al., 2009). Imbibition damage also adversely influences the seed quality
(viability and vigour) in grain legumes (Matthews and Powell, 2006). It results from the rapid
uptake of water into the cotyledons, which kills some of the surface cells and so increases the
solute leakage. This is more severe on the white seeded lots with loose adherence of testa that
allows rapid movement of water through the seed in the gap between the testa and cotyledons
(Chachalis and Smith, 2000; Peksen et al., 2004) resulting in low vigour and poor field emergence.
In contrast, high vigour seeds imbibe slowly due to the brown and black testa that adheres closely

to the cotyledons and restrict water movement into the seed which limits imbibition damage.

Chickpea exhibits a wide range of seed size due to genotypic differences. Seed size is one of the
major components of seed quality that affects the growth and development of the crop (Adebisi
et al., 2011). According to Jerlin and Vadivelu (2004), seed size is a widely accepted measure of
seed quality, and large seeds have higher seedling growth and establishment. Emenky and Khalaf
(2010) reported that the large seeds of chickpea recorded superiority in growth traits as compared

to small seeds. Similar results were also obtained by Roozrokh et al. (2005).

In the last decade, observations from the field and pot experiments in Limpopo and Mpumalanga

Provinces showed that chickpea seeds exhibit poor germination and seedling establishment after

2
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planting, thus resulting in poor plant population and consequently low yields. The poor
germination and seedling establishment has been observed to be more severe in the kabuli types
compared to the desi types in both summer and winter sowings (both in the glasshouse and in
the field) irrespective of storage conditions. This could probably be due to poor storage conditions
characterized by high relative humidity and temperature which can lead to a rapid deterioration of
seed viability and vigour. However, there is dearth of information in literature on the likely causes
of poor seed quality in chickpea and factors that may explain the differences in quality between
the kabuli and desi types. Presently, studies on chickpea seed physiology are limited. Although
there is evidence of chickpea being a drought tolerant crop, there is no satisfactory evidence to
associate plant drought tolerance with seed quality in response to water stress. Moreover, the
increase of chickpea production to most African countries such as South Africa which produce
insignificant amounts can drastically increase food security, since chickpea has a strong potential
to be an export crop. Therefore, this study assessed the effect of water stress and storage
conditions, particularly seed ageing influence on seed quality of different chickpea genotypes

varying in seed size.

1. 2 Hypothesis
» Water stress causes alterations in seed chemical composition with regard to the final
content of sugars and proteins, and affects germination and seed vigour of chickpea
genotypes.
» Chickpea genotypes with different seed sizes have an effect on seedling emergence.
» Seed ageing during storage affects seed quality and imbibition of different chickpea

genotypes produced under water stress or non-stress conditions.

1. 3 Research Aim and Objectives
The main objective of this study was to determine the effect of water stress and seed storage
conditions on seed quality of chickpea genotypes characterized by differences in seed size and

coat colour.
The specific objectives of the study were to:

» Determine the effect of water stress during seed development on sugars and proteins
content, germination and seed vigour of chickpea genotypes.

» Investigate the performance of chickpea genotypes with different seed sizes on seedling
emergence.

© University of Venda
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> Investigate the effect of seed ageing on seed quality and imbibition of chickpea genotypes

produced under water stressed or non-stressed condition.

1.4 Dissertation overview

Chapter 1 is the general introduction outlining a review of the study including previous research
and relevant background theory, justification for the choice of research, contribution and
importance of the study.

Chapter 2 reviews previous literature in an attempt to gain an understanding on the effect of water
stress, seed size and storage conditions on seed quality of chickpea genotypes. The review
considers previous findings on the effect of water stress on the accumulation of sugars and
proteins, the effect of seed ageing and imbibition damage on seed quality in general and focus
specifically on chickpea.

Chapter 3 describes the performance of chickpea genotypes with different seed sizes on seedling
emergence. The major findings of the objective are discussed in relation to the influence of three
chickpea genotypes (Desi-K, Saina-K and ICCV-K) on emergence rate, final hypocotyl and

complete emergence.

Chapter 4 describes the effect of seed ageing on seed quality and imbibition of genotypes
produced under water stressed and non-stressed conditions. Variation in physiological quality
parameters including electrical conductivity, tetrazolium chloride test, germination percentage,
mean germination time, weight increase during imbibition and seed coat adherence and their

implications as indicators of seed quality in three chickpea genotypes are discussed.

Chapter 5 describes the effect of water stress during seed development on the final content of
sugars and proteins, germination and seed vigour of three chickpea genotypes. The final contents
of raffinose, sucrose, stachyose and proteins are discussed in relation to water stress as well as

the response of chickpea genotypes to physiological quality.

Chapter 6 is general discussion and conclusion, discussing the insights on physiological quality
responses in relation to the future improvement of chickpea genotypes with regard to better
adaptation to water stress, storage conditions and seed size effect. This chapter also highlights

the major limitations to the study and points out directions for further research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Chickpea adaptation and utilization

Chickpea can be grown over a wide range of environments. However, it grows well in areas with
annual rainfall between 400 and 600 mm (Gaur et al., 2010). The best temperature for germination
is between 5 and 15 °C while temperatures above 29 °C and frost could be harmful during
flowering and pod formation (Gaur et al., 2010). Chickpea requires fertile, sandy-loam soil with
good drainage for good performance and does not tolerate water-logged conditions. Apart from
its capacity to fix nitrogen in the soil, chickpea can also be used for medicinal purposes and
industrially, for textile sizing as well as a fodder in dry areas where grazing vegetation is scarce
(Mathews, 2005). Moreover, chickpea is a functional food with low fat; it is cholesterol free and
an ideal source of energy for vegetarian populations and those with major food related health

problems like diabetes, cancer or coronary heart diseases (Jukanti et al., 2012).

2. 2 Seed gquality aspects

The two most important indicators of seed quality are germination capacity and physiological
vigour (Tekrony, 2003). Seed vigour gives an indication of the ability of seeds to emerge under a
wide range of environmental conditions and is the most informative indicator of physiological seed
guality. The maximum potential of seed physiological quality is determined by genetic factors, and
is dependent on several external factors which occur throughout seed development on the mother

plant, at harvest time, and during storage (Tekrony, 2003; Powell et al., 2005).

2.2.1 Germination

Germination may be defined as the physiological events that occur from the beginning of seed
imbibition to the onset of radicle protrusion (Finch-Savage and Leubner-Metzger, 2006). In a study
to measure changes in respiratory activity or water uptake, it was shown that the germination
process can be divided into a sequence of three phases (Copeland and McDonald, 2001).
Generally, seeds that do not have a problem with dormancy and seed coat permeability are the
ones that show a three-phase process of water uptake during the process of germination (Figure
2.1). According to Bewley et al. (2013), when a seed is dry during imbibition, the turgor potential
is reduced by solutes inside the cell and that results to rapid uptake of water from the surrounding
solution (phase I), and as the water potential of seed increases during imbibition, the water content
of seed increases. However, the resistance of cell wall to expansion results in a turgor potential
increase (Copeland and McDonald, 2001). When the seed water potential increases, the water

uptake decreases and the seed enters the lag phase (phase Il), in which only a small or negligible
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amount of water is absorbed by the seed over a relatively long period of time (Copeland and
McDonald, 2001). This allows the seed to complete all its physiological pre-germinative processes
and make it ready for radicle emergence (Finch-Savage and Leubner-Metzger, 2006). Finally,
when the seed has completed all pre-germinative embryonic processes in phase ll, it transfers to
phase Ill, which results in radicle protrusion from the seed coat. In the current study, the effect of
water stress and storage conditions on seed quality of three chickpea genotypes was evaluated

by assessing germination percentage and mean germination time based on the radicle protrusion.

Phase I Phase II Phase III
I |
100 - J !
9
-~ 80 4
8
o
60 -
: x
| Start of
% 40 visible
g germination
D 20 A
0' T T ¥ T ¥ T T T ¥ T N T
0 1 2 3 4 5 6
Tme (days)

Figure 2.1: Triphasic water uptake pattern of seed germination (Copeland and McDonald, 2001).

2.2.2 Seed viability

Viability is an important element of seed quality that refers to the ability of seeds to germinate and
produce normal seedlings. It takes a seed to be viable or alive in order to germinate, grow, develop
a new plant, multiply and complete the life cycle (Porter, 2017). However, it is difficult or
impossible to determine whether a seed is alive or dead from external physical appearance. For
example, two seeds may appear alike and possess the same size, shape and colour, yet one of
them may be alive and the other dead. In a study evaluating seed vigour of pea seeds with similar
outside appearance, Matthews and Powell (2006) reported a difference in seed vigour and time

dependent germination. Therefore, to determine the percentage of viable seed in a given lot, seed
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viability testing is widely used. According to Marcos Filho (2015), seed viability is one of the
indications of potential performance in the field. Under similar environmental conditions, a seed
lot with high viability will produce better seedling emergence as compared to a low viability seed
lot. Seed viability indicates that, in the absence of dormancy, a seed contains structures and

substances that give it the ability to germinate under favourable conditions.

Germination and tetrazolium test are the most important viability tests available (Patil and Dadlani,
2009). Tetrazolium test was developed by a German scientist, George Lakon in the early 1940s
to differentiate between viable and dead tissues of seed embryos on the basis of dehydrogenase
enzyme activity (Khajjak et al., 2016). Upon seed hydration, the activity of dehydrogenase enzyme
increases, resulting in the release of hydrogen ions, which reduce the colourless tetrazolium salt
solution (2,3,5-triphenyl tetrazollium chloride) into a red compound called formazan (Patil and
Dadlani, 2009; Sujatha et al.,2011). Thus, it is possible to differentiate the red coloured living
tissues from the colourless dead ones and the seeds are classified into viable and non-viable
seed classes. In the current study, the staining pattern of seeds in tetrazolium chloride test (Figure
2.2) was used as a criterion to evaluate the percentage of viable and dead seeds for chickpea
genotypes produced under water stressed and non-stressed condition as well as for seeds stored

under different conditions.
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NO. 1 GERMINABLE. Embryo completely stained

NO. 2 GERMINABLE. Margins of scutellum unstained

NO. 3 NON-GERMINABLE. Basal portions of scutellum and radicle unstained
NO. 4 NON- GERMINABLE. Lower half of embryo unstained

NO. 5 NON-GERMINABLE. Upper half of embryo unstained

NO. 6 NON-GERMINABLE. Radicle and scutellum unstained

NO. 7 NON-GERMINABLE. Embryonic axis unstained

NO. 8 NON-GERMINABLE. Embryo stained pink

NO. 9 NON-GERMINABLE. Embryo completely unstained

Figure 2.2: Staining pattern of dicot seeds in TZ test: black areas indicate stained living tissue;
white areas represent unstained and dead tissue (Peters, 2000).

2.2.3 Seed vigour

Seed vigour is measured as germination or emergence under or following stress and it is
considered as the best measure of potential seedling establishment in the field (Marcos Filho,
2015). According to Ferguson (1995), seed vigour is not a single measurable property but a
concept describing the interaction of several characteristics including the rate and uniformity of
germination and growth, tolerance to environmental stresses after sowing, and retention of
performance capacity after storage. Seed ageing during storage and imbibition damage are the
major processes that lead to loss of seed vigour and eventually, seed viability. Seed vigour is also
influenced by seed production factors (Ferguson, 1995) as shown in Table 2.1. In addition, the
electrical conductivity test has been developed as a vigour test for the prediction of field
emergence (Marcos Filho, 2015). The test measures the leakage of solutes, particularly

potassium ions, into water of soaked seeds. An increase in the electrical conductivity of seeds
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soaked in water indicates high solute leakage. Loss of solutes reflects the presence of dead
tissues within the seed. According to Simon and Harun (1972), as seeds dry at maturity, the cell
membrane loses its integrity and it is re-established during imbibition but the re-establishment of
these membranes is much faster for vigorous seeds with less leakage than less vigorous seeds
with high leakage. Furthermore, the incidence of dead tissues and membrane integrity are
influenced by the two major factors determining seed vigour in grain legumes; seed ageing during
storage and the incidence of imbibition damage, and greater sensitivity of aged seed to imbibition
damage (Matthews and Powell, 2006). Thus, the measurement of electrical conductivity assesses
the major causes of reduced vigour in grain legumes such as chickpea. In this study electrical
conductivity tests were undertaken to evaluate the effect of seed ageing during storage on seed
guality and imbibition of chickpea genotypes produced under water stressed and non-stressed
conditions.

Table 2.1: Major factors influencing vigour of seed production and storage at various stages
(Justice and Bass, 1978).

Stage of seed production  Conditions influencing vigour  Physiological effect Vigour level
Harvest maturity Delayed harvest + poor Ageing Low
weather
Good harvest conditions Little ageing High
Harvest Testa damage Imbibition damage Low
Little testa damage No imbibition damage High
Storage High seed moisture content Ageing Low
and/or temperature
Low seed moisture content Little ageing High vigour

and/or temperature

* Interaction of seed ageing x imbibition damage = very low vigour
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2.3 The effect of storage conditions on seed quality

A number of investigators have reported that the speed of decline in seed quality during storage
is largely dependent on temperature and relative humidity, seed moisture content, length of
storage, type of seed and seed quality at storage (Yanping et al., 1999; Hung et al., 2001; Amjad
and Anjum, 2002). High storage temperature has the potential to hasten the rate of biochemical
processes causing more rapid deterioration that results in rapid vigour losses in seeds with high
moisture content (Shelar et al., 2008). For example, the rate of decline in germination ability of
barley seeds increased as seed moisture content and storage temperature increased (Kong et
al., 2014). Earlier, Kibinza et al. (2006) observed that sensitivity of seeds to high temperatures
was strongly dependent on their water content. More recently, Gupta et al. (2016) reported that
storage temperature of 5 °C was low enough to slow the biochemical and physiological processes
that lead to seed deterioration of chickpea. Similarly, Basavegowda and Arunkumar (2013) found

that chickpea seeds stored at 5 to 7°C showed high germination quality.

Storage humidity is another key factor affecting seed quality. Alhamdan et al. (2011) observed
that seeds stored at the highest relative humidity levels of 75.3% and 84.3% had significantly the
lower seed germination percentage and mean germination time compared to those stored at
lowest relative humidity levels 11.3% and 22.5%. Basavegowda and Arunkumar (2013) found that
65% to 70 % relative humidity can be effectively used for storing chickpea seeds with reduced
deterioration. Also, storage fungi is a major cause of quality losses in stored seeds, and the extent
of deterioration is dependent on the relative humidity of the storage environment (Mbofung et al.,
2013). It is clear from the foregoing that proper control of storage conditions is essential for

maintenance of seed viability.

2.4 The influence of seed deterioration

Seed deterioration refers to the loss of quality, with respect to viability and vigour, due to adverse
environmental factors. The rate of deterioration fluctuates critically from one species to another
and also among varieties of the same species (Jatoi et al., 2001). For example, small seeded
chickpea varieties were found to deteriorate slower than large seeded ones (Sharma and
Maheshwari, 2015). Seed deterioration is an undesirable result in chickpea production, and
annual losses due to deterioration can be as high as 25% of the harvested crop (Tilebeni and
Golpayegani, 2011). Deteriorated seeds have a potential of producing uneven stands, spotty
fields, and fewer plants per hectare than healthy seeds of high quality (Biabani et al., 2011).

According to Khatun et al. (2009), seeds retained on the mother plant deteriorate after
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physiological maturity and physiological changes in a seed may lead to formation of rigid seeds

in pulse crops including chickpea.

Biabani et al. (2011) reported that deterioration of seeds during storage can cause significant
declines in seedling vigour and chickpea yield. Similarly, a study by Kapoor et al. (2010) showed
that seed quality in chickpea deteriorates following the accelerated ageing period. Accelerated
ageing has been widely used to study the physiological and biochemical changes in seeds during
ageing. Thus Hussein et al. (2011) and Farhadi et al. (2012) reported that all the physiological
parameters measured decreased significantly due to deterioration. In addition, changes in seed
viability, germination rate and vigour was linked to biochemical changes (decreased soluble
proteins and sugar content) associated with seed ageing (Kapoor et al., 2010). For the purpose
of this study, both desi and kabuli chickpea seeds were subjected to accelerated ageing test (41°C

and 100% RH) to investigate any differences in rate of deterioration.

2.5 The effect of seed ageing on seed quality

Seed ageing is defined as the reduction in vigour and germination capacity as well as increased
solute leakage and reduced storage life under adverse conditions (Madah and Abdi, 2003; Gupta
and Aneja, 2004). It is a well-recognized cause of differences in seed quality of all species,
including grain legumes (Finch-Savage and Bassel, 2015). The rate at which the process of seed
ageing takes place depends on the seed’s ability to resist changes caused by degradation. Seed
ageing and viability are affected by a number of factors during seed production and in seed
storage (Bewley et al., 2012). In cases where relative humidity and temperatures are high, seed
deterioration is faster as more rapid respiration takes place and in some instances fungal
infestation develops (Magan et al., 2004). According to Bewley et al. (2012), low levels of
respiration that sustain seed viability tend to deplete seed reserves with time, resulting in reduced
seed vigour. Moreover, seeds that have low vigour as a result of ageing during storage are more
likely to have poor field emergence (Finch-Savage and Bassel, 2015). This could be due to seed
deterioration and increased susceptibility to imbibition damage if soil conditions are wet. Although
the effect of seed ageing on seed quality is well documented, there is little evidence in literature

on seed ageing and imbibition damage.

2.6 The effect of imbibition damage on seed vigour

Imbibition damage is another cause of low vigour in grain legumes (Matthews and Powell, 2006).
It results from rapid uptake of water into the cotyledons which kills some of the surface cells and
increases solute leakage. The damage to cells results from physical disruption of cell membranes

(Lamichaney et al., 2016). Seeds of low vigour imbibe water more rapidly resulting in imbibition
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damage that leads to dead tissue and high leachate conductivity. This is more severe on white
seeded lots with loose adherence of testa that allows rapid movement of water through the gap
between testa and cotyledons (Chachalis and Smith, 2000; Peksen et al., 2004). In contrast,
seeds of high vigour imbibes water slowly due to the brown and black testa that adheres closely
to the cotyledons and restrict water movement into the seed; this limits imbibition damage. A
similar association of differences in emergence with colour of the testae occurs in chickpea where
white seeded kabuli types emerge more poorly in comparison to the desi types that have brown
or black testae (Yadav and Sharma, 2001). The white testae of the kabuli types adhere loosely to
the cotyledons compared to the close adherence of coloured testae (Yadav and Sharma, 2001).
The larger seed size and loose seed coat adherence may predispose the kabuli seed types to
imbibition damage. This may considerably affect the germination and establishment of these

seeds especially if they are stored under poor conditions.

2.7 The effect of water stress on seed quality

Water stress during seed growth and development on the mother plant may cause different
responses depending on the stage at which stress occurs, its duration and severity. Generally,
water stress occurring at, or soon after pollination, may reduce pollen viability and induce embryo
abortion and hence limit the total number of seeds produced (Fang et al., 2009). According to Egli
(2006), at later stages of development during dry matter accumulation, water stress may lead to
reduced seed fill duration which results in shriveled seeds with low weight and poor quality. This
is because photo-assimilate production and mobilization from the source (leaves) to sink (storage
organs to the grain) is normally limited under water-stressed conditions since key processes such
as photosynthesis and translocation rely on water availability (Liu et al., 2016). Desclaux et al.
(2000) reported vyield loss of up to 35-41% in soybean when water stress was imposed during
seed filling. The major portion of this reduction was due to fewer number of seeds being produced
(Pathan et al., 2014), but some yield loss was also associated with reduction in seed weight
(Frederick et al., 2001). Indeed, water stress during seed production does not only reduce yield
but also lower seed quality (Frederick et al., 2001). Although chickpea is known for its better
drought tolerance than most of the other cool season legumes (Kashiwagi et al., 2015), water
stress remains one of the major constraints to chickpea yield, accounting for 50% of yield
reduction globally (Turner et al., 2001). Shrestha et al. (2006) and Leport et al. (2006) noted that
water stress reduced chickpea yield by 42% to 70% due to pod abortion, reduced pod production
and reduced grain-filling process. A reduction in the grain filling duration, which is a plants survival
mechanism, ultimately results in less photosynthates that translates to grain weight and seed size.

Although the effect of water stress on grain yield in chickpea and other legumes is well
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© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

documented, there is a dearth of information in literature on the likely effect of water stress during
seed development on chickpea seed quality. The lack of knowledge could be because seed
guality is influenced by an interplay of environmental and genotypic characteristics of the plant as
well as the interaction between the two. Among the environmental factors, water stress is known
to contribute to yield losses and seed deterioration. However, the actual effect of water stress
occurring during seed development on seed quality is still limited. Such information will provide
knowledge that will lead to better adoption of technologies that can enhance high seed quality

production of chickpea.

2.8 The effect of water stress during seed development on accumulation of sugars,
protein content and seed quality

The environmental conditions acting on the mother plant during plant growth also interact with
seed developmental processes and this may influence the seeds physiological potential (Tekrony,
2003). For example, some studies showed that the interaction of water stress with seed
developmental processes may cause impairment of physiological processes during seed
development and consequently lead to intermediate levels of desiccation tolerance which may
influence seed vigour (Hilhorst and Toorop, 1997). According to Hoekstra et al. (2002), water
stress during seed development may limit the production of assimilates required to synthesize the
raffinose family of oligosaccharides (RFOs) and cause alterations in the quantities and
composition of accumulated storage compounds during seed maturation. These compounds are
also a source of energy that subsequently drives the germination process. Thus implications for
the acquisition of maximum desiccation tolerance may ultimately influence germination and

vigour.

Moreover, water stress and desiccation tolerance are correlated with the accumulation of
substantial quantities of compounds such as soluble carbohydrates (sucrose and the raffinose
family of oligosaccharides) and specific proteins (such as the late embryogenesis abundant
proteins and heat shock proteins) (Hoekstra et al., 2001). These sugars accumulate when
desiccation tolerance is acquired and degrade when the tolerance is lost in orthodox seeds that
can be dried at low moisture content without losing viability (Hoekstra et al., 2001), probably
because sugars and specific proteins protect subcellular surfaces and confer desiccation
tolerance (Leopold et al., 1994). Lahuta et al. (2000) reported that the composition of accumulated
food reserves in field bean was altered by water stress and seeds produced had less dry matter,
less starch but more oligosaccharides and sucrose. Sucrose is the major carbohydrate imported

into the developing seed, which acts as a galactosyl acceptor in RFOs biosynthesis. Peterbauer
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and Richter (2001) reported that the final content of RFOs deposited in mature seeds can be
affected by the concentration of sucrose and myoinositol, which act as initial substrates in RFOs

synthesis.

Although Lahuta et al. (2000) attributed changes in relative ratios of RFOs under conditions of
water stress to a build-up in desiccation tolerance in field beans, they did not extend their study
to examine how this would relate to seed vigour. However, Siddique and Wright (2004) examined
differences in environmental conditions experienced by pea plant during development and
maturation, the length of seed filling period, concentrations of soluble carbohydrates and proteins
as potential causes of differences in seed vigour of peas. The authors concluded that none of
these variables could solely explain the variations in seed vigour they observed. On the other
hand, agricultural systems in semi-arid regions rely on the ability of orthodox seeds to tolerate
desiccation (Lahuta et al., 2000; Bailly et al., 2001). However, despite the widespread
phenomenon of desiccation tolerance in orthodox species and its importance to seed quality
development, there is no conclusive evidence in the literature on the accumulation of RFOs and

proteins in relation to water stress and its effect on seeds reproduction quality.

2.9 The effect of seed size on seed quality

Seed size is one of the major components of seed quality (Adebisi et al., 2011). Large seeds tend
to have higher seedling growth and establishment (Jerlin and Vadivelu , 2004). Some studies
showed that the large seeds of chickpea recorded superiority in growth traits as compared to
small seeds (Emenky and Khalaf, 2010). Similarly, Roozrokh et al. (2005) showed that large
seeds of chickpea had higher germination percentage compared to small seeds. Earlier,
Vishvanath et al. (2006) reported that large seeds of French bean expressed higher seed quality
parameters viz. germination percentage, field emergence and seedling length than small size
seeds. Similarly, Mandel et al. (2010) found that larger seeds of Hypatis suaveolous showed
higher emergence potential than smaller seeds. Moreover, germination and seedling emergence
of Convolvulus arvensis was significantly affected by seed size, with large seeds having greater
potential to germinate as compared to medium and small seeds (Tanveer et al., 2013). Hojjat
(2011) reported that large seeds germinated early and showed better germination than small

seeds of lentil genotypes.

However, some contrasting results have also been reported. For example, Majnoun Hosseini et
al. (2009) observed that the time to emergence in desi chickpea was shorter than that for the
kabuli genotype and mean germination rate was higher in the small desi seeds compared to large

kabuli seeds. Probably due to the fact that smaller seeds have thinner coats which ensures
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greater permeability and consequently, less duration of germination process. However, according
to Tanveer et al. (2013), the higher potential of larger and medium sized seeds might be due to
higher amount of nutrients available for germination. Moreover, Ogola and Mathews
(unpublished) observed that kabuli chickpea generally had poor germination and establishment
compared to desi types in both summer and winter sowings (both in the green house and in the
field) irrespective of storage conditions. They postulated that this could be due to kabuli’s larger
sized seeds with light-coloured smooth coats that is prone to mechanical and imbibition damage.
It is clear from the foregoing that the effect of seed size on seed vigour can vary greatly and this
may need further investigation. Therefore we hypothesized that the larger seed size and loose
seed coat adherence of typical kabuli chickpea may predispose the seeds to rapid water uptake,
death of surface cells during the first phase of germination and consequently, poor stand
establishment in the field as compared to the desi genotype with smaller size and cotyledons that

are closely attached to the seed coat.
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CHAPTER 3: INVESTIGATING THE PERFORMANCE OF CHICKPEA GENOTYPES
DIFFERING IN SEED SIZE WITH RESPECT TO SEEDLING EMERGENCE

ABSTRACT

Agricultural productivity depends mainly on the quality of seeds sown. However, seed size is one
of the components of seed quality that affects the performance of a crop. This study evaluated the
performance of chickpea genotypes with different seed size on seedling emergence. A pot
experiment was conducted twice (2016 and 2017) in a glasshouse, and laid out as a single factor
(3 chickpea genotypes: Desi-K, Saina-K and ICCV-K) using a completely randomized design with
6 replications. Each replicate per genotype was represented by six 14L pots, giving a total of 36
experimental units. The emergence rate, final hypocotyl and complete emergence percentage
were analysed. Small seeded Desi-K had significantly (P<0.001) higher and faster emergence
compared to Saina-K and ICCV-K in both experiments. The ICCV-K genotype with large seed size
(59.4 mm?) emerged poorly (34.6% and 30.0%) compared to medium sized Saina-K (52.9 mm?)
which had 74.6% and 72.5%, and the small seeded Desi-K (43.7 mm?) that had the emergences
of 77.5% and 77.5% for final hypocotyl and complete emergence, respectively, in the first
experiment. Similar results were obtained from the second experiment, ICCV-K had the lowest
emergence (35.8% and 35.0%), followed by Saina-K (57.5% and 57.5%) and Desi-K (71.7% and
71.7%) on final hypocotyl and complete emergence, respectively. In terms of hypocotyl emergence
rate, Desi-K took 4 -11 days while it took 4 -13 and 4 - 17 days for Saina-K and ICCV-K to final
hypocotyl emergence. However, with respect to complete emergence rate, Saina-K had a minimum
of 8 to 13 days followed by Desi-K (8 to 16 days) and ICCV-K (8 to 17 days). It was concluded that
the poor and slow emergence of ICCV-K could be due to its larger seed size with loose coat
adherence that imbibe more water during the first phase of germination, resulting in imbibition

damage, low vigour and poor emergence.

Keywords: Seed quality, hypocotyl, complete emergence, emergence rate, seedling establishment
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3.1 INTRODUCTION

Chickpea is an important grain legume with enormous potential for improving the economic status
of resource-poor smallholder farmers through its nitrogen fixation capacity. Its seeds are rich in
protein. There are two major groups of chickpea, namely microsperma (Desi) and macrosperma
(Kabuli) types (Moreno and Cubero, 1978). The seeds of Desi chickpea are usually small, rough
and dark coloured while Kabuli seeds are large with a smooth, light coloured seed coat. Kabuli is
a popular and valuable genotype for the export that attracts heavy premiums from southern Africa
and Middle East markets compared to Desi genotypes that are mainly produced for local
consumption (Shiferaw et al., 2007; Varshney et al., 2013). However, seed size is an important
physical indicator of seed quality that affects vegetative growth which is normally related to yield,
market grade and harvest efficiency. The variation in seed size is caused by genetic variation
between genotypes (Rosental et al., 2016). According to Dechaine et al. (2015), both the
genotype and environment of a maternal plant may have an effect on seed size. Since chickpea
has a narrow genetic pool resulting from domestication (Varshney et al., 2013), it is possible that
there are differences in seed quality between the small seeded Desi and the large seeded Kabuli
with respect to seedling emergence.

Rapid and uniform germination, which enhance seedling emergence and crop establishment, is
considered an important factor that influences the yield potential. Generally, a genotype with large
seed size is assumed to provide crops with a competitive advantage (Fenner and Thompson,
2005). The influence of seed size on seedling establishment has been demonstrated in some
studies. Mandal et al. (2010) reported that variation in seed size influenced the emergence of
pignut (Hypatis suaveolous), large seeds showed higher emergence potential than small seeds.
Similarly, Nerson (2002) showed that small muskmelon seeds had the lowest germination
percentage, emergence and lowest seedling growth demonstrating that there is a relationship
between seed physical parameters and seed quality. Gunaga et al. (2007) and Gholami et al.
(2009) observed that larger seeds generally germinate quicker and take lesser duration compared
to smaller seeds of white dammar (Viteria indica) and pinto bean (Phaseolus vulgaris),

respectively.

Similarly, results obtained by Roozrokh et al. (2005) showed that on average, large seeds of
chickpea genotypes germinate faster and have higher germination percentage compared to small
seeds. Also, Majnoun Hosseini et al. (2009) observed that the time to emergence of Desi chickpea

genotype was shorter than that for the Kabuli genotype and the mean germination rate was higher
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in the small Desi seeds compared to large sized Kabuli seeds. However, their studies lacked
investigation on the effect of genotype on seedling emergence. Emergence exhibits the potential
of seedling establishment compared to germination which is based on radicle protrusion.
Furthermore, Kaya et al. (2008) noticed that small seeded chickpea genotypes, that imbibed
41.5% water during the first phase of germination, performed better and took shorter germination
time compared to large seeded genotypes. Indeed, literature suggests that chickpea genotypes
differ in seed germination (Anuradha et al., 2009).

The general observation is that Kabuli types perform poor compared to Desi types with respect
to seed germination (Singh et al., 2017). This can have an effect on seedling emergence and
affect yield performance. The Kabuli genotypes are large and have a lose seed coat adherence.
This might predispose them to imbibition damage during the imbibition phase of germination.
Secondly, there could be genotypic differences among the Kabuli and Desi types that may affect
seed performance. These differences are not well understood. However, farmers tend to sow
large seeds and have hesitation towards small seeds as they doubt emergence behaviour and
uniform stand establishment capability of small seeds. Therefore, a preliminary study was
conducted to determine the effect of seed size on seedling emergence based on the final
hypocotyl and complete emergences of three chickpea genotypes.
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3.2 MATERIALS AND METHODS

3.2.1 Experimental site
This study was conducted in 2016/17 under controlled glasshouse conditions at the Research
Facility Centre, University of KwaZulu-Natal, Pietermaritzburg Campus (29°37°30°24596).

3.2.2 Experimental design

A pot experiment was conducted twice in a glasshouse. A single factor (3 chickpea genotypes)
arranged in a completely randomized design with 6 replications was used in both experiments.
The three genotypes were: Desi-K, Saina-K and ICCV- K which had different seed sizes and coat
colour (Figure 3.1). Desi-K had an average seed size of 43.7 and 42.2 mm? while Saina-K had
(52.9 and 55.8.4 mm?) and ICCV-K (59.4 and 56.2 mm?) for experiment 1 and 2, respectively. For
each experimental unit, 14 L pots with a diameter of 30 cm were used to plant seeds for the test

of complete emergence.

3.2.3 Cultural practices

Soil of uniform class was collected from Ukulinga research farm of the University of KwaZulu-
Natal. The soil was moistened and mixed using a Jaymix to ensure uniform soil texture. Each pot
was filled with 12 kg of soil before 2400 mL water was added and allowed to drain to attain field
capacity. Before sowing, seed size for each genotype was measured using a Vernier caliper
(OMNI-TKCH®). Two seeds were sown per pot, at the depth of 5 cm using a dibber. An amount

of 800 mL water was applied three times a week to promote seedling establishment after sowing.

3.2.4 Data collection

3.2.4.1 Hypocotyl emergence, complete emergence and emergence rate

During crop emergence, data on the appearance of hypocotyl and complete emergence of the
seedlings was observed on daily basis from day zero (just after sowing) until fully expanded leaves
were observed in each experimental unit (Figure 3.2). Emergence percentage was calculated by
dividing the number of emerged seedlings by the total number of seeds sown. From these
observations, the time to first day of hypocotyl and complete emergences were recorded for each

treatment to evaluate the emergence rate.
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3.2.5 Data analysis
Data analysis was executed based on analysis of variance (ANOVA) using GenStat® statistical
software (18" edition). Significant differences between the treatment means for each parameter

were compared using the least significant difference (LSD) test at P < 0.05 level of confidence.

Saina-K

Figure 3.1: Desi-K and Kabuli (Saina-K & ICCV-K) chickpea genotypes differing in seed size and
coat colour.

Complete

Figure 3.2: The illustration of chickpea hypocotyl (left) and complete emergence (right).
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3.3 RESULTS AND DISCUSSION

The difference brought by effect of genotype seed size on seedling emergence was highly
significant (P <0.001) in both experiment 1 and 2 (Figure 3.3 and 3.4). ICCV-K had larger seed
size (59.4 mm?) and poorest final hypocotyl (34.6%) and lowest complete emergence (30.0%)
compared to Saina-K (52.9 mm?, 74.6% and 72.5%) and Desi-K (43.7 mm?, 77.5% and 77.5%),
respectively, in experiment 1, (Figure 3.3). Similar trend was observed in experiment 2. ICCV-K
with the largest seeds (56.2 mm?) had the lowest emergence (35.8% and 35.0%), followed by
Saina-K with medium seeds (55.8 mm?, 57.5% and 57.5%) and Desi-K (42.2 mm?, 71.7% and
71.7%) with smallest seeds and highest complete emergence, respectively (Figure 3.4). Figures
3.5 and 3.6 show the rate of hypocotyl and complete emergence of the three genotypes. In
experiment 1, all genotypes showed that hypocotyl emerged 4 days after sowing. Thereafter, the
rate of emergence was faster in Desi-K than the other two genotypes and its emergence ended
on day 11. It was followed by Saina-K which ended emergence after 12 days and lastly by ICCV-
K which took 17 days to end hypocotyl emergence. Similar trend was observed on the number of
days to complete emergence as shown in Figure 3.5. All genotypes started their complete
emergence 8 days after sowing. Saina-K took a minimum of 13 days to final emergence, followed
by Desi-K and ICCV-K which both took 17 days. In experiment 2, the same trend was observed
on the number of days to final hypocotyl emergence and complete emergence (Figure 3.6). The
hypocotyls of Desi-K, ICCV-K and Saina-K emerged from day 4 to 11, 4 to 17 and 4 to 12,
respectively. Similarly, the trend of complete emergence showed that all genotypes started
complete emergence after 8 days and the emergence ended on day 13, 16 and 17 for Saina-K,

Desi-K and 1CCV-K, respectively.

Overall results showed that both the rate and final percentage of hypocotyl and complete
emergence were significantly affected by the seed size. The small seeded Desi-K had the highest
and fastest emergence compared to the Kabuli genotypes (Saina-K and ICCV-K) in both
experiments. This might be due to the smaller seeds having thinner coats that enabled greater
radicle permeability and consequently, less duration of emergence process. This study showed
that the Kabuli (ICCV-K with the large seed size) exhibited poor and slow emergence in both
experiments. This could be due to its larger seed size with loose coat adherence that imbibe more
water during the first phase of germination, resulting in imbibition damage, low vigour and poor
emergence (Majnoun Hosseini et al., 2009). These results are in agreement with earlier studies

that found that seed size caused by genetic variation between genotypes can affect seedling
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emergence percentage of pigeon pea (Aarssen and Burton, 1990; Verma et al., 2005). Similarly,
Majnoun Hosseini et al. (2009) observed that the time to emergence was shorter in small Desi
seeds compared to larger Kabuli seeds. In contrast, Roozrokh et al. (2005) and Anuradha et al.
(2009) showed that large seeded chickpea genotype had higher germination percentage
compared to small seeds probably due to high amount of nutrients available for faster germination
(Tanveer et al., 2013).

Also, previous studies of mungbean and lentil genotypes showed that larger seeds had higher
seedling survival percentage, growth and establishment due to larger endosperm that enhanced
emergence ability, through greater supply of stored energy to support early seedling growth and
plant tissues compared to smaller seeds (Leishman, 2001; Hojjat, 2011). Soltani et al. (2002)
revealed that large seeds had an advantage in producing more vigorous chickpea seedlings under
saline or non-saline conditions. It then appears that environmentally or maternally based
differences in seed size affect seedling survival differently than genetically based differences in
seed size. However, Moles and Westoby (2004) reported that larger seeds tend to produce
seedlings that are more likely to survive to maturity than seedlings from smaller seeds, but that is
not always the case. Some inconsistency in the effect of seed size on seedling survival may be
due to confounding different sources of genetic and environmental variation in seed size (Krannitz
et al.,, 1991). According to Aarssen and Burton (1990), genetically based differences may arise
due to differences among embryonic genotypes in their demands for nutritive material, or

differences among maternal genotypes in the degree to which they fill their seed.

Although Anuradha et al. (2009) and Soltani et al. (2002) reported the positive influence of
chickpea seeds’ size on germination and seedling vigour. The results of this study contradicted
that on the emergence of seeds. To the best of our knowledge, the present study is the first test
of the effects of chickpea genotypes with different seed size on seedling emergence (emergence
rate, final hypocotyl and complete emergences). The obtained results suggested that the
measurements of seedling establishment at early stages should not be underemphasized since
the stand establishment is obviously related to final grain yield. Hence, seedling emergence is
generally assumed to play an important role in determining the establishment and yield of the
crop. Furthermore, the present study discovered that the sole performance of chickpea genotypes
with different seed size would not be expected to describe the seedling vigour of a lot. Therefore,
there is need for further investigation to confirm whether the poor performance of the large sized
ICCV-K seeds could be explained by coat adherence or other characteristics such as seed

chemical composition.
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Figure 3.3: The effect of three chickpea genotypes with different seed size on final hypocotyl
emergence and complete emergence in experiment 1.
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Figure 3.4: The effect of three chickpea genotypes with different seed size on final hypocotyl

emergence and complete emergence in experiment 2.
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3.4 CONCLUSION

Overall results showed that chickpea genotypes with different seed sizes differ in seedling
emergence. The seed size influences both the rate and final percentage of hypocotyl and
complete emergence. Although, the small seeded Desi-K showed higher and faster
emergence, Saina-K performed better than ICCV-K which exhibited poor and slow
emergence in both experiments while both genotypes belongs to the same group (Kabuli).
This indicated that the performance of chickpea genotypes with respect to emergence is
not only affected by seed size but could be also affected by genetic variation among the
genotypes. Therefore, further studies were recommended to investigate effects of genetic
variation and biochemical profile on the performance of Desi-K and Kabuli chickpea

genotypes (Saina-K and ICCV-K).
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CHAPTER 4: THE EFFECT OF SEED AGEING ON SEED QUALITY AND IMBIBITION
OF CHICKPEA GENOTYPES PRODUCED UNDER WATER STRESS AND NON-
STRESS CONDITIONS

ABSTRACT

Chickpea (Cicer arietinum L.) is an important grain legume in smallholder farming systems
especially in the arid and semi-arid lands. Its production however is often limited by poor
seed quality. The study evaluated the effect of seed ageing on physiological seed quality
and imbibition of chickpea seeds harvested from plants grown under water stress and
non-stress conditions. This experiment was a factorial combination of 2 water levels
(stress and non-stress) and 3 genotypes (Desi-K, Saina-K and ICCV-K) arranged in a
CRD with 3 replicates. Seeds obtained from the experiment were artificially aged for 0, 1,
3, 5 or 7 days at 41 °C and 100% relative humidity. Data was collected on germination
percentage (GP), mean germination time (MGT), electrical conductivity (EC), tetrazolium
chloride test (TZ) and imbibition weight. The seed coat adherence of 3 genotypes was
also viewed under a scanning electron microscope. There was significant (P< 0.05)
differences in GP. Saina-K showed a 7% reduction (93 to 87%) compared to 29% (93 to
67%) in ICCV-K and 45% (73.3% to 40.0%) in Desi-K. The results are consistent with the
observations on MGT (1.6, 1.7 and 1.9 days for Saina-K, ICCV-K and Desi-K,
respectively). Desi-K had lower EC (uS cmg?) (3.24) compared to Saina (4.08) and ICCV
(4.13). Unaged seeds had greater seed viability (according to TZ test) (81.7%) compared
to aged seeds (79.2%, 75.8%, 67.5% and 58.3% for 1, 3, 5 & 7 days, respectively). In
terms of imbibition weight, ICCV-K had (0.49 g and 0.52 g) followed by Saina-K (0.38 g
and 0.43 g) and Desi-K (0.45 g and 0.42 g) on seeds from non-stressed and stressed
conditions, respectively. Moreover, the scanning electron microscope showed ICCV-K
seed coat being loosely attached to the cotyledon followed by Saina-K that was slightly-
loosely attached and Desi-K being tightly adhered to the seed coat. It was concluded that
the higher imbibition, EC and lower GP in ICCV-K was probably due to its larger seed size
with smooth coat that is loosely attached to the cotyledon, and seed deterioration caused

by seed ageing.

Key words: drought, electrolyte leakage, accelerated ageing, seed deterioration
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4.1 INTRODUCTION

Chickpea is an important grain legume that contributes significantly to food security and
alleviates poverty amongst the poor resourced communities in semi-arid areas (Jalota et
al., 2006). However, its production is insufficient to satisfy the ever increasing demand for
food and poor communities that cannot afford expensive animal based proteins
(Munirathnam and Sangita, 2009). In Africa, Ethiopia is the leading chickpea producer
accounting for 2.5% of world and more than 55% of Africa's chickpea production followed
by Tanzania with 2.1% of world production (Korbu et al., 2016). Although chickpea
production in Africa shows potential for increase, most developed African countries such
as South Africa produce insignificant amounts of it, while increased production can

drastically increase food security (Korbu et al., 2016).

Chickpea production is constrained by biotic stresses (e.g. pods borer) and abiotic factors
(water stress, soil salinity, high temperatures and low soil fertility) that also affect seed
guality (Gowda et al., 2013). Losses in seed quality occur in the field, during harvest and
under storage. In the field, environmental factors such as high temperatures during seed
development can cause early pod ripening and rapid seed maturation that results into
small seeds with poor quality (Thomas et al., 2009). Also, water stress soon after
pollination may reduce pollen viability and induce embryo abortion and hence limit the total
number of seeds produced (Fang et al., 2009). At later stages of seed development,
especially during dry matter accumulation, water stress may lead to reduced seed fill
duration (Egli, 2006).

In addition, prolonged seed storage and/or ageing adversely influence the viability of
seeds. Seed viability deteriorate during storage (Biabani et al., 2011; Bewley and Black,
2012). Ageing shows reduction in seed vigour and results to germination of weak
seedlings (Maity et al., 2000). The reduction in seed vigour is worse if seeds are stored at
high temperatures and/or high relative humidity, as seed deterioration is faster where high
respiration occurs (Mbofung et al., 2013). According to Magan et al. (2004), one of the
main causes of seed deterioration is cell membrane disruption caused by increased free
fatty acid levels and free reactive oxygen radicals by lipids. As a result, seed cells may not

be able to retain their normal physical condition and function (Goel et al., 2003).

Imbibition damage is another cause of cell membrane damage that results to low vigour

in grain legumes (Matthews and Powell, 2006). It results from rapid uptake of water into
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the cotyledons, which damages some of the surface cells and increases solute leakage
(Lamichaney et al., 2016). The level of leakage is influenced by the degree of seed ageing
during storage which is more severe on the white seeded lots with a loose adherence of
testa (Yadav and Sharma, 2001). Loose testa allows rapid penetration of water into the
seed through a gap between the testa and cotyledon (Chachalis and Smith, 2000), which
results to imbibition damage (Peksen et al., 2004). Seeds with brown or black testae have
been indicated to have high vigour and slow imbibition because their testa adheres closely
to the cotyledons and thus, restrict water penetration into the seed. In grain legumes, seed
ageing, imbibition damage and their interaction are the major factors affecting seed quality
(Matthews and Powell, 2006).

In previous studies, accelerated ageing was developed as a self-ageing technique to study
the physiological and biochemical changes in chickpea seeds during ageing (Kapoor et
al., 2010). However, there is currently limited studies investigating seed ageing influence
on quality and imbibition of chickpea genotypes grown at different production
environments. Therefore, this study evaluated the effect of seed ageing on germination,
vigour and imbibition of three chickpea genotypes (Desi-K, ICCV-K and Saina-K)

produced under water stress and non-stress conditions.
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4.2 MATERIALS AND METHODS

4.2.1 Experimental seeds collection

A pot experiment was conducted in the winter seasons of 2016/2017 at the Controlled
Research Facility Center, University of KwaZulu-Natal, Pietermaritzburg (29° 37'30°
24'596), South Africa. The experiment was designed as a 3 x 2 factorial in a controlled
environment (tunnel), using a completely randomized design (CRD). Three chickpea
genotypes: Desi-K, Saina-K and ICCV-K were used for this experiment. Two water levels:
stressed (no irrigation after flowering) and non-stressed (irrigation with 800 mL pure water
3 times a week throughout the crop growth) conditions were simulated. Each experimental
unit (genotype/water level) was represented by five (14 L) pots replicated three times,
giving a total of 90 experimental units. The seeds were harvested at harvest maturity and

used for the seed ageing experiment.

4.2.2 Accelerated ageing test

Seeds were exposed to 41 °C; 100% relative humidity for 0, 1, 3, 5 and 7 days. The non-
aged seeds (0 days) were used as a control. The ageing chamber was a plastic container
measuring 8.0 x 8.0 x 5.0 cm (length x width x depth, respectively) covered with a lid. The
chamber had a wire tray with a 10.0 x 10.0 x 2.0 cm (length x width x depth, respectively)
mesh screen and the pore sizes of the mesh screen was 1.89 mm? (1.16 mm x 1.63 mm)
(Figure 4.1). In each accelerated ageing plastic container, 40 g of sodium chloride and
100 mL of distilled water was added and a dry screen tray was inserted carefully not to
splash water on the screen. The chickpea seeds were then weighed and placed on the
surface of the screen tray, one layer deep to ensure even uptake of moisture from the
humid environment. A lid was placed on each accelerated ageing plastic container,
ensuring that edges were not sealed. The plastic accelerated ageing containers with
seeds were then placed on a shelf in the ageing chamber, allowing an air space of
approximately 2.5 cm between accelerated ageing plastic boxes to ensure temperature
uniformity. Seeds were removed according to predetermined intervals (1, 3, 5 or 7 days)
to investigate the effect of the accelerated ageing on seed physiological quality and
imbibition.
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Figure 4.1: An illustration of set-up of containers used during accelerated ageing test.

4.2.3 Data collection

4.2.3.1 Germination percentage

Germination percentage was evaluated according to ISTA (2012). Three replicates of ten
seeds obtained from days 0, 1, 3, 5 and 7 of the accelerated ageing test were germinated
using the moist brown paper towel method. Seeds were arranged in straight lines midway
on the moistened paper towels. The paper towels were then rolled and placed in a zip lock
bag to avoid moisture loss. Then bags were placed in a germination chamber set at 25°C.
Germination was evaluated by counting, from day 0 to day 8, the number of germinated
seeds that had 2mm radicle protrusion. Equation 1 was used to calculate the germination
percentage of each treatment.

Seeds germinated
Total seeds

Percentage germination (GP) = ( jxlOO% 1)
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4.2.3.2 Mean germination time

Mean germination time was assessed on the basis of radicle protrusion and counted daily
from the day of planting (Day 0) until there was no germination increase. The data obtained
from the assessment was used to calculate the mean germination time according to
Heydecker (1968) as shown in equation 2.

)

Mean germination time (MGT) = (Zﬂj

2 X

Where F is the number of days from the beginning of the germination test, and X is the

number of seeds newly germinated on that day.

4.2.3.3 Electrical conductivity

In order to determine the amount of solute leakage from seeds (uS cmg?), the electrical
conductivity (EC) of seeds was measured according to ISTA (2012) using EC meter
(Jenway, 4510 model). The meter was calibrated using a 0.01 M potassium chloride (KCL)
solution that was prepared by dissolving 0.745 g of pure, dry analytical grade potassium
chloride in 1 L of distilled water. The calibration and analysis was carried out at room
temperature. Ten seeds per experimental unit were put into beakers and immersed with
20 mL of distilled water for 24 hours. After 24 hours, EC was recorded from the imbibed

seeds. Equation 3 was used to calculate the conductivity (uS cm™g?).

EC (uS/cm/g) = Conductivity reading — Background reading 3)
Weight of replicate (g)

Where background reading was the control/blank.

4.2.3.4 Tetrazolium chloride test

Seed viability was assessed using tetrazolium chloride (TZ) test according to ISTA (2012).
An aqueous solution of 2, 3, 5-triphenyl tetrazolium chloride (1.0%) was prepared using
distilled water (pH 7.0). Seeds were immersed in the distilled water for 18 hours before
they were cut longitudinally through the embryo using a razor blade. The prepared seeds
were put in a 90 mm petri dish and fully immersed with the TZ solution for 2 hours. The
reaction was kept at room temperature (25 °C). The preparation room was kept dark the

entire time of the experiment because TZ is sensitive to light. Tissues that stained reddish
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pink were regarded as viable and those unstained were regarded unviable. The number
of viable seeds were counted from each treatment based on the ability of TZ to stain viable

embryos. The seed viability was calculated using equation 4.

Number of stained embryos
Total number of embryos

Seed viability%z[ }xlOO% (4)
4.2.3.4 Imbibition

Imbibition test was determined using a moist brown paper towel method. The initial weight
of individual aged and unaged seeds of three genotypes produced under water stressed
and non-stressed conditions was determined using a digital weighing balance. Thereafter,
four replicates of ten seeds were labelled per experimental unit. Each replicate was
arranged in straight lines midway of three paper towels that were moistened with 150 mL
of distilled water. The paper towels were then rolled and placed in a zip lock bag to avoid
moisture loss. The duration of seed imbibition was 0.5, 1, 2, 3, 6, 12 or 24 hours. For each
time interval, the weight of individual seed per experimental unit was determined to assess
the effect of seed ageing on imbibition rate of chickpea genotypes produced under water

stress and non- stress condition.

4.2.3.5 Seed coat adherence

The seed coat adherence of three genotypes (Desi-K, ICCV-K and Saina-K) was viewed
under a scanning electron microscope at 25 x magnification. The seed samples were
mounted on the stub using carbon double sided tape. They were then cut, transferred into
a 90 mm petri dish and sputter coated with gold using Quorum (Q150R ES). The seed
coat adherence of chickpea genotypes was viewed using Zeiss Evo / LS 15 SEM at high

vacuum (Figure 4.2).
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Figure 4.2: An illustration of the process of seed coat adherence viewing using a scanning
electron microscope.

4.2.3.6 Data analysis

Data analysis was executed based on analysis of variance (ANOVA) using GenStat®
statistical software (18™ edition). Significant differences between the treatment means for
each parameter were compared using the least significant difference (LSD) test at P <

0.05 level of confidence.
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4.3 RESULTS AND DISCUSSION

4.3.1 The effect of seed ageing on physiological quality parameters

There was a significant (P<0.05) interaction effect of seed ageing on germination
percentage of the three chickpea genotypes produced under water stress and non-stress
conditions (Figure 4.3). Genotypic differences were observed among the cultivars after
ageing for 7 days. Saina-K showed a 7% reduction (93 to 87%) in germination percentage
compared to ICCV-K: 29% (93 to 67%) and Desi-K with 45% (73.3% and 40.0%) under
non-stressed and stressed conditions. The results were consistent with those observed
for mean germination time showing Saina-K with the lowest (1.6 days) followed by 1.7 and
1.9 days of ICCV-K and Desi-K, respectively (Figure 4.4). However, the interaction of seed
ageing, genotype and production environment on mean germination time was not
significant (P >0.05).

Generally, a genotype with lowest germination percentage took maximum mean
germination time after the accelerated ageing period. This showed that seed ageing
slowed the process of germination. Similar results were observed by Ghassemi-Golezani
et al. (2014) on lentil seeds. The decrease in germination percentage by accelerated
ageing may be a result of progressive loss of seed viability and vigour (Jain et al., 2006;
Hussein et al., 2011). According to Bewley et al. (2012), low levels of respiration that
sustains seed viability tends to deplete seed reserves with time, resulting in reduced seed
vigour when seeds are stored under high temperatures and relative humidity. However,
Bijanzadeh et al. (2017) reported that the reduction in germination might be due to
degradation of mitochondrial membrane during seed ageing, leading to reduction in
energy supply necessary for germination (Pandey and Pati, 2017). Such differences on
seed germination capacity were observed on pea seeds (Khan et al., 2003) and in pigeon
pea (Kalpana and Madhava, 1995). Also, progressive depreciation of seed viability during
seed ageing was previously reported by many studies (Maity et al., 2000; Jatoi et al., 2001,
El-Keblawy, 2003).

Moreover, significant differences (P<0.05) among the three genotypes and production
environment were observed on electrical conductivity (EC) after seed ageing. ICCV-K had
higher EC (4.13 uS cmg?) compared to Saina-K (4.08 uS cmg?) and Desi-K (3.24 uS
cmg?t) (Figure 4.5). Similarly, seed lots produced under water stressed condition had

higher EC (4.31 uS cmg™?) compared to non-stressed seed lots (3.32 uS cmg?) (Figure

35

© University of Venda



()

o
- A
University of Venda

4.6). However, the interaction effect of seed ageing on genotypes and the production
environment was insignificant (P>0.05). The high electrical conductivity of ICCV-K and
seed lots produced under water stressed condition resulted from disruption of cell
membrane caused by seed ageing and imbibition damage (Volk et al., 2006; Arun et al.,
2017; Gimenez et al., 2017). Similar results were reported on dwarf French beans (Powell
et al., 1986) and in cowpeas (Aveling and Powell, 2005). Basra et al. (2003) showed that
an increase in cell membrane leakage was due to addition of free fatty acids that increased
fusion of plant vesicles. Trawatha et al. (1995) and Navaey et al. (2014), concluded that
free fatty acids have a deleterious effect on membranes probably because they are
detergents. The results were in agreement with findings of Wojtczak and Wieckowski
(2016) who reported that in the presence of free fatty acids, isolated plant mitochondria

showed swelling and uncoupling of oxidative phosphorylation.

In terms of tetrazolium chloride (TZ) test, seed ageing significantly (P<0.05) reduced seed
viability. Unaged seeds ( day 0) had the highest seed viability of 81.7% compared to
aged seeds which had 79.2%; 75.8%; 67.5% and 58.3% for 1, 3, 5 or 7 days, respectively
(Figure 4.7). The finding showed evidence of reduced TZ staining following the
accelerated ageing period as previously observed in other grain legumes (Abdullah et al.,
1990; Khan et al., 2003; Matthews and Powell, 2006). It is envisaged that the membranes
of aged seeds, whose integrity has been reduced by deterioration, are more susceptible
to poor vital staining. Thus seeds that have low vigour as a result of seed ageing will be

more likely to have poor field emergence due to seed deterioration.

36

© University of Venda



4

XY

9 University of Venda
Crosting Fure Loaders

LSD =17.960

P =0.003

ODesi-K: NS

BICCV-K: NS

B Saina-K: NS
B Desi-K: S

BICCV-K: S
B Saina-K: S

-

(ee) © <

(%) uoneuIWID

N~
>
@®

()]

Lo
>
@

o

e
ie)
@

T a
c D

o <

()
(@)]
<

—
>
@®

()]

o
s
c
@]

@)

Figure 4.3: The effect of seed ageing period on germination percentage of three chickpea genotypes grown under water stressed and
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Figure 4.4: The effect of seed ageing on mean germination time of three chickpea genotypes.
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Figure 4.5: The effect of seed ageing on electrical conductivity of three chickpea genotypes.
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Figure 4.6: The effect of seed ageing on electrical conductivity under different production
environment.
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Figure 4.7: The effect of accelerated ageing period on seed viability (TZ %).

4.3.2 The effect of seed ageing on imbibition of chickpea genotypes

There was a highly significant (P < 0.001) interaction effect of seed ageing on the imbibition of
three genotypes produced under water stressed and non-stressed conditions. Genotypic
differences were observed among the cultivars after ageing for 7 days. ICCV-K had higher
imbibition weight (0.49 g and 0.52 g) compared to Saina-K (0.38 g and 0.43 g) and Desi-K (0.45
g and 0.42 g) under non-stressed and water stressed conditions, respectively (Figure 4.8). The
results were consistent with those observed for weight increase pattern during imbibition time.
ICCV-K showed rapid weight increase (0.39, 0.59 and 0.62 g) compared to Saina-K (0.33, 0.52
and 0.55 g) and Desi-K (0.32, 0.49 and 0.51 g) after 30 minutes, 12 and 24 hours, respectively
(Figure 4.9 A). Moreover, significant differences (P < 0.001) were also observed on the weight
increase pattern of unaged and aged seeds (Figure 4.9 B). Unaged (day 0) seeds showed the
lowest weight increase (0.33 - 0.50 g) compared to the highest change in seed weight (0.35 - 0.51
g; 0.34 - 0.54 g; 0.34 - 0.56 g and 0.36 - 0.57 g) on seeds aged for 1, 3, 5 and 7 days after
imbibition time of 30 minutes to 12 hours, respectively. With respect to the production
environment, seed lots from stressed condition showed rapid imbibition with increased weight of
0.35, 0.55 and 0.57 g compared to non-stressed seed lots with 0.34, 0.52 and 0.54 g after 30

minutes, 12 and 24 hours of imbibition, respectively (Figure 4.9C).

Furthermore, the scanning electron microscope showed ICCV-K seed coat being loosely attached
to the cotyledon, followed by Saina-K that was slightly- loosely attached to the cotyledon (Figure
4.10A and 4.10B). However, Desi-K showed tightly adherence of seed coat to the cotyledon

(Figure 4.10C). This observations revealed that the loose adherence of seed coat to the cotyledon
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is the major factor influencing the imbibition rate of chickpea genotypes. Thus, ICCV-K showed
rapid and higher imbibition compared to the other genotypes. Similar results were reported on
other grain legumes (Powell et al., 1986; Chachalis and Smith, 2000; Matthews and Powell,
2006). According to Peksen et al. (2004), the white or light seed coats tend to loosen rapidly
during imbibition while the coloured seed coats remain closely attached to the cotyledons,
suggesting that the loose adherence of seed coat to the cotyledons results into rapid movement
of water between the testa and cotyledons (Yadav and Sharma, 2001). Previous studies have
also shown that pigmented testae in dwarf French beans (Powell et al., 1986) and in long bean
(Abdullah et al., 1991) are associated with the slow rate of imbibition. The authors’ findings are in
agreement with this study. The slow rate of imbibition observed in dark coloured Desi-K resulted
from the tightly adherence of seed coat to the cotyledon that restricted water movement into the
seeds, hence limiting imbibition damage. It is clear that the low vigour found in ICCV-K or white
seeded genotypes could be explained by imbibition damage which is expressed in high solute
leakage and poor germination. This study concluded that, the poor seed quality exhibited by kabuli
chickpea genotype (ICCV-K) was due to the loose seed coat adherence that allowed rapid water
uptake by the seeds resulting to imbibition damage, high electrical conductivity (dead cell tissue)

and consequently, low seed vigour and poor germination/ emergence.
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Figure 4.8: The effect of seed ageing on the imbibition of three chickpea genotypes grown under water stressed or non-stressed
conditions.

41

© University of Venda



g

) University of Venda
Craating Futie Leadars

0.60
0.65
° LSD (,-0.05=0-00962 B e
0.60 - - .
LSD ,_ 05=0.00745 .o
< 0.55 ’ -
— (=]
> 0.50 - =
= @
2 2
& 0.45 o g
2 o £
= B =
g %4%1¢ / —e— Desi k=)
= Ty <o ICCV §
= o035 —w— saina
q
0.30 -/
<
0.25 . . . . 0.25 + T T T T
o 5 10 15 20 25 o 5 10 15 20 25
Imbibition time (hours) Imbibition time (hours)
0.60
055 1 LSD(pm005=0-00608 .
— Kes
£ 050
©
=2
@ 0.45
(2]
«
S —e— st d
(&) resse:
'E 0.40 - O--- Non-stressed
=
>
L 0.35 4
=
0.30 o
0.25 T . .
0 5 10 15 20 25

Imbibition time (hours)

Figure 4.9: The pattern of weight increase during imbibition on three chickpea genotypes (A), unaged (day 0) and aged seeds (B) and
the production environment (C).

42

© University of Venda



University of Venda
&) ot

A - (ICCV-K) B - (Saina-K)

Radicle Hypocotyl Radicle Hypocotyl

Seed coat Seed coat

Cotyledon embryo
Cotyledon embryo

Signal A= SE1 EHT = 600 IProbe = 30pA 1 mm Signal A=SE1 EHT= 500kV IProbe=  30pA 1 mm
Chamber = 3956005 Torr WD = 13.0 mm SpotSize = 322 Mag= 41X |—| Chamber = 5.20-005 Torr WD =28.0 mm Spot Size=322 Mag= 25X '—'

C - (Desi-K)

Hypocotyl

Seed coat

Cotvledon embrvo

Signal A= SE1 EHT = 5.00 kv IProbs=  30pa | mm
Chamber = 3.30-005 Torr WD =240 mm Spot Size =322 Mag= 25X | —

Fig. 4.10: The seed coat adherence of ICCV-K (A); Saina-K (B) and Desi-K (C) viewed under a scanning electron microscope at 25 x
magnification
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4.4 CONCLUSION

The study showed that seed ageing can have a negative effect on seed quality and imbibition of
chickpea genotypes produced under water stress and non-stressed condition. Seed ageing caused
progressive loss of seed viability, vigour and increased imbibition rate which resulted to cell death and
high solute leakage from the seeds. This research further revealed that the poor performance of
Kabuli (ICCV-K) chickpea genotype was not only caused by seed ageing but also the loose seed coat
adherence allowed rapid water uptake by the seeds during imbibition, resulting to imbibition damage
and consequently, low seed vigour and poor germination. This finding suggest that there are genetic
differences among chickpea genotypes with respect to the production environment which could affect
storage potential and consequently seed quality. It was recommended that farmers must ensure
precise water supply during seed development stage and proper storage conditions after crop harvest.
Moreover, further studies on genetic variation, possible mechanisms and regulatory processes that
control chickpea seed quality during production and storage are recommended.
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CHAPTER 5: THE EFFECT OF WATER STRESS DURING SEED DEVELOPMENT ON SUGARS
AND PROTEINS ACCUMULATION, GERMINATION AND SEED VIGOUR OF CHICKPEA

ABSTRACT

Water stress during seed development may affect chickpea seed quality through its effect on seed
soluble sugars and proteins. This study evaluated the effect of water stress during seed development
on the accumulation of soluble sugars, proteins and physiological variables allied to chickpea
establishment. The growth experiment was laid out as a 3 x 2 factorial design with 3 chickpea
genotypes (Desi-K, Saina-K and ICCV-K) and 2 production environments: water stress (no irrigation
after flowering) and non-stressed (800 mL at 3 days intervals throughout the crop growth). Seeds
were harvested at harvest maturity and germination as well as seed vigour were analysed. Stressed
seeds had significantly (P< 0.05) higher total sugars (208.2 vs. 206.9 pg/g) than non-stressed seeds.
However, protein contents of stressed and non-stressed seeds did not differ significantly (11.87 vs.
11.86 pg/g). Non-stressed seeds were larger (45.3 vs. 41.9 mm?) with higher seed viability (74.2%
vs. 55.8%) and germination percentage (63.3 vs. 60.0%), but lower electrical conductivity (648 vs.
833.3 pS/cm/g) and mean germination time (1.3 days vs. 1.8 days) than stressed seeds. It was
concluded that irrigation during seed development reduces the final sugars and protein content but
increases the seed size and physiological quality parameters allied to production of chickpea seeds.

Therefore, water availability to chickpea crop is critical during seed development.

Keywords: Seed quality, drought, legumes, chemometrics, PCA
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5.1 INTRODUCTION

Chickpea (Cicer arietinum L.) is an alternative source of proteins with advantages including
inhabitation of low production soils while relatively affordable after harvesting (Ma et al., 2005). It plays
a distinct role in agricultural ecosystems through nitrogen fixation and is known as an excellent
colonizer of low nitrogen soils (Graham and Vance, 2003). However, water stress is one of the major
constraints to chickpea production because of resultant low seed quality (Turner et al., 2001). Water
stress causes significant economic losses on chickpea smallholder farmers. This stress may arise
from environmental conditions such as drought, salinity or extreme temperatures that induce
abnormal biochemical and physiological responses from plants. Environmental conditions acting on
the mother plant interact with seed developmental processes and this influences the potential of seeds
to reproduce vigorously (Tekrony, 2003; Hilhorst and Toorop, 1997).

During seed development, water stress can limit the production of assimilates that are necessary to
synthesize soluble carbohydrates (Hoekstra et al., 2001). Soluble carbohydrates are important source
of energy for germination and establishment strength (Hoekstra et al., 2003). The major soluble
carbohydrates in legume seeds such as chickpea are sucrose, raffinose, stachyose and verbascose,
which belong to raffinose family of oligosaccharides (RFOs) (Ma et al., 2005). Previous studies have
indicated soluble carbohydrates to play a significant role in the acquisition of desiccation tolerance
and have been implicated to protect seeds against disruption of both cell membranes and cytoplasm
(Leopold, 1990). Leopold (1990) found that the contents of soluble sugars accumulated in orthodox
seeds when desiccation tolerance was acquired and degraded when the tolerance was lost.
Moreover, Blackman et al. (1992) also found that the concentration of oligosaccharides increased in
soybean seeds during the acquisition of desiccation tolerance. Eventually, loss of desiccation
tolerance was observed and that was associated to the aligned reduction of oligosaccharides
contents. Moreover, Hoekstra et al. (1994) specified that there is also a strong relationship between

water stress resistance and the concentration of oligosaccharides.

Previous studies also demonstrated that a reduction of soluble sugars, specifically the RFOs, results
in poor seed quality (Obendorf, 1997). The RFOs accumulate during seed development under normal
conditions without water stress (Bailly et al., 2001). Soybean with low raffinose concentration was
reported to show low germination and seedling vigour (Meis et al., 2003). Although Lahuta et al.
(2000) related changes in relative ratios of RFOs under water stressed conditions to accumulate
together with desiccation tolerance in field beans, these authors did not extend their study to examine

how this would relate to reproduction quality.

The effect of water stress on soluble carbohydrate concentrations, including RFOs, and how this may
relate to seed vigour has not been clearly explained in the literature. Siddique and Wright (2004)

examined differences in environmental conditions experienced by pea plant during development and
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maturation, the length of seed filling period, concentrations of soluble carbohydrates and proteins as
potential causes of differences in seed vigour of peas. The authors concluded that none of these
variables could solely yield the variations in seed vigour they observed. On the other hand, agricultural
systems in semi-arid regions rely on the ability of orthodox seeds to tolerate desiccation (Lahuta et
al., 2000; Balilly et al., 2001). However, despite the widespread phenomenon of desiccation tolerance
in orthodox species and its importance to seed quality development, there is no conclusive evidence
in the literature on the accumulation of RFOs and proteins in relation to water stress and its effect on

seed vigour.

Therefore, correlation of the effect of environmental conditions during seed development with
concentration of soluble sugars and protein contents, and the seed vigour of under-produced
leguminous crops such as chickpea is necessary to pinpoint ways of increasing their production. This
study was conducted to investigate the effect of water stress during seed development on the final
contents of sugars (sucrose, raffinose and stachyose), and soluble proteins, germination and seed
vigour of three chickpea genotypes (Saina-K, Desi-K and ICCV-K). For chickpea farmers in water
stressed regions, results of this study could bring insight of water provision towards seed development

for accurate and efficient irrigation regime of chickpea.
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5.2 MATERIALS AND METHODS

5.2.1 Seed collection

The chickpea seeds used in this study were collected as a harvest from a previous season in Kenya
from subsistence farmers. Fresh seeds, free of pest damages, abnormalities or pathogen infections

were visually evaluated and selected for the trials.

5.2.2 Growth experiment

A pot experiment was conducted in winter seasons of 2016/2017 at the Controlled Research Facility
Center, University of Kwa-Zulu Natal, Pietermaritzburg (29° 37‘30° 24'596), South Africa. The
experiment was designed as a 3 x 2 factorial in a controlled environment (tunnel), using a completely
randomized design (CRD) arranged in a split plot with three replications. Three chickpea genotypes:
Desi-K, Saina-K and ICCV-K were used for this experiment. Two water levels: stressed (no irrigation
after flowering) and non-stressed (irrigation with 800 mL pure water 3 times a week) conditions were
simulated. Each experimental unit was represented by ten 14 L pots. The seeds were harvested at
harvest maturity and taken for the assessment of average seed size in terms of seed area (length x
breath), sugars, proteins, physiological quality (electrical conductivity and tetrazolium chloride test)

and performance (germination percentage and mean germination time).

5.2.3 Data collection

5.2.3.1 Determination of soluble sugars

The extraction and determination of soluble sugars were carried out using standard high performing
liquid chromatography (HPLC) method. Sugars were extracted from 0.5 g of seeds powder using 80%
viv methanol (10 mL). The samples were left to stand for 1 h with occasional agitation at room
temperature, filtered through Whatman™ filter paper to obtain clean liquid extracts, and evaporated
in Genvac evaporator (Genevac® EZ 2.3; IPSWICH; England) to remove methanol. The methanol
was replaced by 10 mL distilled water before samples were filtered into glass HPLC vials using 0.25

Mm syringe nylon filter.

Concentrations of stachyose, raffinose and sucrose were determined using a HPLC binary pump
system (Agilent Technologies, UK). Sample extracts were injected into a Rezex RCM
monosaccharide Ca+ (8%) column of 7.8 mm diameter x 300 mm (Phenomenex, Torrance, CA, USA).
The column temperature was set at 86 °C using a thermo-stated column compartment (G1316A,
Agilent). The mobile phase used was HPLC-grade water at a flow rate of 0.6 mL/min. The presence

and concentration of the selected sugars were calculated by comparing peak area of samples against
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peak area of known standard concentrations using formulae from known standard curves (0.05-1.25
mg/mL; R? = 0.995).

5.2.3.2 Determination of proteins

The soluble proteins content was determined using the Bradford assay method which is characterized
by less interference from common reagents and non-protein compounds of biological samples
(Bradford, 1976; Kruger, 2009). A standard curve of absorbance versus pg proteins was developed
using bovine serum albumin (BSA) at concentrations of 0 —100 pg BSA per 100 pl of distilled water.
0.25 ml of 1M NaOH was added in each concentration. The absorption of dye reagent was measured
at 590 nm using one point absorption spectrophotometer (Shimadzu UV-1800, Shimadzu Scientific
Instruments INC., Columbia, USA). Activity of 5 ml prepared BSA against 2.5 ml dye reagent was
tested by incubation at 60 °C for 5 min and measuring absorbance for developing a linear standard
curve (R? = 0.9457; y = 0.0291x + 0.3359). For sample analysis, 0.5 g of seed powder was
homogenised in 5 ml of 200mM TRIS with Ultra-Turrax stirrer before it was filtered using filter paper.
The filtered sample was centrifuged at 10 000 RPM for 15 min at 2 °C. The decant supernatant was
then suspended into 2 ml TRIS buffer before added dye reagent. Samples were left to stand for 30
min at room temperature before their absorption was measured at 590 nm. The absorbance value

was substituted into a standard curve to calculate the soluble protein concentration.

5.2.3.3 Determination of seed size, viability and electrical conductivity

The parameters were assessed using the same materials, methods and formulas as described in the
previous chapter. Seed size was measured based on total seed size (length x breadth) using a vernier
caliper (OMNI-TKCH®). Seed viability was assessed using tetrazolium chloride (TZ) test according to
ISTA (2012). An aqueous solution of 2, 3, 5-triphenyl tetrazolium chloride (1.0%) was prepared using
distilled water (pH 7.0). Seeds were immersed in distilled water for 18 hours before being cut
longitudinally through the embryo using a razor blade. The prepared seeds were put in a 90 mm petri
dish and fully immersed with the TZ solution for 2 hours at room temperature (21 °C). The preparation
room was kept dark the entire time of the experiment because TZ is sensitive to light. Tissues that
stained reddish pink were regarded as viable and those unstained were regarded unviable. The
number of viable seeds were counted from each treatment based on the ability of TZ to stain viable

embryos. The seed viability was calculated using equation 1.

Number of stained embryos
Total number of embryos

Seed viabili ty (%)= [ jx100% (1)

In order to determine the amount of solute leakage from seeds (US cmg?), the electrical conductivity
(EC) of seeds was measured according to ISTA (2012) using the EC meter (Jenway, 4510 model).

The meter was calibrated using 0.01 M potassium chloride (KCL) solution. The calibration and
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analysis was carried out at room temperature. Ten seeds per experimental unit were put into 80 mL
beakers and immersed with 20 mL of distilled water for 24 hours. After 24 hours, EC was recorded

from the imbibed seeds solution. Equation 2 was used to calculate the conductivity (uS cm™g?).

EC (uS/cm/g) = Conductivity reading — Background reading (2
Weight of replicate (g)

Where, leachate conductivity was the EC of soaked seeds solution and the blank conductivity was

the EC of a clear prism/ ultra-pure water used to soak the seeds.

5.2.3.4 Determination of germination percentage and mean germination time

Germination percentage was evaluated according to ISTA (2012). Four replicates of ten seeds each
were germinated using the moist brown paper towel method. Seeds were arranged in straight lines
midway on the moistened paper towels. The paper towels were then rolled and placed in a zip lock
bag to avoid moisture loss. Then the bags were placed in a germination chamber set at 25°C.
Germination was evaluated by counting, from day 0 to day 8, the number of germinated seeds that

had 2mm radicle protrusion (ISTA, 2012). Equation 3 was used to calculate germination percentage.

Seeds germinated
Total seeds

Percentage germination (GP) = ( jxlOO% ©))
Mean germination time was assessed daily from the day of planting (Day 0) until there was no
increase in germination. The data obtained from the assessment was used to calculate the mean

germination time according to Heydecker (1968) as shown in equation 4.

Zij
~v 4

Mean germinatio ntime (MGT) = ( X

Where F is the number of days from the beginning of the germination test, and X is the number of

seeds newly germinated on that day.

5.2.3.5 Data analysis

All the data collected were subjected to analysis of variance (ANOVA) using GenStat® software (18™)
edition. Significant differences between the treatment means for each parameter were compared
using the least significant difference (LSD) test at P < 0.05. Principal component-based analysis

(PCA) was also used to determine principal contributors to the differences observed on samples.
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5.3 RESULTS AND DISCUSSION

5.3.1 Comparing quality and performance of stressed and non-stressed seeds

In terms of size (length x breath), non-stressed seeds were significantly (P < 0.01) larger than stressed
seeds (45.3 vs. 41.9 mm?) (Table 5.1). The difference was associated to water being needed by the
mother plant to nurse its developing seeds. Water is a main component of photosynthesis, a process
of building reserves such as carbohydrates and eventually proteins (Hibberd, 2002; Blankenship,
2013). However, non-stressed seeds had lower concentrations of proteins and sugars than stressed
seeds (11.86 and 206.9 ug/g and 11.87 and 208.2 ug/g, respectively). This was hypothesized to be
a resultant of water shortage causing higher concentrations in stressed seed. However, this did not
necessarily mean higher contents. The proteins and sugars analysis was done on the same size (0.5
g) of seed powder, meaning the results depicts concentrations of sugars or proteins in the seeds. The
difference in size would have an effect if the total contents per seed was analysed. The difference
between stressed and non-stressed seeds in proteins was insignificant (P = 0.54) while sugars had
significant (P < 0.05) difference. This was associated with the fact that carbohydrates are the primary
product of photosynthesis (Fulkerson and Donaghy, 2001; Long et al., 2015) while proteins are
secondary forms of peptides (Branden, 1999; Dobson, 2003; Whitmore and Wallance, 2008).
Therefore, the water shortage affected carbohydrates more than protein concentrations because

carbohydrates are closer to the photosynthesis reaction.

Non-stressed seeds had significantly (P < 0.01) lower electric conductivity (EC) than stressed seeds
(648.0 vs. 833.3 us/cml/g, respectively). It was hypothesized that stressed seeds were harder because
they had lower moisture contents than non-stressed seeds (data not shown). Their hardness could
have caused partial loss of cell membrane functioning which led to higher water permeability during
imbibition prior measurement of EC. Rapid water permeability into dried orthodox seeds causes
imbibition damage (Chachalis and Smith, 2000; Peksen et al., 2004), which accelerates EC. The non-
stressed seeds, that had lower concentration of sugars, had higher seed viability (74.2%) than
stressed seeds (55.8%). This was linked to the fact that carbohydrates are known as the first seed
storage reserves to be degraded when seeds need energy (Nonogaki et al., 2010; Hartmann and
Trumbore, 2016; Izquierdo et al., 2017). The non-stressed seeds also had higher germination
percentage (63.3 vs. 60.0%) at a shorter period (1.3 vs. 1.8 days) which was aligned with their higher

viability compared to stress seeds.
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Table 5.2: Comparison of quality and performance of stressed and non-stressed chickpea seeds.

Physiological parameters

Mean
Production Total seed Electrical germination

environment size Proteins Sugars conductivity Seed viability Germination time
(mm?) (Hg/g) (Hg/9) (us/cm/g ) (%) (%) (day)

Non-stressed 45.3+8.7 11.86+0.1 206.9+12.5 648.0+272.89 74.2+ 9.9 63.3+23.7 1.3+0.6

Stressed 41,9155 11.87+0.1 208.2+11.1 833.3+187.5 55.8+13.8 60.0+19.2 1.8+0.3
P <0.01 0.541 <0.05 <0.001 0.003 0.656 0.004
LSD 1.46 0.10 2.67 36.40 11.04 15.65 0.35

CV% 2.1 0.0 16.0 2.9 2.1 115 8.8
Data presented as mean + standard deviation
52

© University of Venda



()

o
- A
University of Venda

5.3.2 The effect of water stress on final contents of soluble sugars and proteins on three

chickpea genotypes

Highly significant differences (P < 0.001) between genotypes were observed from raffinose
contents. Saina-K had the highest raffinose content (63.2 ug/g), followed by Desi-K (58.2 ug/qg)
and ICCV-K (52.5 ug/g) (Fig. 5.1). However, there was no significant difference brought by the
interaction between genotypes and the production environment. Similar trend was observed on
sucrose content as well. Saina-K had the highest sucrose content (81.2 ug/g) compared to Desi-
K (74.9 ug/g) and ICCV-K (66.9 ug/g). The differences in stachyose contents were not significant
(P > 0.05) for both between chickpea genotypes and genotype x production environment
interaction.

Generally, Desi-K had lower contents of sugars, lowest germination percentage and highest mean
germination time compared to other cultivars. Similar results were observed by Meis et al. (2003)
in soybean. The authors deduced that the concentration of raffinose have positive relationship
with lower seed quality (germination and vigour). The results showed that there are genetic
differences among chickpea genotypes with respect to their response to water stress, and these
responds maybe associated with the differences in accumulation of the sugars. The differences
in conteresponse nt of soluble sugars were associated with an expression of specific genes in
pea seeds (Peterbauer et al., 2001). In this study, it was postulated that Saina-K may have specific
genes that have been enhanced by water stress altering the course of seed development resulting
to the higher content of raffinose and sucrose content that was observed. Saina-K belongs to a

unique group called Kabuli.
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Figure 5.1: The effect of water stress on contents of three soluble sugar of three chickpea
genotypes.

There was insignificant (P > 0.05) difference in protein content of Desi-K and ICCV-K under water
stress and non- stressed conditions (Figure 5.2). However, Saina-K significantly (P < 0.05) had
higher protein content (11.91 pg/g) compared to Desi-K (11. 87 pg/g) and ICCV-K (11.85 pg/g)
under water stress condition. The increase in protein content under water stress has been
reported earlier by Rai and Singh (1982) on chickpea. Several studies indicated that water stress
induces accumulation of proteins (Hoekstra et al., 2001; Svensson et al., 2002; Marian et al.,
2004). According to Hoekstra et al. (2002), the proteins accumulate when desiccation tolerance
is acquired and degrade when the tolerance is lost in orthodox seeds that can be dried at low
moisture content without losing viability, probably because they protect subcellular surfaces and
confer desiccation tolerance (Leopold et al.,, 1994). The results however contradict previous
studies. Decreased protein levels under water stress have been reported (Pierre and Savoure,
1990; Roy-Macauley et al., 1992), attributed to numerous physiological and biochemical changes
that occur in response to water stress in different plant species (Cheng et al., 2002). For example,
water stress is reported to inhibit the incorporation of amino acids into proteins and to cause a
decrease in the protein content of the tissues. In addition, it has been previously suggested that
the primary action of water stress might be to disrupt membrane and where there is extensive

membrane damage, it restricts resumption of protein synthesis (Kaur and Sharma, 2014).
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Figure 5.2: The effect of water stress on protein content of chickpea genotypes (Saina, Desi &
ICCV).

5.3.3 The effect of water stress on seed size, electric conductivity, and viability on three
chickpea genotypes

Significant differences (P < 0.01) were observed between genotypes, production environment and
the interaction between the two factors on seed size (Figure 5.3A). Saina-K had the largest total
seed size (47.9 mm?) compared to ICCV-K (47.2 mm?) and Desi-K (40.6 mm?) under non-stressed
condition. For stressed seeds, Desi-K had the smallest seed size (36.5 mm?) followed by Saina-
K (42.2 mm?) and ICCV-K (47.2 mm?). Water stress reduced seed size. This might be due to
reduced seed fill duration caused by water stress during dry matter accumulation as was reported
by Egli (2006). This study results agreed with previous reports on chickpea (Leport et al., 1999)
and in soybean (De Souza et al., 1996). According to De Souza et al. (1996) and Leport et al.
(1999), the smaller seed size of stressed seeds resulted from shortened seed filling period and
accelerated plant’s leaf senescence which was associated with reduced manufacturing of storage
compounds. Davies et al. (1999) associated the effect of water stress on seed size with the
source/sink relations. However, Behboudian et al. (2001) observed that chickpea seed size was

not reduced by water stress.

There were significant differences (P < 0.001) observed on electrical conductivity (EC) between
genotypes, production environment and the interaction between the two factors (Figure 5.3B).
Saina-K had the lowest electrical conductivity (546 pS/cm/g) compared to ICCV-K (607 pS/cm/q)

and Desi-K (791 pS/cm/g) under non-stressed condition. Similar trend was observed except an
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increased level of EC under stressed condition. Saina-K had the lowest electrical conductivity
(613 pS/cm/g) compared to Desi-K (935 uS/cm/g) and ICCV-K (952 uS/cm/g).The differences
observed on electrical conductivity and low seed viability were believed to have been attributed
by the destroyed integrity of cell membrane that was differently induced by water stress in each
genotype. It was hypothesized that water stress led to disruption of compartments within the seed
cells resulting in a mixing of enzymes (Walters et al., 2002). According Walters et al. (2002),
membrane function is damaged when seeds are exposed to water stress and this is more likely
to be responsible for poor seed development and seed performance in germination. However,
Ghassemi-Golezani and Mazloomi-Oskooyi (2012) found that water stress had no significant
effect on maximum seed vigor of common bean cultivars. The authors obtained minimum
electrical conductivity of seed leachates on stressed seeds. Their results were in agreement with
previous reports on maize and sorghum (Ghassemi-golezani et al., 1997) and soybean (Vieira et
al., 1992). Therefore, this clarifies that there is a difference in damaged membrane function and

it differs with species or legumes.
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Figure 5.3: The effect of water stress on seed size (A), electric conductivity (B), and seed viability
(C) of three chickpea genotypes.

5.3.4 The effect of water stress on germination of three chickpea genotypes

Significant differences (P< 0.05) in germination performance were observed between chickpea
genotypes (Figure 5.4). Saina-K showed highest germination percentage (77.5%) compared to
Desi-K (58.8%) and ICCV-K (48.8%). Saina-K had the lowest mean germination time (1.2 days)
followed by 1.6 and 1.7 days of ICCV-K and Desi-K, respectively. Water stress greatly affected

seed germination, but the response intensity and adverse effect of stress was dependent on the
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genotype. Thus, ICCV-K was very sensitive to water stress as compared to other genotypes. The
reduction and delay in germination resulted from changes in membrane permeability and water
uptake due to altered endogenous hormonal levels caused by water stress. These results are in
close agreement with previous studies (Sadeghian and Yavari, 2004; Almaghrabi and
Abdelomoneim, 2012; Llanes et al., 2016). Water stress was previously reported to adversely
affect the seed germination, plant growth and development (Almaghrabi and Abdelomoneim,
2012) and seedling growth (Ashraf et al., 2002). According to Dodd and Donovan (1999), water
stress can reduce germination either by limiting water absorption by the seeds, by affecting the
mobilization of stored reserves (Bouaziz and Hicks, 1990; Chutia and Borah, 2012) or by directly
affecting the structural organization or synthesis of proteins in germinating embryos (Ramagopal,
1990).

In contrast, Ghassemi-Golezani and Ghassemi (2013) observed that water stress had no
significant effect on seed quality of chickpea as measured by germination percentage and rate,
although maximum germination percentage and rate slightly decreased with decreasing water
supply. These results were in agreement with those reported for maize and sorghum (Ghassemi-
Golezani et al., 1997), common bean (Ghassemi-Golezani and Mazloomi-oskooyi, 2008), faba
bean (Ghassemi-Golezani and Hosseinzadeh-Mahootchy, 2009) and chickpea (Ghassemi-
Golezani et al., 2010). However, although chickpea is known for its better drought tolerance than
most of the other cool season legumes (Kashiwagi et al., 2015), the study proved that water stress
remains one of the major constraints to chickpea seed quality as measured by germination

percentage and mean germination time.
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Figure 5.4: The effect of water stress on germination percentage and mean germination time
(MGT) of three chickpea genotypes.

5.3.5 The multivariate classification of stressed and non-stressed chickpea seeds as

affected by biochemical compounds and germination performance

Principal component-based analysis (PCA) is a multivariate chemometric procedure of
determining principal contributors to the differences observed on samples (Kano et al., 2001; Abdi
and Williams, 2010). The PCA method also examine the relationships (correlations) of each
parameter of principal components (PC). The technique simplifies the source of differences from
a big number of factors by dividing the components responsible for differences into fewer groups
(Wold et al., 1987; Jollifer and Morgan, 1992; Abdi and Williams, 2010). Each sample is then
projected based on the created components (normally two) contributing to their similarity or
correlation (Abdi and Williams, 2010). In this study, Principal component-based analysis (PCA)

was used to classify seeds from water stressed and non-stressed conditions based on their
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concentrations of biochemical compounds (proteins, sugars, SV and EC) and their germination
performances (GP and MGT). The closeness of growth condition to a biochemical compound
illustrates a positive relationship. The contribution of each parameter to seed performance was
measured by its proximity to the performance factor. The first two principal components
contributed a total of 98% in the accuracy of the model to determine differences of the chickpea
seeds (Fig. 5.5A).The first PC contributed 36% and the second PC contributed 20% towards the
growth-based classification and the biochemical contribution to germination performance
(Fig.5.5B). The overall model holds 56% confidence that parameter contributed to the seeds
germination performance. The model was considered successful because there are many other
parameters contributing to seed difference. Therefore, getting 56% accuracy using only 5

parameters was considered successful.

Water stress contributed positively to the concentrations of raffinose, sucrose, stachyose and
electric conductivity. The irrigation (non-stressed condition) contributed positively in seed size and
seed viability. The correlation agreed with the results obtained from ordinary data analysis,
displayed tables and graphs above. There was insignificant difference between protein contents
of stressed and non-stressed seeds. This could be due to the low accumulation of proteins under
stressed condition while chickpea seeds have high protein content in nature. It has been
previously suggested that the primary action of water stress might be to disrupt membrane and
where there is extensive membrane damage, it restricts resumption of protein synthesis (Kaur
and Sharma, 2014). This indicates that water stress inhibited the incorporation of amino acids into

proteins and this resulted to low protein content (Cheng et al., 2002).

Germination percentage (GP) was more affected by electrical conductivity (EC) of the seeds due
to destroyed integrity of cell membrane that allowed rapid water uptake by seeds resulting to
imbibition damage, high solute leakage (dead cell tissue) and consequently, low seed vigour and
poor germination (Volk et al., 2006; Arun et al., 2017; Gimenez et al., 2017). The model found a
stronger correlation of GP and EC compared to the effect of stress to GP. As a result, GP was
projected on stressed seeds although non-stressed seeds had higher GP occurrence. This
indicated that water stress affected seed germination through inducing changes in cell membrane
permeability, limiting water absorption by the seeds while electrical conductivity induced severe
damage in cell membrane of chickpea seeds (Sadeghian and Yavari, 2004; Chutia and Borah,
2012; Llanes et al., 2016).
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germination percentage; MGT, mean germination time
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5.4 CONCLUSION

This study revealed that water stress have a positive relationship with the final seed contents of
soluble proteins, sucrose, raffinose and stachyose. The stressed seeds had higher contents of
sugars and proteins but high electrical conductivity, low seed viability and delayed germination at
lower percentage than non-stressed seeds. Genotypic or micro-structural research on the lower
performance of seeds with higher concentrations of sugars was recommended since this study,
together with the previous studies, had proven this for chickpea. Also, it was recommended that
chickpea farmers in dry areas should ensure sufficient water supply at seed development stage
of seeds for planting in the next seasons. They can compromise irrigation regime with water
availability when producing seed for consumption since water-stressed seeds have higher

concentrations of sugars and proteins.
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CHAPTER 6: GENERAL DISCUSSION, CONCLUSION AND FUTURE RESEARCH

6.1. Background

For successful crop production, the use of good quality seed is essential to alleviate food security
threats. However, this requires comprehensive exploration and in-depth understanding of the
factors responsible for poor seed quality. Water stress and storage conditions are currently the
most important abiotic factors responsible for low seed quality in grain legumes (Biabani et al.,
2011; Gowda et al., 2013). Although chickpea is considered as a fairly drought tolerant crop due
to its deep rooting system, water stress can reduce chickpea yield by 42 to 70% (Shrestha et al.,
2006). Water stress further limits the production of assimilates required to synthesize sugars
(raffinose family of oligosaccharides: RFOs) (Hoekstra et al., 2003). However, a reduction in
RFOs may result in poor seed quality since these sugars play a significant role in the acquisition
of desiccation tolerance and have been shown to protect cell membranes and cytoplasm. Also,
the RFOs are the source of energy that subsequently drives the germination process. Moreover,
poor storage conditions characterized by high relative humidity and temperature may lead to a
rapid deterioration of seed viability and vigour. Therefore, identification of the factors that have a
negative impact on seed quality of chickpea genotypes is needed in order to obtain high and
stable yield. The main aim of the study was to evaluate the effect of water stress, seed size and
storage conditions on seed quality of different chickpea genotypes. In order to achieve this, three
objectives were set out. Firstly, to examine the performance of chickpea genotypes with different
seed size on seedling emergence; secondly, to investigate the effect of seed ageing on seed
guality and imbibition of genotypes produced under water stress and non-stress condition; and
thirdly, to determine the effect of water stress during seed development on sugar and proteins

accumulation, germination and seed vigour.

6.2. The effect of seed size on the emergence and germination of three chickpea
genotypes

It was discovered in this work that the differences in seed size among genotypes affect the seed
guality as measured by germination and seedling emergence. Kabuli chickpea genotypes
exhibited low seed viability, poor and slow emergence, low germination percentage, delayed
mean germination time and high electrical conductivity. These resulted from disruption of cell
membrane caused by larger seed size with loose coat adherence that imbibed more water during
the first phase of germination, resulting in imbibition damage, low vigour and poor emergence.
The disruptions were also observed in previous studies of seed germination (Chachalis and
Smith, 2000; Matthews and Powell, 2006; Majnoun Hosseini et al., 2009; Arun et al., 2017;
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Gimenez et al., 2017). However, the findings from the seed size experiment contradicted with
previous studies by Roozrokh et al. (2005) and Anuradha et al. (2009). Large seeded chickpea
genotypes were reported to have higher germination and seedling survival percentage, growth
and establishment due to larger endosperm that enhanced emergence ability through greater
supply of stored energy to support early seedling growth and plant tissues compared to smaller
seeds (Leishman, 2001; Hojjat, 2011). Similar results were also reported by Soltani et al. (2002)
in chickpea seeds produced under saline and non-saline conditions. Inconsistency in the effect of
seed size on seedling survival may be due to confounding different sources of genetic and
environmental variation in seed size. Thus in the study, it was postulated that chickpea
performance with respect to emergence is not only affected by seed size but also genetic variation
among the genotypes. Further research on investigating the effects of genetic variation and
biochemical profile on the performance of Desi-K and Kabuli chickpea genotypes (Saina-K and
ICCV-K) should be undertaken. In addition, the amount of nutrients available for germination and
seedling emergence should be also determined in chickpea seeds, as the finding of Tanveer et
al. (2013) postulated that large seeds have high amount of nutrients available for faster

germination.

6.3. The effect of storage conditions on the seed quality (germination and vigour) of three
chickpea genotypes

Seed ageing caused progressive loss of seed viability, vigour and increased imbibition rate which
was hypothesized to have resulted to cell death and high solute leakage from the seeds produced
under water stress and non-stressed conditions. These results were also obtained by Hussein et
al. (2011) and Gimenez et al. (2017). In this study, this trend was more severe on water stressed
seed lots, indicating that there might be minor genetic differences among chickpea genotypes but
more to the production environment that could affect storage potential and consequently, seed
guality at priming and germination. It was hypothesised that the membranes of aged seeds,
whose integrity has been reduced by deterioration, are more susceptible to poor vital staining. As
a result, chickpea seeds that have low vigour which attributed from seed ageing are more likely
to exhibit poor germination and seedling establishment after planting, thus resulting in poor plant
population and consequently low yields. According to Bewley et al. (2012), the low vigour caused
by seed ageing attributes from low levels of respiration that deplete seed reserves which sustain
seed viability. However, Bijanzadeh et al. (2017) reported that the low vigour might be due to
degradation of mitochondrial membrane during seed ageing, leading to reduction in energy supply
necessary for germination (Pandey and Pati, 2017). It was recommended that farmers must

ensure proper storage conditions after crop harvest. Moreover, further studies on possible
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mechanisms and regulatory processes that control chickpea seed quality during production and

storage were recommended.

6.4. The effect of water stress during seed development on the seed quality and
performance

This study demonstrated that water stress can cause significant economic losses on chickpea
smallholder farmers. Stressed seeds had high electrical conductivity, low seed viability and
delayed germination at lower percentage than non-stressed seeds. The differences observed on
electrical conductivity and low seed viability were believed to have been attributed by the
destroyed integrity of cell membrane that was induced by water stress in the genotypes. It was
hypothesized that water stress led to disruption of compartments within the seed cells resulting in
a mixing of enzymes (Walters et al., 2002). According to Walters et al. (2002), membrane function
is damaged when seeds are exposed to water stress and this is more likely to be responsible for
poor seed development and seed performance in germination. Llanes et al. (2016) reported that
water stress induce changes in membrane permeability and water uptake due to altered
endogenous hormonal levels, and this results to the reduction and delay in germination.
Therefore, the water stress was also hypothesized to cause seed cell membrane damages in this

study.

Moreover, water shortage affected carbohydrates more than protein contents, and that was
associated with the fact that carbohydrates are the first product of the photosynthesis reaction.
There was a reduction of soluble sugars, specifically the RFOs, which resulted to poor chickpea
seed quality. Chickpea seeds with lower contents of sugars had the lowest germination
percentage and highest mean germination time. Similar results were observed by Meis et al.
(2003) in soybean. The authors deduced that the content of raffinose have negative relationship
with seed quality (germination and vigour). However, in this study it was hypothesized that Saina-
K may have specific genes that have been enhanced by water stress altering the course of seed
development resulting to the higher content of raffinose and sucrose content that was observed.
The study further observed that non-stressed seeds with lower concentration of sugars had higher
seed viability than stressed seeds. This incidence contradicted with what was hypothesized
because it is feasible to align sugar contents of seeds with their viability. Therefore, possible
mechanisms of the accumulation and final content of sugars (RFOs compounds) in the seed
during water stress should also be investigated to provide insights of regulatory processes that

control chickpea seed quality.
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APPENDIX 1: LIST OF ANOVA’S FOR CHAPTER 3

Variate: Total seed size (experiment 1)

Source of variation d.f.
Rep stratum 5

rep.*Units* stratum

Genotype 2
Residual 28
Total 35

Variate: Total seed size (experiment 2)

Source of variation d.f.
Rep stratum 5

rep.*Units* stratum

Genotype 2
Residual 28
Total 35

Variate: Hypocotyl emergence
Source of variation d.f.
Rep stratum 5

Rep.*Units* stratum

Day 17
Genotype 2
Day. Genotype 34
Residual 1237
Total 1295

Variate: Complete emergence
Source of variation d.f.
Rep stratum 5

Rep.*Units* stratum

Day 17
Genotype 2
Day.Genotype 34
Residual 1237
Total 1295

S.S. m.s. V.I. F pr.
108.21 21.64 1.06
1407.71 703.85 34.59 <.001
569.69 20.35
2085.60

S.S. m.s. V.I. F pr.
23.49 4.70 0.17
1617.67 808.84 28.65 <.001
790.35 28.23
2431.52

S.S. m.s. V.I. F pr.
13.73534 2.74707 29.86

112.57793 6.62223 71.98 <.001
52.33951 26.16975 284.45 <.001
24.57716 0.72286 7.86 <.001
113.80633 0.09200

317.03627

S.S. m.s. V.I. F pr.

5.47840 1.09568 14.44

104.45988 6.14470 80.99 <.001
23.64969 11.82485 155.85 <.001
26.18364 0.77011 10.15 <.001
93.85494 0.07587
253.62654
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APPENDIX 2: LIST OF ANOVA’S FOR CHAPTER 4

Variate: Mean Germination Time (day)

Source of variation d.f. S.S. m.s. V.I. F pr.
Rep stratum 2 0.079 0.039 0.22
Rep.*Units* stratum
genotype 2 2.304 1.152 6.43 0.003
water_level 1 0.565 0.565 3.15 0.081
Day 4 1.234 0.309 1.72 0.158
genotype.water_level 2 0.227 0.113 0.63 0.535
genotype.Day 8 2.352 0.294 1.64 0.133
water_level.Day 4 0.429 0.107 0.6 0.666
genotype.water_level.Day 8 0.762 0.095 0.53 0.828
Residual 58 10.397 0.179
Total 89 18.348
Variate: TZ %
Source of variation d.f. S.S. m.s. V.I. F pr.
rep stratum 1 81.7 81.7 0.46
rep.*Units* stratum
genotype 2 670 335 1.88 0.171
water_level 1 1.7 1.7 0.01 0.924
day 4 4383.3 1095.8 6.15 0.001
genotype.water_level 2 443.3 221.7 1.24 0.303
genotype.day 8 2596.7 324.6 1.82 0.113
water_level.day 4 223.3 55.8 0.31 0.867
genotype.water_level.day 8 556.7 69.6 0.39 0.917
Residual 29 5168.3 178.2
Total 59 14125
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Variate: EC - uS/cm/g

Source of variation
rep stratum
rep.*Units* stratum
genotype
water_level

day
genotype.water_level
genotype.day
water_level.day
genotype.water_level.day
Residual

Total

Variate: Germination_%
Source of variation

Rep stratum

Rep.*Units* stratum

Day

genotype

water_level
Day.genotype
Day.water_level
genotype.water_level
Day.genotype.water_level
Residual

Total

d.f.

N b

o N b~ 00

89

()
o

S.s.
7.196

10.075
14.571
2.228
1.601
12.837
3.178
6.879
32.493
91.059

S.S.

126.7

2728.9
4486.7
810
2491.1
1840
326.7
3273.3
7006.7
23090
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m.s.
7.196

5.038
14.571
0.557
0.801
1.605
0.794
0.86
1.12

m.s.

63.3

682.2
2243.3
810
3114
460
163.3
409.2

120.8

© University of Venda

V.r.
6.42

4.5

13

0.5
0.71
1.43
0.71
0.77

V.I.

0.52

5.65
18.57
6.71
2.58
3.81
1.35
3.39

F pr.

0.02
0.001
0.738
0.498
0.225
0.592
0.634

F pr.

<.001
<.001
0.012
0.018
0.008
0.267
0.003



Variate: Imbibition Weight

Source of variation d.f.

rep stratum

rep.*Units* stratum
genotype

water_level

day

Time

genotype.water_level
genotype.day
water_level.day
genotype.Time
water_level. Time

day.Time
genotype.water_level.day
genotype.water_level. Time
genotype.day.Time
water_level.day.Time
genotype.water_level.day.Time
Residual

Total

A 0o N N N PN

14

28

14
56
28
56

2159

2399

()
o

S.S.
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0.596926

3.359
0.245
0.490
18.099
0.128
0.607
0.447
0.189
0.029
0.115
0.812
0.009
0.105
0.028
0.057
12.458

37.775

m.s.

0.596926

1.679
0.245
0.122
2.586
0.064
0.076
0.112
0.014
0.004
0.004
0.102
0.001
0.002
0.001
0.001

0.006
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V.I.

103.45

291.02
42.53
21.22

448.08
11.08
13.16
19.36

2.34
0.71
0.71
17.59
0.11
0.33
0.18
0.18

F pr.

<.001
<.001
<.001
<.001
<.001
<.001
<.001
0.003
0.664
0.864
<.001

N



Analysis of variance

Variate: Total seed size

Source of variation
Rep stratum
Rep.*Units* stratum
genotype
water_level
genotype.water_level
Residual

Total

Variate: TZ_%

Source of variation
replication stratum

replication.*Units* stratum

genotype

water_level
genotype.water_level
Residual

Total

Analysis of variance

Variate: EC

Source of variation
rep stratum
rep.*Units* stratum
genotype
water_level
genotype.water_level
Residual

Total

()
o

d.f. S.S.
3 148.54
2 3245.41
1 647.28
2 349.03
231 7651.96
239 12042.21
d.f. S.S.
3 33.3
625
1 2016.7
108.3
15 2416.7
23 5200
d.f. S.S.
2 137470
2 6124000
1 3706559
2 1477813

424 15704007
431 27149848
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APPENDIX 3: LIST OF ANOVA’S FOR CHAPTER 5

m.s. V.r.
4951 1.49
1622.7 48.99
647.28 19.54
174.51 5.27
33.13

m.s. V.r.
11.1 0.07
312.5 1.94
2016.7 12.52
54.2 0.34
161.1

m.s. V.r.
68735 1.86
3062000 82.67
3706559 100.08
738906 19.95
37038

of Venda

F pr.

<.001
<.001
0.006

F pr.

0.178
0.003
0.72

F pr.

<.001
<.001
<.001



Variate: MGT

Source of variation
rep stratum
rep.*Units* stratum
genotype
water_level
genotype.water_level
Residual

Total

Variate: Germination_%

Source of variation
rep stratum
rep.*Units* stratum
genotype
water_level
genotype.water_level
Residual

Total

Variate: stachyose

Source of variation
rep stratum
rep.*Units* stratum
genotype
water_level
genotype.water_level
Residual

Total

()
o

d.f. S.S.
3 0.3294

2 1.2615

1.884
2 0.1758
15 2.4094
23 6.0601

d.f. S.S.
3 900

3408.3
66.7
1108.3
15 4850
23 10333.3

d.f. S.S.
3 747.23

2 126.24
1 28.52

2 151.07
15 561.13
23 1614.18
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m.s.
0.1098

0.6307
1.884
0.0879
0.1606

m.s.
300

1704.2
66.7
554.2
323.3

m.s.
249.08

63.12
28.52
75.53
37.41

V.I.
0.68

3.93
11.73
0.55

V.I.
0.93

5.27
0.21
1.71

V.I.
6.66

1.69
0.76
2.02

F pr.

0.043
0.004
0.59

F pr.

0.018
0.656
0.214

F pr.

0.218
0.396
0.167



Variate: raffinose

Source of variation

rep stratum

rep.*Units* stratum

genotype
water_level

genotype.water_level

Residual
Total

Variate: sucrose

Source of variation

rep stratum

rep.*Units* stratum

genotype
water_level

genotype.water_level

Residual
Total

Variate: Protein content

Source of variation

rep stratum

rep.*Units* stratum

genotype

water_level

genotype.water_level

Residual
Total

d.f.

15
23

d.f.

15
23

d.f.

10
17

()
=
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S.s.
348.33

464.5
65.15
92.56
190.37
1160.91

S.S.
980.56

829.57
0.07
182.62
504.8
2497.62

S.S.
0.000162

0.002138
0.001133
0.009261
0.028211
0.040905
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m.s. V.I.
116.11 9.15
232.25 18.3
65.15 5.13
46.28 3.65
12.69
m.s. V.I.
326.85 9.71
414.78 12.33
0.07 0
91.31 271
33.65
m.s. V.r.
0.000081 0.03
0.001069 0.38
0.001133 0.4
0.00463 1.64
0.002821
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F pr.

<.001
0.039
0.051

F pr.

<.001
0.964
0.099

F pr.

0.694
0.541
0.242



